
Univ
ers

ity
of 

Cap
e Tow

n
Department of Human Biology 

Biomedical Engineering 

Optimization of Structural and Mechanical Properties

of Electro-spun Biodegradable Scaffolds for Vascular 

Tissue Regeneration

Submitted to the University of Cape Town

In fulfilment of the requirements for the degree

MSc (Med) in Biomedical Engineering

Author: Rodaina Omar Khatib (Student No: OMRROD001) 

Supervisor: Assoc. Prof. Thomas Franz 

Co-Supervisors: Hugo Krynauw, Assoc. Prof. Deon Bezuidenhout 

Submitted: November 15, 2013 



The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
of 

Cap
e Tow

n

Declaration 

I, Rodaina Omar Khatib, hereby declare that the work on which this dissertation is based 

is my original work (except where acknowledgements indicate otherwise) and that 

neither the whole work nor any part of it has been, is being, or is to be submitted for 

another degree in this or any other university. The Harvard convention for citation and 

referencing has been used in this thesis. 

I empower the university to reproduce for the purpose of research either the whole or 

any portion of the contents in any manner whatsoever.  

Signature: ………………………………… 

Date: ...15/11/2013… 



Univ
ers

ity
of 

Cap
e Tow

n

ii 

Acknowledgment 

I thank God for enabling me to write and complete this work. Prophet Muhammad said, 

“He who is thankless to people, is thankless to God.” I therefore gratefully acknowledge 

the remarkable advice and guidance of my supervisor, Dr Thomas Franz in all aspects 

throughout the duration of my thesis. 

My huge thanks are also to my co-supervisor, Dr Deon Bezuidenhout for his invaluable 

contribution of time, advice and effort.  

I am particularly grateful to Mr Hugo Krynauw, who also co-supervised this project, for

making my task both easy and pleasurable, never wearying of requests for explaining

and lending a helping hand whenever is needed, and for diligently reviewing the text and

offering editorial advice.

ab medica S.p.A is acknowledged for donating the DegraPol® material for this project.

ETH Zurich and University of Zurich are owners and ab medica S.p.A is exclusive licensee

of all IP Rights of DegraPol®.

I will be always obliged to my husband Moa’ad Khatib, for his tremendous support,

proofreading, editing and motivation and to my little son Kammoli (Kamal Khatib) for

making everything worthwhile.

Last but not least, I am grateful to my parents and family back at home for their

continued support, help and backing throughout my studies and to my dear friends and

noble souls here in Cape Town for their hospitality, kindness and companionship that

made it easy to be far from home. May God reward them all.



Univ
ers

ity
of 

Cap
e Tow

n

iii 

Abstract 

Current replacements for diseased arteries include autologous and artificial grafts. The 

availability of autologous grafts is limited and artificial grafts tend to fail when applied 

to small calibre vessels (<6 mm) due to graft thrombosis and mechanical mismatch 

between artery and graft. Tissue engineering offers a promising approach to overcome 

these shortcomings. With porosity as a fundamental prerequisite for tissue ingrowth, 

several techniques have been introduced for producing porous scaffolds including 

electro-spinning. This study involved the development and optimisation of electro-spun 

biodegradable scaffolds for vascular tissue regeneration by tailoring parameters of the 

electro-spinning process and investigating the change in mechanical and physical 

properties of the scaffolds associated with hydrolytic in vitro degradation. Tubular 

scaffolds were electro-spun using DegraPol® DP30, a biodegradable polyester-

urethane. The influence of solution flow rate, distance between the tip and collector 

(working distance), and rotational velocity of the collector on the structure and 

mechanical properties of the scaffolds were evaluated. Fibre diameter and alignment, as 

well as scaffold porosity and mechanical properties in the circumferential (CD) and the 

transverse direction (TD) were determined. Optimised scaffolds were then subjected to 

in vitro degradation by immersion in phosphate buffer saline at 37°C for up to 28 days. 

The change in the surface structure and mechanical properties as well as loss in mass 

and molecular weight were evaluated. The results show that fibre diameter was mainly 

affected by the flow rate whereas scaffold porosity was mainly affected by the working 

distance. Maximum stress and elastic modulus were found to be affected by all three 

electro-spinning variables with the effects being more substantial in CD than in TD. The 

degradation experiments showed a rapid decrease in maximum stress and associated 

strain in the first 14 days of degradation after which changes were non-significant. No 

significant changes were seen for elastic modulus during degradation. Surface roughness 

of the fibres increased due to degradation without discernible change in the structural 

integrity of the fibres. The molecular weight of the samples dropped dramatically after 

14 days of degradation and continued to decrease, although insignificantly, between 14 

and 28 days of degradation. Only a small loss in scaffold mass was observed after 28 days 

of degradation. This study provides data that can be used as a basis for the development 

of computational models of degrading tissue engineering scaffolds with simultaneous 

tissue ingrowth.  
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1 Introduction and Problem Identification 

Background 

According to the mortality rate data of 2008, cardiovascular diseases (CVDs) were the 

leading cause for death globally, comprising the highest proportion of the non-

communicable deaths (39%) among people under the age of 70. By 2030 this proportion 

is estimated to increase and approximately 25 million people will die from CVDs, making 

CVDs the number one cause of death globally (WHO, 2011). 

Cardiovascular diseases are a group of disorders that influence the function of the

cardiovascular system, which consists of the heart, blood vessels and blood; it usually

refers to common arterial diseases such as atherosclerosis, which is characterised by

hardening and narrowing of arteries due to atheroma (fatty deposits (plaques) in the

artery). Formation of the plaques narrows the artery and can even block it, leading to

reduce or stop blood flow to vital organs. Atherosclerosis most commonly affects blood

vessels which are exposed to high blood pressure; veins do not develop atherosclerotic

lesions unless they are transplanted to the high pressure arterial side of the circulation

(Noble, 2005). Patients who suffer from arterial atherosclerosis are vulnerable to very

serious problems such as myocardial infarction (heart attack) and brain stroke.

Problem Identification

With such large numbers of patients suffering from diseases of the vascular system,

there is a clear clinical need for developing functional treatments. Surgical interventions

such as balloon angioplasty, internal stenting and bypass surgery have been successful

as an effective treatment (Cameron et al., 1996, American Heart Association, 1992,

Fischman et al., 1994). There are, however, some limitations to these procedures. One of

the main limitations of balloon angioplasty and internal stenting is restenosis (stenosis

of the treated vessel due to endothelial hypertrophy) occurring in a relatively short time

(Serruys et al., 1988) and in this case repeated surgery is required.

Bypass surgery involves replacing the diseased artery with a vascular structure from 

elsewhere of the body. This procedure gives a durable arterial supply, yet the availability 

of suitable vessels for bypass grafting is limited (Wang et al., 2007, Chlupac et al., 2009) 



Univ
ers

ity
of 

Cap
e Tow

n

2 
 

Artificial grafts have also been used with acceptable results (Teebken and Haverich, 

2002). However, currently available synthetic vascular grafts, such as expanded 

polytetrafluoroethylene (ePTFE) and knitted poly (ethylene terephthalate) (PET), 

perform well when replacing a large calibre high flow vessels, such as the aorta, but 

when they are applied to smaller calibre (<6 mm) vessels, such as the coronary artery, 

they fail due to thrombosis and intimal hyperplasia (IH) (Ratcliffe, 2000, Chlupac et al., 

2009, Zilla et al., 2007). 

Recently, one of the promising approaches to overcome the shortcomings of the current 

therapies is the vascular tissue engineering approach (Furth et al., 2007, Williams, 2006, 

Chlupac et al., 2009). Although limited, adult human tissue has the capacity to 

regenerate, constructing a scaffold that allows and promotes vascular tissue 

regeneration under suitable conditions will result in a functional tissue-engineered 

blood vessel that can replace diseased vessels in vivo (Edelman, 1999, Nerem and 

Seliktar, 2001). 

A wide range of biomaterials can be processed into functional clinical scaffolds. Using 

biodegradable materials has been considered a favourable candidate for tissue 

engineering applications, not only because it could prevent the long-term complications 

of synthetic material in the body, but also because their mechanical properties and 

degradation kinetics can be tailored to suit tissue repair and healing (Gunatillake and 

Adhikari, 2003). For such degradable material to be used for biomedical applications, it 

must be biocompatible, have appropriate biomechanical properties that match those of 

the native cells and conducive to the growth of new tissues without causing any 

irritation, as well as an appropriate degradation rate that matches tissue regeneration 

(Shi et al., 2009, Shoichet, 2009).  

In tissue regenerative implants, porosity allowing the ingrowth of cells and tissue is a 

prerequisite for the long-term success (Zilla et al., 2007, Sachlos, 2003, Karande and 

Agrawal, 2008). Porous scaffolds allow nutrient transport and encourage infiltration of 

a large number of cells into the scaffolds (Karande and Agrawal, 2008, McCullen, 2009). 

Specific porosity requirements for graft healing, however, are hard to determine (Zilla 

et al., 2007) and are not well defined (Hollister et al., 2002). 

Porous scaffolds have been developed by many ways including phase inversion and 

porogen extraction (Bezuidenhout et al., 2002, Davies et al., 2008); freeze drying and salt 

leaching (Hou et al., 2003); gas foaming (Mooney et al., 1996), extrusion-phase-inversion 

(Kowligi et al., 1988), thermally induced phase separation (Guan et al., 2005) and 

electro-spinning (McClure et al., 2010, Ayres et al., 2006, Riboldi et al., 2005). Recently, 
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electro-spinning technology has gained much attention and popularity because it is a 

simple processing technique for fabricating vascular scaffolds from a rich variety of 

biomaterials with the capability to provide a biomimetic environment with fibre 

diameters in the submicron range similar to the extracellular matrix (ECM) scale seen in 

living organisms (Li et al., 2007, Sang and James, 2012). In addition, the ability to 

produce highly porous membranes with tuneable structural properties is also an 

important feature of electro-spinning (Andrady, 2008, Baji et al., 2010, Pham et al., 

2006). These fundamental characteristics alone make electro-spinning a favourable and 

versatile method that can be applied in a variety of fields. 

 Aims and Objectives 

The Cardiovascular Research Unit at the University of Cape Town is investigating a 

variety of therapies for cardiovascular diseases including tissue-regenerative vascular 

grafts. The ultimate goal of the research is the improvement of prevention and treatment 

strategies through studying the biomechanical mechanisms associated with this 

treatment.  

The aim of this Master’s thesis, which forms part of this multidisciplinary research, was 

to develop a well-characterised electro-spun micro-fibrous mesh (scaffold) for vascular 

grafts, which could be used for vascular tissue regeneration. The electro-spun micro-

fibrous mesh is made of polymer that will hydrolytically degrade in the aqueous 

surroundings of the body. Manufacturing of the scaffolds was combined with hydrolytic 

in vitro investigation in order to optimize the design of the graft and to improve the 

understanding of the effects of degradation on the mechanical and physical properties 

of the scaffolds. 

This was achieved by obtaining the following main objectives: 

a) Manufacturing electro-spun scaffolds for vascular grafts with varied parameters 

of the electro-spinning process, 

b) Examining the effect of changing the electro-spinning process parameters on the 

architecture, porosity and mechanical properties of the electro-spun scaffold, 

and 

c) Mechanical characterisation of the electro-spun scaffold and the changes 

occurring during in vitro degradation. 
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 Plan of Development 

This thesis describes the optimisation of electro-spun scaffolds for vascular tissue 

regeneration by tailoring parameters of the electro-spinning process and providing 

better understanding of the effects of degradation on the mechanical and physical 

properties of the scaffolds. Chapter 2 gives a summary of important literature followed 

by a description of the materials and methods used for implementing the experimental 

design in Chapter 3. Results and discussion are presented in Chapter 4 and Chapter 5, 

respectively. Finally, Chapter 6 draws conclusions and recommendations based on the 

thesis results and discussion. References to relevant literature are listed in Chapter 7. 
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2 Theory and Literature Review 

In this chapter of the thesis, the topics, which are relevant to the thesis work, are covered. 

Section 2.1 describes the structure and mechanics of blood vessels followed by a brief 

description of the common arterial disease atherosclerosis and its current therapies in 

Section 2.2. Section 2.3 reviews the vascular tissue engineering approach including the 

requirements for successful tissue engineered scaffolds. Section 2.4 discusses a number 

of manufacturing techniques for producing porous scaffolds. Section 2.5 focuses on the 

electro-spinning technique and explains the fundamental characteristics of this method 

and its promising results for the biomedical field. Section 2.6 touches on the biomaterials 

that have been used in tissue engineering followed by a description of the attractive 

characteristics of biodegradable polyester-urethane polymers (DegraPol®) to be used 

for tissue engineering. Section 2.7 and 2.8 touch on and explain the importance of 

studying the mechanical behaviour as well as the in vitro degradation of biodegradable 

electro-spun scaffolds. 

 Blood Vessels 

Blood vessels are a complex network of conduits that connect tissues and organs to the 

heart and to each other. It transports nutrients, oxygen, hormones, and heat around the 

body. There are three main kinds of blood vessels: arteries, veins and capillaries. Arteries 

carry blood from the heart to the various parts of the body and veins collect it back, while 

the capillaries are microscopic vessels (only one cell wall thickness) within the tissue for 

exchanging substances and transporting blood from the arteries to the veins. 

The circulatory system composed of the heart and blood vessels. The heart consists of 

two muscular pumps, the right and left ventricles, which are filled with blood from the 

right and left atrium, respectively. Figure 2-1 illustrates the circulatory system in the 

human body, which can be subdivided into two circulations: the pulmonary and the 

systemic circulation. In the short pulmonary circulation, the right ventricle pumps 

deoxygenated blood at a low pressure through the pulmonary arteries to the lungs 

where it exchanges the carbon dioxide with oxygen and is returned oxygenated to the 

left atrium of the heart via the pulmonary veins. In the long systemic circulation, an equal 

volume of oxygenated blood is pumped at a high pressure from the left ventricle of the 

heart through the aorta and carried away from the heart to the various parts of the body 

by the arteries; tissues extract some of the oxygen, and the partly deoxygenated blood is 

returned back to the heart via the veins (Fox, 2006).   
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Figure 2-1: Circulatory system (Fox, 2006). 

 Blood vessels structure 

The aorta gives rise to the major arteries, which branch to form tiny vessels, which 

branch into even narrowed vessels, the arterioles. The arterioles branch into a large 

number of tiny capillaries, which converge to form venules. Venules converge to form 

small veins, which converge into two large veins, named as the superior and inferior 

vena cava. Branching of blood vessels from the aorta to the capillaries increases the total 

cross-sectional area of the circulation, as a result, blood velocity slows down and red 

cells acquire sufficient time to exchange oxygen with carbon dioxide (Levick, 2010). 

Since the main task of blood vessels is distributing the blood to all body parts, their 

structure matches their function. Capillary walls for example have a single layer of 

endothelial cells (ECs) which allow them to exchange nutrients and waste products with 

the tissue. Arteries and veins, however, have a general structure composed of three 

tunicae i.e., layers: tunica intima, tunica media and tunica adventitia. Each layer 
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contributes differently to the functional properties of the blood vessel and has a different 

composition. Tunica intima is the innermost layer, which is in contact with the blood in 

the lumen. It consists of ECs, basal lamina, subendothelia layer with collagenous bundles 

and some elastin. The ECs are only one-cell layer that provides a physical barrier 

between the plasma and the blood vessel’s wall, any damage to this layer can lead to 

thrombosis. Tunica media is the middle layer, which contains mainly smooth muscle 

cells (SMCs), collagenous fibrils and two layers of elastic tissue, the internal and external 

elastic laminae, surrounding the SMCs. As its composition suggests, the media layer is a 

source of mechanical strength and calibre regulations for the blood vessel. Finally the 

outermost layer, the tunica adventitia, is composed of connective tissue in addition to 

fibrous tissue which serves to hold the blood vessels in place and tether the vessel 

loosely to the surrounding tissue (Levick, 2010). Figure 2-2 shows the longitudinal and 

normal sections of a blood vessel with the three layers compromising it. 

 

Figure 2-2: Cross-section of blood vessel composed of three layers: tunica intima, 
tunica media and tunica adventitia (Yeoman, 2004). 

The right and left ventricles of the heart are composed mainly of cardiac muscle, which 

is filled with blood while it’s relaxed. Cardiac relaxation is called diastole, followed by 

contraction (systole). During systole, right and left ventricles contract at the same time 

and eject the same volume of blood. As a result of diastolic and systolic portions of the 

cardiac cycle, arterial pressure is pulsatile and arteries are exposed to a higher pressure 

and instabilities compared to the veins. Pressure in the aorta can reach 100 mmHg above 

atmospheric pressure, while in the vena cava it is close to the atmospheric pressure 

(Levick, 2010), in fact it is this large gradient of blood pressure that drives blood flow 
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along the arteries and veins, therefore, arteries and veins exhibit some significant 

difference in their structure (Meyers et al., 2008).   

  Structure variations between arteries and veins 

The structure of the blood vessel’s wall is actually adapted to its role; the variations in 

blood vessel wall structure between arteries and veins are mainly due to differences in 

the quantity of material comprising the three layers of the general structure. Figure 2-3 

shows a cross section of an artery and vein and illustrates the variations in the amount 

of the material composition for each layer of blood vessels wall. 

Arteries can be classified into three groups: large arteries, medium-size arteries and 

arterioles. 

Large arteries, namely the aorta, iliac arteries and pulmonary trunk (diameter 10-20 mm 

in humans) have the ability to expand by ~10% during each heartbeat. This relative large 

elasticity allows them to act as a temporary blood and mechanical energy storage vessels 

for maintaining peripheral blood flow during diastole (Levick, 2010). Thus, despite the 

fact that the heart ejects blood only during systole, arterial blood pressure does not fall 

below ~80mmHg and there is a continuous blood flow through the peripheral tissues. 

This distensibility is conferred to the arteries by the abundance of the extracellular 

protein elastin and regulated by the extracellular protein collagen in the blood vessel’s 

wall. Elastin, which is a rubber-like protein with an elastic modulus of ~1 MPa, allows 

expansion of the artery up to a certain volume, whereas collagen which is ~1000 times 

less elastic than elastin and lies within the media layer, forms a loose network. As 

pressure increases collagen bundles become circumferentially aligned and prevent over-

distension (Shadwick, 1999). 

Medium-size arteries (diameter 1-10 mm in humans) such as the coronary arteries have 

a thicker media with more SMCs relative to the lumen (Figure 2-3), than in large arteries 

and veins. The primary role of medium-size vessels is conducting blood from the large 

arteries to the smaller arteries. Therefore, they have rich sympathetic innervations that 

enable them to modify their diameter actively and thus regulate distribution of blood 

flow to the various tissues. 
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Figure 2-3: Variations in the structure of an artery and vein (UVA School of Medicine). 

Arterioles, the final branch of the arterial tree (diameter 10-100 µm), have a very narrow 

lumen and the media comprises just one to three layers of SMCs. These vessels offer very 

large resistance to the blood flow and therefore there is a large blood pressure drop 

across them. Similar to medium-size arteries, by changing their diameter, arterioles have 

the ability to regulate this resistance and regulate blood flow to match the local demand 

of tissues.  

Veins and venules have a large difference in size and number. Their thin wall, which is 

easily distended and collapsed, is composed of very thin intima, a thin media of smooth 

muscle and collagen, and the adventitia. Elastic and fibrous tissues in the vein’s wall are 

in very small quantities compared to equivalent sized arteries. The intima of limb veins 

has semilunar valves at intervals (Figure 2-3). Semilunar valves prevent the backflow of 

venous blood in the limbs under the drag of gravity. Unlike the limb veins, large central 

veins and veins of the head and neck lack functional valves. 

In contrast to arterioles, small veins and venules have a low resistance to blood flow, and 

only a small drop of blood pressure is required to drive the blood flow from the venules 

to the right atrium. This is due to the enormous number of small veins and venules 

compared to arterioles and arteries, which also allows them to contain 60-70% of the 

circulating blood in the body and act as a controlled, variable reservoir of blood. The 

main differences in dimensions and composition between arteries and veins are listed 

and summarised in Table 2-1.  

 

  

Lumen 
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Table 2-1: Similarities and differences in dimensions and composition between arteries 
and veins (Meyers et al., 2008). 

 Vessel Dimensions 
(mm) 

Composition 

Artery Aorta Diameter   25 
Thickness  2 

 

Medium-
sized artery 

Diameter   1 
Thickness  4 

 
Vein  Diameter   20 

Thickness  1 

 
 

 Mechanical properties of blood vessel 

The mechanical function of a blood vessel is very complicated due to its complicated 

structure. Basically the microstructural components constituting the blood vessel and 

their arrangements within the blood vessel’s wall contribute and influence the 

mechanical behaviour of the blood vessel. A blood vessel wall is designed in a way that 

gives the vessel the best mechanical properties to withstand the sustained physiological 

environment. In general, blood vessels are characterised as nonlinear, anisotropic and 

incompressible viscoelastic vessels.  

Elasticity is the ability of the blood vessel to return to its original dimensions after the 

loading condition. Figure 2-4 shows the non-linear stress strain response of human vena 

cava. As the strain increases, the slope also increases until failure initiates. Since the 

stiffness of the blood vessel increases with the degree of loading, the classical Hook’s law 

of elasticity does not apply and the Young’s elastic modulus for linear materials, which 

is a measure of elastic stiffness of the material cannot be used. Therefore, the elastic 

stiffness of the blood vessel is measured as a function of the strain. 
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Figure 2-4: Stress strain curve of the human vena cava (Meyers et al., 2008). 

The extracellular components, namely elastin and collagen, in the media and adventitia 

layers, which constitute approximately 50% of the vessel’s dry weight, are mainly 

responsible for this nonlinear elastic behaviour of the blood vessel. The contribution of 

elastin and collagen to this elastic nonlinear behaviour was illustrated in the early study 

of Roach and Burton (1957) where they demonstrated the mechanical role of each 

component by digesting elastin or collagen from samples of human arteries  (Figure 2-5). 

They found that elastin plays the major role at low pressures and contributes mostly to 

the initial elastic response of the blood vessel’s wall. In physiological arterial pressures 

(80-120 mmHg), where the artery undergoes a cyclic loading, the stiffness of the blood 

vessel’s wall can be seen as a contribution of both collagen and elastin. At higher 

pressures collagen plays the larger role in the mechanics and contributes mostly to the 

nonlinear response, making the vessels stiffer (Wagenseil and Mecham, 2009). Non-

linear elasticity is a distinctive mechanical property of the blood vessels especially when 

it comes to minimizing undesirable clinical events such as aneurysms (local abnormal 

bulge) of blood vessels (Shadwick, 1999, Levick, 2010).  

(○) Loading 

 (□) Unloading  
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Figure 2-5: The contributions of elastin and collagen to the nonlinear elasticity of 
human iliac artery (Shadwick, 1999).  

Blood vessels as most biological materials contain a viscous component along with its 

elastic components accounting for its viscoelastic behaviour. A viscoelastic material will 

show an elastic response, however it will take time to do so. Due to its viscoelasticity, the 

stress strain curve of blood vessel’s wall in the unloading condition falls below that of 

the loading (Figure 2-4) and slight hysteresis between the load-unload cycles is formed 

(Meyers et al., 2008). It has been shown that the viscoelastic property of arteries reduces 

the size and variations in wall stress and strain during a sudden increase of blood 

pressure (hypertension) (Zhang et al., 2007). 

Another distinguishing mechanical property of the blood vessel’s wall is anisotropy. 

Anisotropic behaviour is the ability of the blood vessel’s wall to show different 

mechanical properties in different directions. Based on its underlying organized collagen 

structure, the mechanical properties of the blood vessel’s wall in the circumferential 

direction are different from that in the longitudinal direction. Zou and Zhang (2009) 

showed that the elastin network also contributes to this anisotropic behaviour. Their 

experimental and theoretical work revealed that isolated elastin networks from bovine 

aorta are stiffer in the circumferential direction than in the longitudinal direction. This 

anisotropic behaviour was also shown to vary along the artery.       
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Most researchers have assumed that blood vessel walls are incompressible under 

physiological loadings (Hudetz, 1979, Vito and Dixon, 2003). Incompressibility means 

that the blood vessel wall volume does not change with increasing the internal blood 

pressure or under any other deformations. Studies (Carew et al., 1968, Chuong and Fung, 

1984) have shown that even after applying large internal pressure greater than the 

physiological pressure, tiny increment in the tissue volume occurred, suggesting that the 

blood vessel wall is slightly compressible. However, for the practical applications and in 

the range of blood pressures inside the body, it is most likely to assume that arteries are 

incompressible.    

Elasticity of blood vessels is widely described in the medical field by using the vascular 

compliance. The vascular compliance is a parameter used to describe the change in the 

blood vessel diameter due to a given luminal pressure change (Tozzi et al., 2000). 

Compliance can be calculated using the following formula: 

𝐶 =
𝐷2 − 𝐷1

(𝑃2 − 𝑃1)𝐷1
× 100 × 100 𝑚𝑚𝐻𝑔 (2.1) 

where 𝐶 is the diametric compliance; 𝐷1 is the internal diameter of the vessel at luminal 

pressure 𝑃1; and 𝐷2 is the internal diameter of the vessel at luminal pressure 𝑃2. The 

compliance is expressed in percentage change of diameter over 100 mmHg pressure 

(%/100 mmHg). 

 Atherosclerosis Therapies 

Occlusion of blood vessels is sometimes a cause of sudden death. Major blood vessels 

may become narrowed due to atherosclerosis or atheroma, hence interrupting blood 

flow and weakening the blood vessel’s wall. Atheroma, or formation of hard plaque 

against the blood vessel’s wall, is accompanied with damage to the endothelial layer in 

it, providing a site for thrombosis (inappropriate activation of the blood clotting system 

in living vessel) to form. Thrombus formation may suddenly occlude the already 

narrowed artery and lead to serious events such as ischaemic heart disease or 

inadequacy of cerebral blood flow or peripheral vascular disease (Noble, 2005).   

Current therapies for atherosclerosis are balloon angioplasty and stenting in addition to 

bypass grafting. Balloon angioplasty and stenting is a procedure in which a fine balloon 

is passed over a wire through the narrowed artery and inflated under a pressure where 

the lumen of the artery is expanded and the stenosis is relieved. Usually a stent also 

accompanies this procedure as a scaffold to support the artery. Although this procedure 
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is much less invasive than bypass grafting, the long term results are poor due to 

neointima formation (an endothelial hypertrophy) which leads to restenosis occurring 

in a high proportion of patients after 3-6 months of the initial procedure (Serruys et al., 

1988). 

In the case of using bypass grafting, harvesting vessels from the patient (autologous 

vessels) to be used in the bypass procedures is associated with multiple surgeries, 

considering the number of arteries that must be replaced. Despite the fact that native 

autologous vessels offers the best performance so far (Chlupac et al., 2009), one must 

bear in mind that these autologous grafts, such as the saphenous vein, are not 

structurally optimized for this function and are more vulnerable to some complications 

such as occlusions and compliance mismatch (Motwani and Topol, 1998, Edelman, 

1999). Moreover, autologous vessels must be of sufficient length, an appropriate 

diameter, and be relatively free from disease. Approximately more than 30% of the 

patients do not have available suitable vessels for grafting (Ratcliffe, 2000, Chlupac et al., 

2009, Berglund and Galis, 2003, Wang et al., 2007). Although allografts (using other 

humans’ tissues) and xenografts (using other species’ tissues) have been introduced as 

an alternative that may offer long-term patency (Matia et al., 2008, Matia et al., 2007, 

Chemla and Morsy, 2009), their clinical utility is limited by the potential immunogenic 

response and availability (Bujan et al., 2004, Schmidt and Baier, 2000). 

Using engineered blood vessels made from a synthetic material, such as knitted 

polyethyleneterephthalate (PET) and expanded polytetrafluoroethylene (ePTFE), for 

blood vessels’ replacements and clinical applications was also met with some success, 

especially for larger arteries replacements (diameter > 6mm). Nevertheless, their 

performance tends to be very poor when they are used for medium sized artery 

replacements (diameter < 6 mm). This is due to the synthetic material thrombogenicity 

and the lack of ECs adhesion to the graft, as well as neointima hyperplasia, resulting in 

occlusion of the replaced artery (Schmedlen et al., 2003, Chlupac et al., 2009, Zilla et al., 

2007). Occlusion is less likely to happen in the large vessels’ replacements because of 

the high blood flow and pressure in large calibre arteries. Consequently, the dissatisfying 

results of the current therapies have led to a wide interest in the tissue engineering 

approach as a promising alternative. 
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 Vascular Tissue Engineering  

Although the reason behind engineered grafts failure is not fully understood, it was 

agreed that the lack of endothelialisation, along with mechanical mismatch between 

artery and graft, mainly account for the failure. Tissue engineering approach has 

emerged as a promising solution that can eliminate the current shortcomings of 

synthetic grafts. The concept behind this approach involves the use of an engineered 

construct to assemble cells under controlled environmental conditions, resulting in new 

functioning tissue. In the case of vascular tissue, the promising results of seeding ECs 

onto the graft lumen of vascular prostheses soon promoted the concept of engineering 

complete blood vessel by providing a temporary scaffold for vascular tissue 

regeneration (Rotmans et al., 2006, Chlupac et al., 2009). The regenerated vessel will 

have the same structure as the native vessel and provide the appropriate mechanical 

properties. Consequently, an ideal engineered scaffold to enable tissue regeneration is 

required. Such a scaffold must: 1) provide an appropriate surface structure enhancing 

vascular cell attachment and proliferation; 2) have the same mechanical properties as a 

native tissue. In order to fulfil these two important features a suitable material and 

processing technique is required. 

In tissue regenerative implants, porosity allowing the ingrowth of cells and tissue is a 

key factor for the long-term success and patency (Zilla et al., 2007, Sachlos, 2003, 

Karande and Agrawal, 2008). Porous scaffolds encourage infiltration of a large number 

of cells into the scaffolds and diffusion of nutrients (Karande and Agrawal, 2008, 

McCullen, 2009). A precise determination of porosity requirements for graft self-healing 

is complicated by the material structure and characteristics (Hollister et al., 2002, Zilla 

et al., 2007). It was revealed that a defined size and shape of the pore inside porous 

implants has an impact not only on the mechanical properties of the scaffolds, but also 

on tissue ingrowth and on the foreign body inflammation response to the implant. 

Bezuidenhout et al. (2002) showed that by increasing the pore size, a reduction in the 

inflammatory response can be achieved without affecting the tissue ingrowth. 

Several techniques have been developed for producing porous scaffolds including phase 

inversion, porogen extraction, gas foaming, freeze drying, electro-spinning and others 

(Sachlos, 2003). Some researchers have combined those methods together in order to 

increase and control porosity, such as combining phase inversion with porogen 

extraction (Bezuidenhout et al., 2002, Davies et al., 2008), compression moulding and 

salt leaching (Hou et al., 2003) and electro-spinning combined with salt leaching (Kim et 

al., 2008). Electro-spinning is reported to be among the interesting and fascinating 
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techniques for producing highly controllable porous membranes with structural 

integrity for tissue engineering applications. This broadly used technology has gained 

this attention not only because it is an easy processing technique for fabricating scaffolds 

from a variety of polymers, but also because of the unique and desired properties it can 

provide,  allowing its application in a diversity of fields (Bhardwaj and Kundu, 2010, 

Andrady, 2008).  

Although a porous structure is a crucial component for producing ideal scaffolds for 

tissue engineering applications, one must bear in mind that porous polymeric scaffolds 

on its own may lack the mechanical properties to mimic the arterial tissue and therefore 

require some form of structural support. This, for example, can be achieved by 

reinforcing the porous scaffolds, creating multi-layered grafts similar to the native 

vascular tissue (Sirry et al., 2010, Yeoman et al., 2009).  This thesis, however, is 

concerned with the development of the porous scaffolds only, and the development of 

multi-layered vascular grafts is beyond the scope of this work. 

 Manufacturing Methods for Porous Scaffolds 

Requirements for medical scaffolds are numerous and optimisation of one of them may 

conflict with another. However, by choosing the right processing technique along with 

the right biomaterial, some of them can be fulfilled independently. Porosity for improved 

cell infiltration and nutrition diffusion is one of the most important features that are 

required for tissue engineering applications. As specific cells require different pore sizes 

for attachment and growth (Bezuidenhout et al., 2002), it is crucial to increase porosity 

and control the pore size without affecting the mechanical properties of the scaffold. 

Manufacturing techniques have an important influence on the structural and mechanical 

properties of the resulting scaffold. This section involves reviewing some of the 

manufacturing methods for producing porous scaffolds. 

 Phase inversion/porogen extraction 

Phase inversion is one of the techniques that has been used extensively in the production 

of porous scaffolds. This method involves the precipitation of a polymer rich phase from 

an initially homogeneous casting solution. The homogeneous solution, which contains 

precise amounts of polymer and solvent, is solidified by quenching, after which the 

solvent is removed from the solidified mixture by sublimation. The resulting structure is 

foam with different pore sizes. The foam morphology can be controlled by changing the 

solvent types, quenching rate, molecular weights of the polymers and polymer 
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concentration in the solution (Lo et al., 1995). This method is limited due to the small 

size of pores it produces (1-10 µm). Large pores, which are a prerequisite for cell 

migration and infiltration (Bezuidenhout et al., 2002), can be achieved by the addition of 

extractable porogens to the polymer solution before precipitation of the polymer. The 

porogens with known size, shape and amount can be extracted subsequently by 

dissolving them and leaching their residue out under vacuum, leaving behind a porous 

structure. Due to its ability to increase porosity and control pore morphology, this 

method has been used in combination with many other methods such as gas foaming 

(Nam et al., 2000) freeze drying (Spaans et al., 1998) and compression moulding (Hou et 

al., 2003). This method, however, is limited by the kind of particles used and the potential 

residual porogen remaining in the structure. As an example, salt crystals, which are often 

used in this technique, result in irregularly shaped pores and limited pore 

interconnectivity. Moreover, in this method only thin membranes can be produced due 

to the difficulty in removing the deep particles in the structure (Sachlos, 2003). Hou et 

al. (2003) have reported that they were not able to leach out salt crystals from the 

polymeric structure that they’ve prepared by compression moulding and salt leaching 

when the salt contents were below 60 wt% due to the lack of pore interconnectivity. It 

was also not possible to obtain a porous structure above 90 wt% salt contents as such a 

high porosity weaken the scaffolds and make them break easily during the leaching 

process.  

 Freeze drying 

Freeze drying is another method that has often been used for the preparation of highly 

porous scaffolds for tissue engineering (Nam and Park, 1999, Sachlos, 2003). It involves 

the preparation of porous matrices from synthetic and natural polymers via freezing the 

polymer solution, which result in the formation of ice crystals within the matrix. The ice 

crystals are subsequently removed by freeze-drying.  Pore morphology in the resultant 

porous scaffolds is dependent on the quenching rate of the polymer solution (Schugens 

et al., 1996). It was shown that increasing the freezing temperature in the scaffolds 

prepared by freeze-drying (the higher the freezing temperature the lower the quenching 

rate) increases the averaged pore size. Poor pore interconnectivity, however, is still one 

of the undesired features in this method (Hou et al., 2003). 

 Gas foaming   

In this method carbon dioxide (CO2) at high pressures is pumped into the polymer until 

it’s saturated with the gas. By bringing the CO2 pressure back to the atmospheric level, 
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the gas molecules encounter thermodynamic instability that urges them to cluster and 

form nuclei in order to minimize their free energy. In this process, the gas bubbles within 

the polymer forms a porous matrix. The porosity and pore structure of the resultant 

porous matrix is dependent on the kind of polymer used in this process, the amount of 

gas dissolved in the polymer, and the rate and type of gas nucleation within the polymer. 

This process might eliminate the potential shortcomings of using organic solvents used 

in phase inversion and freeze drying methods which include risks of toxicity and 

carcinogenicity for the cells. However, it is limited due to the lack of interconnected 

pores in the final structure. Additionally, this method is limited to a certain kind of 

polymers. Some polymers, such as crystalline polymers, do not allow sufficient gas 

solubility within their crystalline structure and thus do not exhibit enough pore 

formation (Mooney et al., 1996, Sachlos, 2003).  

 Electro-spinning  

Electro-spinning is a process that is used to generate fibres via electrostatic force from a 

polymer solution or a molten polymer. Unlike the above mentioned methods the 

resultant product of this process is a non-woven mesh while in methods that have been 

reviewed, the final product is a porous foam structure (Figure 2-6). It has been shown 

that the architecture of the fibrous structure produced by electro-spinning including a 

large surface area to volume ratio, high porosity and fibres diameter within the 

submicron range, enhances and supports attachment, infiltration and proliferation of 

different types of cells, thus providing some key features for tissue regeneration (Qian 

and Wang, 2010, He et al., 2005).  Electro-spinning technique is discussed in details in 

Section 2.5. 
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Figure 2-6: The resultant porous structure for the same polymer created in two 
different ways. Left: non-woven mesh, right: porous foam structure (ab medica S.p.A). 

 Electro-spinning  

Due to its simplicity, relatively low cost, and the capability to produce large quantities of 

fibre from a variety of biomaterials (natural and synthetic) including proteins, 

polysaccharids, polyurethanes (PUs), and polyesters (Huang et al., 2003), electro-

spinning has enjoyed a wide interest in academic research as well as practical 

application. Unlike conventional fibre-forming methods electro-spinning requires less 

amount of raw polymer to produce the same amount of fibres (Ero-Phillips et al., 2012). 

Indeed it is considered as the most efficient technique for producing fibres in the micro-

nanoscale ranges for a wide range of applications such as filtration, tissue engineering 

scaffolding, drug delivery, wound dressing, protective clothing, cosmetics etc. (Andrady, 

2008, Huang et al., 2003). 

The apparatus for the electro-spinning process is as follows: the polymer is delivered at 

a constant flow rate to a metal capillary tip that is connected to a high voltage power 

source (Figure 2-7). A charge develops between the capillary tip and a grounded 

collector, which is placed away from the capillary tip. As the charge increases, a droplet 

of the polymer forms a conical shape known as the Taylor cone at the capillary tip (Pham 

et al., 2006). Once the voltage reaches a certain value that can overcome the surface 

tension of the polymer solution, a jet of solution is discharged from the cone vertex and 

accelerated toward the grounded collector. As the jet moves towards the collector, 

solvent begins to evaporate and the jet stretched and becomes unstable due to the 

electrically driven bending (whipping) instabilities (Reneker and Hou, 2004). It is this 

process that allows the fibres to acquire diameters that can range from several microns 
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to nanometers (Li and Xia, 2004b). Finally, the fibres produced are accumulated on the 

grounded collector as a nonwoven mesh. In the case of using molten polymer the whole 

process is conducted in a vacuum condition. 

The final structure of the resultant mesh can be controlled by controlling the electro-

spinning process, in particular the shape, design and motion of the collector and the 

capillary tip. Collector motion can also be used to control fibre orientation. Varying the 

rotational speed when using a rotating collector changes fibre alignment (Ayres et al., 

2006). It has also been demonstrated that improving the capillary tip design can lead to 

better control over the structure and morphology of the resultant fibres (Li and Xia, 

2004b).  

 

 

Figure 2-7: Electro-spinning setup (Kim et al., 2004) 

It was found that the electro-spinning process can be controlled by a number of 

parameters which greatly influence the final results. According to Reneker and Doshi 

(1995) these variables can be classified in terms of solution properties, controlled 

variables, and ambient parameters. Solution properties include the viscosity, 

conductivity, surface tension, polymer molecular weight, dipole moment, and dielectric 

constant. Controlled variables include the flow rate, applied electric field, distance 

between tip and collector, needle tip design, and collector composition and geometry. 

Ambient parameters include temperature, humidity, and air velocity.  
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Manipulation of these parameters can lead to fibres of the desired morphology as well 

as desired mechanical properties of the scaffold that is produced. Currently, the way in 

which each of these factors affects the fibres is not fully understood (Pham et al., 2006, 

Duling et al., 2008). 

The electro-spinning process is not only capable of shaping and altering the extrinsic 

architecture of the material, but it also can influence the intrinsic microstructure of the 

electro-spun polymer. The high degree of stretching the polymer jet experiences during 

electro-spinning was demonstrated to induce improvement in the molecular orientation 

of the polymer chains, which, in turn influences the crystallization degree of the polymer, 

thereby affecting the overall structural and mechanical properties of the scaffold. 

Whether the electro-spinning process leads to enhancement or retardation of the 

crystallization process of the polymer chains, it is agreed that the polymer molecules of 

the fibres produced by electro-spinning are highly oriented in the direction of the fibre 

axis (Ero-Phillips et al., 2012, Liu et al., 2009, Baji et al., 2010, Garg and Bowlin, 2011).  

 Electro-spinning parameters 

For producing scaffolds for tissue engineering applications it is crucial to control electro-

spinning parameters in order to obtain scaffolds with a defined fibre structure and 

morphology. Furthermore, a suitable polymeric material needs to be chosen to provide 

good mechanical and chemical properties for the desired 3D- scaffold (Duling et al., 

2008, Dupaix and Hosmer, 2010, Yördem et al., 2008). 

 Solution properties  

The effects of the solution properties on the morphology of the fibres in the final product 

of electro-spinning have been investigated by many researchers. While some of them 

have managed to show a remarkable influence on the morphology of the fibres, such as 

an increase in fibre diameter with increased polymer concentration (Deitzel et al., 2001, 

Sukigara et al., 2003), and a decrease in fibre diameter and the production of uniform 

bead free fibres with increasing solution conductivity (Lee et al., 2003, Zong et al., 2002). 

Solution properties, however, are interrelated and difficult to isolate since varying one 

parameter generally affects other solution properties (e.g., changing the conductivity can 

also change the viscosity). Once the material is selected, the set of solution properties is 

also selected and can be influenced by ambient parameters or controlled variables 

(Pham et al., 2006). An optimal solution concentration for the desired fibre formation is 

required, as at low concentration, beads instead of fibres are formed; and at a high 
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concentration maintaining an even flow rate of the solution for uniform fibre formation 

is almost impossible (Sukigara et al., 2003).   

 Controlled variables 

Few studies have investigated the influence of controlled variables in the electro-

spinning process on the final product structure. Most of them have demonstrated a 

significant influence of the controlled variables on the fibre morphology, however the 

level of significance varies with the type of polymer used and other related process 

variables. Hence to better understand and to be able to improve the electro-spinning 

results, further investigation should be done in this field.   

Flow rate: The flow rate of the polymer solution derived from the syringe to the 

capillary tip is one of the important process parameters to be tuned as it affects the jet 

velocity (Bhardwaj and Kundu, 2010). A minimum flow rate is preferred for sufficient 

solvent evaporation (Yuan et al., 2004), as at a high flow rates the jet moves very fast and 

the polymer solution doesn’t get enough time to dry and stretch and is deposited as a 

sheet of polymer on the collector instead of getting non-woven fibres. In general it was 

found that increasing the flow rate results in increase in fibre diameter and formation of 

beads (Zong et al., 2002, Milleret et al., 2011).     

Electric field: Electric field or applied voltage is one of the most studied variables among 

the controlled variables. However, the correlation between the voltage and the fibre 

morphology is not fully understood. While some studies (Deitzel et al., 2001, Zong et al., 

2002) exhibited that increasing the voltage will lead to the production of beads and 

increase in fibre diameter, others exhibited decrease in fibre diameter and bead free 

fibres with increasing applied voltage (Mo et al., 2004, Mazoochi and Jabbari, 2011). 

Some did not report any significant change in the mean diameter of fibres (Kidoaki et al., 

2005). Those ambiguous results could be due to the complex correlation of the applied 

voltage with other parameters such as the concentration and distance between tip and 

collector (Yördem et al., 2008). For fibre formation, a minimum voltage is required to 

overcome the surface tension of the solution to initiate and stabilise the electro-spinning 

process. High voltages can lead to the formation of more than one jet from the same 

Taylor cone and a less stable process. 

Distance between tip and collector: Another way for controlling the final structure 

morphology of electro-spinning is by governing the distance between the capillary tip 

and the collector or the working distance. Although the effect of varying the working 

distance was reported to be insignificant (Bhardwaj and Kundu, 2010), it has been 
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demonstrated that a minimum distance is required to provide sufficient time for the 

solvent to dry before reaching the collector. At too far distances the fibres cannot reach 

the collector (Mazoochi and Jabbari, 2011).  

Collector composition and geometry: In the electro-spinning process a conductive 

collector is required for the collection of the electro-spun fibres. Collector composition 

and geometry has been found to have a great influence on the final structure of electro-

spinning. Researchers have investigated many kinds of collectors including aluminium 

foil, copper mesh, conductive paper and even water and human hand (Bhardwaj and 

Kundu, 2010). Due to the bending instability of the spinning jet, the electro-spun fibres 

are deposited on the collector with random orientation. Researchers have found that the 

use of rotating cylinder as a collector instead of single conductive plate can yield more 

orientated fibres (Boland et al., 2001, Boland et al., 2004, Li et al., 2007). Their results 

showed that increasing the rotating speed of the cylinder can generate more orientated 

fibres perpendicular to the axis of rotation. The mechanism behind the improvement of 

alignment, however, is not well defined. It is known that a high take up speed of the 

cylinder is required to pull the fibres into a fair alignment. Nevertheless, it was 

demonstrated that beyond a specific speed (known also as the alignment speed); no 

further improvement in alignment can be achieved. At too high collector speed, the fibre 

jet is broken by the take up speed of the cylinder and continuous fibres cannot be 

collected (Huang et al., 2003, Baji et al., 2010). 

Needle tip design: The electro-spinning setup involves the use of a single capillary tip 

for polymer solution ejection toward the collector. In attempt to increase the 

productivity of electro-spinning and for a better control over the structure and 

morphology of the electro-spun mats, a number of needle tip designs were suggested 

such as the use of multiple tips. Multiple tips were also used to produce a composite of 

fibres by spinning multiple polymer solutions. Kidoaki et al. (2005) have used this 

approach to produce mixed microfiber meshes in which one of the two polymers that 

have been used is leachable, in attempt to create a microporous structure. Li and Xia 

(2004a) have also managed to create composite of fibres by using a different design. 

They have developed a coaxial two capillary spinneret in which a small needle tip inside 

the original tip is added and fed from another immiscible liquid. By the use of this 

spinneret, they were also able to produce hollow fibres.      

 Ambient parameters 

There is little information available in literature on the effect of ambient parameters 

(e.g., temperature, humidity and air velocity) on the electro-spinning process. Mit-
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Uppatham et al. (2004) examined the effect of solution temperature in addition to other 

solution properties on the morphology of electro-spun polyamide-6 (PA-6) fibres. Their 

results showed that increasing the solution temperature from 30 to 60 °C, which was 

associated with decrease in solution viscosity, resulted in reduction in fibre diameter. 

The effect of humidity was examined by Casper et al., (2003) who showed that with 

humidity higher than 30%, formation of circular pores on the surface of the electro-spun 

fibres can be seen, and by increasing humidity there is an increase in the numbers of 

pores, pore diameter and pore size distribution on the fibres’ surface. 

 Desired characteristics of electro-spun scaffolds 

One of the fundamental demands for tissue engineering is the design of polymeric 

scaffolds with appropriate mechanical and biological properties similar to those of the 

ECM, which is in contact with majority of cells in vivo. The ECM, which is composed of 

basement membrane and a cross-linked network of proteins and polysaccharides, acts 

as a barrier between different kinds of tissues and provides a structural support for the 

cells as well as environmental signals to direct site-specific cellular regulation (Xu et al., 

2004a). Studies have shown that the interactions between cells and the ECM have 

significant impacts upon cellular behaviour, including adhesion, proliferation, 

alignment, migration, and differentiation (Sang and James, 2012). A scaffold with similar 

design to the ECM is desirable since it can function as temporary ECM until repair and 

regeneration of the tissue occurs. The ability of electro-spinning to provide fibre 

architecture with specific orientation; an interconnected pore structure; as well as fibre 

diameters in the sub-micron range resembling the nanoscale components of the native 

ECM, makes electro-spun scaffolds a perfect candidate for tissue engineering 

applications. Furthermore, by governing the process parameters, the electro-spinning 

process offers the ability to optimise and control scaffold structure and mechanical 

properties and thus enhance scaffold function and cellular growth in vivo.  

Several researchers have demonstrated that the use of electro-spun nanofibrous 

scaffolds as a synthetic ECM for culturing different types of cells supports cell attachment 

and proliferation (Xu et al., 2004a, He et al., 2005, Li et al., 2002, Kolambkar, 2010). It is 

known that cells are extremely affected by the topography of the supporting substrate 

(Lannutti et al., 2007). In electro-spun scaffolds, fibre morphology is determined by fibre 

diameters and alignment. It has been shown that nanofibre scaffolds with fibre 

diameters smaller than the size of cells enhance adhesion and organization of cells 

around the fibres (Xu et al., 2004a). Kwon et al. (2005) showed that human umbilical 
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endothelial vein cells (HUVECs) can attach and proliferate better on small diameter fibre 

fabrics compared to the large diameter fibre fabrics. 

Highly porous structure is one of the fundamental characteristics for successful tissue 

engineered scaffold. Interconnected pores in the electro-spun scaffolds are formed by 

the non-woven layers of fibres produced in the electro-spinning process. Li et al. (2002) 

managed to produce a poly(D,L-lactide-co-glycolide) (PLGA) nanofibrous scaffold with 

porosity greater than 90%. The PLGA electro-spun structure they produced was capable 

of supporting cell attachment and proliferation. The pore size is also related to the 

success of the scaffold. The pore size should be greater than the size of a cell for cell 

migration and infiltration (>10 µm pore size) (Gombotz and Pettit, 1995). Although the 

large number of the submicron fibres generated in electro-spinning can increase the 

surface area, it also increase the packing density resulting in a small pore sizes and 

narrow channels which can limit cell infiltration into the scaffold (Tamayol et al., 2012). 

Several studies, however, have shown cellular growth and penetration through fibrous 

scaffolds. It appears that cells can migrate through the electro-spun scaffolds with 

relatively small pore sizes. It has been suggested that due to the little resistance offered 

by the ultrathin fibres, cells can push the surrounding fibres aside and adjust the pore 

size to their requirements (Pham et al., 2006, Li et al., 2002). Pore size in electro-spun 

scaffolds can be increased without sacrificing the biomimetic characteristics of the 

fibrous topography by simultaneous deposition of salt particulates during electro-

spinning and subsequently leaching them out (Kim et al., 2008), or by producing a 

composite fibre structure by co-spinning two polymer solutions in which one of them is 

leachable (Baker et al., 2008).  

Well defined architecture and the ability to produce highly aligned fibres are also other 

desired characteristics of electro-spun scaffolds for tissue engineering. Fibre orientation 

can influence cell adhesion and proliferation (Xu et al., 2004b). Several studies have 

demonstrated the influence of fibre alignment on muscle cell organization and 

development (Riboldi et al., 2008, Choi et al., 2008, Cooper et al., 2010). Electro-spun 

aligned fibrous scaffolds are able to guide and orient skeletal muscle cells into organised 

structure that closely mimic native tissues which exhibit anisotropic mechanical 

behaviour. Similar results were also reported for mouse fibroblasts (Li et al., 2002), 

human smooth muscle cells and endothelial cells (Mo et al., 2004)  that were seeded on 

electro-spun nanofibres. The results showed expansion and adhesion of cells according 

to the fibre orientation.   
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 Biomaterials 

Biomaterials have been widely used in manufacturing biomedical implants such as 

vascular prostheses, artificial organs, heart valves and pacemakers. Whether it is 

temporary or permanent, polymeric implant is of primary interest when designing a 

scaffold for tissue regeneration and self-healing. For vascular tissue regeneration, an 

ideal biomaterial that can bear the loading and exposure to systolic blood pressure 

variations in vivo without causing any irritation or inflammation in the body should be 

carefully chosen. Biomaterials that have been used for vascular tissue engineering can 

be divided into two categories: natural polymers and synthetic polymers.  

Natural materials such as collagen and elastin, major components of the ECM, have been 

isolated and manufactured as a scaffold due to their great contribution to the blood 

vessel mechanics and biocompatibility. Their mechanical strength was however not 

sufficient to withstand the physiological environment and further support by another 

synthetic material was required (Sachlos, 2003, Ratcliffe, 2000). Some studies have 

suggested the use of bacterial cellulose (produced by Acetobacter Xylinum bacteria) as a 

promising natural material for vascular grafting due to its interesting structure and 

mechanical behaviour, which are similar to those of the native vessels. Despite its good 

biocompatibility, further investigations and work should be done for further 

understanding of the consequences of the application of these scaffolds in vivo 

(Zahedmanesh et al., 2011, Bodin et al., 2007).  

Engineered vascular grafts made of synthetic polymers such as PET, ePTFE and various 

PUs have been widely used for medical applications (Chlupac et al., 2009, Schmedlen et 

al., 2003). Despite the fact that transanastomotic endothelialization was achieved in 

animals with the current used synthetic grafts (i.e. PET and ePTFE), limited tissue 

ingrowth and scarce endothelial lining in the graft lumen were observed in humans (Zilla 

et al., 2007, Chlupac et al., 2009). Recently, PU polymers were introduced by many 

researchers as a preferable material for vascular tissue engineering, based on their good 

performance, excellent biocompatibility and mechanical properties (Spaans et al., 1998, 

Gunatillake and Adhikari, 2003, Nair and Laurencin, 2007). This elastic polymer was 

found to perform well as small diameter vascular prostheses promoting faster luminal 

endothelialisation and less neointimal formation compared with ePTFE (Jeschke et al., 

1999). Segmented thermoplastic PUs are copolymers that are made up of hard and soft 

segments. The hard segments, which are more rigid and dispersed in the soft matrix 

(Figure 2-8), are made of diisocyanates linked to chain extenders, while the soft segment 

is more flexible and made of polyether, polyester, silicone or oligomeric hydrocarbon 
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diols. PUs exhibit a phase segregation between the soft and hard segments, characterised 

by aggregation of the hard segments into crystalline domains within the randomly 

dispersed soft segments (Figure 2-8). Stretching the polymer leads to change in its initial 

orientation. Stretching the polymer above certain strain value leads to orientation of the 

soft segments along the stretch direction while most of the hard segments align 

perpendicular to the stretch direction. Increasing the strain to very high values leads to 

breaking and reorientation of the crystalline hard segments domains, resulting in 

orientation of the individual hard segments along the stretch axis and relaxation of the 

soft segments (Coury et al., 1988, Waletzko et al., 2009). Figure 2-9 illustrates the phase 

segregation of the polymer and the effect of stretching on its intrinsic structure. The 

overall mechanical properties of the polymer are highly dependent on the interactions 

and the arrangements of the PU soft and hard segments (Koberstein and Leung, 1992, 

Santerre et al., 2005). 

Due to their synthetic versatility, degradable and non-degradable PUs with various 

physical properties can be developed and tailored by changing the chemical nature, 

molecular weight, and the reaction proportion of the various components of the polymer 

(Seefried et al., 1975). Degradable PUs are obtained by using hydrolysable polymers, 

such as polyesters, as soft segments that can be designed to undergo controlled 

biodegradation such as in the case of DegraPol® (ab medica S.p.A, Lainate, Italy). Further 

information about this polymer is provided in Section 2.6.1. 

 

Figure 2-8: Polyurethanes structure: Red: Hard segments, yellow: Soft segments and 
blue: Possible degradable units in a degradable copolymer (ab medica S.p.A). 
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Figure 2-9: PU orientation: (a) Before stretching, (b) At moderate stretching, (c) At high 
stretching (Coury et al., 1988) 

Requirements for synthetic material to be used in vascular tissue regeneration includes 

biocompatibility, i.e. non-toxic, non-immunogenic and non-thrombogenic; appropriate 

mechanical properties that match the native tissue; and processability to be shaped into 

appropriate structure that support cell adhesion and proliferation (Gunatillake and 

Adhikari, 2003). A biodegradable material could be a perfect candidate that could 

prevent the long-term complications of the synthetic material in the body, hence 

eliminating the need for a second surgical intervention for implant’s removal. This, 

together with the ability to adjust the mechanical properties and degradation kinetics of 

the biodegradable material to satisfy its application, a wide range of products based on 

biodegradable biomaterials have been accepted for use in medical applications 

(Gunatillake and Adhikari, 2003, Nair and Laurencin, 2007).    

 DegraPol®, biodegradable polyester-urethane polymer 

Biodegradable polymers have been used and have shown promises for the future of 

tissue regenerative prosthesis (Shum-Tim, 1999, Shi et al., 2009). Biodegradable 

polymers with optimal physical, chemical and mechanical properties are required for 

the fabrication of scaffolds for supporting cell proliferation and differentiation, which 

result in tissue regeneration (Gunatillake and Adhikari, 2003, Grafahrend et al., 2010).  

For tissue engineering, the degradation rate of the biodegradable polymer should match 

that of tissue regeneration so that unexpected early failure of the scaffold can be avoided. 

Controlling the degradation period of biodegradable scaffolds, however, is very 

challenging. In most cases, gradual transfer in mechanical loading from the degrading 
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scaffold to the native tissue without causing hernia recurrence was hard to achieve 

(Klinge et al., 2001, Henry et al., 2007). Biocompatibilty and degradability as well as 

mechanical properties depend on the material composing the scaffold. Because of their 

elastomeric properties, biocompatibility and biodegradability associated with 

controllable degradation rates, PU polymers are one of the most popular biomaterials 

applied in the clinical field of tissue regeneration or replacement (Gunatillake and 

Adhikari, 2003, Santerre et al., 2005).  

DegraPol® (ab medica S.p.A, Lainate, Italy) (DP) one family of PU polymers are a 

biodegradable polyester-urethane (PEU) polymers that consists of two polyester diols, 

poly (3-(R- hydroxybutyrate)-co-(ε-caprolactone))-diol (hard segment) and poly(ε-

caprolactone-co-glycolide) diol (soft segment). Both polymer segments are 

biodegradable and their degradation products are non-toxic (Shi et al., 2009). The hard 

segment which forms the crystalline domains in the polymer acts as a polymer 

reinforcement, accounting for the elastic properties of the polymer, while the soft 

segment, the non-crystallizable domain, has little influence on the elastic properties of 

the polymer (Borkenhagen et al., 1998, Lendlein et al., 1998). This chemical nature 

imparts the ability to control the degradation rate as well as the mechanical properties 

of the DP polymers independently. By using different ratios of hard and soft segment of 

the DP composition, the mechanical properties of the final product can be modulated, 

and by changing the soft segment bonds i.e., the ratio of ε-caprolactone to glycolide, the 

degradation characteristics can be modulated without interfering with the mechanical 

properties of the polymer. Due to this unique property, the material properties of DP can 

be adjusted to match the desired degradation rates and the required mechanical 

properties of many types of biological tissues. Figure 2-10 shows the wide range of DP 

elastic modulus compared to other kinds of polymers. It also demonstrates the 

comparability of DP elastic modulus to other cellular tissues.  
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Figure 2-10: Elastic modulus of biological tissue and biopolymers (ab medica S.p.A). 

The use of DegraPol® as scaffold for tissue engineering has been investigated by many 

researchers and it was shown to meet essential requirements for medical scaffolds. Its 

biocompatibility properties as well as biodegradability has been demonstrated in vitro 

(Saad et al., 1997a, Saad et al., 1997b, Riboldi et al., 2008, Yang et al., 2003) and in vivo 

(Milleret et al., 2009, Saad et al., 1997a). It has also been shown to support a good level 

of cell adhesion, and growth (Milleret et al., 2009, Saad et al., 1997a, Danielsson et al., 

2006).    

DegraPol® versatility, together with its biocompatibility makes it a promising choice for 

tissue engineering scaffolds. 

 Mechanical Testing 

Mechanical properties as well as degradation rate are of primary interest when using 

biodegradable biomaterials for tissue engineering scaffolds. The mechanical properties 

should match those of the native tissue and the degradation rate should allow sufficient 

cell ingrowth into the biodegradable scaffold and enable a gradual transition in the 

mechanical loading from the degrading scaffold to the tissue ingrowth (Henry et al., 

2007).  

While a porous structure is crucial for cell penetration and proliferation, it may also 

adversely affect the mechanical properties of the scaffold. A high degree of microporosity 
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can weaken the structure of the scaffold without contributing to the tissue ingrowth 

(Bezuidenhout et al., 2002).  

Due to the increase in the complex design of tissue regenerative implants and the 

potential contradiction in the design requirements, biomechanical modelling of the 

structural and mechanical behaviour of tissue regenerative implants by using 

computational methods have been employed for the development and optimization of 

implants (Yeoman et al., 2009, Zidi and Cheref, 2003, Stella et al., 2010). These methods 

are based on the knowledge of the mechanical response of the implant, which is typically 

determined in experimental tests by using mechanical testing procedures (Yeoman et 

al., 2009, Rizvi et al., 2012). 

Significant efforts have been made to study the mechanical properties of electro-spun 

materials used for tissue regenerative medical implants using conventional testing 

techniques such as uniaxial tensile testing and cyclic stress relaxation testing (Pedicini 

and Farris, 2003, Duling et al., 2008, Dupaix and Hosmer, 2010, Lee et al., 2007) . Since 

electro-spun scaffolds are commonly applied to cyclically loaded tissues, cyclic stress 

loading experiments provide relevant information about the viscoelastic nature of 

electro-spun scaffolds when these scaffolds see sustained loads in vivo (Mauck et al., 

2009). Dupaix and Hosmer (2010) mechanically characterised electro-spun 

polycaprolactone (PCL) under cyclic loading, and they revealed that the material behave 

significantly differently upon repeated loadings. 

The mechanical strength of fibrous materials is highly linked to their structure. An 

appropriate structure of the material can lead to the desired mechanical properties 

(Rizvi et al., 2012). In electro-spun fibrous structures, mechanical properties depend 

mainly on the fibre structure and morphology, which strongly depends on the processing 

parameters of the technique. For example, electro-spun fibrous structures with random 

orientation exhibit isotropic properties that are imparted by their structure and material 

composition (Mauck et al., 2009). However, Li et al. (2007) have demonstrated that 

controllable anisotropic behaviour of nanofibrous scaffolds can be achieved by 

controlling the speed of the rotating collector. A great level of anisotropy can be seen in 

a highly aligned scaffolds which were produced at a higher rotation speeds. Thomas et 

al. (2006) showed that the increase of collector rotation speed which was associated 

with increase in fibres alignment, affects the uni-axial tensile properties of the electro-

spun PCL scaffolds. Ultimate tensile strength as well as tensile modulus increased in the 

fibre direction with increasing collector rotation speed. 
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The effect of fibre structure and morphology on the mechanical properties was often 

investigated by determining the ultimate tensile strength, strain to break, and modulus 

of elasticity. Modulus of elasticity is an essential mechanical property to determine; it 

must have comparable values to the relative elastic modulus of native tissue (Shoichet, 

2009). A difference in elastic modulus can lead to incorrect remodelling of cells with 

possible necrosis due to excessive stress, which is created at the interface between 

implant and tissue (ab medica S.p.A, Hollister, 2005). Another basic principle in the 

analysis of the mechanical behaviour of biodegradable tissue regenerative implants is 

the analyse of how the change in mechanical properties over time (variable data) affects 

the process of tissue regrowth under physiological conditions (ab medica S.p.A). 

As fibrous scaffolds are a sum of a huge number of individual ultrafine fibres, which 

contribute to the overall mechanics of the structure, there has been a recent effort to 

study single fibre mechanical properties. It was demonstrated that small diameter fibres 

are stiffer than thicker fibres (Mauck et al., 2009, Baji et al., 2010). The results were 

attributed to differences in the intrinsic structure of the fibres such as the orientation of 

the molecules and the degree of crystallinity. Wong et al. (2008) and others (Lim et al., 

2008, Tan et al., 2005) reported that the improvement in the macromolecules 

orientation and crystallinity in the single fibre induced by further thinning of the electro-

spun fibres, resulted in an increase in the mechanical strength of the fibres. 

 In vitro Degradation  

For tissue engineering application it is crucial to understand the degradation mechanism 

in order to control the rate of degradation. Biodegradation of polymeric biomaterials 

involves breaking down sensitive bonds in the polymer, hydrolytically or enzymatically. 

In general, synthetic biodegradable polymers contain hydrolysable bonds, which 

undergo chemical degradation through hydrolysis or enzyme–catalysed hydrolysis, 

while for most of the naturally occurring polymers enzymatic degradation is the main 

mechanism for degradation. Hydrolytically degradable polymers are more preferred as 

medical implants due to the minimal variations they exhibit with varied patients and 

varied sites of implantation compared to enzymatically degradable natural polymers 

(Nair and Laurencin, 2007). 

Several factors influence the degradation process of synthetic biodegradable polymers, 

such as crystallinity of the polymer, the type of chemical bond, hydrophilicity, pH value 

and temperature. Crystallinity of the polymer has been reported to vary proportionally 



Univ
ers

ity
 of

 C
ap

e T
ow

n

33 
 

to the degradation rate and to affect solubility of the polymer (Ero-Phillips et al., 2012). 

Synthetic degradable polymers have hydrolytically labile chemical bonds such as esters, 

orthoesters, anhydrides, carbonates, amides, urethanes, ureas, etc. (Li, 1999) in their 

structure. The type of the chemical bond has an impact on the degradation rate where 

some kinds of chemical bonds are more hydrolysable than others. The ester linkages for 

example are more hydrolysable than urethanes or ureas. Hydrophilicity of the polymer 

can also affect the degradation rate by providing more area for water absorption (Shi et 

al., 2009).  

The presence of enzymes in the human physiological environment is another factor that 

needs to be considered in the degradation process of hydrolytically biodegradable 

polymers. Some enzymes appear to be capable of recognizing and interacting with 

synthetic substrates such as PU and altering their polymer structure (Santerre et al., 

2005). In this case controlling the degradation rate of the polymers can be complicated 

and difficult to predict. The in vivo degradation mechanism of the degradable polymers 

can vary significantly compared to the in vitro degradation mechanism. The site of 

implantation, availability, and concentration of the enzymes as well as possible chemical 

modification of the polymers can all significantly affect the rate of degradation in vivo 

(Nair and Laurencin, 2007, Santerre et al., 2005). 

Degradation rate may be determined by investigating the material characteristics 

changes in time. Those include the molecular weight, mass loss, pH value of the aqueous 

medium and mechanical properties. Understanding of the degradation mechanism 

should be obtained by studying a number of material characteristics since some of them 

may not show significant results. For example, the mechanical properties can decrease 

significantly while the mass loss does not change during the degradation process (Shi et 

al., 2009, Krynauw et al., 2011).     

In vitro degradation and the change of mechanical properties associated with 

degradation of biodegradable polymeric materials used for tissue regenerative medical 

implants have been studied by various research groups. Lendlein et al. (2001) studied 

the hydrolytic degradation of a group of copoly(ester urethane)s in buffer solutions of 

different pH, at 37 and 70°C and reported the mass loss and the rate of change in the 

mechanical properties. Their results exhibited the influence of the hydrolysable glycolyl-

glycolate ester bonds in the soft segments of the polymer on controlling the degradation 

rate of copoly(ester urethane)s. Henry et al. (2007) characterised the mechanical 

properties of electro-spun meshes of a slow degrading polyester-urethane during 

hydrolytic in vitro degradation of up to 346 days. They reported a decrease in the 
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ultimate tensile strength and strain to break with no significant change in the modulus 

of elasticity. The results suggest a degradation of the soft segments rather than the hard 

segments, which are responsible for the polymer stiffness. Yeganegi et al. (2010) 

mechanically examined electro-spun aligned and random PU scaffolds during 4 weeks of 

degradation in the presence of cholesterol esterase enzyme. No significant drop in the 

mechanical strength of the scaffolds was reported in the study, although the 

biodegradation process was accompanied with approximately 30% mass loss for both 

scaffolds. The results were attributed to a disruption in the material surface structure 

without any intrinsic intermolecular breakdown of the bulk polymer. Conversely, a 

recent study by Krynauw et al. (2011) investigating the change of structural and 

mechanical properties of electro-spun fast-degrading polyester-urethane scaffolds 

during 34 days of hydrolytic degradation, showed a dramatic decrease in the mechanical 

properties during the 34 days degradation with no significant mass loss. The results 

were attributed to degradation of intermolecular chains, which did not progress enough 

to decrease the molecular mass below a threshold at which molecules are small enough 

to be isolated from the bulk material and mass loss can be seen (Krynauw et al., 2011, 

Lendlein et al., 2001).  

In spite of their clear relevance to tissue engineering, the information on the effects of 

the degradation process on the mechanical properties of the implant is still limited. The 

degradation profile in vitro would be different from that in vivo due to differences in the 

degradation mechanisms. However, characterisation of the effects of biodegradation on 

the mechanical properties of biodegradable scaffolds by mimicking the hydrolytic 

degradation mechanisms of the aqueous surrounding of the body, can provide 

experimental data to be used for development of constitutive models of biodegradable 

scaffolds, which can be extended to provide more information about the mechanical 

effects of the regenerating tissue (Krynauw et al., 2011).  

 Concluding Remarks 

In order to develop degradable vascular grafts, which could be used for vascular tissue 

regeneration, the mechanical properties of the graft, which influence this healing 

pattern, needs to mimic the mechanical properties of a human blood vessel to provide 

mechanical functionality. In addition, the degradation rate should allow sufficient tissue 

regeneration and enable a gradual transition in the mechanical loading from the 

degrading scaffold to the regenerated tissue. This literature review has provided 

relevant insight into the different types of vascular grafts; some of the broadly used 
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biomaterials; manufacturing techniques in particular the electro-spinning technique; 

and the importance of mechanically characterisation of the vascular graft during 

degradation. The ability to tailor the electro-spinning results was of particular interest, 

as it offers the ability to optimise and control scaffold structure and mechanical 

properties, thus satisfying the requirements of tissue engineering.  
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3 Materials and Methods 

This chapter of the thesis covers the materials and methods that have been used in the 

thesis work. It starts with displaying the materials that have been used in this work in 

Section 3.1, followed by a detailed description of the methods that have been used for 

the development and optimisation of electro-spun scaffolds. Section 3.2 describes the 

methods that have been used for tailoring the parameters of the electro-spinning and 

examining their influence on the structure and mechanical properties of the electro-spun 

scaffolds. Section 3.3 describes the methods that have been used for producing and 

investigating the change of physical and mechanical properties of electro-spun scaffolds 

during hydrolytic degradation. 

 Materials 

Hydrolytically fast- degradable polymer DegraPol®  DP30 which has a e-caprolactone-

to-glycolide ratio of 70:30 and a hard-to- soft segment ratio of 40:60 (unpublished data), 

was supplied by ab medica S.p.A (Lainate (MI), Italy). Chloroform (CHCl3) for dissolving 

the polymer. Chloroform was dried on 0.4nm molecular sieve. Phosphate Buffered Saline 

(PBS, pH=7.4) was prepared in our lab.  

 Optimisation of the Electro-spun Scaffolds 

The optimisation of the electro-spun scaffolds was undertaken by tailoring the 

parameters of the electro-spinning process and characterising their influence on the 

structure and mechanical properties of the electro-spun scaffolds. The manufacturing 

process starts by determining the desired spinning parameters. Various target sizes as 

well as solution concentration were investigated in order to find preferred process 

parameters and preferred scaffold structure for material characterisation. After 

establishing a format that would satisfy the characterisation requirements, the polymer 

solution was prepared and the scaffolds spun according to the design of the experiment. 

It is desirable to manufacture as many of the scaffolds as possible within the shortest 

possible time period to avoid environmental changes affecting scaffold properties. 

The optimisation of the electro-spun scaffolds was obtained by examining the effect of 

varying three independent controlled parameters on scaffold architecture and 

mechanical properties. Parameters investigated include solution flow rate (Q); distance 

between the capillary tip and collector/ working distance (D); and the rotational velocity 
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of the rotating cylinder (ω). Other parameters have been fixed or adjusted to obtain 

stable spinning condition. Those included the solution type and weight percentage 

which has been chosen and set to be 24 wt.% DegraPol® DP30 in chloroform at room 

temperature (RT); the collector composition and geometry using a rotating and 

translating 316L stainless steel cylinder of 25.4 mm diameter; and the applied voltage 

between the capillary tip and collector which was adjusted in the range of 13-18 kV 

according to the spinning condition. It was observed that using voltage lower than 13 kV 

could not initiate the jet while applying a voltage higher than 18 kV resulted in the 

formation of multiple unstable jets from the Taylor cone. 

 Design of experiment  

Three experimental sets were designed for manufacturing the electro-spun scaffolds. 

Each set investigates the influence of varying one of the controlled parameters, namely: 

solution flow rate (Q), distance between the capillary tip and collector (D), the rotational 

velocity of the collector (ω), on the structure of the electro-spun scaffolds (fibre diameter 

and orientation), and scaffold porosity as well as the mechanical properties. At each 

experimental set, two of these parameters were held constant while the third one was 

varied from its mid-range base value to a minimum and maximum value, creating three 

scenarios investigated per set. Each set was replicated and electro-spun in the same day 

as an attempt to keep the ambient parameters as consistent as possible. Table 3-1 

summarises the experimental parameters that were used in manufacturing the electro-

spun scaffolds.  

Table 3-1: Summary table of the parameters that have been used for producing the 
electro-spun scaffolds 

F
ix

e
d

 

Solution type and  weight 
percentage 

24 wt.% DegraPol® DP30 in chloroform 

Collector Rotating and translating 316L stainless 
steel cylinder,  25.4 mm diameter 

Applied Voltage 13-18 kV 

V
a

ri
a

b
le

 Flow rate (Q) 1-4 ml/hr 

Working distance (D) 300-350 mm 

Rotational speed (ω) 4300-8800 rpm 
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 Scaffold manufacturing by electro-spinning 

For each set the homogeneous solution was prepared by dissolving the desired amount 

of the polymer DegraPol® DP30 in chloroform (CHCl3), and sonicating the solution for 

1.5-2 hours at 37 °C. For consistency reasons and to avoid any changes in the solution 

properties with time, the solution was prepared in the same day of the electro-spinning 

of each individual set and used only on that day. The electro-spinning rig of the CVRU 

that was used for spinning the solution can be seen in Figure 3-1, a closer look at the 

spinning rig can be seen in Figure 3-1(b-c). The electro-spinning apparatus consists of a 

syringe pump (SE400B, Fresenius, Bad Homburg, Germany), an adjustable custom-made 

high voltage supply and a grounded 316L stainless steel cylinder, 25.4 mm in diameter, 

rotating and bi-directionally translating over a length of 70 mm at a speed of 2.6mm/min 

(custom-made drive mechanism) as a collector (Figure 3-1(b-c)). For prevention of any 

disturbance to the fibres collection and safe release of solvent, the electro-spinning 

apparatus is housed in a custom-designed box connected to ventilation system, 

respectively. 

The electro-spinning was carried out at RT. The prepared solution was loaded into a 

10ml BD syringe and pumped into the hypodermic needle (capillary tip) through a 

plastic tube. A sufficient voltage (13-18 kV) was applied to the metal hypodermic needle 

and a jet of solution discharged from the tip of the needle and accumulated as fibres on 

the grounded collector, creating a tubular scaffold as can be seen in Figure 3-2. 
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Figure 3-1: a): Electro-spinning set-up, b-c): Spinning rig 

 

 

Figure 3-2: The final product of the electro-spinning process, fibrous mesh generated 
on the tubular target. 
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The scaffolds were spun according to the experiment design: the flow rate of the solution 

controlled by the syringe pump was varied between 1 and 4 ml/hr; the working distance 

was varied between 300 and 350 mm; and cylinder was rotated between 4300 and 8800 

rpm. Table 3-2 shows the exact values of the parameters that have been used for 

spinning each scaffold. An extra scaffold was spun for comparison purposes (see 

Section 3.2.4.3). For each experimental set, three scaffolds were electro-spun from the 

same solution on the same day and replicated on a different day, whilst other process 

parameters were kept as consistent as possible. Exact control over the spinning 

condition was not completely achieved due to extrinsic changes during production that 

could not be regulated. 

Subsequently, the electro-spun scaffold on the cylinder was cut open lengthwise, 

submersed in ethanol for less than 3 minutes and removed from the mandrel. Thereafter, 

electro-spun scaffolds were dried overnight in a vacuum oven (Townson & Mercer, 

Stretford, England) at RT to remove any residual solvent, and stored dry in a desiccator 

chamber to limit hydration prior to characterisation.  
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Table 3-2: Experimental table design. Grey colours highlight the only parameter that 
has been varied in each set. 

Scaffold 
number 

Scenario Set Q (ml/h) D (mm) ω (rpm) V (kV) 

0 Extra scaffold for 
comparison purposes 

3.12 250 2000 13 

Flow rate examination 

1 1 1 1.04 250 6570 13 

2 2 2.59 250 6570 13 

3 3 4.14 250 6570 13 

4 1 1 1.04 250 6570 13 

5 2 2.59 250 6570 13 

6 3 4.14 250 6570 13 

Working distance examination 

7 4 2 4.14 250 6570 18 

8 5 4.14 300 6570 18 

9 6 4.14 350 6570 18 

10 4 2 4.14 250 6570 18 

11 5 4.14 300 6570 18 

12 6 4.14 350 6570 18 

Collector velocity examination 

13 7 3 4.14 300 4380 15 

14 8 4.14 300 6570 15 

15 9 4.14 300 8760 15 

16 7 3 4.14 300 4380 15 

17 8 4.14 300 6570 15 

18 9 4.14 300 8760 15 
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 Sample preparation 

To get a scaffold with nearly the same wall thickness longitudinally, the thin edges on 

the ends of the tubular scaffolds were cut off and discarded, the remaining sheet 

(Figure 3-3) was cut using a sharp blade according to the cutting plan for sample 

characterisation. The cutting plan was designed in a way that meets the mechanical 

characterisation requirements in both directions of the scaffold. First the electro-spun 

sheet was cut into rings. After measuring the wall thickness of each ring, the rings were 

cut into of 10 x 20 mm rectangular samples. Cutting plan and samples type is illustrated 

in Figure 3-4. On average, 16 samples were obtained from each sheet, 8 samples were 

cut with the longer edge aligned in the circumferential direction (the rotational direction 

of the cylinder, CD) and another 8 samples were cut with the longer edge aligned in the 

transverse direction (perpendicular to the rotation axis, TD). 

 

 

Figure 3-3: The internal surface (a), the external surface (b) and cross-sectional view 
(c) of the resultant scaffold’s sheet with longitudinal cut. (d) Ring cut opened 

lengthwise from the scaffold’s sheet.  

b a 

c d 
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Figure 3-4: Samples cutting plan. 

Wall thickness and width of scaffold samples were measured on images captured on a 

Leica DFC280 stereo microscope using Leica IM500 imaging software (Leica 

Microsystems GmbH, Wetzlar, Germany). Six thickness measurements were recorded on 

each length edge of each ring and the average of the twelve thickness measurements was 

estimated as the wall thickness for all samples constituting that ring. The rings were then 

cut into rectangular samples and three width measurements were recorded for each 

sample. An average of the three width measurements of each sample was considered as 

the width of the sample. 

 Scaffold characterisation 

 Scaffold architecture 

Scaffold architecture is defined particularly by the fibre diameter and orientation, which 

have been showed to affect cellular behaviour (Bashur et al., 2006, Badami et al., 2006, 

Riboldi et al., 2008). In order to find preferred scaffold architecture, the effects of 

changing the electro-spinning process parameters on the scaffold architecture need to 

be examined.  

Detailed information concerning scaffold architecture was obtained by analysing 

Scanning Electron Microscopy (SEM) images of the electro-spun scaffolds using ImageJ 

software (NIH, http://rsb.info.nih.gov/ij); samples of electro-spun scaffolds were 

sputter-coated with gold in a Polaron SC7640 (Quorum Technologies, East Grinstead, 

England). Images were taken of the internal and external surfaces of the samples with a 
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JEOL JSM5200 scanning electron microscope (JEOL, Tokyo, Japan) at 10- 20 kV between 

15 and 1000 x magnification. 

Fibre diameter was measured as described by Baker et al. (2006) and the averaged fibre 

diameter was measured on x 750 SEM micrographs. First a diagonal line was drawn from 

one corner of the SEM image to the other and then the diameter of fibres which transect 

the diagonal line were measured perpendicular to the fibre length using an ImageJ linear 

measurement tool which was calibrated using the scale bar of the SEM image. The 

diameters of the fibres were averaged for each sample (10 fibre diameters were 

measured per image, 40 measurements per scenario). 

The relative degree of fibre alignment was assessed by analysing the two-dimensional 

frequency plot of the Fast Fourier Transform (2D FFT) of the x 100 SEM micrographs. 

This approach was described by Ayres et al. (2008). The 2D FFT function produces a 

frequency plot which maps the rate at which pixel intensities change in the spatial 

domain of the input image. Adjacent pixels of similar intensities in the original image 

(the spatial domain) will correspond to domains of a low frequency and will be placed 

in the centre of the FFT plot, while domains of high variations in pixel intensities in the 

original image will correspond to a high frequency pixels and will be placed away from 

the centre of the FFT plot. If the original image contains fibres in preferred orientation, 

the resulting FFT plot will contain pixels that are concentrated along a specific axis 

arrayed 90° to the preferred orientation angle. 

Samples (n=4) for the assessment of orientation were cut in a rectangular shape in which 

the width of the sample is in the TD of the scaffold and the length is in the CD. SEM images 

were first captured in the magnification of x100 and then the magnification was 

decreased to x15 and another image was captured to be able to determine the direction 

of the alignment relative to the original graft. An example of SEM micrograph used for 

orientation assessment is illustrated in Figure 3-5. It can be seen from the example that 

the preferred orientation of most fibres is in the longitudinal direction of the sample in 

this case the CD of the scaffold. ImageJ software, supported by an oval pixel intensity 

summation profile plug-in (written by William O’Connell), was used to conduct 2D FFT 

analysis for all the images. Prior to applying the 2D FFT, graft images were cropped to 

remove text after which image contrast was enhanced (Figure 3-6 (a)). A 2D FFT was 

applied on the images and an elliptical selection was applied on the frequency main 

image to get a circular projection to be able to sum the pixel intensities along the radius 

for each angle (0-360°) using the oval profile plug-in (Figure 3-6 (b)).   
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Figure 3-5: SEM micrographs for electro-spun DP sample (scale bar length and 
magnification are provided in the micrographs). 

Since the frequency plot of the FFT images are symmetric, only half the cycle was taken 

after setting the 90° to be the circumferential direction and the longitudinal direction to 

be the 0° and 180°, taking into account that structures with preferred orientation will be 

rotated 90° in the FFT plot compared to the direction of the objects in the input image. 

The data of the summation results from the FFT analysis was then filtered using 5 x 5 

mean filter and plotted against the angle (0-180°). For graphical presentation, the data 

was scaled to start at zero (Figure 3-6 (c)). 

As can be seen from Figure 3-6, the bright pixels in the frequency plot of the SEM image 

will be concentrated 90° to the preferred orientation axis of the original image and the 

summation data will present a plot that exhibit a peak around the preferred orientation, 

in this case the CD (at 90°). The degree of the alignment is reflected by the height and the 

overall shape of the alignment plot. A high and narrow peak indicates more uniform 

degree of fibre alignment while a broad peak or shoulder on the peak indicates that more 

than one axis of alignment may be present (Ayres et al., 2008). 

To be able to compare between each scenario in the experimental set, the “amount” of 

alignment was computed as the sum of the alignment plot from center-10° to center+10°, 

divided by the total sum of the plot. The filtered plot values were used for the summation.  

 

CD 
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Figure 3-6: An example of the 2D FFT analysis. a) SEM image of electro-spun DP sample 
b) ImageJ frequency plot of the corresponding SEM image with circular projection.       

c) Scaled alignment of half cycle plotted against the angle. 

 

  Porosity determination 

Scaffold porosity was determined using a liquid displacement method similar to that 

reported by Krynauw et al. (2011). Porosity was estimated using the following equation: 

𝑃 = 1 −
𝑉𝑓

𝑉𝑡
⁄  

(3.1) 

where P is the scaffold porosity calculated from the total volume 𝑉𝑡  and fibre volume 𝑉𝑓 . 

The total volume includes the volume of fibres and pores, was measured from the wall 

thickness, width and length of the samples (n=4). Wall thickness and width of each 

sample where measured as described in Section 3.2.3, while the length was measured 

with a ruler. The fibre volume, which includes only the volume occupied by the fibres 

(pores are excluded), was measured by using the liquid displacement method typically 

used for density determination. Fibre volume is equal to the volume of the displaced 

liquid. The mass of the samples were weighed first dry in the air and then submerged in 

ethanol (ethanol penetrates the mesh interstices easily and eliminates any trapped air 

in the sample) using an Adam AAA250L analytical balance with Adam density 

determination kit (Adam Equipment Inc, Danbury, CT, USA). The difference between the 

sample mass weighed in air 𝑚𝑠,𝑎𝑖𝑟 and mass weighed in ethanol 𝑚𝑠,𝐸𝑡𝑜ℎ  caused by the 

buoyant force exerted on the submerged sample is equivalent to the mass of 

ethanol 𝑚𝐸𝑡𝑜ℎ  that was displaced by the fibres. The fibre volume is equal to the volume 

of the displaced ethanol 𝑉𝐸𝑡𝑜ℎ . Ethanol volume can be measured from the ethanol 

mass, 𝑚𝐸𝑡𝑜ℎ , and its known density, 𝜌𝐸𝑡𝑜ℎ , as: 

Vf = VEtoh =
mEtoh

ρEtoh
⁄  (3.2) 
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 Mechanical testing 

Prior to mechanical testing of the samples, tensile testing for the extra scaffold samples 

in different environmental conditions were conducted in order to get some idea about 

the effects of the environmental conditions on the loading results of the samples and to 

establish suitable environmental conditions to test the samples. Twelve samples 

obtained from the extra electro-spun scaffold sheet were tested under tension in the CD 

in three different environmental conditions (n=4 each). These included tensile dry tests 

at RT, submerged tests in PBS at 37°C and wet tests but not submerged, after immersion 

the samples in PBS solution until thoroughly wet, at RT. According to the comparisons 

results (see Appendix A) electro-spun DP mechanical behaviour was found to be affected 

by the test temperature and whether the sample was submerged, wet or dry, hence all 

samples were to be tested submerged in PBS at 37°C as the material will be exposed to 

similar conditions in the human body. 

Mechanical testing was conducted using a uniaxial load test machine. The testing 

apparatus consisted of: an Instron 5544 universal testing machine (Instron, Norwood, 

USA) equipped with a 10 N load cell suited for low force testing of soft biomaterials; two 

custom made clamps; an adjustable PBS container that can be attached to the test 

machine and the bottom manual clamp; a heating element and thermometer for 

controlling the PBS solution temperature (Figure 3-7). The tensile testing protocol was 

based on the fact that healthy human arteries are exposed to sustained pulsatile 

pressure between 80 and 120 mmHg and exhibit 8%/100 mmHg compliance on average 

(Tai et al., 2000). Since compliance is expressed in percentage change of diameter over 

100 mmHg pressure, an extreme value of arterial pressure such as 200mmHg will result 

in 16% strain. Cyclically loading the samples to 16% upper strain limit will give some 

representation of blood vessel applications where loads are applied cyclically and 

capture the behaviour of the electro-spun DP when it is subjected to a wide range of 

loading situations. Samples (n=10) in both the circumferential and the transverse 

directions were tested submerged in PBS solution at 37°C, loaded for 5 pre-cycles up to 

16% strain at a strain rate of 3%/sec and data sampling at 0.1% strain intervals and then 

loaded to failure. 
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Figure 3-7: Mechanical testing apparatus  

The mechanical properties of the 18 scaffolds were obtained from the stress/strain 

curves measured by the tensile testing. After smoothing the stress/strain data using 3x3 

mean filter, an averaged ultimate tensile strength (maximum stress, σmax) and the 

associated strain (εmax) were determined from the final loading and recorded. Since the 

stress/strain relationship of the electro-spun DP appears to be nonlinear, a single value 

to describe elastic modulus for the entire strain range cannot be used. Instead, the local 

slope at the end of cyclic range (Ef) was calculated from the gradient of the stress strain 

curves of the final loading. Ef was calculated by averaging the gradients between 15 and 

16% strain range. The range contained 9 recorded data points.  
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 In vitro Degradation Study 

Studying the effects of biodegradation on the electro-spun scaffolds was undertaken by 

investigating number of material characteristics of electro-spun scaffolds prior and 

during degradation. The change of mechanical and structural properties of electro-spun 

DP scaffolds was examined during 28 days of hydrolytic in vitro degradation. 

 Electro-spinning and sample preparation 

Before commencing with the electro-spinning of the scaffolds, the electro-spinning rig 

was slightly modified. The basic setup was kept but a worn bush that supports the end 

of the rotating cylinder during the spinning (Figure 3-1(b-c)) had to be replaced. As a 

result, the cylinder motion was stabilised and less vibration was observed during the 

spinning process. Testing the upgraded spinning rig showed appreciable changes in the 

orientation of the fibres with increasing the cylinder velocity as can be seen in Figure 3-8.  

Based upon these observations and results of the optimisation study, preferred process 

parameters for producing a desired scaffold structure were established. 

 

  

Figure 3-8: SEM micrographs for electro-spun DP samples using the upgraded electro-
spinning rig, at collector speed: (a) 1230 (b) 2150 and (c) 3080 rpm. 

 

 

  

a b c 
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A 24 wt.% solution was prepared as described in Section 3.2.2 and electro-spun into six 

tubular scaffolds using the electro-spinning apparatus used for the optimisation study 

(Section 3.2.2). The cylinder was set to rotate at 2250 rpm while the solution was 

pumped at flow rate of 4.1 ml/h and the applied voltage was set to 15kV. The distance 

between the hypodermic needle and the grounded cylinder was also set to 350 mm. After 

completion of the spinning process, the electro-spun scaffolds were taken off the 

cylinder and dried as described in Section 3.2.2. In total 132 rectangular 8 x 20 mm 

strips, 72 samples with the longer edge aligned in the CD and 60 samples with the longer 

edge aligned in the TD, were prepared from the electro-spun scaffolds and their 

thickness and dimensions were measured. Samples cut and dimensions measurement 

have been previously illustrated in Section 3.2.3. 

 Scaffold degradation 

For in vitro hydrolytic degradation, samples were put into separate test tubes, filled with 

5 ml PBS, sealed and kept in 37 °C incubator shaking at 97 rpm. The PBS solution was 

changed at weekly intervals. As-made non-degraded samples were used as a reference 

of T=0 day time point for all samples. For the investigation of the change in mechanical 

properties associated with degradation, samples were kept in the incubator for 

degradation time periods of T=4, 7, 11, 14, 17, 20, 24 and 28 days. At each time point a 

group of random five samples in both the CD and the TD were collected from the 

incubator and mechanically tested as taken from the PBS. For morphological 

characterisation; assessment of mass loss; and molecular weight reduction; samples 

were kept in the incubator for degradation time periods of T= 7, 14, 20, and 28 days. At 

each time point samples were taken out of PBS, rinsed thoroughly with distilled water 

to remove the residual PBS salts and dried overnight in a vacuum oven (Townson & 

Mercer, Stretford, England) at RT to stop the degradation prior to mass loss, molecular 

weight loss and SEM inspection analysis.  

 Scaffold characterisation 

 Porosity measurements  

Scaffold porosity was determined from the 0-day samples (n=4) using the liquid 

displacement method described in Section 3.2.4.2.  

 Mechanical testing 

Prior to commencing with the in vitro degradation study; a pilot degradation study was 

conducted with three degradation time points (0, 5 and 11 days) in order to establish 
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tensile testing protocol for degraded samples. At each time point samples (n=3) in the 

CD were tested submerged in PBS at 37 °C under tension using three different testing 

protocols. These included preloading the sample for 5 pre-cycles up to 16% strain and 

then loading to failure; preloading the sample for 5 pre-cycles between 8 and 12% strain 

and then loading to failure; and loading the sample to failure without cycling. Based on 

the results (see Appendix B), the electro-spun DP degraded samples were found to be 

incapable to endure any cycling when they were tested submerged in PBS at 37°C. 

Consequently, all samples in the in vitro degradation study were not to be cyclically 

loaded in the tensile testing.   

Mechanical testing was conducted using the same testing apparatus described in 

Section 3.2.4.3. At each time point the relevant group of samples (n=5 in both the 

circumferential and the transverse directions) were tested submerged in PBS solution 

at 37°C at a strain rate of 9.6%/sec and data sampling at 0.1% strain intervals. In attempt 

to simulate the dynamic in vivo conditions, the strain rate was modified to suit the 

extension rate healthy human arteries witness during systole. Assuming that healthy 

human arteries exhibit 8%/100 mmHg compliance (Tai et al., 2000), a 40 mmHg change 

in the arterial pressure during the cardiac cycle (namely from 80 to 120 mmHg) will lead 

to 3.2% strain. Assuming that systolic contraction comprise approximately third of the 

duration of single cardiac cycle of healthy human heart (Guyton AC and Hall JE, 2006), 

with heart beat rate of 60 beats per minute, the 3.2% strain happens in 1/3 second, 

which corresponds to 9.6% strain in 1 second. The dry 0-day samples were also tested 

submerged in PBS solution at 37 °C. 

The mechanical properties of the samples were obtained from the stress strain curves 

measured by the tensile testing. An averaged ultimate tensile strength (maximum stress, 

σmax) and the associated strain (εmax) were determined at each time point (n=5) and 

recorded. The elastic modulus (E) of all samples was measured as the slope of the linear 

equation that fits the stress/strain data recorded between 0 and 5% strain by using 

linear regression analysis of the data points. The averaged elastic modulus was 

determined at each time point (n=5) and recorded. 

Despite the optimisation of the spinning conditions, extrinsic changes during production 

of the scaffolds can cause some variations between the samples within the same batch, 

which can increase the variance between the measured mechanical properties. In this 

case significant changes between the degradation time points will be hard to show 

statistically, especially if the change is too small. To address this issue and for 

comparison reasons, an auxiliary degradation study with four degradation time points 
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(0, 7, 14 and 28 days) was conducted. All samples in the CD and TD (n=3) were taken 

from one individual scaffold and mechanically tested as described above. 

 Morphological characterisation 

Characterisation of the scaffold topography and fibre surfaces during degradation was 

obtained by inspection of SEM images. At each time point SEM images of the dried 

samples (one sample was taken from each scaffold) were captured as described in 

Section 3.2.4.1 between 15 and 5000 x magnification. The averaged fibre diameter and 

relative degree of alignment of the scaffolds were measured from the 0-day SEM images 

as described in Section 3.2.4.1. 

 Mass loss  

For the assessment of mass loss during the degradation, five dried samples (one sample 

from each scaffold) were weighed using Mettler Toledo XS105S analytical balance 

(Mettler Toledo, Greifensee, Switzerland) to determine the mass loss at each time point. 

Thereafter, samples were placed in PBS tubes and returned to the incubator until the 

next time point.  

Mass loss during degradation was calculated by comparing the dry mass, 𝑚𝑡 , of samples 

at each time point, 𝑡, with the initial dry mass, 𝑚0, of the non-degraded 0-day samples 

using the following equation: 

𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 (%) = [
m0 − mt

m0
] × 100 (3.6) 

 Molecular mass reduction  

Gel permeation chromatography (GPC) (Roediger Agencies cc, Analytical Labroratories, 

Stellenbosch, SA) was used to determine the change in scaffolds molecular weight during 

degradation. The GPC system consisted of a Waters 510 HPLC pump, Waters 486 

tuneable absorbance detector at 260 nm, Waters 410 differential refractometer and a 

TSP (Thermo Separations Products) Spectra Series AS100 auto sampler. Five columns 

and a pre-column filter were used and the column oven was set at 30 °C. PSS Win GPC 

Scientific V4.02 was used for data analysis. Tetrahydrofuran (THF) was used as solvent 

and the flow rate was 1.06 ml/min. The samples were dissolved in THF (1 mg/ml) at 

37 °C in an ultrasonic bath for 20 minutes prior to analysis. The volume of the samples 

injected was 180 µl. Polystyrene standards were used for calibration. 

The weight-average molar mass, Mw, and the number average molecular weight, Mn, 

assessed by the GPC analysis was recorded. The averaged Mw and 𝑙𝑛(Mn) of n=2 samples 

were plotted against the degradation time. 
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To find if there is a correlation between the mechanical properties of the electro-spun 

DP and the molecular weight during the degradation, the maximum stress, σmax in both 

fibre directions was plotted against the corresponding Mw at each time point and the 

correlation coefficient, R2, of each plot was determined from the linear regression 

analysis and recorded. 

 Statistical Analysis 

The mean values were compared using breakdown and one-way ANOVA analysis using 

Statistica software (StatSoft Inc., Tulsa, Ok, USA). Statistical significance was accepted for 

p<0.05. To find which of the means contributed to the overall effect, the Tukey-Kramer 

Honestly Significant Difference (HSD) test with p<0.05 indicating statistical significance 

was applied to compare each two mean values together. If not otherwise mentioned, all 

the values in the graphs represent means ± standard deviation and statistical 

significance (p<0.05) between two mean values is indicated by the asterisk above the 

respective line. Points outside the range of ± 4 standard deviations were removed from 

the data as outliers. Linear relation between two variables was tested by recording the 

correlation coefficient, R2, from the linear regression analysis. The Fisher’s z-

transformation with 5 per cent level of significance (p<0.05) was used for testing 

significance of R2. 
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4 Results  

In this chapter, the relevant results of the experimental tests discussed in Chapter 3 are 

presented. It starts with presenting the structure and mechanical properties results of 

the electro-spun scaffolds induced by altering the spinning parameters in Section 4.1, 

followed by the relevant results of the in vitro degradation of the scaffolds in Section 4.2.  

 Optimisation of the Electro-spun Scaffolds 

 Effects of electro-spinning parameters on scaffold architecture 

The effects of electro-spinning on scaffold architecture was studied by altering three 

independent controlled parameters: the solution flow rate (Q), distance between the 

capillary tip and collector / working distance (D) and the rotational velocity of the 

rotating cylinder (ω), demonstrating their influence on the resulting fibre morphology: 

namely fibre diameter and orientation. The results are demonstrated in Figure 4-1, at 

least n=29 was used for fibre diameter measurements on 4 samples and n=4 for 

alignment on 4 samples.  

It can be seen, except for Figure 4-1(a), that the increase in the three variables did not 

exhibit significant change in fibre morphology within the variables values that have been 

used in this study, smooth, uniform and bead free fibres were obtained in all cases with 

no discernable effect of changing the electro-spinning parameters on fibre diameter or 

alignment. The mean fibre diameter was found to range between 6 and 9 µm in all groups 

and differences were found not to be significant. Figure 4-1(a) shows an increase in the 

flow rate resulted in significant increase in the mean fibre diameter, indicating that 

changing the flow rate has an impact on the fibre diameter. Scaffolds mean fibre 

diameter increased from 6.75 ± 2.13 µm to 9.41 ± 2.13 µm when the flow rate was 

increased from 1.04 ml/h to 4.14 ml/h, respectively. 

The diameter distribution histograms and an example of one SEM micrograph of the DP 

fibres formed with varied flow rates are presented in Figure 4-2. The diameter 

distribution histograms show relatively more uniform fibres with increasing the flow 

rate, indicating that increasing the flow rate can optimise fibres uniformity.  
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Figure 4-1: The effect of the electro-spinning parameters: (a-b) Flow rate (c-d) 
Working distance and (e-f) Collector velocity on the resulting DP-fibre diameter and 

alignment. 

Although increasing collector velocity did not improve the alignment degree, a 

predominant degree of alignment in the CD can be seen for all samples regardless of 

collector velocity. Examples of the typical SEM micrographs for electro-spun DP scaffolds 

at different collector velocities are presented in Figure 4-3. 
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Figure 4-2: SEM micrographs for electro-spun DP and the corresponding fibre diameter 
distribution histogram at flow rate: (a) 1.04 (b) 2.59 (c) 4.14 ml/h. 

Analysis of the inner and outer surfaces of the scaffold did not show any significant 

difference in fibre morphology. This can be seen from the relatively uniform morphology 

of the diameter distribution histogram of DP fibres of both sides of the scaffold 

represented in Figure 4-4(b-c). However, significant difference was reported when the 

mean value of the fibre diameter at the outer surface of all groups (n=169) was 

compared to the inner surface (n=176) as can be seen in Figure 4-4 (a). The inner surface 

of the grafts has a higher mean fibre diameter, 8.47 ± 2.18 µm, compared to the outer 

surface, 7.60 ± 2.04 µm. 
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Figure 4-3: SEM micrographs for electro-spun DP samples at collector speed: (a) 4380 
(b) 6570 and (c) 8760 rpm. 

 

           

Figure 4-4: (a) Comparison of DP fibre diameters in the inner surface and the outer 
surface of the scaffold for all groups. (b-c) Fibre diameter distribution histogram and 

the expected normality for the outer (b) and the inner (c) surface. 

 Effects of electro-spinning parameters on scaffold porosity 

The effect of electro-spinning parameters on the electro-spun scaffolds porosity was 

calculated using equations (1) and (2) discussed in Section 3.2.4.2, the results are 

summarised in Figure 4-5. Changing the working distance (D) was the only parameter 

that affected scaffold porosity, when the working distance increased from 250 mm to 

0

2

4

6

8

10

12

D
ia

m
et

er
 (µ

m
)

All Groups
Inner surface

Outer surface*

a)
b) 

c) 

a b c 

N=169 
7.60 ± 2.04 µm 

 

N=176 
8.47 ± 2.18 µm 

 



Univ
ers

ity
 of

 C
ap

e T
ow

n

58 
 

350 mm, scaffold porosity increased from 77.01 ± 0.72 % to 80.45 ± 1.39 %, respectively. 

Differences in changing the flow rate and collector velocity were not found to be 

statistically significant (p>0.05).  

 

 

Figure 4-5: The effect of the electro-spinning parameters: a) Flow rate; b) Working 
distance and c) Collector velocity on the resulting DP scaffolds porosity.  

   Effects of electro-spinning parameters on scaffold’s mechanical 

properties 

The effect of electro-spinning on the mechanical properties of the electro-spun DP 

scaffolds was examined as described in Section 3.2.4.3. The mechanical characterisation 

was conducted by means of uni-axial tensile testing, samples (n=10) in both the 

circumferential and the transverse directions were tested submerged in PBS solution at 

37°C, preloaded for 5 pre-cycles up to 16% strain and then loaded to failure. Stress strain 

curves were measured for all DP scaffolds and their mechanical properties, namely: the 

maximum stress (σmax), associated strain (εmax) and elastic modulus at the end of cyclic 

range (Ef) were derived from these curves. An example of the typical stress strain curves 

of electro-spun DP are presented in Figure 4-6 in two directions of the fibre collection: 

the CD and the TD. Figure 4-7 is a closer look at the load cycles. Similar stress strain 

behaviour was observed in all samples.   
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Figure 4-6: Typical stress strain curve of electro-spun DP tested in both directions CD 
and TD. 

 

 

Figure 4-7: A closer look at the cycling loading in the CD (a) and TD (b) direction.  
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The mechanical properties of electro-spun DP scaffolds under different electro-spinning 

flow rates are provided in Table 4-1. Figure 4-8 demonstrates the results of altering the 

electro-spinning flow rate on the mechanical properties of the electro-spun DP. 

Table 4-1: Mechanical properties of electro-spun DP scaffolds under different flow 
rates 

Flow rate 
(ml/h) 

CD TD 

σmax (MPa) εmax 

(%) 
Ef (MPa) σmax (MPa) εmax 

(%) 
Ef (MPa) 

1.04 0.69 ± 0.09 27 ± 4 4.14 ± 0.32 0.45 ± 0.09 29 ± 7 2.33 ± 0.69 

2.59 0.63 ± 0.14 25 ± 5 3.67 ± 0.56 0.37 ± 0.05 28 ± 5 1.96 ± 0.08 

4.14 0.50 ± 0.07 21 ± 3 3.52 ± 0.34 0.22 ± 0.04 28 ± 4 0.99 ± 0.12 

 

The results show that varying the flow rate affects the mechanical strength of the 

scaffolds in both directions (CD and TD). An increase in the flow rate from 1.04 to 

4.14 ml/h resulted in reduction in σmax from 0.69 ± 0.09 to 0.50 ± 0.07 MPa, reduction in 

εmax from 27 ± 4 to 21 ± 3 % and reduction in Ef from 4.14 ± 0.32 to 3.52 ± 0.34 MPa in 

the CD, respectively. Similarly, in the TD, σmax decreased from 0.45 ± 0.09 to 

0.22 ± 0.04 MPa and Ef decreased from 2.32 ± 0.69 to 0.99 ± 0.12 MPa, when the flow 

rates increased from 1.04 to 4.14 ml/h, respectively. The decrease in εmax was not 

statistically significant. 

 

Figure 4-8: The effect of flow rate on the mechanical properties of electro-spun DP 
scaffolds in the CD and the TD.  (a) σmax, (b) εmax and (c) Ef.  
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Changing the working distance was also associated with some significant difference in 

the mechanical properties. The results are provided in Table 4-2 and demonstrated in 

Figure 4-9. Statistical significance was found only for σmax and Ef in the CD. 

Table 4-2: Mechanical properties of electro-spun DP scaffolds under different working 
distances 

Working 
distance 

(mm) 

CD TD 

σmax (MPa) εmax 

(%) 
Ef (MPa) σmax (MPa) εmax 

(%) 
Ef (MPa) 

250 0.49 ± 0.05 24 ± 4 3.21 ± 0.13 0.20 ± 0.14 29 ± 7 1.11 ± 0.84 

300 0.65 ± 0.11 26 ± 3 4.64 ± 0.60  0.14 ± 0.04 35 ± 8 0.70 ± 0.13 

350 0.39 ± 0.03 22 ± 4 3.14 ± 0.86  0.12 ± 0.06 30 ± 4 0.65 ± 0.27 

 

Initially, σmax increased from 0.49 ± 0.05 to 0.65 ± 0.11 MPa and Ef increased from 

3.21 ± 0.13 to 4.64 ± 0.60 MPa when the working distance increased from the minimum 

value 250 mm to the mid value 300 mm and then the same properties decreased when 

the working distance increased to 350 mm.  σmax decreased to 0.39 ± 0.03 MPa and Ef 

decreased to 3.14 ± 0.86 MPa, respectively. εmax followed the same manner although not 

statistically significant (p>0.05).  

 

Figure 4-9: The effect of working distance on the mechanical properties of electro-spun 
DP scaffolds in the CD and the TD.  (a) σmax, (b) εmax and (c) Ef.  
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the TD. Exact values of the mechanical properties under different electro-spinning 

collector velocities are provided in Table 4-3. 

Table 4-3: Mechanical properties of electro-spun DP scaffolds under different collector 
velocities 

Collector 
velocity 
(rpm) 

CD TD 

σmax (MPa) εmax 

(%) 
Ef (MPa) σmax (MPa) εmax  

(%) 
Ef (MPa) 

4680 0.50 ± 0.04 20 ± 2 3.37 ± 0.39 0.08 ± 0.14 57 ± 12 0.27 ± 0.06 

6570 0.53 ± 0.04 22 ± 3 3.45 ± 0.17  0.10 ± 0.01 56 ± 10 0.33 ± 0.03 

8760 0.64 ± 0.06 27 ± 4 3.81 ± 0.25 0.09 ± 0.02 52 ± 15 0.34 ± 0.04 

 

 An increase in the collector velocity from 4380 to 8760 rpm resulted in increase in σmax 

from 0.50 ± 0.04 to 0.64 ± 0.06 MPa, increase in εmax from 20 ± 2 to 27 ± 4 % and an 

increase in Ef from 3.37 ± 0.39 to 3.81 ± 0.25 MPa in the CD, respectively. In the TD, Ef 

was the only mechanical property that increased from 0.27 ± 0.06 to 0.34 ± 0.04 MPa 

when the collector velocity increased from 4380 to 8760 rpm, respectively. 

 

Figure 4-10: The effect of collector velocity on the mechanical properties of electro-
spun DP scaffolds in the CD and the TD. (a) σmax, (b) εmax and (c) Ef.  
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 In vitro Degradation Study 

 Porosity and morphology 

Scaffold porosity was determined to be 73 ± 4 % (n=4). The mean fibre diameter was 

12.76 ± 1.02 µm and predominant alignment of the fibres at the CD (90°) reflected by the 

high and narrow peak around the 90°angle, can be observed in Figure 4-11.  

SEM micrographs of the degraded and non-degraded samples are depicted in 

Figure 4-12. Scale bar length and magnifications are provided in the micrographs. Fibre 

surfaces of the non-degraded and degraded samples can be seen in the higher 

magnification images. It can be seen that the surface roughness increased after the 7 

days of degradation, with some fibres rougher than others compared to the non-

degraded samples with no considerable change in the overall structure. 

 

Figure 4-11: Scaled alignment of the electro-spun scaffolds plotted against the angle, 
n=5
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Figure 4-12: SEM micrographs for electro-spun DP samples at different degradation 
time points.   
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 Tensile properties 

The change in the mechanical properties of electro-spun DP scaffolds during 28 days of 

hydrolytic in vitro degradation was evaluated as described in Section 3.3.3.2. The 

mechanical properties were obtained from stress strain curves by means of uni-axial 

tensile testing. At each degradation time point, samples in both the CD and the TD were 

tested submerged in PBS at 37°C and loaded to failure. Averaged stress-strain curves of 

at least 3 curves with different degradation time points are presented in Figure 4-13.  

 

Figure 4-13: Averaged stress strain curves of electro-spun DP in: (a-b) the CD and (c-d) 
the TD, tested at different degradation time points (time points split into two graphs 

for each direction to improve clarity).  
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electro-spun DP scaffolds (n=5) throughout the whole degradation period are illustrated 

in Figure 4-14 and Figure 4-15, respectively.  

 

Figure 4-14: Maximum stress, σmax, and associated strain, εmax, of electro-spun DP in (a) 
the CD and (b) the TD, plotted against degradation time. 
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not statistically significant (p>0.05). In the CD the first statistical significant decrease for 

σmax compared to the 0 day results, was after 7 days of degradation, while for εmax it was 

after 4 days of degradation. After 11 days of degradation, changes in σmax and εmax were 

found not to be significant. In a similar way, in the TD, acute decrease in σmax and εmax can 

be seen in the first 7 days, after which changes were non-significant in either values.  

Table 4-4: Mechanical properties of electro-spun DP scaffolds at different degradation 
time points. 

 CD TD 

σmax (MPa) εmax (%) E (MPa) σmax (MPa) εmax (%) E (MPa) 

D
e

g
ra

d
a

ti
o

n
 t

im
e

 (
d

a
y

s)
 

0 1.02 ± 0.23 46 ± 11 5.33 ± 1.53 0.071 ± 0.157 69 ± 24 0.14 ± 0.09 

4 0.81 ± 0.17 32 ± 3 5.57 ± 1.29  0.032 ± 0.005 38 ± 17 0.11 ± 0.03 

7 0.69 ± 0.20 26 ± 4 5.31 ± 1.15 0.020 ± 0.007 19 ± 9 0.15 ± 0.08 

11 0.51 ± 0.12 18 ± 2 4.77 ± 1.32 0.016 ± 0.004 16 ± 4 0.13 ± 0.06 

14 0.43 ± 0.10 14 ± 2 4.83 ± 1.02 0.013 ± 0.003 18 ± 6 0.09 ± 0.05 

17 0.37 ± 0.08 13 ± 4 4.08 ± 0.73 0.010 ± 0.006 13 ± 6 0.10 ± 0.08 

21 0.35 ± 0.08 10 ± 1 5.00 ± 0.90 0.012 ± 0.004 18 ± 8 0.10 ± 0.07 

24 0.32 ± 0.11 12 ± 3 3.85 ± 0.84 0.008 ± 0.002 13 ± 10 0.08 ± 0.04 

28 0.38 ± 0.00 12 ± 2 4.81 ± 0.35 0.01 ± 0.007 8 ± 2 0.15 ± 0.02 

 

The change in the elastic modulus, E, can be seen in Figure 4-15. E was found to range 

between 5.57 ± 1.29 and 3.85 ± 0.84 MPa in the CD and between 0.15 ± 0.08 and 

0.08 ± 0.04 in the TD. Differences between the degradation time points were found not 

to be statistically significant in either directions (p>0.05).  

 



Univ
ers

ity
 of

Cap
e T

ow
n

68 
 

 

Figure 4-15: Elastic modulus, E, of electro-spun DP scaffolds in (a) the CD and (b) the 
TD, plotted against degradation time.  
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Figure 4-16: Maximum stress, σmax, and associated strain, εmax, of electro-spun DP of the 
auxiliary degradation study in the (a) CD and (b) TD, plotted against degradation time. 

  

Figure 4-17: Elastic modulus, E, of electro-spun DP scaffolds of the auxiliary 
degradation study in the (a) CD and (b) TD, plotted against degradation time. 

 Mass loss 

Figure 4-18 shows the degradation of the electro-spun scaffolds in terms of mass loss. 

The cumulative loss of mass as a percentage of the initial sample mass at the 0 day time 

point of n=5 samples is plotted against the degradation time. The slight increase in the 

mass loss at each time point was found statistically significant (p<0.05) resulting in 

2.15 ± 0.23 % mass loss over the 28 days of degradation.  
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Figure 4-18: Cumulative loss of mass as percentage of the initial sample mass at the 0-
day time point is plotted against the degradation time.  

 Molecular weight reduction 

The weight-average molar mass, Mw, of n=2 samples as a function of degradation time is 

presented in Figure 4-19. After 28 days of degradation, the weight-average molar mass 

had dropped from 74 ± 4 kDa to 31 ± 2 kDa. Initial rapid reduction in the molecular 

weight can be observed in the first 14 days of degradation; approximately 44% of the 

molecular weight was lost in the first 14 days of degradation.  Between 14 and 28 days 

of degradation the molecular weight continued to decrease, however, the variations 

between the values were not statistically significant (p>0.05). The linear relationship 

between the number average molecular weight, 𝑙𝑛(Mn), of the polymer against the time, 

is illustrated in Figure 4-20. The correlation coefficient of the plot, R2, was reported 

statistically significant. 

0

0.5

1

1.5

2

2.5

3

0 5 10 15 20 25 30

M
as

s 
lo

ss
 (

%
) 

Time (days)



Univ
ers

ity
 of

Cap
e T

ow
n

71 
 

 

Figure 4-19: Change in the weight-average molar mass, Mw, of electro-spun DP plotted 
against the degradation time. 

 

Figure 4-20: Change in number average molecular weight, ln(Mn), of electro-spun DP 
plotted against the degradation time. 

Figure 4-21 presents the linear relation between σmax and Mw in both tested directions 

of the electro-spun DP scaffolds: (a) CD and (b) TD at different degradation time points. 

Both graphs show positive correlation between σmax and Mw and the correlation 

coefficient was reported statistically significant with the strength of the relationship in 

the CD being more substantial. 
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Figure 4-21: Maximum stress, σmax, of electro-spun DP in (a) the CD and (b) the TD, at 
different degradation time points plotted against the corresponding weight-average 

molar mass. 
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5 Discussion  

This chapter elucidates the author perspective on thesis results and gives a brief 

discussion of the preceding chapters, on which conclusions and recommendations has 

been fairly established in Chapter 6.  

 Optimisation of the Electro-spun Scaffolds 

 Effects of electro-spinning parameters on scaffold architecture 

A thorough knowledge of the influence of the electro-spinning parameters on the 

resulting fibre morphology is required for producing and optimising scaffolds with 

defined structure and mechanics that can be readily used for biomedical applications 

such as vascular grafts. 

The flow rate is one important element for controlling fibre diameter and morphology. 

An increase in fibre diameter was obtained by the increase of the solution flow rate 

(Figure 4-1(a)). These observations were also confirmed in the results reported by Zong 

et al. (2002) and Milleret et al. (2011). The electro-spinning process initiates only when 

the applied voltage overcomes the surface tension of the solution droplet suspended at 

the end of the tip. As a result, a jet of the solution carries the fluid in a very fast velocity 

toward the grounded collector and fibre formation occurs. Uniformity and diameter of 

the fibres are influenced by the solution flow rate and stability of the polymer solution 

jet at the spinning tip (Deitzel et al., 2001). The increase in fibre diameter and uniformity 

can be explained by the fact that in order to maintain stable jet at the spinning tip, a 

stable conical shape of the suspended droplet, i.e. the Taylor cone, must be also 

maintained. Decreasing the flow rate will cause the rate at which fluid is delivered from 

the tip to the collector to exceed the solution flow rate to the tip needed to maintain the 

Taylor cone and hence the fluid jet will experience less stability. At higher flow rates, the 

size of the Taylor cone is larger and more fluid will be carried away by the jet. Therefore, 

the generated fibres at the higher flow rates acquired larger uniform diameters 

compared to the resultant fibres at low flow rates. It is worth considering; however, that 

by increasing the flow rate beyond a certain value, the stability of the Taylor cone will be 

hindered again as the solution flow rate will be higher than the fluid delivery rate to the 

collector. Moreover, the Taylor cone will be larger and the solution jet will contain more 

solvent that with the high velocity of the jet might not get enough time to evaporate. This 

could be another reason for the less uniformity seen at the higher flow rate 4.14 ml/h 
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(Figure 4-2(c)) compared to the mid value 2.59 ml/h (Figure 4-2(b)) in this study, in 

addition to difference in the number of samples used for each histogram. No obvious 

influence of the flow rate on the alignment degree was observed in the results 

(Figure 4-1(b)). To the best of our knowledge, only Milleret et al. (2011) have reported 

on this. Inconsistent with our results, they reported that reduced flow rates result in 

increase in fibre orientation. The results were attributed to the fact that the thinner 

fibres, which were produced in reduced flow rates, dry and harden faster and hence are 

less prone to bending and deposit more aligned on the collector. One possibility for this 

inconsistency could be due to the lower flow rate range used in this study, which led to 

limited fibre diameters range between 6 and 9 µm, and thus significant change in the 

alignment degree was not observed. 

The distance between the capillary tip and the collector was also suggested to have an 

effect on fibre diameter and morphology. It is assumed that the longer the distance the 

jet has to travel to the grounded collector, the higher the probability for the jet to stretch 

and thin down. However, this effect was reported to be insignificant (Bhardwaj and 

Kundu, 2010, Zhang et al., 2005). In this study, it was also observed that changing the 

working distance did not exhibit an obvious effect on fibre diameter or alignment 

(Figure 4-1(c-d)). On the other hand, it was observed that at a higher working distance 

the jet whipping area increased significantly and the generated fibres were deposited 

along a wide surface of the grounded cylinder with some fibres deposited away from the 

cylinder, leading to lower density of fibres compared to the lowest distance, this was 

confirmed by the porosity results discussed later (Section 5.1.2). Moreover, some extent 

of alignment was achieved in all samples regardless of the working distance, which was 

also confirmed by the SEM inspection of the scaffolds and the alignment results 

(Figure 4-1(d)). 

Conflicting with others results (Li et al., 2007, Boland et al., 2004), increasing collector 

velocity did not improve the alignment degree or fibre diameter. Although the 

mechanism is not fully understood (Huang et al., 2003), further alignment and thinning 

of the fibres were expected to be obtained at a higher collector velocity. Nevertheless, 

some extent of alignment was obviously achieved in all samples regardless of the 

collector velocity (Figure 4-3). The lack of appreciable difference could be attributed to 

the inconsistent and uncontrollable motion of the polymer jet, as well as the instability 

of the shape and size of the Taylor cone from where the polymer jet initiates. Despite the 

fact that other process parameters were kept as consistent as possible, a stable Taylor 

cone was not observed. It was demonstrated by Deitzel et al. (2001) that the shape of the 
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Taylor cone, from which the jet originates, has an impact on fibre morphology and bead 

formation. Another reason for not observing an increase in fibre alignment could be that 

the alignment speed which is required for pulling the fibres on the surface of the cylinder 

in a fair alignment is exceeded and the fast take up speed of the cylinder did not allow 

further improvement in alignment degree. In addition, any change in the mean fibre 

diameter was not observed with the increase in the collector velocity. The results are in 

agreement with Wannatong et al. (2004), where they reported that beyond a certain 

rotational speed of the collector, the alignment of the electro-spun polystyrene was not 

further improved and no effect of the rotational speed of the collector on fibre diameters 

was reported. It is to be mentioned, however, that the cylinder motion was associated 

with some degree of vibration that increased with increasing the rotational speed, in 

which it was managed to reduce in the degradation study of the scaffolds, as a result the 

electro-spun scaffolds used in the degradation study possessed a high degree of 

alignment although lower cylinder velocity was used as described in Section 5.2.  

It was interesting to note that fibres in the inner surface of the scaffolds have a higher 

mean fibre diameter than the outer surface fibres (Figure 4-4). It is presumed that the 

increase in the scaffold thickness during the electro-spinning process, which is 

associated with relatively isolating the stainless steel cylinder with the fibrous mesh 

generated around it, could have led to weakening of the electric field strength between 

the spinning head and the collector resulting in a decrease of the fibres diameters. 

 Effects of electro-spinning parameters on scaffold porosity 

Porosity is one of the crucial components of a successful scaffold for tissue engineering 

applications not only because it is required for nutrients and waste transition but also 

for better cell attachment, proliferation and differentiation. Despite its relevance to 

tissue engineering, the influence of electro-spinning process on the porosity of the 

electro-spun structure is still lacking.   

It can be seen from the porosity results that a high porous structure was achieved in all 

samples regardless of the process parameters (Figure 4-5) and with altering the 

spinning parameters, porosity as high as 80% was achieved. Looking at the effect of 

changing the spinning parameters on the scaffold porosity, the results show that scaffold 

porosity increased with increasing the distance between the capillary tip and the 

collector. It was observed that at a higher working distance, fewer fibres reach the 

collector, which could have led to decrease in the packing density of the fibres and 

resulting in more interconnected pores within the electro-spun scaffold. Furthermore, 
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at a higher distance the generated fibres had enough time to dry and hence when they 

deposited on the collector, they will have less merging and contact points between each 

other contributing to the decrease in the overall packing density of the scaffolds. 

Inconsistent with the results reported in an earlier study of  Liu et al. ( 2009), where an 

increase in the porosity of electro-spun PLGA mats with decrease in flow rate was 

reported, porosity results show that neither the flow rate nor the collector velocity has 

a significant effect on scaffold porosity. One reason for the lack of significant effect of the 

flow rate could be that the lower flow rate range used in this study, which led to limited 

fibre diameters range between 6 and 9 µm, was not enough to show any significant 

change in scaffold porosity. To the best of our knowledge, no groups have reported on 

the effect of collector velocity on scaffold porosity.  

 Effects of electro-spinning parameters on scaffold’s mechanical 

properties 

Appropriate mechanical properties of the scaffolds are one of the fundamental demands 

in tissue engineering as they are expected to support tissue regeneration by mimicking 

the mechanical properties of the native tissue. The mechanical properties of engineered 

electro-spun fibrous scaffolds are dependent on the material used as well as its 

structure, such as fibres structure and morphology, which highly depends on the 

processing parameters of the technique. 

It can be seen from the stress strain curves (Figure 4-6) that the electro-spun DP exhibits 

a non-linear stress-strain behaviour characterised by some electro-spun polymers and 

soft tissues (Mauck et al., 2009, Xu et al., 2013).  In all cases, it was observed that samples 

tested in the CD exhibit a higher σmax, lower εmax and higher Ef (all statistically significant, 

p<0.05), compared to samples tested in the TD (Figure 4-8-Figure 4-10). This reveals the 

anisotropic behaviour of the electro-spun DP and confirms that the fibre orientation in 

CD is higher than that in the TD in all samples, which was also revealed in the structural 

inspection of all samples discussed previously (Section 5.1.1). It is also worth noting that 

during the first cycle, the elastic limit of the electro-spun DP is exceeded and plastic 

deformations occurred to the material resulting in the unrecoverable strains in the next 

loadings. A closer look at the loading cycles (Figure 4-7) shows a slight decrease in the 

stress between the cycles for the same applied strain, especially after the first loading. 

The reduction in the stress between the cycles decreases with number of cycles and 

starts to be less discernible compared to the following cycle. Furthermore, stress-

softening behaviour reflected by the higher stress of the first cycle compared to the 
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following cycle can be seen upon the repeated loading. Such behaviour have been also 

observed in materials exhibiting the Mullins effect (Diani et al., 2009). The Mullins effect 

is a phenomenon that has been observed mainly in filled rubbers and pure crystallizing 

gums, where a discernable change in the material mechanical behaviour has been 

observed after the first extension. It was also reported in thermoplastic elastomers 

including PU (Diani et al., 2009, Qi and Boyce, 2005). It seems that due to the repeated 

loading and unloading, the weaker bonds (physical and chemical bonds) in the electro-

spun scaffolds were broken causing the material to show a slight hysteresis between the 

cycles and softening behaviour.   

Changing the flow rate was found to have an impact on the mechanical properties of the

electro-spun DP. σmax, εmax and Ef were all found to decrease significantly with increasing

the flow rate in both testing directions (Figure 4-8), except for εmax in the TD

(Figure 4-8(b)), the difference in the mean values was insignificant. Comparable to other

observations, the results indicate that there is a correlation between fibre morphology

and the mechanical properties of the electro-spun scaffolds (Boland et al., 2001, Baker

et al., 2008, Milleret et al., 2011). However, conversely to their results, it was found that

the strength of the electro-spun DP is enhanced as the fibre diameters decrease. One of

the reasons that could have contributed to these results is that an intrinsic change in the

microstructure of the electro-spun fibres has occurred during the electro-spinning,

which affected the overall mechanical behaviour of the scaffolds with the thinner fibres.

Given the knowledge that high degree of strain influences PU’s intrinsic structure and

hence affects the mechanical properties of the material, any process that involves high

stretching rates of the material, such as electro-spinning, should also affect the

mechanical properties of PUs. Theoretically, during electro-spinning the polymer jet is

exposed to a very high degree of stretching, leading to reorientation of the DP polymer

chains in the direction of the fibre axis. However, according to Curgul et al. (2007) the

surface or the skin of the fibres will exhibit different morphology compared to the core,

the core will have a more similar intrinsic structure and mass density compared to the

bulk polymer while at the surface the polymer chains are less dense and have more

mobility that allows them to rearrange easily in the fibre axis. This theory was also

confirmed by Arinstein et al. (2007) where they demonstrated that as the fibre diameter 

decreases, the size of the oriented skin region starts to be comparable to the fibre

diameter contributing mostly to the mechanical strength of the fibres. Thus, since the

strength of the scaffolds is highly influenced by the intrinsic structure of the fibres, it is 

expected that small diameter fibres possess better molecular orientation, contributing
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to the overall mechanical strength of the scaffold. The results are also in agreement with 

Amornsakchai et al. (1993), Tan et al. (2005) and Lim et al. (2008). 

Changing the working distance was also associated with some significant difference in

the mechanical properties (Figure 4-9). The results are slightly ambiguous.

Unexpectedly, it appears that σmax and Ef increase with increasing the working distance

and decrease above a certain working distance, which might indicate that an optimum

working distance is required to provide sufficient mechanical strength for the electro-

spun scaffold. εmax followed the same manner, although not statistically significant. This

can be explained by the observations described previously in Section 5.1.2. Above a

certain distance fewer fibres are generated on the cylinder surface, since at far distances

most of the fibres can’t reach the collector or deposited away from it. In addition, the

generated fibres on the cylinder had sufficient time to dry before reaching the collector,

and hence they are less prone to merging resulting in the decrease in the packing density

of the fibrous structure and leading to the decrease in the mechanical strength of the

electro-spun scaffold. The results are also consistent with the porosity results

(Section 4.1.2); increase in the porosity of the scaffold with increasing the working

distance due to the decrease in the packing density of the generated fibres was reported, 

indicating that there are fewer fibres merging at far distances as the solvent has

evaporated more completely. The reduction in the mechanical strength of the less

porous scaffolds at low working distance can be presumably attributed to the poor 

arrangements in the intrinsic chains of the polymer fibres produced at low distances. At

low distances, the polymer jet doesn’t get enough time to elongate and improve the

molecular orientation of the polymer chains leading to poor mechanical strength. The

lack of significant effect in the TD can be due to the weakness of the samples tested in

the TD (Fig. 4-9). Since most of the fibres align in the CD and fewer fibres are generated

in the TD, samples tested in the TD are weaker and tend to give less repeatable results

than samples tested in the CD.

Interestingly, mechanical properties of electro-spun DP seem to be affected by the 

collector velocity, although no significant effect of collector velocity was reported on 

fibre morphology or porosity. This improvement in the mechanical strength of the 

electro-spun scaffold, as described previously, could be due to improvement in the 

orientation of the intrinsic structure of the polymer chains within the single fibre 

geometry induced by the increase in the rotational speed of the collector. It is suggested 

that the rotational speed of the collector can add some mechanical forces to the jet, 

which, along with the shear and elongation forces, contribute to crystallization and 
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molecular chains alignment of the fibres (Baji et al., 2010, Chan et al., 2009). This was 

confirmed by Chan et al. (2009) and Kim et al. (2004) where they demonstrated an 

improvement in the crystal orientation of the electro-spun fibres with increase in 

collector velocity, which in turn, accounted for the improvement in the mechanical 

strength of the fibres. As mentioned before, the lack of significant effect of collector 

velocity on the mechanical properties of the electro-spun scaffolds in the TD can be 

attributed to the weakness of the samples.  

In vitro Degradation Study 

Biodegradable scaffolds are designed as temporary structures for tissue regeneration

therapies. The use of suitable structures with suitable physical, chemical and mechanical

properties is an essential requirement for the clinical success of the scaffold. However,

it is necessary to consider how the degradation process will affect these properties,

which in turn, will affect the efficiency of scaffolds in supporting tissue regeneration.

In this part of the thesis the in vitro degradation behaviour of electro-spun DP scaffolds

was studied. Electro-spun scaffolds were produced according to the optimisation results

of electro-spun scaffolds. However, the improvement in the electro-spinning apparatus

(Section 3.3.1) made it difficult to reproduce electro-spun scaffold with the same

physical and mechanical properties that were obtained in the optimisation study. The

upgrade of the electro-spinning rig affected the scaffold structure noticeably, especially

the orientation of the fibres. Lower rotational velocity values showed a higher degree of

alignment compared to the optimisation study results and a smaller change in rotational

velocity of the cylinder showed appreciable changes in the alignment as can be seen in

Figure 3-8. For this reason, and in order to prepare optimised scaffolds for the in vitro

degradation study with certain degree of mechanical strength and anisotropy, some

adjustment had to be made to the spinning parameters used in the optimisation study,

in particular the collector velocity. Electro-spun DP scaffolds were subjected to

hydrolytic degradation by immersion the scaffolds in PBS solution at 37°C up to 28 days.

The changes in the mechanical properties, fibre morphology, mass and molecular weight

associated with the hydrolytic degradation of the scaffolds were evaluated. 

Investigating structural changes due to water penetration into the scaffolds is 

fundamental for understanding the rate and mechanism of degradation, which affect the 

mechanical properties of the scaffold. Consistent with the results reported by Krynauw 

et al. (2011), changes in scaffold structure over the 28 days of degradation were not 
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observed: The scaffolds samples maintained structural integrity of the fibres and neither 

fractures nor pits were apparent. It is worth noting, however, that SEM images showed 

some increase in the surface roughness of the fibres compared to the non-degraded 

samples (Figure 4-12). Although the reason behind fibre surface roughness is not fully 

explained, surface roughness of electro-spun fibres is widely reported in literature 

(Sawawi et al., 2013, Milleret et al., 2012, Liao et al., 2011). Such roughness was reasoned 

to the process conditions such as humidity, polymer concentration, and the type of 

solvent used (Pai et al., 2009, Casper et al., 2003, Megelski et al., 2002). The increase in 

the surface roughness of the fibres after starting the degradation in PBS solution at 37°C 

was also obvious in the SEM images of the biodegradation study of electro-spun PLGA 

(Duan et al., 2007) and DP (Henry et al., 2007) scaffolds, however none of these studies 

dealt with it as an obvious morphological change. It is assumed that some kind of limited 

surface erosion has occurred and led to the increase in the surface roughness as the 

water concentration is higher outside than inside the polymer. This surface erosion, 

however, was very slow to be reflected significantly in other parameters such as mass 

loss over time. The slow rate of surface eroding can be attributed to the decrease in the 

surface hydrophilicity of the fibres due to change in the environment from air to water. 

It is known that the amorphous soft segment of PU- based materials has the ability to 

move, allowing the polymer surface to undergo rearrangements in a way that minimize 

the interfacial free energy of the composition. This mobility bestows DP the ability to 

adapt its surface composition according to the surrounding environment. For example, 

when the polymer is exposed to a polar environment such as PBS or blood, the non-polar 

soft segments will rearrange in a way that minimize their contact with the polar 

environment, leaving the polar hard segments at the interface (Santerre et al., 2005, 

Wouters et al., 2005). These observations were demonstrated by the early study of Chen 

and Ruckenstein (1990), where they also exhibited that pretreatment of PU polymers in 

solvents such as chloroform accelerates their rearrangements in the water by increasing 

the mobility of polymer molecules. This behaviour, along with the increase in the 

surface/volume ratio of the polymer induced by the production of micro fibrous 

structure during electro-spinning, decrease the surface hydrophilicity of the scaffolds, 

which reduces the water uptake and therefore affects hydrolytic degradation 

mechanism. 

The loss of the mechanical strength of the polymer with degradation is a substantial 

indicator of polymer degradation. Preliminary tensile tests with degraded samples 

indicated that load cycling was not feasible without inducing substantial damage prior 

to the final loading due to loss in mechanical properties, in particular at longer 
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degradation time points (Appendix B). Hence, it was decided to omit the cycling and

samples were loaded to failure. Samples of electro-spun DP scaffolds experienced

significant drop in the maximum stress and the associated strain. This occurred during

the first 14 days of degradation for CD samples, and the first 7 days of degradation for 

TD samples, with the drop for the TD samples being more substantial (Figure 4-14), as

circumferentially aligned samples are stronger than the transverse samples, in fact

samples were highly anisotropic as can be seen from the mechanical properties results

(Table 4-4). The high alignment degree of the fibres in the CD made the CD samples

considerably stronger than the TD. Throughout the final 14 days of the degradation

process the maximum stress and the associated strain continued to decrease, although

not significantly. The results were also supported by the auxiliary degradation study that

was conducted to decrease the high variance seen in the mechanical properties of the

electro-spun scaffolds produced within the same batch and with the same parameters

(Figure 4-14); as significant changes between the degradation time points will be hard

to show statistically if the standard deviations are too high, especially if the change is too

small. By using samples from the same scaffold, repeatability of the mechanical

properties results increased and equivalent mechanical properties was achieved

between the samples as can be seen from the reduced width of the error bars in the

graphs (Figure 4-16). The change in the mechanical properties during the degradation

period can be explained by the hydrolysis procedure of the segmented structure of PU-

based materials such as DP, which is highly influenced by the chemical composition and

the molecular organization of the material. The susceptibility of DP polymers to

biodegradation is imparted by the two hydrolysable chemical bonds, ester bonds and

urethane bonds, among the hard and soft segments (Loh et al., 2006). Since ester bonds

are more hydrolysable than urethane bonds, their cleavage occurs at different rates. The

degradation starts by means of rapid hydrolysis of the weak ester bonds in the soft

segments followed by slow hydrolysis of the urethane bonds. The significant drop in the

maximum stress and the associated strain throughout the degradation induced by the

cleavage of the hydrolysable chemical bonds in the polymer backbone implies that bulk

erosion has occurred. It’s presumed that despite the decrease in the polymer surface

hydrophilicity, the polymer maintained a certain hydrophilicity that allowed water 

penetration into the polymer chains leading to the cleavage of the weak ester linkages in

the amorphous regions of the polymer. The hydrolysis of the ester bonds resulted in the

rapid decrease in the maximum stress and the associated strain in the first 14 days of 

degradation. This was supported by the significant decrease in the molecular weight of

the scaffolds in the same period (Figure 4-19). Between the 14 and 28 days of
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degradation, the degradation rate slowed down as it is assumed that the urethane 

linkages undergo a slow hydrolysis, for this reason differences in the values of the 

maximum stress and the associated strain as well as the molecular weight were 

insignificant. Similar observations for in vitro biodegradation of PEU polymers has been 

reported previously in simulated body fluid (Basak and Adhikari, 2013) and in PBS 

(Henry et al., 2007). 

The ability of the scaffold to maintain its elastic properties during degradation is a

desired quality for tissue regeneration, as many tissues demand a certain elastic

modulus to be able to thrive and differentiate (Shoichet, 2009). Constant elastic modulus

allows the scaffold to keep mechanical integrity and provide mechanical support until

new tissue formation and healing occurs. In agreement with Henry et al. (2007), our

results did not show significant change in the elastic modulus of electro-spun DP

scaffolds during the whole degradation period (Figure 4-15). Generally, the elastic

properties of PU polymers are dominated by the crystalline segment of the polymer

(Henry et al., 2007, Borkenhagen et al., 1998, Qi and Boyce, 2005), referred to as hard

segments, which contains the degradable urethane groups (Basak and Adhikari, 2013). 

It appears that due to its crystalline arrangements, hard segments show less accessibility

to biodegradation (Umare and Chandure, 2008, Howard, 2002), hence any significant

change in the elastic modulus during the degradation period was not observed. In fact

some studies have reported that urethane bonds are only enzymatically degraded (Shi

et al., 2009, Hafeman et al., 2011, Elliott et al., 2002). 

Investigating the mass loss and molecular weight reduction during the degradation can

add considerably to understanding the degradation mechanism of DP. The results show

that the mass loss during the 28 days of degradation was approximately 2%

(Figure 4-18) while the molecular weight reduction was about 58% (Figure 4-19). The

significant reduction in the molecular weight prior to significant mass loss represents a

typical bulk erosion mechanism which resulted in the cleavage of the ester bonds within

the polymer and causing the mechanical strength loss. The cleavage of the ester bonds

resulted in the formation of fragments which were still too large to be released from the

bulk during the degradation period and hence merely a slight decrease in the scaffold

mass during the degradation period was observed which, on the other hand could have

been induced by the limited degradation that has occurred in the polymer surface as can

be seen from the SEM micrographs of the degraded samples (Figure 4-12). Similar

results were reported by Kylmä and Seppälä (1997) where significant reduction in the

molecular weight of a series of PEU was observed after exposure to PBS while no
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significant change in the polymer mass was detected until 30 days of degradation when 

the molecular weight of the polymer has decreased sufficiently. It appears that, in the 

region studied, the relationship between 𝑙𝑛(Mn) and the degradation time follows a 

linear relationship (Figure 4-20) as proposed by Farrar and Gillson (2002) for polyesters 

and their co-polymers, where the Mn of the polymer is related to the degradation time 

through the relationship: 

𝑀𝑛 = M𝑛,0𝑒−𝑘𝑡 (5.1) 

where 𝑀𝑛,0 is the initial number average molecular weight of the polymer, 𝑘 is a constant

and 𝑡 is the degradation time. It was also interesting to see whether a simple relationship

can be established between the mechanical strength and the molecular weight of the

polymer. The significant positive correlation between the maximum stress and the

molecular weight (Figure 4-21) confirms that the mechanical strength of the polymer is 

highly influenced by the molecular weight of the polymer, as intuitively, and in general,

the mechanical strength of the polymer increases with molecular weight (Martin et al.,

1972, Nunes et al., 1982).
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6 Conclusions and Recommendations 

Tailoring the electro-spinning parameters was successfully accomplished by 

investigating the influence of solution flow rate, distance between the tip and collector 

(working distance), and rotational velocity of the collector on the structure and 

mechanical properties of the electro-spun scaffolds. It could be shown that desired fibre 

diameter and scaffold porosity as well as mechanical properties of the scaffolds can be 

achieved with reproducible manner by vigilantly controlling the electro-spinning 

conditions. Mechanical properties characterisation suggests that by optimising the 

electro-spinning process parameters the extrinsic structure as well as intrinsic structure 

of the electro-spun fibres may be controlled. The outcomes of this part of the study is of 

particular interest when designing scaffolds for tissue regeneration as it shows that 

scaffolds characteristics can be tuned and optimised to match their application. 

This study also describes the change in mechanical and physical properties of the

electro-spun scaffolds during in vitro degradation in PBS at 37 °C. The degradation study

revealed that the electro-spun DP scaffolds degrades with time and within 28 days of 

degradation the maximum stress, associated strain and molecular weight of the scaffolds

dropped significantly with no discernible change in the elastic modulus. Only a small loss

in scaffold mass was observed after 28 days without discernible change in the structural

integrity of the fibres. The results indicate a bulk erosion degradation mechanism of the

DP scaffolds rather than surface erosion. In general, this part of study helped exploring

the mechanical behaviour of DP scaffolds during degradation and improved the

understanding of the effects of degradation on the mechanical and physical properties

of the scaffolds.

The results of this research will contribute to a framework for future computational 

studies addressing mechanical effects of regenerating tissue in degrading scaffolds. 

Improvement of this work might be achieved in future studies by culturing cells under 

dynamic conditions or by investigating the degradation rate and mechanism of DP 

scaffolds and the effects associated with tissue ingrowth in vivo.   
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Appendices 

Appendix A: Effects of environmental conditions on scaffold’s 

mechanical properties 

This appendix presents the relevant results and brief discussion of the mechanical 

testing results of the extra scaffold under different environmental conditions, on which 

suitable environmental conditions for testing the samples in the optimisation study has 

been established. 

The mechanical properties, σmax and εmax, of electro-spun DP scaffolds under different

environmental conditions are presented in Figure A-1 and Figure A-2, respectively. Clear

difference can be seen between the samples (at least n=3) tested submerged in PBS at

37 °C compared to samples tested wet and dry at RT. Samples tested submerged in PBS

at 37 °C appear to fail at lower stresses and respectively at lower associated strains. This

indicates that the mechanical strength of electro-spun DP scaffolds is highly influenced

by the environmental conditions and hence must be tested under appropriate conditions

that match their application environment.

Figure A-1: Maximum stress, σmax, of electro-spun DP scaffolds under different 
environmental conditions. 
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Figure A-2: Associated strain, εmax, of electro-spun DP scaffolds under different 
environmental conditions. 

  

Appendix B: Effects of tensile testing protocol on scaffolds 

during degradation 

This appendix presents the relevant results of the mechanical testing results of the pilot 

degradation study that was conducted prior to commencing with the degradation study, 

and on which tensile testing protocol for degraded samples in the in vitro degradation 

study has been established.  

Since electro-spun scaffolds are commonly applied to cyclically loaded tissues, it’s 

crucial to examine the effects of the tensile testing protocol on the scaffolds during the 

degradation process. For this reason, cyclical loading of the samples at different 

degradation time points (T = 0, 5 and 11 days) was examined. At each time point samples 

(n=3) were tested submerged in PBS at 37 °C under tension using three different testing 

protocols. These included preloading the sample for 5 pre-cycles up to 16% strain and 

then loading to failure; preloading the sample for 5 pre-cycles between 8 and 12% strain 

and then loading to failure and loading the sample to failure without cycling.  

After 5 days of degradation none of the samples completed the first testing protocol, 

samples failed during one of the load cycles prior to the final loading. In the second 

testing protocol, during the tensile testing after 5 days of degradation; samples failed in 

the final loading as can be seen from the stress strain curve in Figure B-1, and after longer 

degradation times that is the 11 days time point, none of the samples completed the first 
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cycle. However, after 11 days of degradation all samples endured the loading without 

cycling as can be seen in Figure B-2. 

Figure B-1: Typical stress strain curves of electro-spun DP cyclically loaded between 8
and 12% strain at different degradation time points.

Figure B-2: Typical stress strain curves of electro-spun DP at different degradation 
time points. 
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