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Abstract 

 

Electrospinning of Tissue Engineered Blood Vessel Scaffolds 

Utilising Multimodal Fibre Distributions and Dynamic 

Liquid Collected Yarns 

 

Richard A. O’Connor 

 

The successful replacement of small-diameter blood vessels, affected by 

cardiovascular disease, with natural and synthetic bypass grafts remains limited due to 

long-term patency issues. The development of a tissue engineered blood vessel 

(TEBV), with properties mimicking that of the native vessel to be replaced, may 

provide a potential solution. Electrospinning, a polymer processing technique capable 

of producing nano to micron-scale in diameter fibres has been studied extensively in 

the last decade as a potential technique for the fabrication of tissue scaffolds. 

Insufficient cell infiltration into electrospun constructs, and thus incomplete 

remodelling of the scaffolds, has however hindered their use in clinical applications 

todate. Electrospinning variations, including the production of multi-modal fibre 

diameter scaffolds and nanofibre bundles that offer increased porosities compared to 

traditional electrospun materials may allow these limitations to be overcome. This 

study looks at the development of a bi-layer scaffold consisting of a small diameter 

multi-modal core layer paired with highly porous nanofibre bundles. 

 

Electrospun tubular core layers possessing multi-modal fibre diameter populations 

were created using poly(𝜀-caprolactone) solutions prepared in chloroform and ethanol. 

Dynamically liquid collected nanofibre bundles were subsequently deposited on the 

core layers using a bespoke collector system and optimised spinning solutions. The 

final bi-layer vessels fabricated possessed UTS properties of 2.584 ± 0.453 MPa and 

compliance rates of 2.366 ± 0.732 % per mmHg x10-2.  These properties were highly 

comparable to that of native vascular tissue indicating the potential long-term success 

of these scaffolds. In addition, the use of nanofibre bundles was shown to provide 

increased cell infiltration rates compared to traditional electrospun nanofibre 

membranes, with cells shown to penetrate to depths of ~30µm after 14 days in culture. 

These combined findings are highly promising for the development of next generation 

tissue engineered blood vessels. 
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Chapter 1 Introduction 

 

1.1 Cardiovascular Disease 

Cardiovascular disease (CVD) accounts for an estimated 17.5 million global deaths 

each year and is currently the leading cause of mortality and morbidity in the world 

[1]. It is estimated that approximately 92.1 million US adults suffer from at least 1 type 

of CVD, with the mortality rate standing at 219.9 persons per 100,000 translating to 

30.8% of all US deaths annually [2]. Increased public health awareness paired with 

early patient access and continuing advancements in medical device technology have 

resulted in declining CVD related deaths across Europe and the United States in recent 

years [2][3]. Despite this it remains a major source of economic concern with treatment 

estimated to have cost the US economy $316.1 billion in the year 2013 alone. Of this 

$189.7 billion can be attributed to direct costs including hospital care and medication, 

and a further $126.4 billion attributed to the indirect loss of productivity due to patient 

absence from the workplace [2]. By 2030 an estimated $1 trillion will be spent on the 

direct medical costs of CVDs in the US alone [2]. 

 

Coronary artery disease (CAD) is one of the most prevalent forms of cardiovascular 

disease and can be attributed to ~1 of every 7 deaths in the United States [1]. CAD is 

associated with the build-up of atheroma, also referred to as atherosclerotic plaques, 

within the coronary arteries of the heart. The coronary arteries supply the myocardium 

of the heart with oxygen and nutrient rich blood, which is essential for its efficacious 

functionality. Plaque formation results in both the stiffening of the arteries and the 

stenosis (narrowing) of the lumen preventing adequate blood flow reaching tissues 

downstream of blockage sites, ultimately resulting in medical conditions such as 

myocardial infarctions, known commonly as a heart attack. 
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1.2 Bypass Surgery 

The development of non-invasive surgical techniques such as angioplasty and stenting 

along with pharmaceutical drug treatments have allowed for many cardiovascular 

diseases including stenosis of the coronary arteries to be relieved without the need for 

invasive surgeries [4][5]. In severe cases, coronary artery bypass grafting (CABG) 

may be required to fully re-vascularise the cardiac tissue. Bypass surgery is a highly 

invasive vessel reconstruction procedure whereby a blocked coronary artery segment 

is bypassed with an alternative vessel referred to as a vascular graft. Figure 1.1 (A) 

shows a diagrammatic representation of a vascular graft used to bypass a blockage in 

the left coronary artery. Here a graft is used to connect the aortic root to the left anterior 

descending coronary (LAD) below the point of blockage, restoring an adequate supply 

of blood to the heart and the surrounding tissues. 

 

1.3 Vascular Grafts 

Autologous vascular grafts, or grafts taken from an alternative site within the patient, 

are currently considered the gold standard vessels for use in arterial bypassing with the 

Great Saphenous Vein (GSV) traditionally being the vessel of choice for small 

diameter applications [6]. Increased patient risk due to infection at the site of harvest 

and the declining supply of suitable host vessels in aging populations have, however, 

driven a search for an alternative source of suitable vascular grafts [7]. A number of 

synthetic grafts have been developed including Polyethylene Terephthalate (PET, 

Dacron®) and expanded Polytetrafluoroethylene (ePTFE) based vessels. Although 

proven successful in the bypassing of medium to large diameter blood vessels (>6mm 

internal diameter) they have shown poor patency rates when used in small diameter 

(<6mm) applications [8][9].  

 

Failure of these synthetic grafts is often linked with the term ‘compliance mismatch’ 

wherein the elastic properties of the bypass graft do not match those of the native 

arteries. This mismatch is suggested to generate flow instabilities that damage the 

endothelial lining of arteries leading to thrombus formation and intimal hyperplasia, 

ultimately resulting in long-term graft failure [10].  
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Figure 1.1: Coronary Artery Bypass Grafting (A) Schematic of coronary artery bypass 

surgery showing bypassing of left anterior descending coronary (LAD) (Image obtained 

from www.medmovie.com); (B) Compliance characteristics of current bypass grafts 

correlated with long term patency characteristics [11] 

 

Figure 1.1 (B) shows the relationship between vessel compliance and patency rates for a 

range of vascular grafts used in femoral-popliteal bypassing. It is observed that with 

decreasing vessel compliance comes a reduction in vessel patency. The development of a 

small-diameter graft with biomechanical properties matching those of native coronary 

arteries is a pressing clinical need. 

 

1.4 Objectives 

Continuous advancements in engineering and the life sciences have driven researchers 

towards the interdisciplinary field of tissue engineering as a possible solution to the 

shortage of suitable vessels for use in coronary artery bypass grafting (CABG) 

[9][12][13][14]. Tissue engineering combines the principles of engineering and the life 

sciences in order to develop biological substitutes that can be used to restore or replace 

tissue and organ function [15]. By combining cells with highly porous 3D biodegradable 

structures referred to as scaffolds, replacement tissue structures can be created either in 

vitro or in vivo [16]. These scaffolds act as templates for newly populating cells, 

offering stability and guidance during the early stages of tissue formation. The seeded 

cells are anticipated to secrete supporting molecules allowing for the formation of an 

extracellular matrix (ECM) as the polymer degrades away [17]. The final envisaged 

product is a stand-alone biological construct that aims to match the properties of the 

native tissue to be replaced. 
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Electrospinning is a scaffold fabrication technique capable of producing nano to 

micron-scale diameter fibres that has been studied extensively in the last decade for 

the creation of tissue engineered vascular grafts (TEVG) [17][18]. Its ability to create 

fibrous structures that resemble the body’s natural ECM in both scale and architecture, 

along with high surface area to volume ratios and tuneable mechanical characteristics 

has made it a versatile scaffold production technology to study [19]. 

 

A significant challenge in the development of electrospun TEVGs is a lack of cell 

penetration and the insufficient transport of nutrients throughout the scaffold body, 

due to the small size, complex distribution and lack of connectivity of pores within 

electrospun structures [19][20]. Inadequate penetration of cells into the scaffold depths 

prevents complete remodelling of the tissue occurring throughout, often leading to 

graft failure as the fibres begin to degrade. A number of techniques have been proposed 

within the literature for the development of electrospun materials that demonstrate 

enhanced porosity characteristics such as porogen leaching [21][22], and sacrificial 

fibre spinning [23]. These techniques do however typically suffer from a number of 

limitations including a loss of mechanical integrity which has prevented them from 

being successfully employed [24]. 

 

Two variations of the electrospinning process that may provide a potential route for 

the creation of electrospun scaffolds that demonstrate increased cell penetration 

properties are multi-modal fibre spinning and dynamic liquid electrospinning. Multi-

modal electrospinning allows for the simultaneous creation of nano and micron-scale 

diameter fibres from a single spinning solution. This method offers increased pore 

sizes due to the crossing of large micron scale fibres within deposition planes, while 

intermixed nanoscale diameter fibres offer anchorage sites for cell attachment. The 

second approach considered is the production of linear bundles of electrospun fibres 

through dynamic liquid electrospinning. Membranes formed from these fibrous 

bundles have been shown to exhibit increased porosity and pore volumes compared to 

traditional electrospun structures while also offering increased post-processing 

potential due to their ability to be incorporated in to techniques such as knitting and 

weaving [25][26]. 

 

A scaffold assembled from multi-modal fibres paired with electrospun fibre bundles is 
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anticipated to provide increased cell penetration rates and ultimately lead to the 

increased success of electrospun materials in tissue engineering applications. The 

objectives of this project are as follows: 

 

➢ To explore the multi-modal electrospinning of poly(ε-caprolactone) (PCL) 

solutions using a single step spinning process and to further develop a small 

diameter tubular construct with properties mimicking that of native vascular 

tissue 

➢ To implement and characterise a dynamic liquid electrospinning process for 

the creation of PCL fibrous bundles, studying the effect of solution and 

processing parameters on overall process stability and fibre bundle 

morphology 

➢ To develop a composite electrospun vessel fabricated from multi-modal PCL 

fibres paired with dynamically collected fibrous bundles characterising 

mechanical attributes including vessel compliance 

➢ To compare the cellular infiltration properties of the composite electrospun 

vessel to traditional electrospun nanofibre membranes 

 

Specific objectives and research methodologies will be further outlined within the 

research rational following a review of the current literature. 
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Chapter 2 Literature Review 

 

2.1 Coronary Arteries 

The cardiovascular system of the body consists of three essential components; the 

heart, the blood vessels and the fluid they contain, blood. Within this, blood vessels 

can be designated to be part of the systemic circulatory or pulmonary circulatory 

system [27]. The systemic system consists of the blood vessels that carry oxygenated 

blood away from the heart to the body and the vessels that return the deoxygenated 

blood back to the heart. The pulmonary circulatory system consists of the blood vessel 

loop that transports blood between the heart and the lungs. The right and left main 

coronary arteries, members of the systemic circulatory system, are small diameter 

blood vessels that branch from the ascending aorta at the right and left aortic sinuses 

respectively. The right coronary artery encircles the right atrium and ventricle 

supplying them with oxygenated blood and has an internal diameter (ID) of 1.5 - 

5.5mm [28]. The left coronary artery supplies the left atrium and ventricle with 

oxygenated blood, and is the larger of the two coronaries. It bifurcates into the left 

anterior descending coronary artery (LAD) with an ID range of 2.0-5.5 mm and the 

left circumflex coronary artery (LCX) with ID 1.5-5.5mm [27][28]. 

 Architecture and Function 

Arteries are complex vessels whose architecture depends highly on their location 

within the vasculature system. Arteries can be categorised into two main groups’ 

namely elastic and muscular arteries. Elastic arteries are the largest arteries of the body 

including the aorta and the common carotid and are often located close to the heart. 

Muscular arteries are generally small to medium diameter vessels including the 

coronary arteries and the radial artery. All arteries contain three distinct layers referred 

to as the tunics; the tunica intima, tunica media and the tunica adventitia as shown in 

Figure 2.1 [29].  
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Figure 2.1: Schematic cross section of an artery showing the three primary layers of 

arteries- the intima, media and adventitia and their constituents [30] 

 

The tunica intima is the inner layer of the artery and is comprised of the endothelium 

and the basal lamina. It contributes little to the mechanical resistance of a vessel but is 

important for stable blood flow. The endothelium is a monolayer of endothelial cells 

that are orientated in the direction of blood flow whose function is to provide a smooth 

non-thrombogenic lining allowing for smooth blood flow and selective diffusion [28]. 

A cushioning layer known as the basal lamina (~80nm in thickness) surrounds the 

endothelium allowing for the vessel to bend and change diameter under pulsatile flow 

conditions and provides a surface on which the endothelial cells grow [8]. The basal 

lamina is comprised of collagen type IV, proteoglycans and the adhesion molecules 

laminin and fibronectin.  

 

The tunica media is the mid layer of an artery and offers the main structural resistance 

of a vessel. The categorisation of arteries as elastic or muscular depends on the 

composition of this layer. In elastic arteries the media layer is composed of 5 to 15 µm 

concentric rings of vascular smooth muscle cells (vSMCs) separated by sheets of 

elastic fibres. Thick elastic arteries may be composed of 40 to 70 of these layers. 

Muscular arteries contain a single thick layer of helically orientated vSMCs embedded 

in a loose extracellular matrix of elastin and collagen fibres. 

 

The adventitial layer or the outer most layer of an artery is composed of fibroblasts, 

large-diameter type I collagen fibres, proteoglycans, nerves and in large to medium 
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diameter vessels the vasa vasorum [29]. Again, this layer does not contribute 

extensively to the mechanical resistance and response of the vessel but rather acts as a 

binding and anchorage layer to surrounding tissues.  

 

 Mechanical Properties 

In order to develop a suitable vascular graft for CABG it is important to understand 

the biomechanical properties of the native tissues to be replicated. The unique 

architecture of soft tissues including vascular tissue gives rise to an equally unique set 

of biomechanical properties including non-linearity, anisotropy and viscoelasticity. 

 

Uniaxial tensile testing of vascular tissue has been performed by a number of 

researchers with non-linear responses observed [31]–[33]. This nonlinear behaviour 

arises due to the multi-component composition of the arterial wall and is often referred 

to as the J-shaped profile of soft tissues, Figure 2.2 (A). As reviewed previously the 

layers of the arteries, most notably the tunica media, contain collagen and elastin 

fibres. Collagen is the primary load-bearing element of arteries and offers resistance 

during the systolic phase of the cardiac cycle. Collagen has a natural undulated 

morphology under normal physiological conditions. The elastin fibres of an artery 

provide a recoil effect that smooths the flow of blood during the transition from the 

systole to diastole phase of the cardiac cycle. During initial loading of vascular tissue 

elastin fibres provide the principal mechanical resistance. These fibres strain 

significantly under small applied loads giving a large initial strain region known as the 

‘toe’. As loading increases the undulated collagen fibres begin to straighten and align 

in the direction of loading. Collagen, the dominant load-bearing fibre does not strain 

significantly, so a stress-stiffening effect is witnessed. 

 

Fibrous and cellular content within the arterial walls are highly orientated aiding in 

resisting specific stresses experienced during pulsatile blood flow. As a result arterial 

tissue is highly anisotropic with different stress-strain responses seen when loading 

occurs in the axial, circumferential and radial directions. Circumferentially orientated 

intima and adventitia samples have been shown to stiffen at higher strains compared 

to longitudinal samples. In contrast the medial layers has been shown to stiffen at lower 

strains in the circumferential orientation compared to the longitudinal [33][34]. 
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Figure 2.2: Uniaxial tensile response of vascular tissue (A) Typical Stress-Strain or ‘J-

shaped’ curve of soft tissue [35] (B) Preconditioning curve showing hysteresis during five 

preconditioning cycles [32] 

 

Pure elastic solids strain instantaneously when loaded and regain their original 

dimensions when the stress is removed. Newtonian fluids on the other hand exhibit a 

constant rate of strain when a constant viscous stress is applied, and do not retract 

when the stress is removed. Arterial tissue contains both solid material and fluid 

constituents so exhibits a combination of these properties, a behaviour known as 

viscoelasticity. Viscoelastic materials demonstrate creep, stress relaxation and 

hysteresis characteristics. Creep is the time-dependent change in strain due to a 

constant stress while stress relaxation is characterised by a decrease in stress under a 

constant strain [36]. 

 

In vivo arteries are subjected to both longitudinal stretching and internal pressurisation. 

When the material is excised from the body the corresponding stresses are released 

[37]. This stress release results in the samples visibly shrinking in the longitudinal and 

circumferential directions indicating the sample has entered a no-load state [36]. If a 

sample is then loaded, unloaded and reloaded the stress-strain response can be seen to 

change between the first and second loading cycles. This non-coincidental loading path 

occurs due to the reorientation of fibres and cells within the tissue. If cyclic loading 

and unloading is performed a sufficient number of times a stable stress vs strain loop 

is achieved, the sample is now said to be in a preconditioned state [36][38]. It can also 

be observed (Figure 2.2 (B)) that the loading and unloading cycles do not follow an 

identical path, a characteristic known as hysteresis. This hysteresis occurs due to the 

internal changes of the tissue structure coupled with energy dissipation caused by 

friction forces generated between fibres during loading [37]. 
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Another important property of vascular tissue is compliance. Compliance is a measure 

of vessel distensibility and is defined as the ratio between the change in volume (ΔV) 

or diameter (Δф) of a vessel for a given internal pressure change (ΔP) [39]. 

Compliance is a significant characteristic to be considered when designing a vascular 

graft as numerous studies have shown the significance of reducing “compliance 

mismatch” for maintaining long term graft patency [40]–[42]. A number of formulas 

exist for calculating the compliance of a vessel with each formula dependent on the 

experimental methodology used. The general formula for the compliance of a vessel 

is given by [42]; 

 

𝐶𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 =
𝐷𝑠−𝐷𝑑 

𝐷𝑑 𝑥 (𝑃𝑠−𝑃𝑑) 
𝑥 104 (% per mmHg x 10-2)  (Equation 2.1) 

 

Where ‘D’ and ‘P’ are vessel diameter and blood pressure respectively. Subscript ‘d’ 

and ‘s’ refer to diastole and systole measurements. 

 

 Coronary Artery Disease 

Coronary artery disease (CAD) is the most prevalent form of cardiovascular disease 

and is the leading cause of death amongst men and women throughout the world [43]. 

CAD is associated with the accumulation of atherosclerotic plaques within the 

coronary arteries resulting in ischemia of the myocardium.  

 

Arteriosclerosis is the general classification of diseases that result in the thickening of 

artery walls and a loss of elasticity. Atherosclerosis is one form of arteriosclerosis and 

is a progressive disease associated with a chronic inflammatory response within 

arteries. A cascade of immune cell signalling and factor secretion induce vSMC 

proliferation from the medial layer of the artery into the atherosclerotic legion. The 

vSMCs form a fibrous cap over the plaque protecting it from blood flow. A schematic 

of the legion formation process can be seen in Figure 2.3. Atherosclerotic plaques 

typically do not fully occlude the vessel with myocardial infractions predominantly 

occurring when the fibrous cap breaks open in response to chemical factors secreted 

by foam cells within the legion. These factors in turn lead to thrombosis formation 

which rapidly decreases the flow of blood to the myocardium [27][44][45]. 
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Figure 2.3: Atherosclerotic plaque formation and onset of MI (A) Adhesion of molecules 

result in monocytes and LDLs adhering to endothelium (B) Monocytes mature to 

macrophages absorbing LDLs to become Foam cells, T-cell activation and further 

macrophages recruited to legion site (C) SMCs migrate from medial layer to legion forming 

fibrous cap (D) Plaque ruptures resulting in thrombosis formation (adapted from [44]) 

 

Specific regions within the vasculature are highly prone to endothelium dysfunction 

and in turn atherosclerosis such as branches, bifurcations and curvatures in arteries. 

This is hypothesised to occur due to increased turbulence and reduced shear stress at 

these sites [44]. 

 

2.2 Coronary Artery Bypass Grafting 

A number of non or minimally-invasive techniques have been developed for the 

treatment of atherosclerotic legion formation and the resulting medical complications. 

Drugs such as anti-hypertensives, beta blockers and clot-dissolving agents have been 

designed to increase the blood supply to the heart and prevent thrombosis formation 

[4][46]. Percutaneous transluminal coronary angioplasty (PTCA) is a minimally 

invasive technique used to reopen narrowed coronary arteries whereby an uninflated 

balloon is threaded through the vasculature system to the obstructed area and 

subsequently inflated stretching the arterial wall and compacting the atherosclerotic 

plaque [27]. PTCA is however a poor long-term management solution for 

atherosclerosis with approximately 42% of arteries experiencing restenosis within a 



13 

 

six month period [47]. A variation of PTCA utilises a fine wire tube known as a stent 

to aid in the maintenance of vessel patency, as seen in Figure 2.4 [5]. Despite improved 

patency rates, in-stent restenosis rates remain high with approximately 22.2% of 

patients arteries becoming re-occluded within six months of the procedure [48]. 

 

Coronary artery bypass grafting (CABG) is a highly invasive surgical procedure for 

the treatment of coronary stenosis with approximately 600,000 procedures performed 

each year in the USA [49]. In CABG, blockages within the coronary arteries are 

bypassed using small diameter vessels (<6mm) referred to as bypass or vascular grafts. 

Oxygen and nutrient rich blood is channelled directly from the aorta through these 

vessels and into the coronaries below the point of blockage as demonstrated in Figure 

2.5. Continuous improvements in surgical techniques have led to an expected 30-day 

mortality rate of less than 1% and survival rates of 92% and 81% at 5 and 10 years 

post-surgery respectively [6][50]. CABG has also demonstrated improved survival 

rates compared to Percutaneous Coronary Intervention (PCI) techniques particularly 

noticeable in multiple vessel disease treatment suggesting it is a superior long term 

treatment strategy for coronary stenosis [51].  

 

 

 

Figure 2.4: Percutaneous transluminal coronary angioplasty (PTCA) with stent [52] 
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 Vascular Grafts 

Due to the small diameter (<6mm) nature of the coronary arteries, autologous vessels, 

which are vessels taken from an alternative site within the patient are considered the 

grafts of choice for use in CABG [17]. Their resemblance in size and mechanical 

properties to native tissues along with the removed risk of immune rejection makes 

them the optimum graft choice. The current gold standard vessel for CABG is the great 

saphenous vein (GSV) [6]. Its long, bilateral nature and easy of accessibility has made 

it the favourable choice for surgeons [53]. Despite this it does not fully match the 

biomechanical properties, namely compliance, of the coronary arteries and has shown 

only a 66% patency rate at 10 years post-surgery [6]. Grafts derived from the Internal 

Mammary Artery (IMA) have demonstrated increased patency rates of up to 90% at 

10 years, however, the difficulty in harvesting them has prevent their widespread use 

by surgeons [6][54]. With ever aging demographics, the use of autologous vessels as 

a conceivable treatment strategy for coronary stenosis diminishes. Complications such 

as the degradation of host tissues along with previous myocardial or peripheral arterial 

reconstructions greatly limit the source of suitable vessels in ageing populations [9]. 

 

Allografts (grafts taken from a donor) have been studied as a possible solution to 

overcome this shortage. Fresh allograft tissues have been seen to experience rapid 

immune rejection and subsequent dissolution on implantation resulting in high short 

term failure rates. Preserved and slightly degraded grafts offer increased clinical life 

due to decreased cellular content, however they too experience immune rejection after 

some time. 

 

 

Figure 2.5: Schematic of Coronary Artery Bypass Grafting (CABG) using the Autologous 

vessels ‘Saphenous vein (SVG)’ and the ‘Internal Mammary Artery (IMA)’ [55] 
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In order to successfully introduce allografts immune suppression must be utilised 

which is not ideal for patients undergoing severely invasive surgeries [56]. A number 

of synthetic polymers have been employed in the development of vascular grafts for 

use in CABG. Synthetic approaches allow for the production of shelf ready grafts that 

offer convenience to surgeons along with reduced risk of secondary infection and 

immune rejection [53]. Polyethylene terephthalate (PET or Dacron®) and expanded 

Polytetrafluoroethylene (ePTFE, GORE-TEX®) have been used extensively in large 

internal diameter (ID) (12-38mm) and medium ID (6-10mm) bypassing applications 

with significant clinical success respectively [8]. These synthetic grafts however suffer 

from a mismatch in their compliance properties compared to the adjoining native 

vasculature. ePTFE demonstrates high occlusion rates with 64% patency at 1 year and 

32% at 2 years post implantation [9].  A lack of an endothelial cell (EC) lining also 

contributes to their failure due to turbulent hemodynamics resulting in thrombosis 

formation [57][58]. ePTFE grafts seeded with an endothelial lining have shown 

improved patency of 85% at 3 years and 65% at 9 years [59]. Due to the non-adherent 

nature of PTFE the EC lining typically delaminates resulting in scaffold failure so has 

not be successfully adopted as a treatment strategy for small diameter bypassing 

[7][57]. 

 

 Compliance Mismatch 

The long-term success rates of CABG procedures are limited due to atherosclerosis 

and occlusion of the bypass vessel. The failures of these grafts are attributed to 

compliance mismatch between the bypass grafts and the native vessels [10][40][42]. 

Compliance mismatch arises due to a change in the rigidity or elasticity of a blood 

vessel along its length such as a native artery meeting a synthetic graft [40]. Physical 

variation of the artery diameter along with the pulsatile nature of blood flow result in 

altered wall shear rates [39]. Increased shearing may damage the endothelial cell lining 

giving rise to the onset of atherosclerosis and intimal hyperplasia while decreased 

shearing leads to blood stagnation and in turn thrombosis formation [11][60]. 

Compliance mismatch between stenotic and distal segments of arteries has also been 

linked with the development of unstable atherosclerotic legions leading to the onset of 

myocardial infarctions [61], or cerebrovascular attacks [62]. 
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Intimal hyperplasia is the thickening of the tunica intima of an artery and is a biological 

response to the injury of a blood vessel. An increased growth of the intima due to 

vSMC proliferation and differentiation can lead to the graft becoming stenosed or 

occluded similar to atherosclerosis. Vascular smooth muscle cell (vSMC) remodelling 

occurs in response to the damage of the endothelial lining and is a healing response 

[41]. Intimal hyperplasia prominently occurs at the anastomosis (junctions) of two 

vessels of different compliances and is hypothesised to occur due to increased flow 

instabilities at these sites [61]. A schematic of intimal hyperplasia development at the 

distal anastomosis of a bypass vessel can be seen in Figure 2.6 [11][39]. 

 

The compliance properties of a number of synthetic and biological grafts used in 

CABG for a range of mean pressures can be observed in Figure 2.7. Synthetic vessels 

such as Dacron, ePTFE and compliant poly(carbonate)polyurethane (CPU) do not 

experience significant volume changes with increased pressurisation. In comparison, 

biological tissues exhibit large volume changes at low-pressure levels and small 

volume rate changes at high pressures. It is noted that veins such as the great saphenous 

vein (GSV) rapidly stiffen with increasing pressure compared to arteries, which show 

a smoother transitional stiffening effect as pressurisation increases indicating 

compliance mismatch issues amongst autologous vessels. 

 

 

Figure 2.6: Intimal hyperplasia formation at the distal end of the vessel at anastomosis 

site[41] 
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Figure 2.7: Compliance-mean pressure curves for vessels and grafts used in CABG [42] 

 

The mean compliance values for arterial, venous and synthetic bypass grafts along 

with their patency at 1 and 2 years post implantation are shown in Table 2.1. Increased 

compliance directly correlates with long-term patency and ultimately the success of 

the grafts.  

 

Limitations of current synthetic vascular grafts and the declining supplies of 

autologous vessels with ageing demographics highlights an imperative clinical need 

for a readily available bypass graft with improved biomechanical and compatibility 

properties. Tissue engineering approaches may provide a solution to this problem 

through the development of biological replacement vessels. These vessels should 

better mimic the structure and biomechanics of native coronary arteries and in turn out 

perform current vascular grafts. 

 

Table 2.1: Compliance and patency rates for arterial and venal grafts [10] 

 Compliance 1-year % 

patency 

2-year % 

patency 

Host artery 5.9 - - 

Saphenous Vein 4.4 88 84 

Umbilical vein 3.7 83 80 

Bovine hetrograft 2.6 65 59 

Dacron 1.9 65 42 

EPTFE 1.6 60 42 

* % radial change per mmHg X 10-2 
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2.3 Tissue Engineering and Tissue Engineered Blood Vessels 

 Tissue Engineered Approaches 

Every year millions of patients suffer from tissue loss or end stage organ failure due 

to trauma, disease or congenital anomalies. Current treatments for organ and tissue 

loss include transplantation, surgical reconstruction or the use of medical devices to 

replace lost tissue functionality [15]. Despite saving countless lives these treatments 

suffer from a number of inherent limitations including a lack of donor tissue for use in 

transplantation [63], long-term secondary complications resulting from reconstructive 

surgeries [64], and the incomplete restoration of tissue functionality through 

mechanical approaches [15]. These limitations have motivated researchers to explore 

alternative treatment strategies for the replacement and repair of tissues and organs. 

 

Tissue engineering is one research strategy that may provide an answer to this call. It 

can be defined as an interdisciplinary field that applies the scientific principles of 

engineering and the life sciences towards the design, construction, modification, 

growth and maintenance of living tissues [15][65]. Three main tissue engineering 

approaches have been identified for the generation of new tissues. The first approach 

looks towards the isolation of cells from donor tissue in order to replace the non-

functioning cells within a patient [15]. This method reduces the need for complicated 

and invasive surgeries and replaces only the damaged components of a tissue structure. 

Immune rejection of these infused cells is however a limiting issue. The second 

approach requires inducing local tissues to aid in self-repair through the infusion of 

signalling molecules and growth factors [15]. This approach is limited by the difficulty 

in delivering a sustained dose of factors to a specific site and in cases where there is a 

poor supply of resident cells to aid in repair. The third and most commonly 

investigated approach looks to create whole tissue structures by combining cells with 

3D matrices known as scaffolds [17][65]. A schematic of the tissue engineering 

process can be seen in Figure 2.8. 

 

In this process, cells are first isolated from the body or another source and cultured to 

sufficient levels in vitro. These cells are then seeded onto the scaffold and further 
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Figure 2.8: Schematic of the tissue engineering process [66] 

 

culturing of the cell-scaffold combination takes place [65]. Finally, the scaffold and 

cell hybrid are implanted into the patient at the desired site. As the cells continue to 

grow they excrete natural ECM proteins including collagen allowing for tissue 

formation and structural remodelling to occur. The scaffolds should degrade at 

sufficient rates to match this natural remodelling process as in Figure 2.9 [67]. The 

desired end construct is a completely biological tissue that matches the structural and 

functional properties of the native tissue it is replacing.  Immunological rejection of 

these cell seeded scaffolds is avoided through the use of autologous cells or more 

recently demonstrated through the use of stem cells [68]. Researchers have attempted 

to create a number of tissues and organs through this approach including skin [69], 

heart valves [70], bone [71], cartilage [72], the liver [73]–[75], and blood vessels [12], 

[76]–[81]. 

 

The scaffolds used in this approach should provide a number of functions and features. 

Their architecture should provide sufficient void volume to allow for revascularisation 

where applicable and to facilitate host tissue regeneration [10]. In addition, the 

biomaterials used within the scaffold should be cyto and tissue compatible allowing 

for cells to attach, grow and differentiate during in vitro and in vivo culturing [8]. 

Bioactivity of the scaffold is also desirable in order to facilitate and regulate cellular  
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Figure 2.9: Timeline showing the ideal development of arterial matrix in response to 

degradation of a biodegradable scaffold [67] 

 

activity. This can include the addition of adhesion molecules to the scaffold surface to 

aid in cell attachment and appropriate surface topography to induce correct cell 

morphology and alignment as would be seen in the host tissue [82]. The incorporation 

of growth factors within the matrix to stimulate tissue regeneration is also of great 

interest [83].  The mechanical properties of the scaffold are also key attributes and 

highly depend on the shape and size of the defect or tissue to be regenerated [84]. The 

intrinsic mechanical attributes of the material should match that of the native host 

tissue to be replicated. 

 

 Tissue Engineered Blood Vessels 

Considerable research has focussed on the development of small diameter tissue 

engineered blood vessels (TEBVs) for use in CABG. This approach provides a 

potentially sustainable, inexpensive and effective solution to the current shortage of 

suitable bypass vessels. By designing these TEBVs to have equivalent structural, 

mechanical and chemical properties as the native arterial structures they are replacing, 

vessels with appropriate long-term patency rates may be achieved [7][9][12][13][79]. 

Walpoth & Bowlin, outlined the key properties they believed an ideal TEBV should 

possess, as summarised in Table 2.2.  

 

These criterion included ease of surgical handling, leak resistance to prevent critical 

blood loss, sufficient porosity to allow for tissue regeneration and compliance 

characteristics matching native vasculature [9]. Tissue engineers should strive to 

develop scaffolds that achieve as many of these characteristics as possible while 

maintaining a feasible design strategy. 
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Table 2.2: Properties of the ideal TEBV for use in vascular bypassing as set out by Walpoth 

& Bowlin (adapted from [9]) 

Properties of the Ideal Vascular Graft 

➢ Biocompatible (non-toxic & non thrombogenic) 

➢ Leak resistant, but adequate porosity for healing/tissue regeneration 

➢ Compliance matching that of native artery 

➢ Resistant to Aneurysm formation 

➢ Post implantation durability after tissue ingrowth 

➢ Easily manufactured, stored and sterilised 

➢ Suture retention 

➢ Flexibility with kink resistance 

 

 

In 1986, Weinberg and Bell, produced the first completely biological TEBV [14]. In 

this effort, a collagen gel combined with bovine aortic cells was studied. The 

mechanical properties of the resulting scaffold were insufficient for in vivo 

implantation and despite the addition of a Dacron® mesh for reinforcement the vessel 

lacked the required burst strength characteristics. Koing et al. utilised a complete 

biological approach that removed the need for an exogenous scaffold. In this approach, 

human fibroblast cells were cultured until cell sheets were formed [76].  Subsequently 

these cell sheets were wrapped around a mandrel to produce a tubular scaffold and 

further cultured until layer fusion was achieved. The tissue was later dehydrated in air 

for several hours in order to form an acellular construct. This approach yielded a 

scaffold with good mechanical properties but required 3 months in culture before a 

graft that was sufficiently stable for implantation was produced. L’Heureux et al. 

similarly produced a completely biological tissue engineered construct by culturing 

human vSMCs with ascorbic acid until cellular sheets formed. These cellular sheets 

were wrapped around a tubular mandrel to form the medial layer of the vessel. Sheets 

of human fibroblasts were subsequently cultured and wrapped around the vSMC layer 

to form an adventitia like layer that was comprised of dense collagenous material. 

Following maturation the tubes were removed and the lumen seeded with endothelial 

cells. The TEBVs formed possessed burst pressures of 2000 mmHg but lacked the 

dense SMC stricture typically witnessed in native arterial tissue. When implanted the 

vessels were prone to thrombosis formation resulting in overall patency rates of only 
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50% [85]. 

 

Hoerstrup and collaborators, combined non-woven meshes of PGA with thin layers of 

poly-4-hydroxybutyrate (P4HB), endothelial cells and myofibroblasts to produce their 

vessel [12]. Their research demonstrated advanced tissue formation through the use of 

‘biomimetic’ pulsatile culturing compared to commonly used static culture techniques. 

Burst strengths of approximately 3000 mmHg were achieved after 28 days of culture. 

These burst strengths are well above the hypertensive blood pressure threshold of 140 

mmHg [49], and comparable with the burst strength values recorded for coronary 

arteries and the saphenous vein at 3000 ± 500 mmHg [86], and 1599 ± 877 mmHg  

respectively [76]. Similar studies utilising PGA meshes have again demonstrated that 

the addition of cyclic strain during culturing periods increased vessel burst strengths 

to approx. 2000 mmHg after 8 weeks in culture [13]. 

 

While these studies have made important steps towards the development of suitable 

TEBVs they also highlight deficiencies in the selection of suitable biomaterials. In 

order to reduce the need for prolonged culturing times, biomaterials with mechanical 

properties suitable for direct implantation should be considered. This will allow for in 

vivo stability while vessel remodelling occurs within the patient. 

 

 Biomaterials for TEBVs 

The identification and selection of appropriate biomaterials and fabrication techniques 

for the creation of 3D scaffolds is an ongoing source of interest for tissue engineers. 

Biomaterials used in these applications should offer mechanical stability while 

maintaining a suitable microenvironment for the growth and proliferation of the seeded 

cells [17]. In addition, these materials should be biocompatible, blood compatible, 

fatigue resistant and ideally biodegradable [8]. Biodegradable materials should 

degrade in vitro and in vivo into either products that are normal metabolites of the body 

or products that can be eliminated with or without further metabolic transformations 

[17]. Two main classes of materials have been studied extensively for the development 

of TEBVs, namely natural biomaterials and synthetic polymers.  

 

Natural biomaterials used in TEBV applications generally consist of protein 
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components found within the natural ECM of arteries. The ECM is the structure left 

within a tissue once all cells are removed [37]. Scaffolds based on vascular ECM 

proteins include those derived from collagen [14][87][88], elastin [89], fibronectin 

[90], and combinations of these proteins [91][92]. Other natural biomaterials 

commonly explored include fibrin, a protein involved in the clotting of blood [93][94], 

and polymers derived from biological sources such as those of the 

polyhydroxyalkanoate (PHA) family [95]. Biological scaffolds derived from natural 

biomaterials offer increased biocompatibility, non-toxicity and increased cell 

adherence [96]. Despite these favourable characteristics, they suffer from poor 

mechanical properties, a lack of reproducibility when processed, rapid degradation and 

can induce immune rejection and pose disease transmission risks if taken from a non-

autologous source [96].  

 

Synthetic polymers have been investigated due to their ability to create reproducible, 

inexpensive and easily manufactured scaffolds. A number of non-biodegradable 

synthetic polymers including ePTFE and Dacron® have been studied as potential 

candidate materials. These materials have shown poor cellular interaction and 

mechanical characteristics ultimately leading to their poor success in small diameter 

applications [9][57]. Numerous biodegradable synthetic polymers have also been 

utilised including poly(glycolic acid) (PGA) [12][13][97], poly(lactide-co-glycolide) 

(PLGA) [98][99], and poly(𝜀-caprolactone) (PCL) [79][100]–[104]. The 

disadvantages of using synthetic polymers is the potential to induce an inflammatory 

response upon implantation, a problem commonly seen with such materials [105]. This 

inflammatory response includes platelet and leukocyte activation which are known 

triggers for the initiation of thrombogenesis and intimal hyperplasia formation [60]. 

 

Despite this, the synthetic flexibility these polymers offer make them highly desirable 

for use as tissue scaffolds as they can be manipulated to offer the desired properties. 

By altering their chemical structure the physical, bioactive and mechanical properties 

of various tissues can be replicated [17]. Studies have also shown the ability to blend 

these polymers with additional biomolecules that aid in increased cell adherence and 

proliferation [82], [106], [107]. Furthermore surface and chemical modification of the 

synthetic polymers can be used to help reduce the inflammatory response they 

typically initiate upon implantation [108]. 
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 Poly(𝜀-caprolactone) 

Poly(𝜀-caprolactone) (PCL) is a biocompatible and biodegradable aliphatic polyester 

synthesised through ring opening polymerisation of 𝜀-caprolactone [109]. It has a semi 

crystalline structure with a melt temperature (Tm) above that of the core body 

temperature (37oC) at 58-64oC [110]. Its glass transition temperature (Tg) of -60oC 

results in the material possessing a rubber like consistency at room temperature [110]. 

This soft pliable nature along with suitable implantation properties makes it a desirable 

material for use in a wide range of soft tissue engineering applications [111][112].  

 

PCLs low cost, suitable mechanical properties and high solubility in organic solvents 

has made it widely popular for use in the development of TEBV scaffolds. To date 

PCL has been successfully processed using a number of common scaffold fabrication 

techniques including solvent casting [113][114], and electrospinning [79][100]–

[102][104].  

 

Electrospun membrane’s prepared using PCL demonstrated Young’s modulus values 

of 2-4 MPa [111] which is comparable to the stiffness of native blood vessels ranging 

from 2-6 MPa [115].  The use of a material with stiffness values comparable to native 

vasculature should aid in reducing compliance mismatch issues within vascular grafts. 

Drawbacks of the polymer however are its inherent hydrophobic nature, lack of cell-

binding signals [116], and long degradation times of over 2 years [109]. The ability to 

chemically modify the polymer by attaching RGD groups has however been shown to 

improve cell attachment [117], and the addition of biomolecules such as gelatin have 

been used to make the polymer more hydrophilic [118]. The chemical composition of 

the monomer 𝜀-caprolactone and the polymer PCL can be seen in Figure 2.10 

 

 

Figure 2.10: Ring opening Polymerisation of monomer 𝜀-caprolactone to Poly(𝜀-

caprolactone) and subsequent polymer chemical structure [119] 
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 The Use of Stem Cells for Tissue Engineering Applications 

In order to develop an in vitro based tissue engineered construct a source of cells is 

often required in order to initiate population of the scaffold body prior to implantation. 

These cells are expected to proliferate and produce ECM as the scaffold degrades, 

allowing for standalone tissue structures to be achieved. The main successes in this 

field have come from the use of primary cells, taken from the patient, and used in 

conjunction with scaffolds to produce tissue constructs for re-implantation [120]. This 

method however suffers from a number of limitations including the invasive nature of 

cell collection and the potential for cells to be in a diseased state upon harvest [121]. 

An appreciation of the inherent diversities of organ systems paired with the difficulty 

of harvesting primary cells has therefore led researchers to focus upon the use of stem 

cells, including embryonic stem (ESC) cells, mesenchymal stem cells (MSCs) and 

Induced pluripotent stem cells (iPSCs) for tissue engineering applications [122][123]. 

Stem cells provide a readily available source of cells that have the potential to be 

differentiated into a number of cell lineages [124], provide better proliferation rates 

compared to primary cell lines [125], while also retaining the ability to induce a 

reduced immune response upon implantation [68]. One of the critical steps of stem cell 

usage for regenerative medicine is the ability to control the differentiation of the cells 

into the desired tissue lineages. This is achieved through the control of their micro and 

nano environment [126], along with appropriately activating differentiation pathways 

through biochemical stimuli [127]. It is therefore desirable to use a stem cell niche that 

naturally aids in the creation and self-repair of a particular tissue of interest in order to 

better mimic the natural tissue formation process. 

 

2.3.5.1 Multi-Potent Vascular Stem Cells (MVSCs) 

As discussed previously the unique biomechanical and architecture properties of blood 

vessels require the careful consideration and selection of a cell-scaffold construct to 

ensure successful functionality upon implantation. A stem cell lineage that aids in 

vascular tissue repair has the potential to increase the long-term success of such 

scaffolds through the appropriate natural differentiation of cells and subsequent 

remodelling of the vessel. Recently, there has been evidence demonstrating the 

presence of resident vascular stem cells in the tunica media of arties, which have been 

coined as multipotent vascular stem cells (MVSCs) [128]. These cells have been 
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shown to proliferate and differentiate into vascular SMCs whilst also be shown to 

possess the potential to be differentiated into neural cells, and mesenchymal stem like 

cells giving rise to their multipotent classification [129]. Lineage-tracing experiments 

have also importantly shown that these MVSCs are not derived from mature SMCs 

but rather a distinct cell group residing within the vascular walls. The unique nature of 

this stem cell group makes them an attractive potential for future TEBV studies. 

 

2.4 Electrospinning 

Along with the selection of suitable biomaterials and cell groups for seeding, the 

morphology of a scaffold is of critical importance for the efficient remodelling of 

tissue [8]. Scaffolds should offer suitable surfaces for the adherence and support of 

applied cells, should appropriately relay physiological cues to induce guided 

proliferation and differentiation of the cells while also providing mechanical stability 

to the tissue defect during regeneration [82][130]. These scaffolds should also contain 

sufficient porosity and pore volumes to allow for adequate vascularisation, tissue 

formation, metabolite diffusion and the removal of degradation waste to occur [10]. 

The ultimate goal is to fabricate a scaffold that possesses a morphology mimicking 

that of the natural extracellular matrix (ECM) [84][130]. A scaffold morphology that 

mimics the collagen and elastin fibre network found within the arterial tissue is highly 

anticipated to provide increased graft success within TEBV applications. 

Electrospinning is one such fabrication technique capable of reproducing the fibrous 

architecture of the natural ECM both in morphology and in scale. 

 

 Fundamentals of Electrospinning 

Electrospinning is a polymer process technique capable of producing continuous fibres 

with diameters ranging from microns to nanometres in size [132][133]. The first use 

of electrostatic forces to manipulate polymer solutions was demonstrated in 1902 when 

Cooley developed a system for the dispersion of polymer fluids under electrical 

potentials [134]. Later in 1934 the process was developed further into the now 

recognisable electrospinning process for the production of polymeric fibres using 

electrostatic forces [135]. Despite being patented over a century ago the potential of 

electrospinning for biomedical applications was not realised until the 1990s [136]. The 

simple and versatile nature of the process paired with its capability to produce highly 
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porous membranes with high surface area to volume ratios has generated enormous 

interest in the process amongst the research community. Electrospun materials have 

been utilised in a broad range of applications including wound dressings [137], [138] 

tissue scaffolds [18][139], nano-electronics [140][141], textiles [142][143], filtration 

devices [144][145] and composite materials for aerospace design [133][146]. 

 

At the laboratory scale the basic electrospinning set-up consists of a high voltage DC 

power supply (1 to 30kV), a capillary with attached spinneret (syringe with a flat tip 

needle), a syringe pump and a grounded metallic collector system. A schematic of the 

electrospinning set-up can be seen in Figure 2.11(A) [19], [147]. The electrospinning 

process produces fine diameter fibres through the simple principle of applying a 

uniaxial stretching force to a viscoelastic solution [19]. The process begins by drawing 

a polymer solution usually derived from a raw polymer dissolved within a mono or 

poly-solvent system into a syringe. A flat tip metallic needle is connected to the syringe 

and the solution is extruded at a constant and controlled rate using a syringe pump.  

 

A high voltage potential is applied to the solution by connecting the DC power supply 

to the metallic needle. This high voltage electrifies the solution and the surface of the 

polymer droplet dispensing from the needle tip begins to charge. Electrostatic forces 

including repulsive forces between the surface charges and the coulombic force 

exerted by the collector potential begin to act on the polymer droplet [148]. These 

forces elongate the droplet forming a conical shape referred to as the Taylors’ cone 

[149]. When the voltage is increased sufficiently the electrostatic forces overcome the 

surface tension of the polymer solution and a jet of fluid erupts from the cone. The jet 

initially travels in a stable motion near the tip but then enters an instability region as it  

travels towards the collector system as seen in Figure 2.11(B) [19]. 

 

The fine diameter fibres are formed by the stretching, whipping and acceleration of the 

fluid jet within this instability region. The solvent used to dissolve the polymer 

evaporates leaving a solid material to deposit on the collector surface. 2D randomly 

orientated fibrous meshes can be produced using a flat metallic plate as the collector. 
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Figure 2.11: The electrospinning Process (A) Schematic of the basic electrospinning set-up 

with a flat metallic plate collector. Electrostatic forces result in Taylors cone formation and 

subsequent jet initiation. An SEM image of a typical 2D random fibre mesh is also shown 

[147] (B) Trajectory of fluid jet with instabilities regions shown [150] 

 

A number of researchers have modified the basic electrospinning process to alter both 

fibre morphology and the general structure and geometry of the electrospun construct. 

Matthews and collaborators utilised a grounded rotating drum spinning at high RPMs 

to produce aligned collagen fibres. These aligned collagen constructs were produced 

to mimic the fibre morphology seen within native arterial tissue [87]. Along with the 

spinning of polymeric materials electrospinning has been adopted to spin ceramics, 

metals, proteins and cellular growth factors [151]. 

 

 Electrospinning Parameters 

The electrospinning process and the morphology of fibres produced through it are 

highly dependent on a number of parameters. These parameters include solution 

properties, processing parameters and ambient conditions. A summarised list of these 

parameters and their typical working ranges can be seen in Table 2.3 [152][153]. 

 

2.4.2.1 Solution Parameters 

Molecular Weight, Polymer Concentration and Viscosity 

The molecular weight and molecular weight distribution, polymer concentration and 

viscosity of a solution are highly interlinked parameters and must be considered in 

unison. Electrospinning solutions should contain polymers with sufficiently long   
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Table 2.3: Parameters known to affect fibre formation during electrospinning and typical 

working ranges (adapted from [152][152]) 

Solution Parameters Equipment Parameters Ambient 

Cond. 

 

Molecular weight (104-107 g/mol) 

 

Applied Voltage (5-100kV) 

 

Humidity 

Polymer conc. (1-40 wt%) Flow rate (0.01-1ml/min) Temperature 

Surface Tension (20-75 mN/m) Collector characteristics Pressure 

Conductivity (0.05-30 mS/m) Needle Size  

Solution Volatility Distance from tip to collector (1-100cm)  

   

 

molecular chain lengths for stable jet initiation to take place [154]. The entanglement 

of the molecular chains within the spinning solution gives rise to fibre formation and 

prevents the polymer jet from breaking apart during the elongation and whipping 

process. If a solution contains a polymer of insufficient chain length, a process known 

as electrospraying takes place [155]. Here chain entanglements cannot form and 

subsequently droplets of polymer deposit. Despite the importance of chain 

entanglement in polymer solutions, ceramic precursors have been electrospun that 

contained very low molecular weights [156]. This indicates that molecular weight 

characteristics are not solely sufficient to assess the spin-ability of a solution. 

 

Molecular weight has also been shown to be an important parameter in determining 

the resultant morphological, mechanical and degradation characteristics of electrospun 

structures. Zhang et al. demonstrated that by varying the molecular weight of the PCL  

polymer dissolved in a chloroform/methanol solvent system, structures with tuneable 

fibre characteristics and mechanical properties could be obtained [157]. PCL with a 

molecular weight of 40,000 g mol-1 resulted in highly beaded fibres while an increased 

molecular weight of 80,000 g mol-1 provided fibres with well defined diameters and a 

narrow fibre diameter distribution. A further increase in molecular weight to 120,000 

g mol-1 resulted in fibres with an uneven fibre diameter distribution. Increasing the 

molecular weight of PCL was also shown to decrease the crystallinity of the collected 

fibres. Crystallinity was observed to be 60.2% and 47.6% for fibres created with 

40,000 and 120,000 g mol-1 PCL respectively [157]. This is attributed to more chain 
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entanglements and weaker mobility in the high molecular weight solutions, which may 

hinder crystalline growth within the fibres. The rate of crystallinity within PCL 

nanofibers in turn alters fibre ductility with increased crystallinity yielding stiffer PCL 

fibres [158]. 

 

The variation of polymer concentration within a solution has been seen to have a 

pronounced effect on fibre diameters produced [152]–[154]. Low concentration 

solutions generally yield ultra-thin or beaded fibres while high concentration solutions 

lead to large uniform diameter fibres [153]. This effect is attributed to a change in the 

solutions viscosity with low concentration solutions generally yielding less inter and 

intramolecular entanglements which in turn reduce viscosity. The opposite is seen with 

high concentration solutions. Solution viscosity has been identified as the critical 

electrospinning parameter and the ability to spin a solution is highly dependent on this 

characteristic [154]. Beaded fibres form in low viscosity solutions due to the excessive 

ratio of solvent molecules compared to polymer chains within the jet [153]. As the 

polymer content increases a greater interaction between the solvent molecules and 

polymer chains occur leading to a homogenous distribution of solvent within the jet 

and consequently smooth fibre formation [159]. At increased viscosities, thicker fibres 

are formed due to the fluid jet resisting bending instabilities during its travel to the 

collector. If the viscosity is increased excessively a jet cannot form at the tip leading 

to the solidification of material at the needle. Both polymer molecular weight and 

polymer concentration can be used to tune the solutions viscosity [154]. 

 

Surface Tension, Solution Volatility and Conductivity 

The surface tension of a solution is a property that is vital for the formation of bead 

free fibres. The surface tension forces within a solution try to pull the liquid droplets 

at the tip into spheres in order to reduce the surface area per unit mass of the liquid 

[160]. The electrostatic forces on the other hand try to increase the surface area by 

elongating the droplet [159]. If the surface tension is too high, the jet breaks into 

droplets or forms beaded areas along the fibres length. Beading occurs due to the 

solvent molecules congregating within particular regions of the jet as seen in Figure 

2.12. 

 



31 

 

 

Figure 2.12: Image showing solvent molecules and molecular chains of polymers with the 

electrospinning jet (A) A high viscosity solution with solvent molecules evenly distributed 

amongst the polymeric molecular chains leading to a smooth fibre formation (B) Low 

viscosity solution show solvent congregation within the jet resulting in beaded solutions 

[161] 

 

As stated previously a high viscosity solution exhibits greater interactions between 

solvent molecules and the polymer chains. This interaction reduces the tendency for 

the solvent molecules to congregate due to the influence of surface tension. Viscosity 

and surface tension attributes of the solution must be finely balanced for the spinning 

of smooth defect free fibres. The selection of solvents used generally determines the 

surface tension properties of the solution. In addition, surfactants, materials that reduce 

the surface tension of a liquid may be added to aid in bead free fibre formation. Jia & 

Qin demonstrated the use of such surfactants including Gemini quaternary and Rosin 

acid sodium for the spinning of poly(vinyl alcohol) (PVA) nanofibres. The addition of 

these materials reduced the surface tension of the spinning solutions while also 

increasing viscosity and conductivity. A marked decrease in fibre diameter from 

405nm to 100nm was demonstrated using these additives [162].  

 

Solution conductivity is determined by the choice of polymer, solvents and the 

addition of surfactants and salts. Increased solution conductivity has been shown to 

improve fibre quality with reduced bead formation demonstrated. This occurs as the 

increased conductivity allows the solution to carry more charge that in turn leads to 

greater stretching forces within the beaded regions [163]. Salts have been used 

extensively to increase the conductivity of solutions but introduce impurities to the 

final fibre network [164][165]. Surfactants such as ethanol which possess high 

dielectric potentials have been shown to increase solution conductivity while also 

decreasing surface tension, resulting in thin uniform fibres being assembled [160]. 

These liquid surfactants evaporate away so do not contaminate the final electrospun 

construct. 
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Figure 2.13: Formation of polymer skin and subsequent removal in PEO/Chloroform 

solutions result in defects forming on the electrospun membrane surface [166] 

 

The final solution property to consider is volatility. Solution volatility refers to the 

tendency of a solution to vaporise. Electrospinning solutions made from low volatility 

solvents may result in wet fibres or fused fibre depositing on the collector [159]. Such 

fibre morphologies occur due to a lack of solvent evaporation during jet flight. This 

incomplete evaporation results in residual solvents depositing on the plate which may 

in turn fully or partially dissolve the fibres deposited. On the other hand, solutions 

made with highly volatile solvents and surfactants experience rapid vaporisation which 

may result in a polymer skin developing at the needle tip [166]. This skin can block 

the flow of polymer resulting in the jet breaking down. The skin may then be expelled 

from the needle tip forming a defect on the surface of the sample as seen in Figure 

2.13. 

 

2.4.2.2 Equipment Settings 

Flow Rate 

The rate at which the polymer solution is extruded from the tip is referred to as the 

flow or feed rate parameter. Adjusting the flow rate of a solution has been associated 

with both changes in fibre diameter and their corresponding quality [153]. At low flow 

rates, an imbalance may exist between the supply of polymer to the tip and the rate of 

material removal to the collector. This mismatch results in beaded fibre formation 

[154]. Excessively high flow rates produce wet, beaded and interconnected fibre 

structures. These occur due to insufficient evaporation of solvent before the material 

reaches the collector [167].  
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Applied Voltage 

The voltage applied during electrospinning has been shown to control the rate at which 

material is drawn away from the tip. With increasing voltage, greater volumes of the 

solution are removed from the tip. This effect occurs due to an increase in repulsive 

forces within the jet [164]. The voltage and flow rate used to electrospin are highly 

dependent on each other.  Higher flow rates generally require a higher applied voltage 

to maintain stable jet formation.  

 

The effect of voltage variation on fibre diameter is a source of contention amongst 

many electrospinning groups. Reneker and Chun demonstrated that a change in voltage 

had no effect on the diameters of electrospun polyethylene oxide (PEO) fibres [132]. 

Other research groups have shown increasing fibre diameters with increasing voltage, 

with this hypothesised to occur due to a decrease in travel time between the tip and 

collector resulting in reduced whipping effects [168]. Contrary to this, higher voltages 

have been associated with thinner fibre production with this attributed to greater 

stretching of the solution during its flight [169]. Subsequent studies by Wu et al. 

further demonstrated that fibre diameters were found to reduce with increasing voltage 

to a minimum before increasing with a further increase in voltage [170]. 

 

Extremely high voltages may also result in the formation of multiple jets from the 

cone. While providing smaller diameter fibres, they produce fibres with non-uniform 

morphologies [152]. Higher working voltages also have a greater tendency to induce 

bead formation [164][166]. Deitzel et al. demonstrated that at a fixed flow rate an 

increase in voltage results in the Taylor cone receding into the needle orifice which 

may affect the stability of the cone formation leading to beading [167]. Table 2.4 

shows a general relationship between jet formation and the corresponding fibre 

characteristics. These jet formations are highly related to both the feed rate and voltage 

used to spin a solution. 

 

Collector Distance 

The distance between the tip of the needle and the collector surface determines both 

the path and travel time of the liquid jet. Increasing the distance between the tip and 

collector generally reduces the fibre diameters due to the increased stretching of the  
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Table 2.4: Typical jet characteristics and corresponding effect on fibre formation [171] 

Electrospinning behaviour Fibre physical characteristics 

Multiple jets from spinneret tip No change in fibre diameter 

Wide distribution of fibre diameter 

Increased jet diameter Increased fibre diameter which leads to 

ribbon/flat fibres forming 

Wet or fused fibres 

Increased jet diameter with secondary jets No change in fibre diameter 

Bimodal distribution of fibre diameter 

Gathering of semi-solidified solution at the tip Beads on fibres 

Defects on surface of samples 

Insufficient viscoelastic force to suppress surface 

tension 

Bead on fibres 

 

jet [154]. The distance should be sufficiently high as to allow the solvents sufficient 

time to evaporate, to achieve dry fibre formation. If a sufficient distance is not utilised 

wet fibres and liquid polymer will deposit on the plate or highly interconnected fibre 

structures will be produced. 

 

Collector Characteristics 

Another important aspect of electrospinning is the type of collector system employed. 

Standard flat meshes with randomly orientated fibres are created by spinning onto 

aluminium foil or flat metallic plates [172]. In order to achieve constructs with 

increased fibre alignment and complex geometries a number of researchers have 

fashioned novel collector systems. The simplest method to achieve aligned fibres is 

through the use of rotating metallic drums. Matthews and collaborators utilised a 

grounded rotating drum spinning between 500-4500 RPM to collect collagen 

nanofibres [87].  Samples made at 500 RPM demonstrated random fibre orientation 

while those created at 4500 RPM showed highly aligned substructures with fibres 

orientating themselves along the circumferential axis of the drum. Xu et al. again 

formed highly aligned structures but this time in the form of thin poly(l-lactic acid-co-

caprolactone) [P(LLA-CL)] filaments [173]. In this system a large diameter disc with 

a sharpened edge was used to collect thin linear bundles of fibres. 
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2.4.2.3 Electrospun PCL Vascular Grafts 

As introduced previously the polymer Poly(ε-caprolactone) (PCL) has been studied 

extensively for the development of scaffolds for soft tissue engineering applications. 

In particular, electrospun PCL has been studied in a number of configurations and 

blends for the creation of TEBV scaffolds for arterial bypass applications. One of the 

first studies investigating the potential of PCL for small diameter graft fabrication was 

detailed by Vaz et al [80]. In this work a bi-layer electrospun tubular construct 

consisting of an inner layer of randomly orientated pliable PCL fibres combined with 

a stiff outer layer of poly(lactic acid) (PLA) fibres was presented. Vessels of inner 

diameter 6 mm with tensile strengths and Young’s modulus values of 4.3 ± 0.2 MPa 

and 30.9 ± 6.6 MPa respectively, were created. The modulus of the end constructs 

were significantly higher those reported for native blood vessels, including human 

coronary arteries at 1.55 ± 0.26 MPa [174], and cerebrovascular vessels at 2-6 MPa 

[115]. This excessive Young’s modulus characteristic, paired with a lack of 

compliance data, brings into question whether these bi-layer vessels possessed the 

required distensibility required for smaller diameter bypass applications. 

 

McClure et al. developed composite PCL/Silk and PDO/Silk vessels with tuneable 

compliance characteristics through the manipulation of fibre alignment within the 

scaffold body [175]. This was achieved by altering the rotational speed of the 

collection mandrel from 500 RPM to 8000 RPM. Samples collected at 500 RPM were 

seen to be more compliant than those collected at 8000 RPM, with a marked increase 

in fibre alignment witnessed at the higher collection speeds. This demonstrated that 

fibre anisotropy was crucial for determining the resulting compliance characteristics 

of the grafts [175]. Further studies by McClure looked at developing a tri-layer 

electrospun scaffold consisting of PCL combined with silk fibroin, collagen and elastin 

[176]. By adjusting the ratio and combination of PCL and the natural polymers, three 

distinct layers of electrospun fibres were consecutively spun onto a rotating mandrel 

in order to mimic the intimal, medial and adventitial layers of natural arteries. Dynamic 

compliance testing showed that electrospun grafts with compliance ranging from 0.4–

2.5% per 100 mmHg and comparable to that of the saphenous vein at 1.5% per 100 

mmHg, could be achieved.  The ability to tune the compliance of PCL based scaffolds 

may aid in limiting potential compliance mismatch issues upon implantation. 
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Drilling et al. developed a pure PCL electrospun tubular scaffold with burst pressures 

of up to 4000 mmHg recorded [177]. These pressures were determined to be 

significantly higher than the typical maximum burst pressure of 2000 mmHg that 

native arteries have been shown to withstand [77]. This suggests that despite its pliable 

nature PCL can be successfully incorporated into a scaffold that can comfortably resist 

physiological loading conditions. An interesting note of Drilling’s study was the lack 

of fibre orientation within the scaffold body, suggesting that the traditional quest for 

highly aligned fibre structure may not be necessary for achieving the required tensile 

properties and burst strength required for graft success [177]. 

 

Perhaps the most limiting factor of electrospun PCL fibres is the known inflammatory 

response and calcification of the material experienced after implantation [100][178]. 

This is often attributed to the products of fibre degradation triggering pathways for a 

local immune response and stimulating the growth factors such as transforming growth 

factor-β1 which results in chondroid metaplastic degradation [178]. In spite of this, 

blended PCL scaffolds with superior cell binding, proliferation and infiltration 

characteristics have been created in order to minimise the negative response to the 

implanted structures. Fukunishi et al. developed a PCL/Chitosan scaffold with the aim 

of increasing the degradation rates of electrospun PCL fibres in order to improve cell 

infiltration properties of the scaffold and ultimately reduce calcification rates [179]. 

The unseeded scaffolds were implanted into murine and ovine animal models with 

histological results showing that the blend fibres experienced no classification or 

aneurysm formation after 6 months implantation. 

 

The significant volume of work and continued interest in PCL for tissue engineering 

applications clearly demonstrates the promise researchers have placed in this material 

[179]–[183]. Its versatile ability to be electrospun into a number of configurations with 

equivalent or superior mechanical properties to that of native vascular tissue through 

the use of bespoke collector systems and the variation of spinning conditions has 

allowed for tuneable fibre structures to be readily fabricated. The potential to blend 

PCL with a wide array of natural polymers also offers the ability to create scaffolds 

that minimise the negative attributes of synthetic based materials while still 

maintaining the reliability and reproducibility that they offer. 
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 Limitations of Electrospun Scaffolds 

While the selection of appropriate biomaterials for use in the development of 

electrospun TEBV’s is paramount to their success, perhaps, the most limiting factor 

facing this fabrication technique is the morphological attributes of the fibre constructs 

themselves. Researchers have demonstrated the increased adherence and proliferation 

properties that electrospun nanofibre based materials offer compared to those of the 

micron scale [184]–[186], however, a clear limiting factor in their success to date is 

the inadequate cell infiltration rates currently observed [20][187][188]. This lack of 

cell penetration has been attributed to the small size, complex distribution and lack of 

connectivity of pores within nanofibre based electrospun scaffolds [182]. 

 

The porous nature of electrospun structures arise due to the crossing of fibres within 

2D deposition planes [153]. As fibre diameters decrease towards the nanoscale their 

packing density greatly increases resulting in a severe reduction in the pore volume 

between fibres [189]. Without sufficient pore volumes and interconnectivity, cells 

cannot fully penetrate electrospun scaffolds and become trapped within the scaffold 

peripheries, often termed the ‘fishnet effect’ [190]. This lack of complete infiltration 

prevents appropriate tissue remodelling occurring throughout the full thickness of the 

scaffold [191], along with cell necrosis due to inadequate nutrient and waste diffusion 

[182]. Deficiencies in new tissue generation can ultimately lead to the long-term 

failure of the grafts as the scaffold material degrades [188]. 

 

In early studies by Vaz et al. it was observed that cells seeded onto bi-layer PCL/PLA 

electrospun tubular constructs tended to congregate on and within the outer layer of 

the scaffold [80]. Histological examination revealed the cells became confluent upon 

the surface of the scaffold after 4 weeks in culture but few cells penetrated past the 

outer PLA layer, with this attributed to insufficient pore sizes within the scaffold body. 

Similarly, histological examination of electrospun PCL, PCL/Gelatin, and 

PCL/Gelatin/pNSR32 (RGD peptides (Arg-Gly-Asp)) tubular scaffolds seeded with 

endothelial cells isolated from Spraque Dawley Aortas (SDRAECs) showed 

accumulation of cells upon the surface of the scaffolds without noticeable penetration 

into the scaffold depths [116]. Cross sectional views of PCL and composite PCL 

scaffolds stained with Hematoxylin and Eosin (H&E) demonstrated poor penetration  
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Figure 2.14: H&E staining of SDRAECS seeded scaffolds after 7 days culture (A) 

PCL/Gelatin/pNSR32 with no cells (B) PCL (C) PCL/pNSR32 (D) PCL/Gelatin/pNSR32 

[116] 

 

of cells into the  scaffold body’s after 7 days in culture despite the use of biomolecules 

and peptides to increase cell proliferation rates (Figure 2.14). 

 

Further studies examining the effect of extended culturing periods on cell infiltration 

rates have again showed that electrospun materials experience incomplete cell 

infiltration despite culturing periods of up to several weeks. Baker et al. examined 

Meniscal fibrochondrocytes (MFCs) and Mesenchymal stem cells (MSCs) cultured on 

PCL nanofibre meshes for up to 70 days post seeding [192]. After 14 days a complete 

monolayer of cells formed on the scaffolds surface with cells penetrating between 100-

200 µm into the scaffold body. Full colonization of the ~1 mm thick construct was 

achieved between six to ten weeks post seeding. It is noted that despite cells colonising 

the entire scaffold thickness, they remained less dense at the centre of the scaffolds 

compared to the edge. 

 

The congregation of cells at the peripheries of scaffolds may not only result in the 

incomplete remodelling of tissue within the inner regions of the construct, but may 

also result in the reduced viability of cells at the surface. A cell motility effect known 

as ‘contact inhibition’ arises when a cell makes contact with an adjoining cell. This 

contact modulates cell proliferation rates at the site in order to prevent an uncontrolled 

overgrowth of cells as seen in cancerous tumours [193]. Similarly, contact inhibition 

has been observed to occur within cells seeded on the surface of electrospun constructs. 

Lao et al. noted that MC3T3-E1 osteoblast cells cultured on poly(lactide-co-

glycolide)/hydroxyapatite (PLGA/HAp) nanofibrous scaffolds showed increased 

viability rates up to 7 days in culture, however, a marked decrease in viability between 

day 7 and 14 was subsequently observed as shown in Figure 2.15 [194]. 
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Figure 2.15: (A) Viability (MTT assay) (B) Proliferation of MC3T3-E1 osteoblasts on the 

control PLGA and PLGA/5HAp nanofibrous scaffolds as a function of culture time 

(adapted from Lao et al. [194]) 

 

This increase in viability up to day 7 and subsequent decrease suggests that the surface 

of the scaffold allowed for sufficient proliferation, such that the surface became 

confluent at day 7. A subsequent lack of void space may have prevented a sufficient 

ingress of cells into the scaffold ultimately resulting in contact inhibition effects within 

the surface cell population accounting for the reduced metabolic activity observed. 

 

 

2.5 Methods to Improve Cell Infiltration on Electrospun Constructs 

A number of techniques have been proposed within the literature for the development 

of electrospun materials that demonstrate enhanced porosity characteristics such as 

cryogenic electrospinning [22], [195], porogen leaching [21], and sacrificial fibre 

spinning [23]. Methods such as cryogenic electrospinning and porogen leaching utilise 

additives that are interspersed within the fibre networks during the spinning process. 

These additives are then subsequently removed to leave large void spaces in their 

place. In cryogenic electrospinning a chilled electrospinning target is used to collect 

depositing electrospun fibres whilst simultaneously forming ice crystals amongst the 

fibres due to a humid spinning environment [22]. These ice particles are later removed 

through a freeze drying process allowing for scaffolds with tuneable porosity and pore 

volume characteristics to be fabricated. Leong et al. developed a bi-layer Poly(D,L-

lactide) (PLA) scaffold through the combination of a conventionally electrospun 

membrane combined with a cryogenically formed layer [195]. Porcine esophageal 

epithelial cells (PEECs) and smooth muscle cells (SMCs) cultured upon the bilayer 
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scaffold penetrated 100 µm into the cryogenically spun layer of the scaffold after 2 

months in culture. No infiltration was observed in the conventional spun layer and 

similarly, no cell infiltration was observed in pure conventionally spun PLA 

membranes. Cryogenically electrospun materials do however typically suffer from a 

loss of mechanical integrity which has prevented the technique from being 

successfully exploited. Cryogneic spun membranes of PLA have been shown to 

possess tensile strengths of 0.04 ± 0.01 MPa which is significantly lower than that of 

conventional PLA nanofibre membranes with tensile strengths of 1.5 ± 0.1 MPa [22]. 

 

Alternative porogen leaching processes typically employ salt particles to increase the 

pore sizes within electrospun materials. PCL/Gelatin solutions have been successfully 

co-spun with sodium bicarbonate particles in order to form ‘crater-like’ structures 

within the surface of the membranes [21]. Subsequent immersion of the membranes in 

citric acid and deionised water leached the sodium bicarbonate from the membranes 

leaving voids within the surface of the scaffold. Scaffolds without crater-like voids 

prevented seeded human mesenchymal stem cells (hMSC) from infiltrating in, with 

cells only found on the surface of the scaffold. Scaffolds possessing the crater voids 

on the other hand showed adequate spreading of the hMSCs throughout the entire 

thickness of the scaffold after only 7 days in culture. 

 

Sacrificial fibre spinning is a technique that employs two polymers that are soluble in 

dissimilar solvents, concurrently electrospun to create an interspersed fibre network 

consisting of the dual fibre populations. By immersing the scaffold in one of the 

appropriate solvent systems, typically water, one population of fibres is removed from 

the scaffold leaving void spaces in their place. PCL has been successfully co-spun 

alongside the water soluble polymer poly(ethyleoxide) (PEO) [23][24]. The PCL/PEO 

scaffolds were immersed in water post spinning to remove the PEO fibres. By 

adjusting the ratio of PEO to PCL fibres, the resultant sacrificial fibre content could 

be tuned to 20%, 40%, or 60% of the initial scaffold mass. Biological evaluation of 

the scaffolds showed that the increased pore size and the overall morphology of the 

PCL/PEO after PEO dissolution allowed for increased cell penetration of MSCs when 

compared to pure PCL fibre scaffolds. Again a significant drop in modulus was seen 

in the PCL/PEO scaffolds compared to that of pure PCL. 
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 Multi-Modal Electrospinning 

While a number of promising techniques have been proposed to increase the porosity 

and pore volumes of electrospun materials, they often require complex spinning 

apparatus or a number of additional post processing steps which increase the risk of 

contaminants entering the final scaffold prior to cell culture. It is desirable to achieve 

a porous electrospun network directly through the electrospinning process that offers 

both nanoscale architecture for cell binding and multiscale porosity for cell infiltration 

purposes. An attractive solution to this problem is the use of hybrid fibre diameter 

populations. Simultaneous or sequential electrospinning of nanoscale and micron scale 

fibres allows for desirable properties of each fibre scale to be incorporated into a single 

electrospun scaffold. These scaffolds should in principle possess increased pore 

volumes due to the crossing of the micron size fibres within deposition planes, while 

the intermixed nanoscale diameter fibres support cell binding. 

 

Electrospun nano and micro fibre hybrid scaffolds can be prepared by two methods. 

The first technique utilises two-nozzle electrospinning, where one nozzle creates the 

nanofibre population and the other generates the microfibre population 

[102][196][197]. One of the first studies to investigate hybrid PCL scaffolds by dual 

nozzle spinning was reported by Pham et al. [196]. In this work layered scaffolds were 

created by the sequential spinning of nanofibre and microfibre layers. By altering the 

diameter of the depositing fibres materials through the adjustment of spinning solution 

concentrations and solvents, scaffolds with pore sizes ranging from 20 to 45 µm and a 

constant porosity of ~84% could be created. Interestingly cell attachment after 24 hrs 

did not appear to increase with increasing percentage of nanofibres, however enhanced 

cell spreading was seen by stronger F-actin staining suggesting the nanofibres allowed 

for superior anchorage of the cells. It is also noted that the MSC infiltration was 

reduced with increasing nanofibre percentage indicating that this layered technique 

still suffers from cell infiltration issues in the nanofibre portion of the scaffold. 

 

Rather than using a sequential spinning process, Soliman et al. created hybrid PCL 

scaffolds by simultaneously spinning nano and microfibres onto a rotating disc 

collector as seen in Figure 2.16, to provide an interspersed fibre network [184]. 
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Figure 2.16: Dual Nozzle setup with simultaneous electrospinning of nanofibres and 

microfibres (Adapted from [184]) 

 

This hybrid fibre diameter matrix referred to as a ‘MIX’ scaffold within the study was 

found to yield better cell performance rates compared to pure nanofibre and microfibre 

based materials. MSCs cultured on nanofibre scaffolds were found to have lower 

adhesion and viability rates compared to the microfibre and MIX scaffolds. The 

nanofibre element of the MIX scaffold was however found to have a synergistic effect 

with enhanced cell survival compared to the pure microfibre scaffolds. These results 

indicate that the MIX scaffold had the best overall biological performance, confirming 

that cell attachment and survival within the scaffolds are strongly influenced by the 

microfibre diameter porosity and that nanoscale fibres can substantially add to the 

performance. 

 

The second method by which hybrid fibre diameter populations can be achieved is 

through multimodal electrospinning [100][102][198][199]. Multimodal 

electrospinning refers to the process of simultaneously electrospinning interspersed 

nano and micron diameter fibres from a single spinning solution rather than dual 

nozzles. This is achieved through the manipulation of solution properties and 

processing parameters such as polymer concentration, dielectric potential, flow rate 

and voltage. By inducing splaying effects within the electrospinning jet, streams that 

generate nanofibres and streams that generate microfibres can be concurrently 

achieved [200]. The interspersed distribution of micro and nano fibres reduces 

infiltration difficulties compared to layered constructs whilst also removing the need 

for a second spinning solution reducing the complexity of the spinning apparatus. 
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Gentsch and colleagues, investigated the bi-modal spinning of PCL fibres in order to 

increase the cell infiltration properties of such meshes [199]. In this study, solutions 

of PCL dissolved in chloroform were used to produce micron and hybrid fibre diameter 

scaffolds through the alteration of solution concertation, spin rates and humidity. 

Using a 15w/v% solution it was observed that bi-modal scaffolds were achieved when 

the solution flow rate was reduced to 0.2 ml/hr (Figure 2.17 (A1)), with micron scale 

meshes produced at higher flow rates (B1). This was attributed to the occurrence of 

axial-symmetric instability within the spin jet that resulted in different stretching rates 

along the length of the jet resulting in thick and thin jet regions as seen in Figure 2.17 

(A2). The jet subsequently deposited to form micron and nano fibres respectively. It 

should be noted that the fibres created through this process appeared to be highly 

elongated beads rather than true micron and nanofibres. Initial cell penetration studies 

did however show superior ingrowth of epithelial cells into the mixed fibre meshes 

compared to the unimodal micron fibre meshes (~1.5 µm fibres). 

 

 

 

Figure 2.17: SEM micrograph showing the PCL nonwovens with bimodal fibre size 

distribution (a1) 15 w/v% PCL/Chloroform solution at a rate of 0.2 ml/hr and ~50% 

humidity. Thick and thin fibres caused by different stretch rates can be observed. At ~30% 

humidity, unimodal fibres (rate: 0.2 ml/hr) were processed (b1). High speed images of the 

spin jet leading to the bimodal fibre meshes (a2: 1–3) and as comparison, the corresponding 

straight jet that leads to unimodal, microsized fibre meshes are shown (b2) (a2/b2: spin 

direction from right to left, pictures are taken at 1 995 fps close to the syringe tip, 50 ms 

exposure time). (Taken from [199]) 

  



44 

 

Valence et al. developed a PCL vascular graft consisting of multimodal fibres, 

although this did not appear to be an objective of the research but rather a result of the 

solvent/surfactant combination chosen, of Chloroform and Ethanol [100]. The 

implanted scaffolds containing average fibre diameters of 2.2 ± 0.6 µm maintained 

patency and were free of aneurysm formation after 18 months implantation. In 

addition, in vivo compliance was maintained at 7.8 ± 0.9%/mmHg for the duration of 

study. After 6 weeks implantation, the entire thickness of the graft was sparsely 

infiltrated by macrophages and fibroblasts. The cellular population further increased 

up to 12 months, at which point a regression was observed. The extent of cell invasion 

at 18 months was comparable to that at 6 weeks, at about 25%, leaving areas of sparse 

cellularity in the centre of the graft wall. Rapid neovascularization was also observed 

at 6 weeks, but this was followed by a progressive regression over time with only a 

few capillaries remaining within the graft wall at 18 months. This regression was 

attributed to a disappearance of macrophages which in turn reduced the angiogenic 

factors stimulating neovascularisation resulting in an inadequate supply of nutrients 

and oxygen to the cells within the centre of the scaffold. The researchers concluded 

that although the PCL multimodal scaffold had excellent mechanical properties and 

patency rates additional cues were required in order to ensure continuous infiltration 

of the scaffold over long implantation periods. This indicates it may be necessary to 

perform pre-culture steps rather than direct implantation to ensure an inflammatory 

response as seen by the macrophage ingression does not occur and to provide suitable 

time for stable neovascularization to occur. 

 

 Nanofibre Bundles & Yarns 

An alternative solution to tackling the problem of inadequate cell infiltration in 

electrospun materials may lie in the development of electrospun nanofibre bundles and 

yarns. The origins of this electrospinning variation began with the goal of 

incorporating nanofibre technology into standard fibre assembly techniques for use 

within the textile industry. Nanofibre based textiles offer the potential to fabricate 

super-structures that possess the characteristic benefits of electrospun materials while 

providing enhanced properties that include ultra-high specific surfaces, increased pore 

volumes and increased mechanical strength [201]. Individual electrospun nanofibres 

are too in nature fragile to withstand the manipulations required for industrial 
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processing [202], while nonwoven membranes suffer from a lack of processing 

versatility and poor cost efficiency [203][204]. These reasons have so far led to 

electrospinning being impractical for large scale fibre production. 

 

To overcome this issue, it has been proposed to form linear bundles of nanofibres 

containing a high degree of order and alignment comparable to traditional textile yarn 

filaments. By doing this, filaments robust enough to be assembled into fibrous 

structures through weaving, knitting and embroidery techniques can be created [205]. 

The concept of nanofibre based textiles was first proposed in a sequence of patents by 

Formhals, which included the first electrospinning patent itself [135][206]–[208]. Here 

methods to produce continuous non-twisted filaments comprised of materials such as 

cellulose acetate nanofibres were presented.  

 

Assembly Techniques 

The following terminologies are used within the literature for the classification of 

electrospun filaments types’ dependant on their morphology. The terms ‘nanofibre 

bundles’ or ‘tows’ are commonly used when referring to untwisted groups of uniaxial 

aligned electrospun fibres, while ‘nanofibre yarns’, ‘nanoyarns’ or ‘yarns’ are used to 

describe fibre bundles containing an imparted twist [204][209]–[211]. 

  

Short Nanofibre Bundles and Yarns 

Theron and co-workers, studied one of the first techniques for the fabrication of 

electrospun nanofibre bundles [212]. In this work, a large diameter spinning disc with 

a tapered edge of half angle 26.6° was utilised as the collector mechanism (Table 2.5 

(A)). Solutions of polyethylene oxide (PEO) dissolved in water and ethanol were 

electrospun onto the edge of the disc. The high linear velocity of the collector surface 

aligned the depositing fibres with respect to the circumferential axis of the disc. The 

diameter of the collected fibres were found to range between 100-300 nm but no details 

on the length, thickness or mechanical properties of the samples was presented. Further 

studies on this technique have shown that depositing fibres are often prone to necking 

due to the high rotational velocities of the collection surface. This necking effect 

severely reduces the strength of the collected materials [213]. 
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The first use of the term ‘electrospun yarn’ appeared in work by Fong et al. [214]. 

Here solutions of nylon and nylon 6-montmorillonite (NLS) were electrospun onto a 

rapidly oscillating grounded frame to form short, aligned fibre structures referred to as 

yarns. Despite the term yarn being used to describe the fibres collected they were not 

strictly yarns but rather bundles as they did not contain an imparted twist. Fibres with 

diameters between 100 to 500 nm were collected but few details on the collector 

system or fibre mechanics were however provided. 

 

Dalton et al. employed grounded parallel disc electrodes to collect aligned fibrous 

yarns of poly(𝜀-caprolactone) (PCL) [215]. In this process, short yarn segments of 

about 50 mm were produced by positioning two annular collectors within the path of 

the electrospinning jet. Depositing fibres with diameters of 1.26 ± 0.19 µm were found 

to bridge between the two disc electrodes and the individual fibres were combined to 

form a yarn by rotating one of the electrodes (Table 2.5 (B)). The gap distance between 

the electrodes was found to be critical for appropriate fibre formation as a gap of less 

than 40 mm or greater than 100 mm produced poor quality fibre arrays. 

 

In a study by Teo and Ramakrishna, two negatively charged steel blade electrodes 

positioned at a set distance apart were used as the collector mechanism as shown in 

Table 2.5 (C) [216] . Fibres spun from a solution of PCL dissolved in chloroform and 

methanol were found to deposit between the blades. The collected fibres were bundled 

together using a post dipping treatment where the surface tension of a fluid bath was 

used to pack the fibres. Stray fibre formation was, however, observed in this technique 

due to the accumulation of surface charges within the bundle that subsequently 

repelled further depositing fibres. Bundles of a limited length could be produced 

through this system as a gap between the collector blades of 8 cm or greater resulted 

in limited fibre deposition. 

 

A number of studies have also looked at methods to produce nanofibre bundle and 

yarns from conventional 2D nonwoven membranes. Briefly, Deitzel et al. used a series 

of charged rings containing the same polarity as the electrospinning jet to deposit a 

thin strip of PEO fibres (0.6 cm wide) on a rotating drum collector [167][217]. For the 

purposes of wide angle X-ray diffraction (WAXD) the fibres were bundled and twisted 
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together forming a yarn. Fennessey and Farris, used a similar approach whereby 

solutions of polyacrylonitrile (PAN) dissolved in dimethylformamide (DMF) were 

electrospun onto a rotating drum collector [218]. The spun membranes were removed 

forming unidirectional tows of nanofibres. The tows were subsequently linked and 

twisted together using an electric spinner system. By increasing the twist angle within 

the yarns the ultimate tensile strength and modulus were found to increase. 

 

Table 2.5: Short nanofibre bundles and yarns 

Set-up Morphology Comments 

A. 2001 Theron et al. [212] 

 

 

 

 

Advantages: 

Simple process 

Aligned substructure 

Disadvantages: 

Limited sample length 

Fibres often experience 

necking 

B. 2005 Dalton et al. [215] 

 

 

 

 

 

Advantages:  

Simple process  

Ability to control twist 

rate and direction 

Highly aligned fibres 

Disadvantages:  

Limited sample length 

C. 2005 Teo et al. [216] 

 

 

*After dipping treatment 

 

 

Advantages:  

Simple process  

Highly aligned fibres 

Disadvantages:  

Limited sample lengths 

Stray fibres 

Additional step to bundle 

fibres 
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Continuous Nanofibre Bundles and Yarns 

In order to develop a process for the continuous production of undamaged bundles and 

yarns, Khil et al. utilised a process known as ‘electro-wet spinning’ [219]. In this set-

up PCL was electrospun onto a coagulation bath of distilled water as shown in Table 

2.6 (A).  A filament guide and take up winder were used to direct and collect the 

bundles containing fibres ranging from 500 nm to 12 µm in diameter. The liquid media 

prevented the fibres breaking apart, while the take up roller aided in aligning the fibres. 

Smit et al. similarly demonstrated that this technique could be used to produce 

poly(vinyl acetate) (PVAc), poly(vinylidene difluoride) (PVDF) and polyacrylonitrile 

(PAN) based bundles. Production rates of only 3 metres min-1 were attained through 

this method [220]. 

 

To improve the production capabilities of electro-wet spinning and provide increased 

control over the fibre assemblies, Teo et al. designed a system that utilised dynamic 

liquid collection techniques [221]. In this approach, the collector apparatus consisted 

of a two tier water bath system as shown in Table 2.6 (B). A water vortex is generated 

in the top tier bath by the motion of fluid draining through an outlet located in the base 

of the bath. A reservoir and pump positioned below the outlet re-circulated the water 

and a ground wire was inserted to remove residual charges. Solutions of 

poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) were electrospun 

onto the fluid surface creating a nanofibre mat. The vortex in turn bundled and aligned 

the fibres forming a continuous nanofibre bundle. A rotating mandrel positioned below 

the outlet collected the emerging material with production rates of up to 60 metres min 

-1 achieved. The effect of solution concentration and flow rate on the yarn diameters 

was also investigated. An increase in diameters from 463 nm to 1224 nm was 

witnessed when the solution concentration was raised from 0.08 g/mol to 0.12 g/mol. 

Similarly, the flow rate was seen to alter the bundle diameter with a flow rate of 1 

ml/hr yielding a diameter of 740 nm and 15 ml/hr giving 1300 nm. 

 

By twisting aligned nanofibre bundles around their axis to form yarns the mechanical 

properties of the collected materials have been demonstrated to increase compared to 

the non-twisted versions [218]. Yousefzadeh et al. adapted the dynamic liquid 

collection technique to induce self-twisting during the collection process [222]. In this 
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work, a guide mechanism was used to lift material directly off the vortex surface and 

through a guide mechanism resembling an insulated spring. By manoeuvring the fibre 

bundle around the spring coils a twist was imparted. A stress at break of 13.91 ± 3.70 

MPa for a 15° twist angle compared to 3.07 ± 0.35 MPa for a non-twisted bundle again 

demonstrated the advantages of imparted twists on fibre assemblies. Teo et al. and 

Yousefzadeh et al. also demonstrated that the dynamic liquid system could be used to 

directly produce 3D constructs comprised of randomly deposited layers of nanofibre 

bundles [223][224]. By allowing the fibre mat to freely fall from the top tier bath into 

the reservoir tank positioned below, highly porous 3D meshes were self-assembled. 

By freeze drying the collected meshes in custom moulds, cylindrical and hemispheric 

structures could be produced [223]. Additionally by collecting the fibre mat directly 

from the top tier water bath surface without inducing bundling a ring shaped structure 

could be produced containing nanofibre bundles [224]. 

 

Wang et al. reported a method to produce nanofibre bundles using a self-assembly 

technique (Table 2.6 (C)) [225]. In this process a grounded needle tip was used as the 

collection surface, whereby, the electrospinning jet collected on the needle tip due to 

a large electrostatic convergence effect. A continuous self-bundling process could be 

initiated by gently manoeuvring the collection needle away and winding the deposited 

fibres onto a grounded rotating collector. In this method it is vital that the surface 

velocity of the rotating collector matches that of the bundle formation speed to ensure 

a stable and continuous bundle formation process occurs. It was also outlined that by 

increasing the conductivity of the electrospinning solution, self-bundling could be 

initiated without requiring the intermediate needle collector. 

 

In work by Pan et al. a process known as conjugate electrospinning was used to 

produce nanofibre yarns [226]. In this conjugate approach, two oppositely charged 

spinnerets were directed towards each other and fibres spun forming a mid-air fibre 

bundle. The bundle was subsequently manually drawn away onto a winding mandrel, 

initiating yarn formation (Table 2.6 (D)). Poly(vinyl alcohol) (PVA) and poly(vinyl 

pyrrolidone) (PVP) solutions were successfully spun into yarn structures. 13wt% PVA 

solutions produced yarns with average fibre diameters of about 346 nm and 12wt% 

PVP solutions produced average fibre diameters of 670 nm. 
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Ali et al. developed a variation of the conjugate spinning technique whereby dual 

oppositely charged nozzles were directed towards a stainless steel rotary funnel, see 

Table 2.6 (E) [227]. PVDF–HFP fibres were electrospun onto the edge of the rotating 

funnel forming a nanofibre ‘web’. The web was drawn away forming a hollow fibre 

cone that was collected on a rotating mandrel. It was observed that by increasing the 

rotational speed of the funnel both fibre and yarn diameters could be decreased. Yarns 

with diameters of 200 µm and containing fibres with average diameters of 1100 nm 

were created at a funnel speed of 200 rpm whereas fibre diameters of approximately 

500 nm and corresponding yarn diameter of 60 µm were seen when the funnel speed 

was increased to 2000 rpm. Additionally, increasing the rotational speed resulted in 

higher twist angles within the yarns. Yarns with increased twist angles demonstrated 

increased tensile strength and elongation to break. However, at too high of a rotational 

speed a decrease in tensile strength was observed while elongation to break continued 

to increase.  

 

A similar method was patented by He et al., whereby, a metal funnel was positioned 

between two sets of dual oppositely charged jets [228]. 15wt% PAN solutions were 

spun onto an unearthed funnel and the hollow fibre web drawn away to a collection 

mandrel. The effect of increasing the spinning voltage was seen to decrease fibre 

diameters within the yarn but resulted in an overall yarn diameter increase. At a 

spinning voltage of 14kV average fibre diameters of 75 nm and yarn diameters of 

approximately 490 µm were observed. When the voltage was increased to 22kV fibre 

diameters decreased to approximately 54 nm while yarn diameters increased to 650 

µm. Twist levels within the yarns were also seen to alter the strength and elongation 

at break of the samples. Strengths increased from 1.81 to 55.70 MPa and strains from 

24.47% to 41.31% when the twist level was raised from 0 twist per metre (tpm) to 375 

tpm. Numerous variations on the conjugate process have been presented within the 

literature including those that use neutral collection plates [229], and cylinders [230], 

rotating disc electrodes [231][232], and water baths [233], as intermediate collection 

surfaces for the fibre webs. 
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Table 2.6. Continuous bundles and yarn 

Set-up Morphology Comments 

A. 2005 Khil et al. [219] 

 

 

 

 

Advantages: 

Continuous production 

Simple process 

Disadvantages: 

Low production rate 

Stray fibres, difficult to 

control assembly of 

nanofibres 

 

B. 2007 Teo et al. [221] 

 

 

 

 

 

 

Advantages: 

Continuous bundles 

High production rate 

Production of yarns 

possible 

Disadvantages: 

Difficult to transfer yarn 

to mandrel 

Complex system  

Additional mechanism to 

induce twist 

 

C. 2008 Wang et al. [225] 

 

 

 

 

Advantages: 

Continuous bundles 

Self-assembling once 

process is initiated 

Disadvantages: 

Difficult to initiate 

bundling 

Speed of collection and 

production must be finely 

matched 
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Set-up Morphology Comments 

D. 2006 Pan et al. [226]  

 

 

 

 

Advantages: 

Simple set up 

Disadvantages: 

Difficult to initiate yarn 

collect 

Non-twisted bundles 

E. 2007 Ali et al. [227] 

 

 

 

 

Advantages: 

Continuous production of 

yarns 

Ability to adjust the twist 

angle within yarns 

Disadvantages: 

Complex system  

Limited production rate 

 

 

 

 

Applications In Tissue Engineering 

Whilst initially envisaged as materials for use within the textile industry the potential 

of electrospun nanofibre bundles and yarns for the development of advanced tissue 

engineered scaffolds was quickly identified. The highly aligned substructure of these 

nanofibre filaments is thought to offer increased controlled of cell guidance and 

proliferation, while the void space created between adjacent filaments and pore 

volumes within the filaments themselves offers multi-scale porosity and permeability 

to the tissue scaffolds. This increased porosity should aid cellular penetration 

overcoming a critical issue in the development of current electrospun tissue scaffolds 

[20][189]. 

 

One of the first studies on the use of electrospun nanofibre bundles and yarns for tissue 

engineering applications was presented by Khil et al. in the development of the electro 

wet-spinning process [219]. PCL fibre bundles were processed into a plain weave 
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fabric and cell compatibility studies performed. Mammary carcinoma cells (MCF-7) 

were seeded on the woven PCL fabrics and a 6-well tissue culture plate used as a 

control. The results of cell proliferation studies showed that there was a sharp increase 

in the number of cells on the PCL woven structure from 1 to 3 days compared with 

those grown on the control. The hydrophobic nature of PCL did however result in cells 

forming large aggregates rather than forming a confluent layer along the entire woven 

fabric. 

 

Xu et al. studied the effect of cell adhesion and proliferation on highly aligned 

electrospun fibre bundles made from the block copolymer P(L-Lactic acid-co-

caprolactone) [P(LLA-CL)] [173]. Bundles containing nanofibres with an average 

diameter of 550 ± 120 nm were produced by electrospinning onto a large diameter disc 

(200mm) with a tapered edge similar to that presented by Theron et al. as shown in 

Table 2.5 (A) [212]. This study aimed to investigate the effect of an aligned scaffold 

morphology resembling that of the medial layer of an artery on in vitro cell signalling 

and proliferation rates.  A cell suspension of human coronary artery smooth muscle 

cells (SMCs) was seeded onto the aligned nanofibre bundles. The seeded SMCs were 

seen to adhere and elongate themselves along the length of aligned scaffold after 1 hr 

with almost all cells adhering to the structure with a spindle-like contractile phenotype 

after 5 hrs. Cells seeded on a control substrate of tissue culture polystyrene (TCPS) 

exhibited a flat fibroblast appearance with no expression of contractile markers such 

as α-actin and myosin filaments. Increased cell adherence was also witnessed on the 

nanofibre bundle scaffolds (63.78%) compared to solvent cast P(LLA-CL) films 

(44%) at 8 hrs post seeding. After 3 days of culture, cells were seen to proliferate along 

the longitudinal direction of the nanofibres. At 7 days post seeding cells began to 

increase in number forming a monolayer around the scaffold. 

  

Bosworth and co-workers similarly demonstrated the importance of aligned 

substructures on mesenchymal stem cell development [234]. Here electrospun PCL 

yarn scaffolds (diameters of ~200µm) were studied for the purpose of developing a 

tissue engineered tendon. Human mesenchymal stem cells (hMSCs) were seeded onto 

the PCL yarn scaffolds and were exposed to either static or cyclic loading conditions 

during the culture period. Cyclically loaded scaffolds were subjected to a loading 

regime of 5% strain at 1 Hz for 1 hr per day through a custom built system as shown 
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in Figure 2.18 (B). Cellular infiltration into the yarn cores was assessed via microXCT 

at 21 days post seeding. Initial porosity measurements of acellular yarn scaffolds 

indicated porosity levels of 56%, however, no details of internal pore diameters were 

provided. No cellular penetration into the yarn depth was observed on either of the 

yarn groups but rather cells formed layers on their peripheries. This lack of infiltration 

was attributed to the diameters of the hMSCs (20 µm) which were considerably larger 

than the pores between fibres. Cells were however shown to grow on the outer surfaces 

of the yarn constructs with those under dynamic loading forming a 30 µm thick layer 

of cells. Only a thin layer of cells was seen on the statically culture samples. Tensile 

testing of the yarn scaffolds showed increased tensile strengths and stiffness properties 

for cell-cultured yarns irrespective of loading conditions compared to the acellular 

control group. The ultimate tensile strength (UTS) of loaded samples after 21 days of 

culture was approximately 55 MPa with a corresponding Young’s modulus of 

approximately 100 MPa. The statically cultured samples showed a UTS of 

approximately 20 MPa after 21 days of culture and an average Young’s modulus of 80 

MPa. While these studies demonstrate the benefits that nanoyarns offer for cell 

culturing, they only study individual yarn filaments rather than complex 3D multi-

filament scaffolds. 

 

A number of studies have sought to develop 3D nanofibre bundle and yarn based 

scaffolds through the use of dynamic liquid collection techniques as first reported by 

Teo et al. [221]. Wu and colleagues, produced fibre bundle scaffolds spun form 

P(LLA-CL)/silk fibroin composite solutions [25]. In this method, the composite 

 

 

Figure 2.18: Electrospun yarns created through disc edge collection (a) Aligned P(LLA-

CL) yarns created by Xu et al. [173] (b) Electrospun PCL yarns in dynamic loading system 

as reported by Bosworth et al. [234] 
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solutions were spun onto the moving water surface, bundled, aligned, and collected on 

a rotating and traversing drum as they emerged from the basin outlet. The fibre bundles 

were allowed to deposit freely on the drum forming a tube. The tube was subsequently 

cut along its longitudinal length forming a 2D fibrous membrane that exhibited fibre 

bundle diameters of ~20 µm and pore sizes of 20 to 50 µm between bundle segments. 

Randomly orientated nanofibre meshes were spun as a comparison scaffold. L929 

murine fibroblast cells were seeded onto the nanofibre bundle scaffolds and nanofibre 

membranes. Infiltration and proliferation rates were studied for both scaffolds. 

Cellular infiltration was assessed 4 days post seeding using H&E staining techniques. 

Cross sectional slices of the membranes measuring 10 µm showed advanced cellular 

infiltration into the yarn (Figure 2.19 (C)) scaffold compared to the nanofibre meshes 

that displayed a monolayer formation on the surface (Figure 2.19 (D)). Cells within 

the nanofibre bundle scaffold showed elongated morphologies, grew along the bundle 

lengths and were also seen to bridge gaps between adjacent fibre segments. Uni-axial 

mechanical characterisation of the scaffold was also performed. A difference in tensile 

strengths was observed when testing was conducted parallel (3.55 ± 0.21 MPa) and 

perpendicular (0.23 ± 0.04 MPa) to the nanofibre bundle axis. These results indicate 

that fibre bundle based scaffolds can only resist loading along the axis of the yarn and 

may not be suitable for bi-axial loading applications. 

 

 

Figure 2.19: SEM Images of L929 cells on the nanoyarn scaffold (A) and nanofiber scaffold 

(B). H&E staining images reveal cell infiltration in nanoyarn (C) scaffold and nanofiber 

scaffold (D). Cell proliferation on the scaffolds was determined by MTT assay (E) 

(Reproduced from Wu et al. [25]) 
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Xu et al. demonstrated that solutions of P(LLA-CL)/collagen could be used to create 

electrospun fibre bundles containing  fibre diameters of 641 ± 68 nm through dynamic 

liquid collection techniques [26]. A comparative study to random orientated nanofibre 

meshes (fibre dia. 632 ± 81 nm) and aligned nanofibre meshes (643 ± 97 nm) show 

that an increased infiltration of human tendon cells into the nanofibre bundle scaffolds 

was observed when compared to the random and aligned fibre meshes. The histology 

images can be seen in Figure 2.20. 

 

Further studies by Wu et al. again showed with pig iliac endothelial cells (PIECs) and 

MC3T3-E1 pre-osteoblastic cells that P(LLA-CL)/collagen fibre bundles (diameters 

of ~24µm) containing nanofibres of diameter 612 nm demonstrated accelerated 

proliferation rates compared to those cultured on 2D nanofibre membranes (fibre dia. 

455 nm) [235]. After 7 days of culturing both PIECs and MC3T3-E1 penetrated the 

full depth of the nanoyarn scaffolds while no apparent infiltration was observed on the 

conventional 2D scaffolds. This was attributed to the small average pore sizes of 5 µm 

within the nanofibre membranes compared to the yarns which contained grooves and 

pores between yarns of approximately 28 µm. These studies indicate huge potentials 

for nanofibre bundle and nanoyarn based scaffolds due to the excellent cell adherence, 

proliferation and infiltration rates that they offer compared to conventional electrospun 

meshes. A method to increase the stability of the produced constructs for multi axial 

loading applications is, however, an ongoing pursuit. The concept of using nanofibre 

bundles and yarns within composite scaffolds is also a promising idea. 

 

Liu et al. integrated P(LLA-CL) fibre bundles into type I collagen hydrogels for bone 

regeneration applications [236]. The P(LLA-CL) nanofibrous bundles were produced 

using a dynamic liquid system as previously described. The bundles were allowed to 

freely deposit in the lower reservoir bath and were subsequently removed and freeze 

dried. The resulting mesh bundle was chopped into lengths of approximately 1 mm 

and added to type I collagen solutions. The composite mixture and pure collagen 

solutions were refrigerated overnight until fully the solutions gelled. Human 

mesencyhmal stem cells (hMSCs) were seeded onto the scaffolds and proliferation 

monitored at 7, 14 and 21 days post seeding. 
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Figure 2.20: Images of H&E-stained sections of P(LLA-CL)/collagen random nanofibre 

and aligned nanofibre scaffolds and yarn scaffold. (A, D, G) H&E staining of random 

nanofibre mesh at 4, 7 and 14 days post seeding, cellular infiltration limited to top layer of 

scaffold (B, E, H) H&E staining of aligned nanofibre mesh at 4, 7 and 14 days post seeding 

showing monolayer of cells on scaffold surface (C, F, I) H&E staining of yarn scaffold at 

4, 7 and 14 days post seeding. Progressive infiltration of cells into nanoyarn scaffold body 

can be seen from day 4 to day 14 (Reproduced from Xu et al. [26]) 

 

Cells were observed to grow well on both scaffolds with a clustered formation of cells 

observed on the pure collagen gels at 21 days while those on the composite gel showed 

a well spread morphology. Alkaline phosphate activity and osteocalcin expression of 

hMSCs was higher on the gel/bundle scaffolds compared to the pure collagen gels 

indicating the importance of the fibre bundle additives to stem cell differentiation. In 

addition, the incorporation of the nanofibrous bundles increased the mechanical 

properties of the gels preventing shrinkage of gels under cell contractile forces. 

 

Despite being in its infancy, research into the use of nanofibre bundles and yarns for 

the development of new generation medical textiles and tissues scaffolds have already 

demonstrated the unique potential and versatility of such structures. The ability to 

promote cell attachment, guidance and controlled proliferation as well as superior 

infiltration qualities makes the resultant structures particularly suitable for tissue 
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engineering applications. In particular, the development of continuous nanofibre 

bundles and yarns through dynamic liquid electrospinning offers a versatile production 

technology to study. The development of 3D tissue scaffolds through these bundles 

and yarns is, however, a step that still needs to be studied in great depth and detail in 

order for their potential to be truly realised. To the best of the authors knowledge, no 

studies have yet shown a tubular graft constructed using nanofibre bundles or ayrns 

for tissue engineered blood vessel applications. This may be attributed to the highly 

aligned substructure of the fibre bundles and yarns which may only provide sufficient 

resistance in one axis of loading making them unsuitable for biaxial loading 

conditions. Their incorporation into composite materials does however appear to be a 

promising strategy to merge the increased porosity and pore volumes they offer while 

maintaining an structure with sufficient mechanical stability for implantation. 

 

2.6 Rationale of Project and Research Approach 

Despite past and current research efforts to develop a suitable small diameter vascular 

graft (<6mm) for use in coronary artery bypass surgery, it is clear there is still a 

pressing clinical need for a vessel that can maintain long-term patency. Tissue 

engineered blood vessel (TEBV) approaches offer a promising pathway to accomplish 

this task due to the ability to create vessels with biomechanical properties matching 

that of the native vasculature system. Nanofibre constructs generated through 

electrospinning techniques possess both the morphology and scale of the natural ECM 

found within arteries. This unique architecture can facilitate endothelialisation of the 

lumen with a confluent monolayer of cells, but restricts the infiltration of vSMCs 

through the thickness of the vessel. This clear and defining limitation prevents cells 

fully populating the scaffold and in turn results in the incomplete remodelling of the 

graft often leading to their failure. This ‘fishnet’ effect must be overcome if a 

electrospun scaffold suitable for small diameter vascular tissue engineering 

applications is to be achieved. 

 

The electrospinning of multimodal diameter fibres through a single step process 

appears to be a hugely promising technique to incorporate the inherent benefits of 

nanofibre diameter materials whilst also maintaining the increased porosity than micro 

diameter fibres offer. Although the enhanced cellular infiltration qualities of this 
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technique have been demonstrated within the literature, the limited content and scope 

of current studies has prevented the true potential of this technique from being realised 

compared to alternative electrospinning processes and porogen techniques. Further 

study of this process is required in order to develop scaffolds with tuneable and 

controllable properties to better mimic the biomechanical properties of native vascular 

tissue including vessel compliance. 

 

The development of scaffolds from dynamic liquid electrospinning techniques again 

appears to be a promising step towards developing electrospun materials with 

enhanced cell infiltration properties. The challenge however, is to combine these 

uniaxial oriented fibre bundles into a vessel capable of performing under bi-axial 

loading applications. It is envisaged that a composite vessel combining the mechanical 

strength of a multimodal fibre membrane paired with the increased porosity of 

nanofibre bundles may allow for the improved success of electrospun materials for 

TEBV applications. 

 

The proposed approach of this work is to develop a bi-layered vessel combining the 

strength and relative leak resistance of a multimodal fibre tube with an outer sheath of 

aligned nanofibre bundles for enhanced cellular infiltration. A schematic of the 

proposed vessel can be seen in Figure 2.21. Specific aims of the study will be: 

 

Aim 1: To explore the electrospinning of Poly(ε-caprolactone) (PCL) to develop 

micro, nano and multimodal diameter fibre membranes through the controlled 

alteration of solution and processing parameters. 

 

Aim 2: To develop a single-step multimodal spinning process,  whereby regression 

analysis tools will be used to identify key input variables for the development of defect 

free fibre membranes. Based on these results a small diameter tubular construct known 

as the ‘core’ comprised of multimodal fibres with properties closely mimicking that of 

native bypass graft materials will be developed. 

 

Aim 3: To design and develop a dynamic liquid electrospinning process for the 

creation of PCL fibre bundles, studying the effect of solution and processing 

parameters on overall process stability, fibre bundle morphology and mechanical 
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properties. 

 

Aim 4: To develop a composite bi-layered electrospun vessel fabricated from the 

selected PCL core paired with the optimal dynamically collected fibrous bundles, 

characterising mechanical attributes including vessel compliance. 

 

Aim 5: To study the effect of Multi Potent Vascular Stem Cells (MVSCs) seeded upon 

the composite bi-layer vessel assessing proliferation and infiltration properties 

compared to traditional electrospun nanofibre membranes. 

 

 

 

 

                             

Figure 2.21: Schematic representation of proposed bi-layer vessel geometry with an inner 

layer of multimodal diameter fibres coated with a porous outer layer of electrospun 

nanofibre bundles 

Outer layer of electrospun 

nanofibre bundles using 

dynamic liquid collection 

techniques 

‘Inner core’ of 

electrospun multimodal 

diameter fibres 
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Chapter 3 Multi-scale Electrospinning of PCL Fibres 

 

3.1 Introduction 

Electrospinning is a versatile technique for the development of materials assembled 

from continuous fibres whose diameters can range from a few microns to several 

nanometres in scale. The creation of tissue-engineered scaffolds by electrospinning 

approaches has been widely examined as a method to achieve a structurally and 

biomechanically compatible scaffold for vascular bypass applications. In order to 

successfully electrospin a chosen polymer, a number of solution and processing 

variables, along with their corresponding interactions must be considered. These 

typically include the choice of solvents used to dissolve the polymer, the addition of 

surfactants to tailor electrostatic properties, the concentration of polymer within the 

final solution, along with processing parameters and the collection system used to 

fabricate the fibre constructs.  Through the careful tailoring of such factors, defect free 

membranes with controllable fibre diameters, orientations, porosities, tensile strengths 

and stiffness properties can be fabricated. 

 

Studies within the literature focusing on the development of electrospun materials for 

tissue engineering applications typically present select working solutions and 

processing parameters when detailing scaffold production methods. While important 

for the development of the scaffold in question, this provides limited information on 

the broader electrospinning process itself, and the rationale behind the selection of 

solution and processing parameters is generally absent. This chapter will consequently 

investigate methods to produce Poly(ε-caprolcatone) (PCL) membranes with fibre 

diameters at several different magnitudes of scale as a basis for the development of 

novel scaffold structures within subsequent chapters. This will include the spinning of 

pure micron and nano based constructs, along with those containing hybrid fibre 

diameter distributions created through a single step multimodal spinning process. In 
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this assessment, the following criteria will be studied: 

 

• Effect of Solvent and Surfactant Combination 

The appropriate selection of a solvent and surfactant combination for the 

electrospinning of PCL micron, nano and multimodal diameter fibres will be 

investigated. In this, specific combinations of the solvent chloroform and the 

addition of the surfactants ethanol, methanol and N,N-Dimethyformamide will 

be examined, in order to determine their effect on overall fibre morphology 

and process stability. 

• Effect of Polymer Concentration  

The concentration of the raw polymer PCL within the select spinning solutions 

will be examined in order to produce defect free constructs with tuneable fibre 

diameters and morphology. Solutions properties including viscosity and 

conductivity will be observed to provide a comprehensive understanding of the 

contribution of solution attributes to the spinning of PCL at different fibre 

diameter scales. 

• Effect of Processing Parameters  

In order to establish optimal processing parameters for the spinning of various 

solutions, an array of processing parameters will be investigated. In this, their 

contribution to process stability and overall fibre morphology will again be 

determined. These will include Solution Flow Rate, Applied Voltage, 

Collector Distance and Collection Method. 

 

The resultant solutions and processing parameter windows obtained from this chapter 

will be later utilised in the production of multimodal tubular membranes, dynamically 

liquid collected fibre bundles and nanofibre control membranes used for cell culture 

assessment. 

 

3.2 Materials & Equipment 

 Materials 

▪ Poly(ɛ-caprolactone) with an average molecular weight (Mw) of 80,000 g/mol 

(Sigma Aldrich, USA) 
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▪ Poly(ɛ-caprolactone) with a measured average molecular weight (Mw) of 

100,000 g/mol (Sigma Aldrich, USA)** 

▪ Chloroform (≥ 99%) with amylenes as a stabiliser (Sigma Aldrich) 

▪ Ethanol (≥99.5, 200 proof) (Sigma Aldrich) 

▪ Methanol (≥99.8) (Fluka) 

▪ N,N-Dimethylformamide (99.8%) (Sigma Aldrich) 

▪ Acetone (Sigma Aldrich) 

▪ Poly(dimethysiloxane), viscosity 100 cSt (Sigma Aldrich) 

▪ Poly(dimethysiloxane), viscosity 500 cSt (Sigma Aldrich) 

▪ Potassium Chloride Standard Solutions (A-C) (Fluka) 

▪ Phosphate Buffered Solution (PBS) (Sigma Aldrich) 

**Purchased as equivalent 80,000 g/mol from Sigma Aldrich but verified by Gel Permeation 

Chromatography (GPC) to be 100,000 g/mol 

 

 Equipment 

▪ KDS200P Syringe Pump (KD Scientific, USA) 

▪ ES30P-20W/DAM Power Supply (Gamma High Voltage Research, USA) 

▪ 20G x 1.5” Hypodermic Needle (Tip Blunted) (Terumo, USA) 

▪ 20ml Gas Tight Glass Syringe (SGE Analytical Science, Australia) 

▪ 100 mm x 100 mm x 0.25 mm Aluminium Collector plates (Goodfellow, UK) 

▪ High Speed Drum Collector System (Custom, DCU) 

▪ Testo 615 Digital Humidity Meter (Testo Inc., Germany) 

▪ AVM-8880 Hot Wire Anemometer (ATP Instrumentation Ltd, UK) 

▪ High Voltage Probe (Radionics, Ireland) 

▪ AT-6 Tachometer (Farnell, UK) 

▪ Magnetic Stir Plate (Bibby, HB502, Sterlin UK) 

▪ Mettler AE50 balance (Mettler Toledo, Switzerland) 

▪ DVII+ PRO Viscometer (Brookfield Engineering, USA) 

▪ HD 8706 Conductivity Meter (DeltaOHM, Italy) 

▪ EVO LS15 Scanning Electron Microscopy (Zeiss, Germany) 

▪ Edwards Pirani 501 Scancoat Sputtering Coater (Edwards Laboratories, USA) 

▪ Dogbone Specimen Cutting Die (Custom, DCU) 

▪ Zwick Z005 Tensile Test Machine with 500N Load cell (Zwick-Roell, 
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Germany)  

▪ External Micrometer (Draper Tools, UK) 

 

3.3 Methods 

 Solutions Preparation and Characterisation 

3.3.1.1 Solution Preparation 

All solutions used within this study were prepared according to wt% methods. In this 

method the polymer content of a solution is expressed with respect to the total solution 

weight after all contents have been added i.e. a 14wt% solution contains a polymer 

content that weighs 14% of the total solution (solvents + surfactants + polymer) 

weight.  Solutions prepared using only the solvent chloroform were prepared as 

follows. Raw PCL pellets were first weighed (AE50 balance) and then added to a 

100ml media bottle with a magnetic stirring bar. The appropriate quantity of 

chloroform was weighed and then added to the bottle. The media bottles were sealed 

and the solutions mixed on a stirring plate at room temperature (21oC±1oC) for 24hrs 

to achieve a homogenous solution. Solutions were used within 4 days post preparation 

and remixed for 1hr before use. 

 

To prepare chloroform/surfactant solutions the polymer was similarly weighed and 

added to a glass media bottle with stir bar. The appropriate quantity of chloroform was 

then added and the solutions mixed for 2hrs at room temperature. After 2hrs the 

surfactant was introduced and the solution mixed for a further 22hrs. Solutions were 

kept sealed until required, due to the volatility of the surfactants in air. Solutions were 

used within 4 days post preparation and remixed for 1hr before use. 

 

3.3.1.2 Solution Characterisation 

Viscosity 

Viscosities of selected solutions were assessed using a Brookfield DV-II+ Pro 

viscometer. Before measuring, the solutions were heated and maintained at a 

temperature of 25oC using a temperature controlled water bath and circulation pump 

(Figure 3.1). Following this, the test solutions were injected into the base sample cup 

and cone height adjusted accordingly to ensure a correct gap distance was achieved.  
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Figure 3.1: Brookfield DV-II+ Pro viscometer with temperature controlled recirculation 

unit used to maintain solution temperature at 25oC during testing 

 

Solution viscosity was measured immediately using a CPA-40Z testing cone. Three 

batches of the selected solution combinations were prepared and tested to ensure the 

uniformity of the preparation protocol. The cone and sample cup were cleaned 

thoroughly with acetone between each run to ensure no cross contamination between 

testing. Calibration of the viscometer was verified prior to testing using two 

Poly(dimethylsiloxane) standards with viscosities of 100cSt and 500cSt at 25oC 

(Sigma Aldrich). 

 

Conductivity 

Reagent and selected solution conductivities were assessed using a modified HD 8706 

conductivity meter with a custom-made PTFE probe guard (Figure 3.2). Before 

measuring the reagents and solutions were heated and maintained at a temperature of 

25oC. After this, the test sample was poured into a custom built PTFE measurement 

cup. Conductivity was measured immediately and probe temperature noted. Three 

batches of each reagent and solution combination were prepared and tested to ensure 

the uniformity of the preparation protocol. The machine probes and sample cups were 

cleaned thoroughly with acetone between each run to ensure no cross contamination. 

Calibration of the conductivity meter was verified prior to testing using three 

potassium chloride standard solutions (A-C, Fluka) with conductivities of 12.90 

mS/cm, 1.41 mS/cm and 0.147 mS/cm. 
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Figure 3.2: HD 8706 Conductivity meter with custom built PTFE probe guard and custom 

built PTFE sample cup 

 

 Electrospinning 

3.3.2.1 2D Random Fibre Membranes 

For the electrospinning of 2D random fibre membranes a flat metallic plate 

electrospinning system was employed. In this set-up, a 20ml glass syringe with 20G 

attached stainless steel blunted needle was used as the capillary and spinneret 

respectively. 100mm square aluminium foil plates with thickness of 0.25mm 

(Goodfellow) were used as the collector targets. A positive bias was applied to solution 

via a voltage source and an electrical ground connection was attached to the rear 

surface of the plate. A high voltage probe (Radionics, Ireland) was used to ensure a 

correct voltage bias was achieved.  A syringe pump (KDS, US) was used to dispense 

the polymer solution at a controlled feed rate from the capillary. All electrospinning 

experiments were conducted within a fume hood cabinet to extract evaporating 

chemicals. Humidity within the fume hood was assessed using a Testo 615 digital 

meter and spinning performed between 40-60% RH. Air speed was assessed at several 

points with the fume hood using a Hot Wire Anemometer to observe air speed 

variations, which may affect the trajectory of the electrospinning jet. An image of the 

2D random electrospinning set-up used can be seen in Figure 3.3. Following spinning 

samples were removed from the plates and allowed to air dry at room temperature 

within the fume hood for 72hrs, following this samples were stored in a desiccator 

prior to use. 
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Figure 3.3: 2D random fibre membrane system (A) Components of electrospinning rig: 

high voltage power supply, syringe pump, capillary and metallic spinneret (B) Close up view 

showing 2D collector plate apparatus 

 

3.3.2.2 2D Aligned Fibre Membranes 

For the electrospinning of 2D aligned fibre membranes a custom built large diameter 

rotating drum (ø80 mm) collection system was employed (Figure 3.4). Similarly, in 

this set-up a 20ml syringe with 20G attached stainless steel blunted needle was used 

as the capillary and spinneret respectively. The drums rotational speed was maintained 

at 3000 RPM as verified using an AT-6 tachometer (Farnell, UK). A positive bias was 

applied to the solution via a gamma voltage source and a syringe pump used to 

dispense the polymer solution via a small diameter PTFE tubing connected to the 

capillary tip. Air speed was again assessed at different points with the fume hood along 

with humidity. Once collected the deposited fibre membrane was cut along the axial 

length of the drum, and removed from the drum as 2D fibre membrane segments. 

 

 Morphological and Fibre Diameter Assessment of Scaffolds 

Sample morphology was assessed using a EVO LS15 Scanning Electron Microscope 

(SEM). Prior to viewing, samples were dried at room temperature for a minimum of 3 

days and stored in a desiccator prior to use. Samples were mounted onto adhesive 

carbon tabs and coated with a thin layer of gold (Scancoat, US), at a deposition current 

of 30mA for 60s. This gold layer prevents the accumulation of electrostatic charge 

during sample scanning. Samples were typically viewed with an acceleration voltage 

ranging from 10 to 15kV. Image J image processing software was utilised to measure 

the sample fibre diameters (n=30) from the recorded images.  
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Figure 3.4: Rotating drum system for the creation of aligned fibre membranes (A) 

Components of rig: Capillary and spinneret on optional traversing platform (B) Close up 

view showing large diameter rotating drum with deposited PCL fibre membrane. 

 

The Image J plugin ‘Orientation J’ as developed by the Biomedical Imaging Group 

(École Polytechnique Fédérale De Lausanne, Switzerland) was used to assess the 

orientation of electrospun fibres [237]. In this method, the image under investigation 

is broken into regions of interest (ROI) which are comprised of a square group of 

pixels. The size of the ROI squares can be specified by the user. For each ROI the 

direction in which the maximum directional derivative is calculated and using this the 

measured pixels are allocated to direction bins ranging between+90o to -90o. Based on 

the individual orientations of the ROI groups an overall orientation distribution for the 

image is constructed. To ensure that larger diameter fibres with increased surface area 

did no bias the distribution, only the edges of fibres were considered (Figure 3.5 (A)). 

This was achieved by ignoring areas where pixel grey values were found to be uniform 

(centre portions of fibres). This was achieved by setting a minimum coherency value 

of 5%, and a minimum energy value of 5%, which was found to result in block areas 

comprised of a single pixel grey value being omitted from the orientation distribution. 

Based upon these an overall coherency value for an image is generated. This 

coherency term is calculated through the ratio of the first and second eigenvector terms 

calculated for each ROI. Coherency indicates if the local image features are oriented 

or not. A ‘C’ value of 1 indicates the local structure has one dominant orientation, and 

a C of 0 obtained for an image represents an isotropic local neighbourhood. 

 



69 

 

 

Figure 3.5: Orientation J Analysis of electrospun fibre membrane (A) Colour map indicator 

of electrospun fibre edges (B) Representative colour map indicator (C) Orientation 

distribution of electrospun fibre membrane 

 

 Characterisation of Electrospun Membranes 

3.3.4.1 Porosity 

Porosity of electrospun 2D membranes were quantified using the liquid intrusion 

technique. In this method the dry weight of 10mm diameter disc samples punched 

from the membranes were first measured at room temperature. Samples were 

subsequently immersed in 100% ethanol for 24hrs under agitation to ensure complete 

wetting. The samples were then removed and the surfaces blotted dry to remove excess 

fluids. The wet weight was then measured and the porosity (ξ) calculated using the 

following formulas: 

𝑉𝑃𝐶𝐿 =  
𝑚𝑑𝑟𝑦

𝜌𝑃𝐶𝐿
       (3.1) 

 

𝑉𝐸𝑡𝑂𝐻 =  
𝑚𝑤𝑒𝑡− 𝑚𝑑𝑟𝑦

𝜌𝐸𝑡𝑂𝐻
       (3.2) 

 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (𝜉) =  
𝑉𝐸𝑡𝑂𝐻

𝑉𝑃𝐶𝐿+ 𝑉𝐸𝑡𝑂𝐻
𝑥100%   (3.3)  

 

Where VPCL  is the volume of PCL within the sample and VEtOH is the volume of ethanol 

entrapped in the scaffold pores. mdry and mwet  refer to the dry and wet weights of the 

samples respectively while 𝜌EtOH is the density of ethanol (0.789 g cm-3) and 𝜌PCL is the 

density of PCL (1.145 g cm-3). It is noted that this method may suffer from 

inaccuracies such as residual ethanol remaining on the surface of samples prior to 
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weighing which could alter the overall porosity measured.  This technique has 

however been shown to be effective for assessing overall scaffold porosity in 

electrospun materials when compared to other pore assessment techniques such as 

mercury porosimetry and BET surface area testing [196][238]. The high pressures 

required to assess the pore structure of electrospun scaffolds comprised of fibres 

containing diameters less than 3µm has been shown to result in the collapsing and 

compression of the scaffolds when mercury porosimetry methods are employed [196], 

while BET theory results in the measurement of specific surface area only so often 

excludes the complex internal pore structure that electrospun materials possess [238].  

 

3.3.4.2 Uniaxial Tensile Testing – Dogbone Specimens 

Uniaxial tensile testing of ‘dogbone’ specimens was performed on select 2D fibre 

membranes. Samples were prepared using a custom designed and manufactured 

stainless steel cutting die. Briefly, the die consisted of a sample gauge length of 10mm 

and test width of 3mm (Figure 3.6 (A)). Samples were punched from the spun 

membranes using the cutting die and a custom-built sample holder and guide as shown 

in Figure 3.6 (B). The desired dogbone samples (Figure 3.6 (C)) were subsequently 

immersed in phosphate buffered saline (PBS) at 37oC for 24hrs prior to testing. It is 

noted that the geometry of the dogbone specimens could not be prepared according to 

an ISO specific standard due to the limited membrane length available for testing. 

 

Tensile testing was conducted using a Zwick Z005 tensile test machine with a 500N 

load cell attached. The thickness of the test sample (t) was measured using a 

micrometer (Draper Tools, UK) before being secured within the test grips. A small 

piece of sand paper was placed either side of the grip areas to ensure no slipping of 

the specimen occurred during testing. The testing cycle consisted of an initial preload 

of 0.05N to remove any slack from the sample, with the grip separation at this point 

used as the gauge length (L0) within the flowing calculations. Following this, the 

sample was elongated at a strain rate of 10 mm/min with failure determined to occur 

when the force dropped to 80% of the max force value recorded. 
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Figure 3.6: Uniaxial tensile testing sample preparation (A) Custom designed ‘dogbone’ 

punch with gauge length of 10mm and width of 3mm (B) Custom designed punch system 

with sample holder and punch guide (C) Sample dogbone specimen cut from electrospun 

membrane 

 

The cross sectional area of the sample was calculated using Equation 3.4, with ‘w’ 

representing the width of the test area and ‘t’ representing sample thickness: 

 

𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 (𝐴) =  𝑤 ∗ 𝑡    (3.4) 

 

Using this cross sectional area value, the engineering stress (σ) was calculated 

according to Equation 3.5 below, where F is the force within the sample and A is the 

cross sectional area resisting loading: 

 

𝜎 =
 𝐹

𝐴
      (3.5) 

Engineering strain (ε) was subsequently calculated according to Equation 3.6, where 

∆L represents the change in sample length and L0 corresponds to the gauge length of 

the sample measured at the preload point: 

𝜀 =
∆𝐿 

𝐿0
      (3.6) 

 

Figure 3.7 shows a dogbone specimen during the testing cycle. Figure 3.7 (A) shows 

a sample in a no load state before preload is applied. Figure 3.7 (B) showing the sample 

during loading and subsequently failure of the specimen within Figure 3.7 (C). 
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Figure 3.7: Uniaxial tensile testing of dogbone samples (A) Sample in no loaded state (B) 

Sample during testing shown significant elongation (C) Sample after failure showing 

fracture along centre of specimen 

 

 

3.3.4.3 Statistical Analysis 

Numerical data is presented as mean ± standard deviation (S.D) with error bars 

indicating one standard deviation unless otherwise stated. Normality of data was 

verified according to the Shapiro-Wilk approach, and Bartlett’s test conducted to 

assess equal variance amongst test groups (Minitab 17 Statistical Software, PA, USA). 

Where data was determined to comply with the relevant assumptions of a parametric 

analysis, including normality and equal variances, a 2-sample t-test was conducted for 

the comparison of pair wise samples. For the comparison of multiple samples one and 

two-way analysis of variance (ANOVA) were conducted where appropriate. 

Subsequent multiple comparisons were made using the Sidak correction test. The level 

of statistical significance was set to p < 0.05. Where data was found to violate the 

assumptions of an ANOVA analysis, most notably equal variance amongst groups (by 

Bartletts statistic), non-parametric analysis was conducted. Mann–Whitney test was 

employed for 2-sample comparison, while Kruskal-Wallis analysis with subsequent 

Dunn Correction was utilised for multiple comparisons.  
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3.4 Design of Studies 

 Solution Screening Trial 

In order to develop electrospun membranes with tailorable fibre diameters a number 

of solvent and surfactant solution combinations were initially screened (Table 3.1). 

These combinations were chosen in order to produce electrospun membranes 

containing micron, nano and multimodal fibre diameter populations. Chloroform was 

selected as the primary solvent due to its excellent ability to dissolve PCL compared 

to other common electrospinning solvents such as Tetrahydrofuran (THF) and 

Acetone [239]. In addition, the reduced dielectric properties of Chloroform (ε = 4.8-

5.2), allows for a more precise control of solution conductivity through the addition of 

surfactant materials [240][241]. 

 

The surfactants ethanol and methanol were initially selected due to their use in 

previously detailed multimodal fibre studies [102], [196], [199], [242], and for the 

creation of micron diameter fibres [243]. The ratio of the surfactants to solvent was 

explored, and pure chloroform solutions were spun for comparative purposes. The 

surfactant N,N-Dimethyformamide (DMF) was investigated as a means to induce 

nanofibre formation, as detailed in previous studies [196], [244]. Samples were 

electrospun according to the electrospinning protocol for the production of 2D random 

fibre membranes. To provide a preliminary observation of the change in scaffold 

architecture with changing processing variables, the solutions were spun over a sample 

array of parameters. Table 3.2 details the processing parameters explored for micron 

and multimodal fibres, while Table 3.3 is for nanofibre generation. 

 

Table 3.1: Solvent Screening Combinations  

Code Solvent Surfactant Ratio (v:v) Mw
 of PCL Conc. (wt%) Target Dia. 

CH Chloroform 

Chloroform 

Chloroform 

Chloroform 

Chloroform 

Chloroform 

Chloroform 

- 100:0 80kDa 14 Micron 

CE_9 Ethanol 90:10 80kDa 14 Micron 

CE_7 Ethanol 70:30 80kDa 14 Multimodal 

CM_9 Methanol 90:10 80kDa 14 Micron 

CM_7 Methanol 70:30 80kDa 14 Multimodal 

CD_7 DMF 70:30 100kDa 6,8,11 Nano 

CD_5 DMF 50:50 100kDa 6,8,11 Nano 
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Table 3.2: Design Matrix for Micron and Multimodal Diameter Fibre Spinning 

Screening Solutions 

Chloroform 

Chloroform/Ethanol (9:1) 

Chloroform/Ethanol (7:3) 

Chloroform/Methanol (9:1) 

Chloroform/Methanol (7:3) 

Parameters  

Spin Time (min) 10 

Flow Rate (ml/hr) 6 12 

Applied Voltage (kV) 15 20 15 20 

Tip-Collector Distance (cm) 15 20 15 20 15 20 15 20 

 

Table 3.3: Design Matrix for Nano Diameter Fibre Spinning 

Screening Solutions 

Chloroform/DMF (7:3) 

Chloroform/DMF (5:5) 

Parameters 

Concentration (wt%) 6, 8, 11 

Spin Time (min) 10 

Flow Rate (ml/hr) 0.25, 0.5, 1 

Applied Voltage (kV) 
10 15 20 

Tip-Collector Distance (cm) 10 12.5 15 10 12.5 15 10 12.5 15 
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Sample morphology and fibre diameters were assessed by SEM analysis as previously 

described. Conductivity measurements of the pure solvents and surfactants, relative 

combinations and final electrospinning solutions were recorded. The viscosity of 

solutions for nanofibre production were assessed per the previously detailed 

methodology. 

 

 Polymer Concentration Trial for Multimodal Fibres 

Based upon the results of the solution screening trial the solvent/surfactant 

combination of Chloroform/Ethanol at a volume ratio of 7:3 (v:v) was selected for 

further investigation due to its ability to electrospin membranes containing both 

micron and nano diameter fibres. In order to assess the effect of polymer concentration 

on fibre diameter and morphology attributes, five polymer concentration levels were 

identified for further study. Solutions concentrations ranging from 10 to 18wt% in step 

changes of 2wt% were prepared. 2D random fibre membranes were spun using an 

expanded range of processing parameters based on the observations noted from the 

previous screening trial. The experimental design matrix used for this study is 

presented in Table 3.4. Sample morphology and fibre diameters were assessed by SEM 

analysis, and viscosity and conductivity of the prepared solutions measured. 

 

 Electropinning of Nanofibre Membranes as Controls 

In order to provide a comparison of cell growth and infiltration properties against the 

novel bi-layer vessel under investigation in this work, a number of nanofibre control 

membranes created through traditional electrospinning approaches were required. 

Solution and processing parameter combinations identified from the initial nanofibre 

screening trial that yielded desirable fibre diameters and morphological attributes were 

further examined for the creation of random and aligned 2D fibre membranes. 

 

3.4.3.1 Randomly Orientated Fibre Membranes - Deposition Study 

Table 3.5 shows the parameter combination chosen from the initial screening that 

yielded defect free nano diameter fibres and provided a stable spinning process. 

Samples were electrospun using a flat metallic collector for 1 and 4 hr time periods 

(n=5), in order to assess the ability to collect random membranes with suitable 
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Table 3.4: Design Matrix for Solution Concentration Optimisation Experiment (Multimodal Fibres) 

Spinning Solutions 

10wt% Chloroform/Ethanol (7:3) 

12wt% Chloroform/Ethanol (7:3) 

14wt% Chloroform/Ethanol (7:3) 

16wt% Chloroform/Ethanol (7:3) 

18wt% Chloroform/Ethanol (7:3) 

Parameters 

Spin Time (min) 10 

Flow Rate (ml/hr) 6 12 

Applied Voltage (kV) 15 20 15 20 

Tip-Collector Distance (cm) 15 20 25 30 15 20 25 30 15 20 25 30 15 20 25 30 

 

Table 3.5: Optimum parameters identified for the electrospinning of nanofibre membranes  

based upon initial solution screening trail 

Spinning Parameter Value Set 

Polymer Concentration (wt%) 8 

Chloroform/DMF volume ratio (v:v) 7:3  

Flow Rate (ml/hr) 0.25 

Applied Voltage (kV) 15 

Tip-Collector Distance (cm) 15 
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thicknesses to withstand the physical manipulation required for further cell culture 

assessment, whilst also assessing the stability of the collection process over an 

extended deposition period. Fibre diameters, fibre orientations, and overall membrane 

morphology were again assessed by SEM and Orientation J plugin. Porosity of the 

fibre membranes was evaluated by liquid intrusion method (n=10). Thickness of the 

scaffolds were measured using a micrometre to determine collection uniformity. 

Uniaxial tensile testing of dogbone specimens were prepared by punching samples 

from the random fibre membranes collected (n=5). Specimens were tested according 

to the previously described methodology. 

 

3.4.3.2 Aligned Fibre Membranes – Deposition Study 

2D aligned fibre membranes were electrospun using a custom built rotating drum 

collection system previously detailed using the parameters detailed in Table 3.5. Due 

to the increased surface area of the drum compared to the flat metallic plate, the 

thickness of membranes is typically lower for the same spinning duration. In order to 

prepare membranes with suitable thickness for cell culture, increased deposition times 

were examined. Samples were collected for 4 and 12hr time periods (n=5). Fibre 

diameters, morphology and fibre orientations were assessed by SEM, porosity by 

liquid intrusion method (n=10), and thickness of the scaffolds by micrometer. Uniaxial 

dogbone specimens for tensile testing were prepared by punching samples from the 

aligned fibre membranes collected. In order to assess the anisotropic response of the 

aligned fibre membranes, samples were punched parallel to the circumferential 

direction (n=5) and perpendicular to the circumferential direction of the fibre drum 

(n=5). 

 

3.5 Results  

 Solution Screening Trial 

The full collection of SEM results and fibre diameter measurements for the solution 

screening trial can be found in Appendix A of this report. In this, Table A.1 presents 

the SEM results for the spinning solutions studied for micron and multimodal fibre 

creation, with Table A.0.2 reporting corresponding fibre diameters and Table A.3 

reporting ambient conditions and airflow measurements recorded. Table A.4 presents 
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the SEM results for the solutions studied for nanofibre generation, while Table A.5 

similarly presents corresponding fibre diameter measurements. 

 

3.5.1.1 Micron and Multimodal Solution Screening 

It was observed from the solution screening trial that PCL solutions prepared using 

the pure solvent chloroform (CH) typically resulted in poor electrospinning to the 

target collector. At a collector distance of 15cm, liquid polymer was found to deposit 

on the collection plate, irrespective of the flow rate and applied voltage used. Smooth 

bead free fibres could be collected by increasing the collector distance to 20cm and 

setting the applied voltage to 15kV. When the voltage was further increased to 20kV 

a combination of liquid polymer and fibrous material was found to deposit. At all other 

spinning conditions highly interconnected or webbed structures with non-distinct 

fibres were produced. Table 3.6 shows a sample selection of SEM images for 

membranes produced using the solvent chloroform and the surfactants ethanol and 

methanol, produced at a flow rate of 6ml/hr, applied voltage of 20kV and a collection 

range of 15-20cm. 

 

Chloroform/Ethanol (9:1;v:v) (CE_9) solutions were found to produce large 

membranes on the collector plate. A single polymer jet was seen to emerge from the 

Taylors cone for all parameter combinations. Similar to the pure CH solutions a 

collector distance of 15cm typically led to liquid polymer deposition on the collector 

surface, albeit with a reduced liquid fraction. Figure 3.8 shows the fibre diameter 

results for the micron and multimodal spinning solutions produced over the process 

parameter range of 6-12ml/hr flow rate, 15-20kV applied voltage and 15-20cm 

collector distance. It is noted that in cases where liquid polymer or highly webbed 

structures were present, no fibre diameter measurements could be attained. With a 

collector distance of 15cm, applied voltage of 15kV and a flow rate of 6ml/hr, samples 

prepared using CE_9 contained distinct and uniform diameter fibres ranging from 5.22 

± 1.57µm. By increasing the collector distance to 20cm and keeping all other 

parameters constant, fibres with an increased diameters of 7.81 ± 2.56µm were 

obtained. This increase in fibre diameter with increased collector distance is attributed 

to the presence of large beads forming along the fibre lengths at the expanded 

collection distance that skewed diameter measurements.  
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Table 3.6:  SEM images of scaffolds produced using Chloroform and the surfactants 

Ethanol and Methanol. Images show scaffolds produced at a sample processing parameters 

range of a 6ml/hr flow rate, applied Voltage of 20kV over a range of 15-20cm collector 

distance 

  Chloroform  

(100%) 

Chloroform/Ethanol 

 (9:1) 

Chloroform/Ethanol 

(7:3) 

 

 

15cm 

   

 

 

20cm 

   

 Chloroform/Methanol 

(9:1) 

Chloroform/Methanol 

(7:3) 

 

 

 

15cm 

  

 

 

 

20cm 

  

 

 

 

14wt% Chloroform/Ethanol (7:3;v:v) (CE_7) solutions were found to produce fibrous 

meshes at all spinning conditions with no liquid polymer visible. A distinct difference  

in the jet formation from the Taylors cone was observed with multiple jets branching  

from the cone. Upon cleaning of the spinneret tip, a single jet was found to form 

followed by subsequent re-branching. A considerable decrease in fibre diameter was 

observed with the formation of submicron to nano diameter fibres within the scaffold 
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structure compared to CH and CE_9 solutions. Membranes collected at a distance of 

15cm, voltage of 15kV and flow rate of 6ml/hr contained fibres with a diameter range 

of 2.24 ± 1.56µm, with those collected at 20cm possessing a decreased fibre diameter 

range of 1.56 ± 1.3µm. 14wt% Chloroform/Methanol (9:1;v:v) (CM_9) solutions spun 

similarly to the CE_9 solutions, yielding large fibre membranes on the collector plate. 

Multiple branches were however observed to emerge from the Taylors cone similar to 

that of the CE_7 solutions. An increase in the applied voltage appeared to give rise to 

additional jet initiation from the cone with increased splaying effects observed. All 

spinning conditions led to the production of distinct fibre structures with no webbing 

or liquid polymer deposition on the plates. Small ridges/bumps were however seen to  

 

 

 

Figure 3.8: Fibre diameter analysis of micron and multimodal spinning solutions produced 

over the parameter range of 6-12 ml/hr flow rate, 15-20kV applied voltage and 15-20cm 

collector distance (A) Diameter results for Chloroform, Chloroform/Ethanol (9:1) and 

Chloroform/Ethanol (7:3) solutions (B) Diameter results for Chloroform, 

Chloroform/Methanol (9:1) and Chloroform/Methanol (7:3) solutions 
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be located on the surface of the collected meshes. SEM analysis and fibre 

measurements showed the presence of micron scale fibres and a very small population 

of nano scale fibres within the samples. Fibres collected at 15cm, 15kV and 6ml/hr 

possessed diameters of 2.10 ± 1.17µm and those at 20cm having diameters of 5.06 ± 

0.86µm. This increase in fibre diameters appeared to occur due to the decreased 

fraction of nanofibres present within samples collected at the higher collection 

distance. 

 

Solutions with an increased methanol fraction, Chloroform/Methanol (7:3;v:v) 

(CM_7), led to poor fibre deposition on the collector plate. The electrospinning jet in 

this situation appeared to be drawn away from the collector surface by the airflow 

within the fume hood. Material that successfully deposited on the plate was prone to 

delaminating when being removed from the plate, with thin layers of residual material 

sticking to the collector surface. The Taylors cone also appeared to be highly unstable 

with the cone breaking off intermittently. Small ridges and defects were seen to form 

on the surface of the sample. SEM analysis again showed that nanofibre and micron 

scale fibres were present within the samples collected. Scaffolds produced at a distance 

of 15cm, 15kV and 6ml/hr yielded fibres with diameters of 0.76 ± 0.9µm with those 

collected at 20cm having 2.02 ± 1.77µm. This increase in fibre diameters again 

appears to occur due to a decreased fraction of nanofibres within the membranes 

collected at the higher collector distance indicating a loss of nanofibre collection at 

increased collector distances. The small bumps seen on the surface of the sample 

appeared to be small pieces of PCL that were randomly deposited amongst the surface 

fibres. 

 

From this initial trial, it was determined that Chloroform/Ethanol (9:1) based solutions 

were the choice solvent/surfactant ratio combination for the production of micron 

diameter fibres. Chloroform/Methanol (9:1) solutions showed the presence of 

nanofibre formation amongst the micron diameter fibres so were multimodal in nature 

and the presence of small defects upon the surface on the sample was undesirable. 

Chloroform/Ethanol (7:3) solutions were found to be the choice solution for the 

production of multimodal fibre populations due to the distinct presence of micron and 

nanoscale diameter fibres along with the ease of scaffold production compared to those 
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produce using Chloroform/Methanol (7:3) which typically resulted in poor 

electrospinning to the target collector. 

 

3.5.1.2 Nanofibre Solution Screening 

A sample range of SEM images produced for the nanofibre screening trial can be seen 

in Table 3.7 while full results are presented in Table A.3 of Appendix A. Solutions 

prepared at a 6wt% polymer concentration resulted in the deposition of a powder like  

 

Table 3.7: SEM images of scaffolds produced using Chloroform and the surfactant N,N-

Dimethylformamide (DMF). Images show scaffolds produced at a sample processing 

parameters range of a 0.25ml/hr flow rate, applied voltage of 15kV over a collector distance 

range of 10-15cm using Chloroform/DMF (7:3;v:v) and Chloroform/DMF (5:5;v:v) 

solutions 

Chloroform/DMF (7:3, v:v) 

 6wt% 8wt% 11wt% 

 

10cm 

   

 

15cm 

   

Chloroform/DMF (5:5, v:v) 

 6wt% 8wt% 11wt% 

 

10cm 

   

 

15cm 

   

 



83 

 

material to the target and were extremely difficult to remove from the collector surface 

irrespective of the Chloroform/DMF ratio employed. SEM analysis showed the 

membranes contained highly beaded fibre structures, with nanoscale diameter fibres 

bridging between beads. Samples produced at the increased PCL concentration of 

8wt% and the Chloroform/DMF ratio of (7:3) contained distinct fibres under most 

spinning permutations. Those produced at the higher flow rate of 1ml/hr experienced 

partial fibre fusing, particularly at the increased collection distance of 15cm while 

samples produced at the applied voltage of 20kV again appeared to show areas of fibre 

fusion. Membranes produced at the flow rates of 0.25ml/hr and 0.5ml/hr, with the 

applied voltage range of 10 to 15kV appeared to be defect free with uniform diameter 

fibres present. Fibre diameters within this parameter range were found to vary between 

the micron and nanofibre scale with samples produced at 0.25ml/hr, 10kV and 10cm 

contained fibre diameters of 1.21 ± 0.58µm while increasing the collector distance to 

15cm, reduced the fibre diameters to 0.50 ± 0.18µm. Despite an increased PCL 

concentration, 8wt% Chloroform/DMF (5:5) solutions again gave rise to the spinning 

of highly beaded fibre membranes. The beads did however appear to be more 

elongated in appearance to those produced at the 6wt% concentration with a 

combination of micron and nano diameter fibres bridging the beads.  

 

11wt% Chloroform/DMF (7:3) solutions allowed for the spinning of smooth defect 

free fibres under the majority of spinning conditions investigated. Samples produced 

at the higher voltage of 20kV appeared to show partial fibre fusion particularly at the 

increased flow rate of 1ml/hr. Average fibre diameters typically ranged from a few 

microns to submicron diameters in scale. Membranes produced at 0.25ml/hr, 10kV 

and 10cm contained fibre diameters of 0.93 ± 0.26µm and those at 15cm having 1.01 

± 0.31µm. Figure 3.9 shows the fibre diameter results for the nanofibre screening trial. 

It is noted that due to the highly beaded nature of samples produced from 6wt% 

solutions, no fibre diameter measurements are presented for this concentration level. 

Similarly, due to the beaded nature of 8wt% Chloroform/DMF (5:5) solutions no 

accurate fibre diameter measurements could be attained so are not presented. Finally, 

11wt% Chloroform/DMF (5:5) solutions allowed for the spinning of defect free fibres 

under most spinning permutations. It was observed that a number of samples produced 

using this solution appeared to contain multimodal fibre distributions with large 
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micron and intermixed nanoscale fibres present. This includes samples produced at a 

flow rate of 0.5ml/hr, 20kV applied voltage and 12.5cm collector distance that 

possessed an average fibre diameter of 2.04 ± 2.03µm.  

 

Overall it was determined that 8wt% Chloroform/DMF (7:3) solutions provided the 

most stable spinning process while producing fibres within the desired nanofibre scale. 

A number of processing parameter combinations provided defect free fibre spinning 

while also yielding nanoscale fibres. The parameter combination of 0.25ml/hr flow 

rate, 15kV applied voltage and 15cm collector distance was selected as the choice 

combination for further study due to its ability to produce defect free membranes with 

an average fibre diameter range of 0.78 ± 0.31µm. This parameter combination not 

only provided samples with desirable fibre diameters, but also proved to be highly 

stable requiring minimum user interaction such as spinneret cleaning and stray fibre 

removal. The produced membranes were also noted to be easily removed from the 

collector surface ensuring no damage to the fibres within. 

 

3.5.1.3 Characterisation of Screening Solutions 

Conductivity 

The conductivity measurements of the pure electrospinning chemicals and 

solvent/surfactant combinations used within the solution screening trial are presented 

in Table 3.8. The conductivity of pure chloroform could not be characterised using the 

conductivity measurement system employed, as it is believed the low dielectric 

constant of chloroform results in the chemical acting as in insulator which in turn 

yields an immeasurable conductivity value [240], [241]. The conductivity 

measurements of the pure surfactants showed that ethanol possessed the lowest 

conductivity value at 1µS/cm followed by methanol at 1.2µS/cm, and N,N-

Dimethylformamide at 1.4µS/cm. The combination of Chloroform/Ethanol (9:1) and 

Chloroform/Methanol (9:1) again were immeasurable using the conductivity meter. 

By increasing the ethanol fraction, Chloroform/Ethanol (7:3), solutions possessed a 

conductivity of 0.4µS/cm. This value was lower than the pure ethanol component but 

increased the conductivity sufficiently to that of pure chloroform, so that a 

measurement was possible. Similarly, the increased methanol fraction within the 

Chloroform/Methanol (7:3) resulted in solutions yielding a conductivity of 0.7µS/cm. 
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This value was lower than pure methanol but again increased conductivity to a 

measurable point compared to pure chloroform. Chloroform/DMF (7:3) solutions 

possessed a conductivity value of 1.2 µS/cm slightly below that of pure DMF at 

1.4µS/cm, whereas Chloroform/DMF (5:5) solutions measured 1.4µS/cm matching 

that of pure DMF. 

 

 

 

Figure 3.9: Fibre diameter analysis of nanofibre spinning solutions produced over the 

parameter range of 0.25-1ml/hr flow rate, 10-20kV applied voltage and 10-15cm collector 

distance (A) Diameter results for 8wt% Chloroform/DMF (7:3) (B) Diameter results for 

11wt% Chloroform/DMF (7:3) and 11wt% Chloroform/DMF (5:5) solutions 
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Table 3.8: Conductivity of pure electrospinning chemicals and solvent/surfactant 

combinations measured at 25oC 

Test Solution µS/cm @250C 

Chloroform - 

Ethanol 1 

Methanol 1.2 

Chloroform/Ethanol (9:1) - 

Chloroform/Ethanol (7:3) 0.4 

Chloroform/Methanol (9:1) - 

Chloroform/Methanol (7:3) 0.7 

DMF 1.4 

Chloroform/DMF (7:3) 1.2 

Chloroform/DMF (5:5) 1.4 

 

Table 3.9 shows the conductivity of the complete electrospinning solutions used 

within the solution screening trial. 14wt% Chloroform/Ethanol (9:1) and 14wt% 

Chloroform/Methanol (9:1) solutions again yielded immeasurable conductivity values 

when tested. 14wt% Chloroform/Ethanol (7:3) solutions possessed a conductivity of 

0.3µS/cm, slightly lower than that of the pure chemical combinations only. No 

statistical comparison is presented as no deviation within triplicate measurement was 

observed which prevented a pair wise analysis from being performed. 14wt% 

Chloroform/Methanol (7:3) again possessed a slightly lower value than that of the 

chemical combinations only at 0.5µS/cm. Chloroform/DMF solutions at the 

concentrations of 6, 8 and 11wt% contained an average conductivity of 0.9µS/cm.  

 

Chloroform/DMF solutions at the concentrations of 6, 8 and 11wt% contained an 

average conductivity of 1µS/cm. An interesting observation here was that 

Chloroform/DMF polymer solutions were the only combinations to report a deviation 

when tested in triplicate with all other chemical and solution variants yielding 

consistent measurements between replicates. No statistical difference was observed 

between the solutions prepared with different Chloroform/DMF ratios at each polymer 

concentration level, 6wt% (p =0.1161), 8wt% (p =0.1012) and 11wt% (p =0.4169). A 

two-way ANOVA analysis did however show a cumulative statistical difference in 

conductivity between Chloroform/DMF (7:3) and Chloroform/DMF (5:5) solutions.  
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Table 3.9: Conductivity of complete electrospinning solutions studied within solution 

screening trial, multimodal study and nanofibre spinning measured at 25oC (n=3 per 

solution) 

Test Solution µS/cm @25oC 

14wt% Chloroform - 

14wt% Chloroform/Ethanol (9:1) - 

14wt% Chloroform/Methanol (9:1) - 

14wt% Chloroform/Methanol (7:3) 0.5 

  

10wt% Chloroform/Ethanol (7:3) 0.3 

12wt% Chloroform/Ethanol (7:3) 0.3 

14wt% Chloroform/Ethanol (7:3) 0.3 

16wt% Chloroform/Ethanol (7:3) 0.3 

18wt% Chloroform/Ethanol (7:3) 0.3 

  

6wt% Chloroform/DMF (7:3) 0.9 ± 0.1 

8wt% Chloroform/DMF (7:3) 0.9 ± 0.1 

11wt% Chloroform/DMF (7:3) 0.9 ± 0.2 

  

6wt% Chloroform/DMF (5:5) 1 ± 0.1 

8wt% Chloroform/DMF (5:5) 1 ± 0.1 

11wt% Chloroform/DMF (5:5) 1 ± 0.1 

 

A statistical increase in solution conductivity with increasing DMF content (p 

=0.0320) was found. Again the two-way ANOVA analysis showed that polymer 

concentration had no cumulative effect on solution conductivity (p = 0.6021). 

 

Viscosity of Nanofibre Solutions 

The combined results of viscosity and conductivity measurements for the solutions 

examined within the nanofibre screening trial are presented in Figure 3.10. Here, 

Figure 3.10 (A) shows the viscosity results of the 6, 8 and 11wt% PCL 

Chloroform/DMF (7:3) solutions. A linear increase in solution viscosity with 

increasing polymer content (R2 =0.9899) was observed. Figure 3.10 (B) shows the 

viscosity results of the 6, 8 and 11wt% PCL in Chloroform/DMF (5:5) solutions. 

Again, a linear increased in solution viscosity was observed (R2 =0.9948). A two-way 

ANOVA analysis indicated a statistical difference in solution viscosity at each 

polymer concentration. A statistical decrease in viscosity (p <0.0001) from 213.5 ± 
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2.1 to 132.5 ± 3.6mPa.s was observed for 6wt% solutions when the DMF percentage 

was increased from (7:3) to (5:5). Similarly, for 8wt% solutions a decrease (p <0.0001) 

from 649.1 ± 14.3 to 411.4 ± 5.2mPa.s was observed with increasing DMF percentage. 

11wt% solutions again displayed a decrease in viscosity (p <0.0001) from 1106.5 ± 

9.3 to 963.2 ± 12.1mPa.s with increasing DMF percentage. A statistical difference (p 

<0.0001) was also found between each polymer concentration for the 

Chloroform/DMF ratios studied confirming a distinct increase in viscosity with 

increasing polymer concentration.  

 

 

Figure 3.10: Viscosity and conductivity results of Chloroform/DMF solutions studied for 

nanofibe generation (A) Viscosity and conductivity profile of 6, 8 and 11wt% PCL 

Chloroform/DMF (7:3; v:v) solutions, showing linear increase in viscosity with increasing 

polymer content (R2 = 0.9899) and consistent conducitivty value of 0.9µS/cm at all polymer 

concnetrations. (B) Viscostiy and conductivity profile of 6, 8 and 11wt% PCL 

Chloroform/DMF (5:5; v:v) solutions showing linear increase in viscosity with increasing 

polymer content (R2 = 0.9948) and consistent conducitivty value of 1µS/cm at all polymer 

concentrations. N=3 per test group. 
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 Polymer Concentration Trial for Mulitmodal Fibres 

The complete set of SEM images obtained for the multimodal polymer concentration 

trial can be found in Table B.0.1 of Appendix B. In order to explore the effect of PCL 

concentration for multimodal spinning applications, five solutions with concentrations 

varying from 10 to 18wt% were prepared using the Chloroform/Ethanol (7:3) 

combination. 10wt% PCL in Chloroform/Ethanol (7:3) solutions (10CE_7) were 

found to electrospray rather than electrospin when a high voltage potential was 

applied. In this, droplets of the polymer solution were found to continuously 

breakaway from the Taylors’ cone rather than forming a continuous polymer jet. No 

visible electrospinning was observed at any spinning parameter combination and poor 

material deposition onto the collector plates was also witnessed. The material collected 

on the plates exhibited a powder like consistency and could not be successfully 

removed in one piece. Small fragments of this material viewed under SEM showed 

highly beaded morphologies as shown in Figure 3.11. At increased flow rates and 

spinning voltages the production of nanoscale diameter fibres was observed, however, 

the nanofibre meshes contained large spherical beads throughout the structure. 

 

12wt% Chloroform/Ethanol (7:3) solutions (12CE_7) similarly exhibited 

electrospraying like characteristics, with the Taylors cone breaking apart periodically 

during the spinning process. Samples viewed under SEM again showed the presence 

of polymer beads amongst submicron diameter fibres. These beads displayed an 

elongated, spindle like morphology rather than the highly spherical shape seen in 

10CE_7 solutions. When the polymer concentration was increased further, successful 

fibre production was achieved. 14wt% Chloroform/Ethanol (7:3) membranes 

(14CE_7) exhibited multimodal fibre distributions with sparse beading observed at the 

higher flow rate condition of 12ml/hr. Increasing the polymer content further to 16 

and 18wt% yielded smooth bead free fibres. 18CE_7 solutions did however cause 

difficulties during the spinning process due to the build-up of material at the tip. This 

excess polymer build-up resulted in the Taylors cone becoming extremely large and 

unstable, with subsequent collapse of the Taylors cone. It was also noted that at a 

collector distance of 25cm or greater, poor fibre deposition for 14CE_7, 16CE_7 and 

18CE_7 solutions was observed. Fibres appeared to be blown away from the plate by 

the airflow within the fume hood.  
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The complete fibre diameter analysis of the multimodal polymer concentration trial 

can be found in Table B.2 of Appendix B. No diameters are presented for 10 and 

12wt% solutions due to the presence of large beads within the membranes collected 

making fibre diameter analysis difficult. Figure 3.11 shows a sample comparison of 

fibre diameters at the five different concentration levels collected at a flow rate of 

6ml/hr, applied voltage of 20kV and collection distance of 20cm. Fibre diameters are 

presented for 10 and 12wt% solutions purely for comparative purposes in this diagram. 

A Kruskal-Wallis test was employed to test for statistical differences in fibre diameters 

between the groups due to the unequal variances observed. A statistical difference in 

 

 

Figure 3.11: Sample set of SEM images for multimodal polymer concentration trial 

showing the changes in fibre morphology with increasing polymer concentration from 10-

18wt% in 2wt% increments. Samples were produced at the processing parameter 

combination of 6ml/hr flow rate, 20kV applied voltage and 20cm collector distance. 

Corresponding fibre diameter comparison (n=150 per group) is presented, with a statistical 

difference observed between 10 and 16wt% solutions (p<0.001) and 18wt% (p<0.0001). A 

statistical difference was also detected between 12wt% and 18wt% solution (p<0.001). No 

statistical difference observed between all other polymer concentration levels. Kruskal-

Wallis with Dunn correction was used for multiple comparisons due to unequal variances 

between groups. 
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fibre diameter was observed between 10 and 16wt% (p <0.001) solutions, and 10 to 

18wt% (p <0.0001). A statistical difference was also detected between 12 and 18wt% 

solutions for the given process parameter combination.  A slight increase in average 

fibre diameters could be seen with increasing polymer concentration, however, due to 

the presence of micron and nano scale diameter fibres with the membranes, large 

sample standard deviations were recorded. These deviations made detection at higher 

levels impossible to statistically observe.  

 

Figure 3.12 shows the combined viscosity and conductivity profiles of the 10-18wt% 

solutions studied. It was observed that at all polymer concentration levels a consistent 

conductivity of 0.3µS/cm was recorded. Viscosity results again showed increasing 

viscosity with increasing polymer content with 10wt% solutions possessing viscosities 

of 49.2 ± 4.5 mPa.s increasing to 818.6 ±10.5 mPa.s for 18wt% concentrations. The 

viscosities were found to best fit a power law relationship with a regression of R2 

=0.9953 seen. Based on the combined qualitative and quantitative results of the 

multimodal polymer screening trial it was determined that 16wt% Chloroform/Ethanol 

(7:3) solutions appeared to be the most suitable choice for future multimodal 

investigations. This polymer concentration level not only provides a combination of 

bead free fibres with suitable multimodal fibre populations, it also provides a highly 

stable spinning process. 

 

 

Figure 3.12: Viscosity and conductivity profile of solutions studied for multimodal spinning 

applications. Polymer concentration increased from 10 to 18wt%, in 2wt% increments. N=3 

per test group. 
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  Electrospinning of Nanofibre Membranes as Controls 

Utilising the select working solution and processing parameter combination identified 

as part of the nanofibre screening trial a number of nanofibre membranes were spun 

for the development of control membranes for later use in cell culture studies. The 

electrospinning solution of Chloroform/DMF (7:3) was identified from the previous 

screening trial for the spinning of the control membranes due to its ability to produce 

defect free fibres of the desired diameter scale. The specific processing parameter 

combination of 0.25ml/hr flow rate, 15kV applied voltage and 15cm collector distance 

was further studied to investigate the repeatability of the spinning parameter 

combination and to determine the stability of the collection process over extended 

deposition periods. Figure 3.13 shows the fibre diameter measurements obtained for 

five membranes collected over a 1hr deposition period and five membranes collected 

over a 4hr deposition period for random 2D membrane spinning. No statistical 

difference in fibre diameters was detected (p =0.0938) between any of the fibre 

membranes collected with a cumulative average fibre diameter and standard deviation 

of 0.704 ± 0.351µm. This indicates that the process was both repeatable within 

collection periods and stable over extended collection periods. It was still observed 

that the membranes produced over 1hr were delicate and prone to collapsing while 

being removing from the collector surface. The increased collection time of 4hrs  

 

 

Figure 3.13: Fibre diameter comparison of randomly orientated nanofibre membranes 

collected over 1hr (n=5) and 4hr (n=5) time periods. No statistical difference in fibre 

diameters observed between any of the membranes collected (p=0.0938) 
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allowed for sufficiently thick samples to be obtained, that could be easily removed 

from the collector surface without any damage to the membrane. Due to the delicate 

nature of the 1hr samples only sections suitable for SEM analysis could be taken and 

no samples capable of being tested under uniaxial conditions could be attained. In 

addition, no thickness values for 1hr membranes could be recorded. 

 

It was also desirable to prepare nanofibre membranes with aligned fibre orientations. 

The same spinning solution and processing parameters employed for the production 

of the 2D random control membranes was spun onto a high-speed large diameter drum 

collector for the production of aligned fibre membranes. Due to the increased surface 

area of the drum, extended deposition periods were required to produce a sample with 

sufficient thickness, capable of being removed from the drum without damage. Figure 

3.14 shows the fibre diameter measurements recorded for five membranes produced 

over a 4hr collection period and five membranes produced over a 12hr collection 

period. No statistical difference in fibre diameters was detected (p =0.1099) between 

any of the membranes collected, indicating that the process was both repeatable within 

collection periods and stable over extended collection periods also. A cumulative 

average fibre diameter and standard deviation for the aligned fibre membranes of 

0.569 ± 0.296μm was found.  

 

 

Figure 3.14: Fibre diameter comparison of aligned nanofibre membranes collected over 

4hr (n=5) and 12hr (n=5) time periods No statistical difference in fibre diameters observed 

between any of the membranes collected (p =0.1099) 
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Table 3.10: Ambient spinning conditions and airflow measurements recorded during 

nanofibre spinning of control membrane 

Measured Parameter Maximum Minimum Avg. ± S.D. 

Relative Humidity (RH%) 60.6 42.4 48.7 ± 5.6 

Temperature (oC) 20.2 19.6 20 ± 0.2 

    

2D plate system    

Air Speed at Spinneret Tip (m/s) 0.67 0.41 0.51 ± 0.11 

Air Speed at Collector Surface at 15cm (m/s) 0.14 0.08 0.12 ± 0.02 

Air Speed at Collector Surface at 25cm (m/s) 0.13 0.0 0.08 ± 0.03 

    

Aligned Drum System    

Air Speed at Spinneret Tip (m/s) 0.58 0.40 0.55 ± 0.2 

Air Speed at Drum at 25cm - OFF (m/s) 0.25 0 0.22 ± 0.13 

Air Speed at Drum at 25cm - ON (m/s) 3.26 2.97 3.11 ± 0.1 

 

 

Similar to that observed in 2D random spinning, the reduced collector time of 4hrs 

prevented samples of sufficient thickness for tensile testing from being produced. 

Samples collected over 12hrs were however found to be of sufficient thickness and 

quality required for tensile testing and thickness measurement. An interesting point to 

note in relation to production of the aligned fibre membranes was the significantly 

altered travel path of the electrospinning jet towards the drum system compared to that 

commonly seen when using the flat metallic plate collector system. The spinning jet 

was observed to whip and appeared to be pushed upwards past the drum before being 

rapidly pulled back towards the drums surface, whereas, the jet whipped and travelled 

directly to the flat metallic plate. Table 3.10 above shows the ambient conditions and 

airspeed measurements recorded during the spinning of the nanofibre control 

membranes. It was seen that airspeed around the drum system was radically altered by 

the rotation of the drum itself with an increase in max airspeed from 0.25 to 3.26m/s 

when the drum was powered on. 

 

A comparison of fibre diameters for random and aligned membranes showed a 

statistical decrease (p <0.0001) in fibre diameters between those created using the 

aligned drum collection system and the random 2D plate system as shown in Figure 
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3.15 (A). The results of the analysis for fibre orientation confirmed that the membranes 

created using the aligned drum collection system exhibited a significantly higher 

coherency (p <0.0001) at 0.702 ± 0.07 compared to 0.089 ± 0.029 for random fibre 

membranes (Figure 3.15(B)). Figure 3.15 (C) showing the colour orientation map of 

a sample random nanofibre membrane exhibiting several distinct colour groups, 

representing multiple distinct orientation categories. Figure 3.15 (D) similarly shows 

the colour orientation map of the aligned fibre membranes. Here a decreased range of 

colours is exhibited representing a reduced set of fibre orientations within the image 

and therefore indicating a more aligned structure. The comparison of membrane 

thickness between the random membranes collected over 4hrs and the aligned 

membranes collected over 12hrs showed that the aligned membranes had a slightly 

larger average thickness at 12 ± 4μm compared to 8 ± 2μm for random fibre 

membranes as shown in Figure 3.16. Statistical analysis did however show that this  

 

 

Figure 3.15: Fibre diameter and orientation analysis of electrospun nanofibre membranes 

(A) Comparison of fibre diameters within aligned and random fibre membranes (n=150) 

showing statistical decrease in aligned fibre diameters (p<0.0001) (B) Coherency 

assessment of nanofibre membranes (n=5) showing statistical increase in fibre alignment 

within aligned nanofibre membranes (p<0.0001) (C) Random fibre membrane showing no 

dominant direction of alignment (D) Aligned membrane showing preferential alignment of 

fibres 
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this increase was non-significant (p = 0.0533). 

 

The mechanical response of the uniaxial dogbone specimens punched from the 4hr 

random membranes and 12hr aligned nanofibre membranes can be seen in Figure 3.17. 

Figure 3.18 subsequently shows the summarised ultimate tensile strength (UTS) (A), 

Young’s modulus (B) and strain at break (C) characteristics for the specimens 

examined.  It is observed that the aligned nanofibre membranes exhibited different 

stress versus strain responses when tested parallel (APL) and perpendicular (APR) to 

the preferential axis of fibre alignment. The aligned fibre membranes showed a 

statistically higher UTS and Young’s modulus (3.24 ± 0.94MPa, 10.76 ± 3.05MPa) 

when loaded parallel to the preferential fibre axis, compared to those tested 

perpendicular to it (0.96 ± 0.36MPa, 3.24 ± 1.22MPa) (p <0.001). 

 

No statistical difference was observed between the UTS and Young’s modulus for the 

aligned membranes and the random membranes (1.71 ± 0.26MPa, 0.80 ± 0.31MPa). 

The random membrane exhibited a characteristic response between that of the parallel 

and perpendicular aligned conditions. Strain at break was statistically lower for the 

APL membranes (98.17 ± 26.6%) compared to APRs (238.4 ± 33.3%) (<0.001). Again 

no statistical difference was observed between the strain at break for the aligned 

membrane conditions and random membranes, with the random membranes again 

 

 

Figure 3.16: Thickness comparison of Aligned nanofibre membranes (Deposition period 

12hrs) and Random nanofibre membranes (Deposition period 4hrs) showing no statistical 

difference in sample thickness (p = 0.0533). N=5 for each test group. 
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exhibiting a characteristic response between that of the APL and APR samples at 160.5 

± 39.9%. Lastly Figure 3.18 (D) shows a comparison of porosity results between the 

aligned (89.4 ± 1.3%) and random fibre membranes (89.5 ± 0.8%)  with no statistical 

difference observed (p =0.8979). 

 

 

Figure 3.17: Stress vs Strain profiles obtained for uniaxial dogbone testing of random and 

aligned nanofibre membranes. Aligned fibre membranes were tested in both a parallell and 

perpendicualr to preferntial fibre orientation. N=5 for each test group. 

 

 

 

Figure 3.18: Focused view showing the initial loading and strain region for random and 

aligned nanofibre dogbone specimens. N=5 for each test group. 
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Figure 3.19: Summarised results of uniaxial tensile tests of random and aligned nanofibre 

membrane dog-bone specimens (A) Ultimate tensile strength (UTS) of nanofibres 

membranes showing statistically higher UTS between aligned fibre membrane tested 

parallel to the preferential axis of fibre alignment (PFA) and perpendicular to the PFA 

(n=5 per test group) (B) Young’s modulus of nanofibres membranes showing statistically 

higher modulus between aligned fibre membrane tested parallel and perpendicular to PFA 

(n=5 per test group) (C) Strain at break of nanofibres membranes showing statistical 

decrease in strain at break in aligned fibre membraned tested parallel to PFA and those 

tested perpendicularly. No statistical difference was detected between the random nanofibre 

membranes and the aligned membranes for any of the response characteristics observed 

with random membranes exhibiting properties between those of the two aligned fibre test 

cases (n=5 per test group) (D) Porosity results of aligned and random membranes showing 

no detectable statistical difference (n=10 for each test group). 
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3.6 Discussion 

 Solution Screening Trial 

3.6.1.1 Micron and Multimodal Solution Screening 

From the results obtained for the solution screening trial it is clear that the addition of 

the surfactants ethanol and methanol to the chloroform based spinning solutions 

greatly affected the fibre architecture and deposition process of the corresponding 

electrospun membranes produced. This fact can be attributed to changes in solution 

properties such as conductivity (Table 3.8 and 3.9), surface tension and viscosity 

(Figure 3.12), which are known to significantly affect the mechanics of the 

electrospinning process. One particularly important characteristic of the surfactants is 

their dielectric constants. The dielectric constant of a material refers to the ratio of its 

permittivity to that of free space. Materials with high dielectric properties experience 

greater charging effects under the presence of an applied electric field compared to 

those with low dielectric constants. This occurs due to the increased availability of 

free charges within the solutions of higher dielectric potentials [245]. This change in 

dielectric potential in turn relates to a change in the solution permittivity and 

conductivity.  

 

The organic solvent chloroform possess a low dielectric constant (𝜀) of 5.62 while the 

surfactants ethanol and methanol have increased dielectrics of 24.5 and 32.7 

respectively [246]. Solutions prepared with the polymer PCL and the pure solvent 

chloroform are not expected to experience high charging effects when a voltage is 

applied. This is due to the low dielectric constant of chloroform and the natural 

insulating properties of the raw polymer PCL. This lack of charging potential is 

believed to have resulted in the immeasurable conductivity of the PCL chloroform 

(CH) solutions witnessed in this study. Fibre structures within the membranes 

produced using the CH solutions exhibited highly interconnected and fused 

architectures with the presence of liquid polymer deposition on the collector surface 

under certain spinning permutations. A lack of charge flow within the CH solutions 

resulted in reduced bending instabilities within the jet as it travelled through the air 

towards the collector surface due to decreased charge repulsion within the jet [247]. 

Reduced jet repulsion results in reduced elongation forces, which in turn contribute to 
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the insufficient thinning of the electrospinning jet. This lack of thinning results in large 

diameter fibres [240]. These large diameter fibres in turn experience reduced solvent 

evaporation due to solvent particles becoming trapped within the central core of the 

fibres. A collector distance of 15cm was shown to be insufficient for complete 

chloroform evaporation to occur. By increasing the collector distance to 20cm and 

maintaining a voltage of 15kV the polymer jet experienced an increased travel time 

allowing for greater solvent evaporation to take place. When however, the flow rate 

and applied voltage was increased a greater mass transfer of material away from the 

tip was experienced. This increased mass of material results in higher quantities of 

solvent within the emerging jet which could not sufficiently evaporate over a 20cm 

path leading to the webbed structures observed at the higher flow rates of 12ml/hr, and 

applied voltages of 20kV. 

 

The addition of the surfactant ethanol to the electrospinning solutions is expected to 

decrease the solution viscosity while also increasing its conductivity and volatility 

[160]. An increased conductivity allows for a greater charge transfer within the 

solution that subsequently leads to increased forces within the jet due to increased 

surface charge repulsion and coulombic collector potentials. The increased volatility 

of the ethanol compared to the solvent chloroform also aids in greater evaporation 

rates during travel to the collector. A decreased viscosity may have also contributed 

to a more stable jet formation process due to the decreased stretching forces required 

to initiate jet repulsion compared to the pure CH solutions [136]. Chloroform/Ethanol 

(9:1) (CE_9) solutions were however shown to still possess an immeasurable 

conductivity value but a decrease in solution viscosity was however observed. This 

was reflected by the insufficient solvent evaporation that still occurred at a collection 

distance of 15cm, where liquid polymer deposition or highly interconnected fibre 

structures were seen to occur. Increasing the collector distance to 20cm allowed for 

greater evaporation and thinning of the jet to occur, yielding better fibre quality at the 

expanded collector distances. Some fibre fusion was still however present at the higher 

flow rate and applied voltage ranges, again suggesting an imbalance in mass transfer 

away from the tip resulting in insufficient solvent evaporation occurring before 

deposition. 
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Chloroform/Ethanol (7:3) (CE_7) solutions could be successfully spun at the lower 

collector distance of 15cm, with this being attributed to the increased elongation forces 

and volatility within the emerging electrospinning jet due to the increased ethanol 

fraction within the solutions. This was reflected in the increased conductivity of CE_7 

solutions to a measurable limit of 0.3µS/cm although the reduced dielectrics of 

chloroform and the insulating nature of PCL resulted in reduced conductivity values 

compared to the pure ethanol component of 1 µS/cm, and the polymer free 

combination of chloroform/ethanol (7:3) at 0.4µS/cm. The increased bending 

instabilities experienced by the solution aids in elongating the jet allowing sufficient 

evaporation to occur at the collector distances of 15 and 20cm. It was also observed 

that the spinning of CE_7 solutions resulted in the splitting of the Taylors cone into 

multiple sub-jets in a process known as splaying or branching [248]. This effect occurs 

when a change in the charge per unit area of the jet takes place due to its elongation 

and the evaporation of the solvents and surfactants. This change in unit charge per area 

shifts the balance between the surface tension and the electrostatic forces, and the jet 

becomes highly unstable [248]. In order to reduce its local charge per unit surface area, 

the unstable cone or jet ejects a smaller stream from its surface in order to dissipate 

the collecting charge. These smaller streams or jets may explain the formation of the 

thinner nanofibres seen within the electrospun membranes giving rise to their 

multimodal nature [167]. Additionally the thinner fibres may be explained by the 

greater bending and whipping forces experienced by the primary jet due to increased 

elongation forces experienced due to increased solution conductivity [199]. This 

increased thinning effect was reflected in the reduced average fibre diameters within 

the electrospun membranes compared to the pure CH and CE_9 membranes. The large 

deviations in average fibre diameter measurements again reflect the multimodal nature 

of the membranes as the mixed populations of micro and nano diameter fibres resulted 

in large fibre diameter distributions. 

 

The solvent methanol similarly decreases the surface tension and viscosity of the 

spinning solutions while also increasing volatility within the electrospinning jet [184]. 

The increased dielectric constant of methanol compared to ethanol may define how 

mixed fibre diameter populations were observed to collect for CM_9 solutions at the 

collector distances of 15cm. The increased conductivity of the solution again resulted 
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in greater bending instabilities within the jet allowing for a greater travel distance over 

which solvent evaporation and fibre thinning can occur, allowing for regions of the jet 

to elongate such that nano diameter fibres deposited. The high volatility of methanol 

may also explain the observation of the defects found to form on the surface of 

samples. As previous studies have shown, solutions made with highly volatile 

components may result in the formation of polymer skins at the needle tip if the flow 

rate is too large for sufficient material removal to occur. This polymer skin is later 

jettisoned from the needle tip as new polymer is delivered and in turn lands on the 

surface of the sample [166]. These polymer skins give rise to the small bumps/ridges 

observed on the surface of the sample. Despite the regular morphology of fibres 

produced using methanol, their nano to submicron scale size is believed to have 

resulted in their poor deposition to the collector as the fibres were drawn away by the 

airflow extraction within the fume hood. This was particularly noted at the greater 

spinning distance of 20cm where the small nanoscale fibres present within 15cm 

samples were not found to deposit. Similarly, Chloroform/Methanol (7:3) solutions 

may have resulted in the spinning of nanofibres which were subsequently drawn away 

by the airflow with the fume hood preventing their deposition to the collector surface, 

again explaining the poor deposition rates observed for this spinning solution. 

 

From these results it was concluded that chloroform and ethanol based spinning 

solutions, and in particular solutions prepared with a chloroform to ethanol ratio of 7:3 

(v:v) were the solution of choice for future studies surrounding multimodal fibre 

spinning. The ability to create multimodal diameter structures while also achieving 

superior deposition compared to the methanol based solutions makes it highly 

desirable for the creation of the multimodal fibre layer that will be become the core 

layer of the composite tubular scaffold under investigation in this work. Ethanol is 

also typically used for the sterilisation of scaffolds before cell seeding experiments so 

the potential presence of residual ethanol within the scaffolds after electrospinning is 

not expected to adversely affect future cell culture experiments [249][250]. 

 

3.6.1.2 Nanofibre Solution Screening 

The surfactant DMF was chosen for the nanofibre generation trial as it has both a 

higher dielectric constant (ε =36.7) and volatility compared to that of both ethanol and 
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methanol [247][251]. By using the increased charging effects that the surfactant offers, 

and in turn the increased axial forces within the emerging jet, it is possible to induce 

sufficient bending instabilities within the jet so that sufficient thinning towards the 

nanoscale occurs [251]. The conductivity of PCL Chloroform/DMF (7:3) (CD_7) and 

PCL Chloroform/DMF (5:5) (CD_5) solutions were significantly higher than those of 

Chloroform/Ethanol (7:3) (0.3µS/cm) and Chloroform/Methanol (7:3) (0.5µS/cm) 

solutions with near double the conductivities at 0.9 and 1µS/cm, for CD_7 and CD_5 

respectively. It was also observed that the conductivity of the Chloroform/DMF 

electrospinning solutions did not appear to change with polymer concentration level. 

A number of studies have shown that increasing PCL content does not greatly affect 

the conductivity of electrospinning solutions. Du et al. showed that for PCL 

Dichloromethane/DMF (7:3;v:v) solutions a change of approximately 0.2µS/cm was 

observed between 3 and 13wt% solutions, and less than 0.1 µS/cm between a 5 and 

10wt% solution [252]. A lack of sensitivity in the measurement system used within 

this work may have prevented a discernible difference from being detected over the 6 

to 11wt% range studied. 

 

Along with increasing the conductivities of the nanofibre solutions, a larger molecular 

weight PCL of 100,000 g/mol was employed for nanofibre generation compared to 

80,000g/mol for the multimodal and micron screening. By employing a large 

molecular weight PCL a reduced polymer concentration was required for sufficient 

chain entanglement and subsequent stable jet initiation to occur [152][154]. By doing 

this reduced flow rates could be employed to provide a stable Taylor cone at flow rates 

as low as 0.25ml/hr. Using these reduced flow rates a smaller Taylor cone forms and 

subsequent smaller emerging jets could be produced without breaking down [253]. 

Membranes produced using 6wt% solutions were found to be highly beaded 

irrespective of the DMF ratio used. This is believed to occur due to the average 

solution viscosity range of 132.5 and 213.5mPa.s, for the CD_5 and CD_7 solutions 

respectively. When the solution viscosity is below a critical point, solvent 

congregation occurs due to the insufficient dispersion caused by a lack of polymer 

chain interactions. This congregation of solvent in turn leads to beads forming along 

the length of the fibres [161]. If the concentration is too low it can also result in the 

entangled polymer chains fragmenting before reaching the collector surface resulting 
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in electrospraying to the collector plate [254]. This gave rise to the powder like 

consistency of samples observed to collect on the target plate.  

 

8wt% Chloroform/DMF (7:3) solutions appeared to have a sufficient average viscosity 

at 649mPa.s for appropriate uniform thinning of the jet to occur. This resulted in the 

deposition of uniform fibres to the collector surface at the majority of spinning 

permutations. The higher flow rates of 1m/hr displayed some fibre fusion attributed to 

the increased flux of material to the spinneret tip. The increased spinning voltage of 

20kV also resulted in fibre fusion again attributed to insufficient solvent evaporation. 

This may occur due to the increased ejection of material from the spinning jet typically 

seen at higher voltage levels which results in an excessive mass within the jet for 

complete solvent evaporation to occur within [253]. Using the 8wt% 

Chloroform/DMF (7:3) solutions with a 0.25ml/hr flow rate and 15kV applied voltage 

average fibres could be tuned from the micron to nano scale by adjusting the collector 

distance appropriately from 10cm to 15cm. This thinning of the fibres over the 

increased collector distance again occurs to the increased travel time and in turn 

increased axial elongation forces experienced by the fibre jet before deposition 

[133][151][253][254]. 

 

8wt% Chloroform/DMF (5:5) solutions again gave rise to the electrospinning of 

highly beaded fibre membranes. This was attributed to the decreased viscosity of 

411mPa.s observed compared to 649mPa.s for 8wt% Chloroform/DMF (7:3) 

solutions. Du et al. again demonstrated that with the increasing percentage of DMF in 

PCL/Dichloromethane based solutions, both an increase in surface tension and a 

decrease in viscosity was observed [252]. This increasing surface tension paired with 

insufficient viscosity results in solvent congregation giving rise to the presence of 

highly beaded fibre structures despite having an equal polymer concentration level. 

By further increasing, the polymer concentration sufficient viscosity was achieved for 

both 11wt% Chloroform/DMF (7:3) and Chloroform/DMF (5:5) solutions. It is 

however thought that this increased viscosity prevented uniform thinning due to the 

high content of polymer within the spinning jet. This resulted in areas of the fibre 

membranes exhibiting both micron and nanoscale diameter fibre populations. As it 

was desired to have pure nanoscale diameter fibres for the subsequent comparative 
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cell culture trials the higher polymer concentration level of 11wt% was not suitable 

for future study. Based upon the results of the initial nanofibre screening trial it was 

determine that the 8wt% polymer concentration in Chloroform/DMF at a ratio of 7:3 

(v:v) was the solution of choice for future studies surrounding nanofibre membrane 

spinning. The particular processing parameter combination of a 0.25mlhr flow rate, 

15KV applied voltage and 15cm collector distance was again selected for further 

studies due to the ability to create membranes with desirable average fibre diameters 

and a tight standard deviation.  

 

3.6.1.3 Polymer Concentration Trial for Multimodal Fibres 

Solutions prepared using the solvent surfactant combination of Chloroform/Ethanol 

(7:3) were chosen for the further exploration of multimodal electrospinning due to the 

preliminary ability to create hybrid fibre diameter populations as seen within the 

solution screening trial. In order to better assess the contribution of polymer 

concentration to the fabrication of multimodal fibre populations, solutions ranging 

from 10 to 18wt% polymer concentrations were spun over an initial range of 

processing parameters. Scaffolds prepared using solution concentrations of 10 and 

12wt% demonstrated highly beaded sub-structures when viewed under SEM. 

Insufficient polymer concentration resulted in solution viscosities below 150mPa.s 

which is thought to have led to inadequate formation of chain entanglements within 

the electrospinning jet. Insufficient chain entanglements and interactions with solvent 

molecules led to severe solvent aggregation within the spinning jet giving rise to the 

beaded structures observed. Membranes produced from the 12wt% solutions exhibited 

beads with spindle like morphologies compared to the spherical beads viewed within 

10wt% membranes [247]. These spindle like beads demonstrated the increased chain 

interactions amongst the solvent molecules due to the increasing polymer content. The 

increased concentration of polymer chains reduced the congregation of the solvents 

due to surface tension forces but lacked sufficient viscosity to counteract them fully 

leading to elongated beads forming. By increasing the polymer concentration to 

14wt% the majority of scaffolds produced were shown to bead free and contained 

distinct multimodal fibres populations. Some beading was observed at the increased 

collector distances with this being attributed to increased bending instabilities and a 
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reduced electrostatic potential which resulted in the non-uniform stretching of the 

polymer jet during flight [150]. Increasing the polymer concentration further to 16wt% 

resulted in increased chain entanglements within the solution, which in turn enhanced 

jet formation resulting in the reduced presence of beads within the membranes. 

Increased polymer content was also seen to increase the diameters of fibres within the 

membranes, a typical observation seen in the electrospinning of polymer samples 

[167]. Despite having an increased polymer content the multimodal fibre distributions 

were maintained within the fibre membranes with distinct micron and nanoscale fibres 

present. A further increase to 18wt% concentration again allowed for the spinning of 

bead free multimodal fibres. It was however observed that the electrospinning jet was 

prone to excess build-up of material at the spinneret tip that required operator 

interaction to prevent clogging. This was attributed to the high viscosity level of the 

solution at approximately 819mPa.s which was believed to be too high for sufficient 

withdrawal of the material under the electrostatic repulsive forces. This lack of 

repulsion resulted in an imbalance of material being removed and supplied to the 

spinneret tip. This led to an excess of material at the tip that began to dry in the 

presence of air, leading to blockage formation over time. Further to this, fused fibres 

were seen to form within the membranes suggesting that insufficient evaporation was 

occurring at the higher concentration solution. This again is believed to occur due to 

an excess of material within the spinning jet that results in solvent molecules becoming 

trapped within the centre of jets preventing their appropriate evaporation before 

depositing. The residual solvent melts the depositing fibres forming the fused sections 

seen under SEM. 

 

Based on the results of the multimodal polymer concentration trial, 16wt% 

Chloroform/Ethanol (7:3) solutions appeared to be a desirable solution for the 

production of multimodal tubular scaffolds that will become part of the composite 

scaffold under investigation in this study. The increased diameters of the micron fibres 

seen in the 16wt% solutions may produce a more mechanically stable scaffold while 

the intermixed nanoscale diameter fibres may still offer suitable binding profiles for 

cell attachment and infiltration.  
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3.6.1.4 Electrospinning of Nanofibre Membranes as Controls 

In order to assess the viability and infiltration of cells grown on the composite bi-layer 

vessel under study in this work, a number of comparative electrospun membranes were 

required in order to provide a baseline comparison to traditional electrospinning 

approaches. Numerous studies have shown that cells grow and proliferate differently 

dependent on the size and orientation of the electrospun fibres they are seeded upon 

[184][186][255], with nanofibre membranes shown to offer appropriate support, 

guidance and differentiation cues to seeded cells [256]–[259]. It was therefore 

desirable to produce nanofibre membranes in order to provide a comparison against 

the ideal attachment and guidance characteristics that electrospinning can offer. Using 

the select solution and processing parameter conditions identified as part of the 

nanofibre screening trial, a number of fibre membranes were studied. In this, the effect 

of the collector system on depositing fibre orientations and diameters was studied, 

along with the stability of the electrospinning processes over extended collection 

periods. 

 

2D random membranes collected on flat metallic collector plates showed no 

significant changes in fibre diameters irrespective of the collection time employed. 

This is important as residual charging within depositing fibre membranes has been 

previously shown to interact with further depositing fibres altering the collection 

process [19]. This may result in deposited fibres repelling further depositing fibres 

resulting in morphological changes to the collected membranes [260]–[262]. No 

apparent changes to the deposited membranes were observed over any of the extended 

collection periods suggesting that any residual charges were dissipated sufficiently 

upon deposition. It was however observed that over 1hr collection periods the 

nanofibre membranes could not be removed with sufficient ease from the collector 

surface and were prone to tearing upon removal. The membranes lacked the integrity 

required for manipulations such as loading into cell culture inserts, and general 

handling during sterilisation processes that will be discussed further in subsequent 

chapters. Membranes collected over 4hrs were of sufficient thickness to be removed 

as complete membranes, again demonstrating the stability of the collection process 

over longer deposition periods. 
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Membranes prepared using the rotating drum collector allowed for the preparation of 

highly aligned fibre membranes, as confirmed by their significantly higher fibre 

coherency compared to those created using the flat metallic plate. In addition, the 

collected fibres displayed decreased diameters to those collected on the metallic plates. 

It is suspected that the increased rotational velocity of the collector surface may have 

resulted in two additional thinning effects being imparted on the depositing fibres. 

Firstly, it was observed that the path of the electrospinning jet was highly influenced 

by the rotation of the drum. It was observed that the rotation increased the local 

airspeed surrounding the drum from less than 1ms-1 to several ms-1. This in turn is 

believed to have resulted in an air current that repelled and pushed fibres away from 

the drum as they approached the collector. The electrospinning jet was found to arc 

over the drum before being rapidly pulled back to the drum surface upon passing. This 

may have allowed for greater bending instabilities and in turn increased axial loading 

giving rise to further thinning during travel. Kim et al. similarly observed that PET 

fibres were shown to ‘fly’ into the air instead of being deposited to a rotating drum 

collector once the rotational velocity of the drums surface reached a critical point of 

45mmin-1 [263]. In turn, the rapid linear velocity of the collector surface has been 

demonstrated to induce tensile forces within the depositing fibres [153]. These forces 

pull the fibres into alignment with the direction of rotation, giving rise to the aligned 

nature of the collected fibres. These tensile forces may not only given rise to the 

increased fibre alignment seen, but in addition may have resulted in further elongation 

of the fibres resulting in the decreased diameters observed [264]. 

 

The mechanical analysis of the 2D fibre membranes showed the importance of fibre 

alignment on a number of mechanical responses. The UTS, Young’s modulus and 

strain at break were found to be highly dependent of the fibre orientation and the 

corresponding axis of alignment in which the membranes were tested. The UTS of the 

aligned fibre membranes was shown to be statistically higher when the membranes 

were tested parallel to the preferential fibre axis (PFA) compared to the perpendicular 

PFA. This occurs due to the altered support levels that the fibres offer upon being 

loaded [265]. When loaded parallel to the PFA, the fibres significantly resist the 

loading allowing for significantly higher forces to be imparted before failure. When 

tested perpendicularly to the PFA, the fibre membranes were free to separate upon the 
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application of an applied load due to limited number of fibres orientated in the 

direction of loading and the decreased fibre entanglements. No statistical difference 

was detected in UTS for either of the aligned fibre test orientations and the random 

membranes. This is thought to occur due to the significant variation in UTS seen 

within the aligned fibre membranes. This may have occurred due to necking of the 

fibres due to the high linear velocity of the collector surface, which may have resulted 

in weakened areas of the fibre membranes which lead to the large variations seen 

[213]. No necking of fibres was however visible within the layer of fibres observed 

under SEM. Aligned fibre membranes also typically experience decreased point bonds 

between fibre when compared to random membranes [111]. These point bonds 

significantly increase the resistance of the membranes to deformation that may 

account for the non-statistical difference between the random and aligned membranes 

observed. 

 

Similarly, the Young’s modulus was found to be statistically higher for the parallel 

PFA test case. Again, this is attributed to the increased resistance that the orientated 

fibres offer upon loading. The fibres are expected to resist straining before succumbing 

to fracturing. Again, when tested perpendicular to the PFA poor fibre entanglements 

allowed the fibre membranes to be freely pulled apart rather than a true fracturing 

effect amongst the fibres. This ability to be freely pulled apart was again reflected by 

the increased strain at break observed for the perpendicular PFA test case. The random 

membranes again appeared to possess a characteristic Young’s modulus and strain at 

break between that of two aligned fibre test cases. This may occur due to the ability of 

the random fibre membranes to reoriented upon loading. This reorientation allows the 

fibres to resist loading with increased strain while also allowing increased strain of the 

sample before the fibres begin to fracture accounting for the increased strain at break 

compared to the parallel PFA samples. This reorientation of fibre networks has been 

demonstrated by Koh et al. [266]. In this work electrospun PCL fibre membranes 

displayed reorientation of fibres under an applied load, with fibres aligning parallel to 

the axis of loading and perpendicular to the direction of crack propagation. 

 

The porosity of the nanofibre membranes tested was shown be unaltered with fibre 

orientation. It is typically expected that aligned fibre networks should possess a 
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decreased porosity to random membranes due to the increase packing density of fibres 

[242]. This lack of change in porosity may have occurred as porosity refers to overall 

void space rather than the size distribution of the pores themselves. Membranes have 

been shown to exhibit similar porosities while containing different pore size 

distributions [196].  

 

It was concluded from the nanofibre control membrane studied that two distinct 

fibrous structures, with unique fibre architectures and mechanical responses could be 

freely spun through the use of bespoke collection systems. Using these fibre 

membranes a comparative assessment of the bi-layer vessel being investigated can be 

performed allowing for a definitive comparison to traditional electrospinning 

approaches. 
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Chapter 4 Development of Multimodal Hybrid Fibre 

Diameter Vessels by Rotating Mandrel 

Electrospinning Process 

 

4.1 Introduction 

The electrospinning of three-dimensional structures comprised of hybrid fibre 

diameter populations offers the unique potential to create a scaffold that possesses 

both the large pores required for cell infiltration while also providing appropriate sites 

for cell adhesion in the form of nano diameter fibres. Single step multimodal 

electrospinning has been demonstrated to be a hugely promising technique to 

incorporate the inherent benefits of multiscale diameter fibres while maintaining a 

simple fabrication process. Although the enhanced cellular infiltration qualities of this 

technique have been presented within the literature, the limited range of current studies 

has prevented a true understanding of the process from being achieved. While the 

effect of solution and processing parameters on the morphological and mechanical 

attributes of traditional electrospun materials is well known, little work has explored 

their effect on scaffolds created by multimodal approaches. As introduced in Chapter 

3, solutions prepared using the polymer PCL and the solvent surfactant combination 

of chloroform and ethanol can be employed to create membranes comprised of distinct 

micron and nanofibre populations. This chapter will further employ regression 

analysis principles to assess the mechanical and morphological responses of small 

diameter electrospun tubular scaffolds prepared through a multimodal spinning 

process in connection with a rotating mandrel collector. In this, the systematic 

variation of processing parameters will be examined in order to develop an increased 

understanding of the variation of scaffold attributes with changing parameters. Using 

these findings, a tubular scaffold with mechanical properties comparable to that of 

native vascular tissue, including vessel compliance will be fabricated. This tubular 
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scaffold will subsequently be used as the basis for the bi-layer vessel under 

investigation in this work.  

 

In order to create the tubular scaffold that suitably mimics the mechanical and 

morphological attributes of native vasculature a number of activities were undertaken 

within this chapter, they include: 

 

• Regression Analysis of Multi-Modal Rotating Mandrel 

Electrospinning Process 

Using regression analysis principles, the effects of a number of processing 

parameters on the morphological and mechanical attributes of small 

diameter tubular scaffolds created through multimodal approaches were 

evaluated. Processing parameters under investigation included solution 

flow rate, applied voltage, tip to collector distance and rotational speed of 

collection mandrel. Characterisation of the tubular scaffolds includes fibre 

morphology by SEM, mechanical properties by modified uniaxial test 

methods and porosity by liquid intrusion. 

• Control of Molecular Weight Variation Between PCL Batches by 

Matching Solution Viscosities 

Due to a variability of molecular weights observed between batches of the 

purchased polymer PCL, a method to provide consistent multimodal 

electrospinning was explored. In this, the ability to control the 

electrospinning process through the appropriate matching of solution 

viscosities is assessed. To determine the effect of such variations on the 

mechanical attributes a comparison of scaffolds created using different 

PCL batches was performed. 

• Fabrication of Tubular Scaffolds Containing Hybrid Fibre Diameter 

Populations 

Using the established multimodal spinning process, the ability to develop 

a small diameter tubular scaffold with properties mimicking that of native 

vascular tissue was evaluated. In this, properties including vessel 

compliance were assessed and compared to traditional arterial bypass 

constructs. 
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4.2 Materials & Equipment 

 Materials 

▪ Poly(ɛ-caprolactone) with an average molecular weight (Mw) of 80,000 g/mol 

(Sigma Aldrich, USA) 

▪ Poly(ɛ-caprolactone) with a measured average molecular weight (Mw) of 

100,000 g/mol (Sigma Aldrich, USA)** 

▪ Chloroform (≥ 99%) with amylenes as a stabiliser (Sigma Aldrich) 

▪ Ethanol (≥99.5, 200 proof) (Sigma Aldrich) 

▪ Methanol (≥99.8) (Fluka) 

▪ Acetone (Sigma Aldrich) 

▪ Tetrahydrofuran, HPLC grade (≥99.9%) (Sigma Aldrich) 

▪ Poly(dimethysiloxane), viscosity 100 cSt and 500cst (Sigma Aldrich) 

▪ Potassium Chloride Standard Solutions (A-C) (Fluka) 

▪ Phosphate Buffered Solution (PBS) (Sigma Aldrich) 

▪ Liquid Latex (Kryolan, UK) 

**Purchased as equivalent 80,000 g/mol from Sigma Aldrich but verified by Gel Permeation 

Chromatography (GPC) to be 100,000 g/mol 

 

 Equipment 

▪ KDS200P Syringe Pump (KD Scientific, USA) 

▪ ES30P-20W/DAM Power Supply (Gamma High Voltage Research, USA) 

▪ 20G x 1.5” Hypodermic Needle (Tip Blunted) (Terumo, USA) 

▪ 20ml Gas Tight Glass Syringe (SGE Analytical Science, Australia) 

▪ Rotating Copper Mandrel Collector System (Custom, DCU) 

▪ Testo 615 Digital Humidity Meter (Testo Inc., Germany) 

▪ AVM-8880 Hot Wire Anemometer (ATP Instrumentation Ltd, UK) 

▪ High Voltage Probe (Radionics, Ireland) 

▪ AT-6 Tachometer (Farnell, UK) 

▪ Magnetic Stir Plate (Bibby, HB502, Sterlin UK) 

▪ Mettler AE50 balance (Mettler Toledo, Switzerland) 

▪ EVO LS15 Scanning Electron Microscopy (Zeiss, Germany) 

▪ Edwards Pirani 501 Scancoat Sputtering Coater (Edwards Laboratories, USA) 
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▪ Dogbone Specimen Cutting Die (Custom, DCU) 

▪ Zwick Z005 Tensile Test Machine with 500N Load cell (Zwick-Roell, 

Germany) 

▪ Mintron Video Extensometer (Mintron, Taiwan) 

▪ ‘Parallel Pin Grips’ for Uniaxial Ringlet Tensile Testing (Custom, DCU) 

▪ Dual Parallel Blade Cutter – 10mm Spacer (Custom, DCU) 

▪ Static Compliance Test Rig (Custom, DCU) 

▪ ø5mm Stainless Steel Mandrels 

▪ External Micrometer (Draper Tools, UK) 

▪ Mitutoyo Toolmakers Microscope (Mitutoyo, Japan)  

▪ Dogbone Specimen Cutting Die (Custom, DCU) 

▪ Agilent 1200 series GPC, equipped with two PSS GRAM analytical columns 

(8x300 mm, 100Å and 3000Å, 10µm) (Agilent, US) 

▪ Ready Cal-Kit (PMMA, 800-1,820,000 Da) (PSS Polymer, Germany) 

▪ Brüker D8 Advance X-ray Diffractometer (Bruker, US) 

▪ Nicolet IR Spectrometer with ATR Cell (Thermo Scientific, US) 

 

4.3 Methods 

 Solution Preparation and Characterisation 

4.3.1.1 Solutions Preparation 

PCL in Chloroform/Ethanol (7:3;v:v) solutions were prepared according to the 

previously described solution preparation protocol as detailed in Chapter 3 (p.65). 

 

4.3.1.2 Viscosity and Conductivity Characterisation 

Viscosities and conductivities of selected solutions were assessed according to the 

previously described methods detailed in Chapter 3 (pp.65-66). 

 

4.3.1.3 Gel Permeation Chromatography (GPC) of Poly(ε-caprolactone) 

GPC measurements of PCL polymer pellets was performed using an Agilent 1200 

series GPC. The GPC was equipped with two PSS gram analytical columns with a 

molecular weight range of 300-60,000Da (100Å) and 5,000-5,000,000Da (3000Å). 
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The PCL pellets under investigation were first dissolved in tetrahydrofuran (THF) at 

a concentration of 1mg/ml. 50µl samples of the PCL test solutions were injected at a 

flow rate of 1 ml/min in columns heated to 40oC with THF used as the eluent. Ready 

Cal-Kit PMMA standards (800-1,820,000Da) were used to generate a standard curve 

from which the molecular weight to retention time relationship could be calculated. 

 

 Electrospinning of Small Diameter Tubular Scaffolds 

In order to prepare small diameter tubular scaffolds, a custom designed and built 

rotating mandrel system (DCU) was utilised as shown in Figure 4.1 (A). 

Interchangeable solid copper mandrels with diameters of 6mm were used as the target 

collectors. The mandrels were rotated at 1600-3200 RPM using a variable speed motor 

with a custom-built speed controlled unit. The RPM of the collection system was 

verified prior to testing using a digital tachometer (Farnell, UK). To aid in the uniform 

deposition of fibres along the length of the mandrel, the collector system was capable 

of traversing horizontally with respect to the needle tip at a velocity of 0.6m/s and 

14cm amplitude. A slip disc mechanism attached to one end of the copper mandrel 

ensured continuous grounding with respect to the high voltage power supply during 

rotation. All other components of the system were identical to those used for the 

spinning of 2D random membranes on flat metallic plates.  

 

In order to remove the electrospun tubular scaffolds from the mandrels without  

 

 
 

Figure 4.1: Electrospinning of 3D tubular scaffolds (A) Rotating mandrel rig indicating 

traversing motion and direction of mandrel rotation (B) PCL tubular scaffold removed from 

copper mandrel after methanol soaking step 
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damaging the fibre structures, samples were immersed in 100% methanol for 1h post 

spinning. After this soaking step, samples could be easily detached from the mandrel 

as shown in Figure 4.1 (B) without any change to sample morphology [267]. The 

tubular scaffolds were allowed to air dry at room temperature within the fume hood 

for 72hrs post spinning. Following this, samples were stored in a desiccator prior to 

further use. 

 

 Characterisation of Electrospun Membranes 

4.3.3.1 Morphological and Fibre Diameter Analysis 

In order to view the inner and outer surfaces on the tubular scaffolds 10mm long ringlet 

specimens were cut from the tubular scaffolds using a dual blade cutter (Custom, 

DCU). The ringlets were subsequently cut open along their longitudinal axis to form 

a flat membrane. Samples of the inner and outer surface were prepared for SEM using 

the previously described methodology (p.67), and viewed using an EVO LS15 SEM. 

 

4.3.3.2 Uniaxial Tensile Testing – Dogbone Specimens 

Uniaxial tensile testing of ‘dogbone’ specimens was performed on the tubular vessels 

by first cutting and opening the vessels along their longitudinal axis. Samples were 

subsequently punched from the membrane and tested as previously described in 

Chapter 3 (p.71). 

 

4.3.3.3 Uniaxial Tensile Testing – Ringlet Specimens 

Uniaxial tensile testing is a commonly employed method for evaluating the 

mechanical properties of materials. Typically, flat dog bone shaped specimens are 

subjected to a programmed force or a specified strain rate by a tensile test machine. 

This results in the gradual elongation and eventual failure of the specimen. The force-

extension data is monitored and can be used to quantify a number of mechanical 

properties, such as Young’s modulus and ultimate tensile stress. 

 

Vessels of the vasculature system are, however, known to contain residual stresses 

within their walls when in a no-load state [36]. When cut open to produce flat dog-

bone specimens these stresses are released from the vessel which may in turn alter the 
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load-extension profiles of the vessel. An adapted uniaxial test method is proposed 

within ISO 7198 for the testing of tubular vessels such as cardiovascular grafts that 

represents a loading configuration more typical to that seen in vivo [268]. This test 

method examines the circumferential strength of a vessel as this characteristic can be 

correlated to a vessels burst strength [269][270]. In this standard tubular specimens, 

commonly referred to as ‘ringlets’, are placed over two round pins that are 

subsequently separated by a unidirectional load. This uniaxial ringlet test or hoop test 

has been used in the characterisation of a number of biological vessels including 

human coronary arteries [271], the great saphenous vein [272], along with a number 

of TEBV constructs [273][274]. 

 

To prepare samples for testing, ringlet specimens with approximate lengths of 10mm 

were cut from electrospun tubular scaffolds and hydrated in phosphate buffer solution 

for 24h at 37oC before testing. The internal and external diameters of the ringlets were 

then measured on a Mitutoyo light microscope with a toolmakers micrometer. Internal 

(Di) and external diameters (Do) were measured at two orientations orthogonal to each 

other as indicated in Figure 4.2 (A). An average specimen diameter was then 

calculated from this and used to calculate the wall thickness (t) of the vessel. The 

length of the samples (L) as shown in Figure 4.2 (B) are measured using a Vernier 

callipers and used to calculate the cross sectional area of the sample that resists loading 

using equation (4.1) [272]. Subsequently the stress within the sample is calculated 

from equation (4.2). 

 

𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 (𝐴) =  2 ∗ 𝑡 ∗ 𝐿           (4.1) 

 

Where, t is the wall thickness of vessel and L= length of sample. To account for two 

wall segments resisting loading this value is multiplied by two. 

 

𝜎 =
𝐹

𝐴
              (4.2) 

 

Where σ is stress in vessel wall, F is the force within the sample and A is the cross 

sectional area resisting loading as found from equation (4.1). 
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Figure 4.2: Schematic diagrams of ringlet dimensions (A) Internal and external diameters 

measured at two orthogonal orientations (B) Length of ringlet specimens ‘L’ (C) 

Configuration of vessel when true gauge length (L0) of specimen is reached 

 

For this study, uniaxial ringlet testing was conducted on a Zwick Z005 displacement  

controlled tensile testing machine with a 500N load cell attached.  Custom built pin 

grip fixtures designed according to ISO 7198 specifications were used as shown in 

Figure 4.3 (A). These grips consisted of 1.5mm Ø mounting pins with a centre to 

centre spacing of 2.5mm before commencement of the test. An adapted testing 

program based on ISO 7198 and previously described protocols for the testing of 

vascular vessels was used [275]. Briefly, a pre-load of 0.1N was applied to the 

specimens in order to remove any slack from the sample. Following this specimens 

were test to failure at a rate of 10 mm min-1.  

 

 

Figure 4.3: Uniaxial ringlet test (A) Sample before testing mounted on extension pins (B) 

Schematic of gauge length (L0) used in post processing of tensile data (C) Sample of image 

after testing 
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The gauge length (Lo) of the sample was determined to be the distance between the 

centre to centre of the loading pins when the vessel walls aligned to the configuration 

shown in Figure 4.2 (C). In this configuration, the vessel walls are aligned parallel to 

the direction of loading without any change to the overall perimeter length of the 

vessel compared to its non-loaded state. This ensured that no strain due to the 

alignment of the vessel walls was included within the tensile responses but rather 

solely the strain due to the deformation of the specimen. Typically the application of 

the pre-load accounts for this unwanted strain region but due to the complex and wide 

array of vessel structures under investigation, no single pre-load value could be applied 

that ensured all specimens were in the proper configuration before testing. To 

counteract this, the theoretical L0 for each specimen was manually calculated 

following testing based upon the measured dimensions recorded. Using this 

information the initial strain region experienced before the theoretical gauge length 

was removed from the loading cycle and the remainder of the strain cycle normalised 

to a starting point of 0% strain. The measured force at this point remained unchanged.  

 

This method of normalising the strain to the initial theoretical gauge length was 

verified as part of an initial test method development study. In this study, a video 

extensometer attached to the tensile test machine was used to correlate the loading 

profile of the sample to the corresponding specimen configuration via time series 

analysis. The full details of this development study can be found in Appendix C. The 

summarised finding of this study is represented in Figure 4.4. Here it can be observed 

that an initial toe region is observed within the stress-strain response curve. This toe 

occurred not due to a true deformation of the test specimen, but rather due to a 

reconfiguration of the specimen geometry upon loading. This reconfiguration element 

of the stress-strain response curve is represented in region 1 of the profile. A stress 

stiffening effect was found to occur within the vessel with this being correlated to the 

point at which the theoretical gauge length was achieved, represented by the transition 

at region 2. After this, the specimen was elongated until yielding (region 3) and finally 

failure of the specimen occurred (region 4). Failure to remove this initial toe region 

results in an inaccurate representation of the stress-strain profile and subsequently 

inaccurate Young’s modulus and strain at break measurements. 
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Figure 4.4: Stress vs strain profile of electrospun ringlet specimen showing distinct loading 

stages with corresponding specimen configurations as verified by video extensometer. 

Region (1) shows sample after pre-load with walls of ringlet in a non-parallel configuration 

resulting in a large strain for a small applied load. Region (2) shows an increased stress 

response with the video extensometer confirming the specimen has reached its theoretical 

gauge length point. Region (3) shows yielding of sample. Region (4) showing specimen 

failure. It is noted that enhanced outlines have been added to the samples to aid in image 

clarity  

 

Figure 4.5 shows a typical stress-strain profile of electrospun ringlet specimen with 

the initial toe region removed and strain normalised to the point at which the 

theoretical gauge length is achieved. It was also desired to assess the stiffening 

response of vessels without considering the cross sectional area of the test specimens 

due to the highly complex and porous nature of the fibrous scaffolds. The ‘ring 

modulus’ response of the vessels was calculated based upon the pure force vs strain 

data obtained from the test cycle, with the modulus calculated from the gradient of the 

linear response section of the force vs strain curve. This can be viewed as a property 

of the structure rather than an intrinsic material property. 

 

4.3.3.4 Static Compliance Testing 

Static compliance testing of electrospun tubular specimens was conducted in 

accordance with ISO 7198 using a custom-built fixture as shown in Figure 4.6 (A).  
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Figure 4.5: Stress vs strain response of electrospun ringlet specimen with initial toe region 

removed and strain normalised to theoretical gauge length point. It is observed that the 

strain response is significantly altered, compared to that of the non-normalised response as 

seen in Figure 4.4 indicating the importance of this method for the calculation of Young’s 

modulus and strain at break. 

 

The test fixture consisted of a test chamber for the mounting of vessels, where one luer 

connection was attached to an extension device controlled by a micrometre stage 

system. An indeflator device was used to pressurise the closed system after flushing 

with deionised water. Due to the porous nature of electrospun specimens they often 

required a method to seal their pores in order to prevent fluid leakage under 

pressurisation. Based upon the indications of ISO 7198, tubular latex membranes 

(Figure 4.6 (B)) of significantly higher compliance were used as an intermediate 

barrier layer between the fluid and the electrospun specimen wall (Figure 4.6 (C)). 

Using these latex membranes appropriate pressurisation of the vessel can be achieved 

without fluid loss. The latex membranes were made using a latex dipping method in 

which 5mm diameter stainless mandrels were twice dipped into a liquid latex solution 

and allowed to air dry (Kryolan,UK). The latex membranes could be subsequently 

removed from the mandrel by covering in talcum powder and inverting the membrane. 

 

In order to ensure the latex balloons were of an appropriately higher compliance than 

the test specimen, uniaxial ringlet tensile testing (n=10) and static compliance testing 

(n=5) was performed and compared to a sample electrospun tubular vessel. The results 

of this experiment can be found in Appendix D. In brief, it was found that the latex  



122 

 

 

Figure 4.6: Static compliance test (A) Test rig showing sample chamber attached to 

indeflator device used to control the pressurisation of samples. An attached extension device 

control by a micrometer allows for the controlled strain of samples (B) Latex membrane 

used to prevent fluid leakage through wall of electrospun scaffolds (C) Electrospun sample 

mounted over latex balloon 

 

membranes exhibited considerably lower Young’s modulus characteristics compared 

to the electrospun tubular specimen and also was found to demonstrate a significantly 

higher compliance rate when pressurised, compared to that of the combined 

electrospun specimen and latex membrane test method. This ensures that the tubular 

electrospun specimen experiences the complete pressurisation effect and resists the 

loading forces exhibited. 

 

Compliance of the scaffolds was assessed by increasing the pressure with the vessels 

from 0 to 750mmHg in controlled increments as shown in Figure 4.7. Image J analysis 

was used to measure the diameter of the vessel at 3 points providing an average 

diameter measurement for each pressurisation level. Using this information 

compliance of the vessel was calculated from the Equation 4.3 below: 

 

𝑪𝒐𝒎𝒑𝒍𝒊𝒂𝒏𝒄𝒆 =  
𝑫𝒔− 𝑫𝒅

𝑫𝒅(𝑷𝒔− 𝑷𝒅)
 𝒙 𝟏𝟎𝟒     %𝒎𝒎𝑯𝒈−𝟏 𝒙 𝟏𝟎−𝟐                (4.3) 

 

Where, Ds
 and Dd

 are systolic and diastolic external diameters, and Ps
 and Pd are the 

systolic and diastolic pressures. In this test, Ps and Pd is maintained at 105 and 



123 

 

30mmHg respectively. This pressure range was selected as to provide an appropriate 

comparison to the work detailed by Tai et al. that explored the compliance properties 

of typical conduits used within in vascular reconstruction surgeries over a pressure 

range of 30mmHg to 100mmHg [42].  

 

 

Figure 4.7: Static compliance test of electrospun tubular vessel showing a sample specimen 

pressurised at predetermined intervals ranging from 0 to 750mmHg. Image J analysis used 

to determine average sample diameter based upon three diameters taken along length of 

sample 
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4.3.3.5 XRD of Electrospun Membranes 

X-ray diffraction was performed on select electrospun vessels using a Brüker D8 

Advance X-ray Diffractometer to determine crystallinity of the fibrous structures. 

Vessels were prepared by first cutting them open along their longitudinal axis and 

flattening to form a membrane. A blank scan of the glass slides and double-sided 

adhesive tape was made prior to measurement to provide a baseline scan. Scanning 

was performed over a 2θ range of 10 to 60o, in 0.05o increments at a scan rate of 1o per 

minute. It is noted that the baseline scans were not removed from the scan profiles but 

rather used in conjunction with the measured profile. 

 

4.3.3.6 Porosity 

Sample porosity was quantified using the previously described liquid intrusion 

technique as detailed in Chapter 3 (pp.70-71). A slight variation of this method was 

the geometry of the test specimens used. For this test, ringlet specimens of 10mm in 

length were cut from the tubular scaffold of interest using a dual blade cutter. The 

ringlets were dimensioned with a light microscope and Vernier callipers as previously 

described within the uniaxial tensile testing of ringlet specimens.  

 

4.3.3.7 Statistical Analysis 

Numerical data is presented as mean ± standard deviation (S.D). Where data was 

determined to comply with the relevant assumptions of a parametric analysis, 2 sample 

t-test was conducted for the comparison of pair wise samples. For the comparison of 

multiple samples one and two-way analysis of variance (ANOVA) were conducted 

where appropriate. Subsequent multiple comparisons were made using the Sidak 

correction test. The level of statistical significance was set to p < 0.05. Where data was 

found to violate the assumptions of an ANOVA analysis, most notably equal variance 

amongst groups (by Bartletts statistic), non-parametric analysis was conducted. 

Mann–Whitney test was employed for 2-sample comparison, while Kruskal-Wallis 

analysis with subsequent Dunn Correction was utilised for multiple comparisons. 

Regression analysis was conducted using the statistical software package Minitab 17. 
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4.4 Design of Studies 

 Regression Analysis of Multi-modal Electrospinning Process 

Based upon the results of the initial solution screening trial performed in Chapter 3, 

16wt% PCL in Chloroform/Ethanol (7:3;v:v) was identified as the choice solution 

combination for the development of the inner ‘core’ layer of the bi-layer scaffold. This 

solution combination offers the potential to create scaffolds with hybrid fibre diameter 

populations that offer increased pore volumes for cell infiltration while providing nano 

diameter fibres for cell attachment and guidance [196]. In order to establish the effects 

of a number of processing parameters on the mechanical and morphological attributes 

of scaffolds created by multi-modal spinning approaches, a factorial regression 

analysis was conducted. Regression analysis provides a method to obtain a first order 

approximation for the dependence of output responses on corresponding input 

parameters, through the systematic and randomised variation of factor combinations 

referred to as ‘treatments’ [276]. The parameter ranges selected for this study were 

based upon previously identified boundary conditions, and chosen to provide the 

minimum and maximum limits for each parameter identified. It is however noted that 

due to the complex interactions of parameters in electrospinning, it could not be said 

with certainty that scaffolds could be successfully produced at all treatment levels 

studied. Due to this, it was decided that an orthogonal design was to be maintained 

throughout the analysis, which may require the loss of particular parameter levels if 

they do not yield suitable samples for all treatments studied. 

 

The tubular scaffolds were prepared according to the previously described 

electrospinning protocol for the preparation of small diameter tubular scaffolds using 

a poly(ɛ-caprolactone) with an average molecular weight (Mw) of 80,000 g/mol 

(Sigma Aldrich, USA). Table 4.1 details the parameters and their associated levels 

selected for study in this investigation. Briefly, four main processing variables were 

identified for analysis; solution flow rate, applied voltage, tip to collector distance and 

the rotational speed of the collection mandrel. Three scaffolds were prepared for each 

of the parameter combinations identified, to provide appropriate replicate 

measurements to assess process variation. Uniaxial ringlet tensile testing and liquid 

intrusion porosity were conducted on specimens harvested from the tubular scaffolds. 
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Table 4.1: Processing parameters under investigation as part of the multi-modal spinning 

DOE with corresponding levels for each working parameter 

 

 

Three ringlet specimens (n=3) were taken from each of the tubular scaffolds in order 

to determine vessel homogeneity along its length for each of the characterisation tests 

method investigated. An average representative value for the scaffold was in turn 

calculated based on the corresponding results. SEM analysis was also performed 

according to the previously described protocol with a sample of the inner and outer 

surface of the tubular scaffolds viewed, with corresponding fibre diameters (n=30) and 

orientations assessed. In total 72 unique factor combinations ‘treatments’ were 

investigated as part of this regression analysis with three replicates per combination, 

giving 216 observations as outlined in Table 4.2. Table 4.3 details the subsequent 

responses variables (Ys) assessed as part of the analysis which includes the ultimate 

tensile strength, Young’s modulus, porosity, average fibre diameters, and fibre 

orientation (coherency) for each treatment level. 

 

Linear regression analysis of the multi-modal electrospinning process was performed 

using the statistical software Minitab. In the modelling approach employed, the role 

of each input parameter and corresponding interactions was normalized to a 

standardised ranking system. Normalising parameters in this manner allows for the 

immediate relative importance of each parameter to be compared through the 

determination and comparison of the corresponding t-value [276]. In order to reduce 

the complexity of the regression model a stepwise elimination method was utilised to 

remove non-significant terms. Stepwise elimination works upon the principle of 

removing a non-significant term from the model based upon a statistical significance 

threshold level. The significance threshold level was selected to be p=0.05 for all the 

models under investigation in this work. If a parameter was found to have a p-value 

 Parameter Unit  Level 

1 

Level 

2 

Level 

3 

Level 4 

4 

X1 Flow rate (Q) mL/hr 4 8 12 - 

X2 Applied Voltage (V) kV 10 15 20 - 

X3 Distance (D) cm 15 17.5 20 22.5 

X4 Collection Speed (S) RPM 1600 3200 - - 
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Table 4.2: Design matrix for the regression analysis of multimodal electrospinning process utilising 16wt% Chloroform/Ethanol (7:3) solutions 

                                     Parameters 

Mandrel Speed (RPM)     1600RPM          3200RPM 

Spin time (min) 20 

Flow rate (ml/hr) 4 

Voltage (kV) 10 15 20 

Distance (cm) 15 17.5 20 22.5 15 17.5 20 22.5 15 17.5 20 22.5 

   

  

Spin time (min) 20 

Flow rate (ml/hr) 8 

Voltage (kV) 10 15 20 

Distance (cm) 15 17.5 20 22.5 15 17.5 20 22.5 15 17.5 20 22.5 

  

 

Spin time (min) 20 

Flow rate (ml/hr) 12 

Voltage (kV) 10 15 20 

Distance (cm) 15 17.5 20 22.5 15 17.5 20 22.5 15 17.5 20 22.5 
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higher than this threshold level it was removed from the model. This corresponds to 

the parameter having a non-significant effect on the regression model. After the 

removal of the term, the model was subsequently revaluated and the next 

parameter/interaction examined for significance. This method continued until all non-

significant terms were eliminated. It is noted that a non-hierarchical model was 

deemed acceptable for this work in order to reduce unnecessary terms to prevent over 

fitting of the model from occurring. For each of the terms found to be significant a 

coefficient value was assigned to the term that was used to calculate its effect on the 

output response variable. 

 

The coefficient of determination or ‘R2’ was also calculated for the corresponding 

models in order to assess the quality of the fitted model to the data [277]. In addition 

the R2 (adj) was calculated in order to determine the fit of the model independent of 

the number of predictor terms included within it. This is again important when 

assessing if a model has become over fitted. Similarly the R2 (pred) term was 

calculated to determine the capability of the model to accurately predict new 

observations not currently included in the model. Using these values a true estimation 

of the model power could be determined. Main effects and interaction plots were 

generated to allow for the visual assessment of output responses to the corresponding 

input parameters and their interactions.  

 

Table 4.3: Response properties of scaffolds (Ys) assessed as part of multi-modal 

electrospinning regression analysis 

 

Response Unit Abbreviation 

Y1 Ultimate Tensile Strength MPa UTS 

Y2 Young’s Modulus MPa YM 

Y3 Max Force N MF 

Y4 Ring Modulus N/% RM 

Y5 Porosity % PO 

Y6 Mean Inner Fibre Diameter µm IFD 

Y7 Mean Outer Fibre Diameter µm OFD 

Y8 Inner Fibre Coherency (0-1) - IC 

Y9 Outer Fibre Coherency (0-1) - OC 
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 Control of Molecular Weight Variation between PCL Batches 

through the Matching of Solution Viscosities 

Polymers prepared by synthetic means including poly(ε-caprolactone) are often prone 

to experiencing variations in molecular chain characteristics depending on the 

synthesis pathway used and the precision of the reaction process itself [278]. While 

raw polymer materials are typically supplied with an average molecular weight 

characteristic, they often have varying chain lengths reflected by their poly dispersity 

index (PDI), and may also present different molecular weight distribution patterns 

[279]. These variations in molecular weight characteristics can result in significant 

changes to the polymers electrospinning potential, due to the processes high 

dependence on the viscoelastic properties of the prepared solutions. This can result in 

polymers forming different electrospun structures despite possessing equivalent 

average molecular weight characteristics [280].  

 

Two batches of the polymer PCL were purchased as part of this work from Sigma 

Aldrich, both having a molecular weight of Mw = 80,000 g/mol. The first batch of PCL 

(#00807DJ), referred to as the ‘original’ PCL batch for future reference, was heavily 

utilised in initial experiments including the solution screening trial, the multimodal 

polymer concentration study and the regression analysis of the multimodal spinning 

process. During the course of the final experiments surrounding the preparation of the 

core layer of the bi-layer scaffold, the second PCL batch (#MKBV3325V), referred to 

as the ‘new’ batch, was utilised due to constraints surrounding the continued 

availability of the original PCL material. Solutions prepared using the new PCL batch 

at a concentration level of 16wt%, were observed to have significantly different 

viscosity attributes compared to those prepared using the original PCL for the same 

wt% level. This in turn resulted in a radically altered electrospinning process, with no 

spinning possible due to the highly viscous nature of the prepared solutions. Due to 

this observation it was suspected that the supplied PCL batches may have possessed 

dissimilar molecular weight properties despite being supplied as an equivalent 

material. In order to establish the molecular weight characteristics of the two PCL 

batches, GPC was performed according to previously described method (pp.116-117). 
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Due to the significant variation of viscosity between the two PCL batches for a set 

wt% concentration level, an alternative method was required in order to establish 

equivalent solutions for electrospinning. One technique considered for the control of 

molecular weight variation between PCL batches, was to directly match solution 

viscosity rather than using equivalent concentrations [263]. In order to achieve this, a 

series of solutions with varying concentrations were prepared using the new PCL 

batch. The solutions were prepared as per Table 4.4, to provide an appropriate 

comparison range to the previously obtained viscosity data for the original PCL batch.  

The viscosity and conductivity properties of each concentration level were measured 

and the corresponding curve generate was compared to the previously obtained 

viscosity curve for the original PCL batch (as found in Chapter 3 (p.92)). Based on 

these results an interpolation was used to identify a polymer concentration level that 

yielded a comparative viscosity to that of an original 16wt% solution at 495.8 ± 4.3 

mPa.s. To confirm the suitability of the selected concentration, 3 solutions were 

prepared and corresponding viscosity and conductivity was statistically compared to 

the original 16wt% solution. 

 

4.4.2.1 Assessment of Mechanical Response Variation between PCL Batches 

and Fabrication of Vessels with Optimal Compliance Characteristics 

Based upon the results of the viscosity comparison study, a 7.8wt% PCL solution was 

found to provide an appropriate viscosity value comparable to that of the original 

16wt% solutions. In order to assess any resulting variation in the mechanical responses 

of electrospun vessels prepared using these alternative PCL batches, a comparison 

study was performed. As part of this two parameter combinations were identified from 

the multimodal regression study and specimens prepared using the original and new 

PCL batches. These parameter combinations were chosen based on yielding UTS and 

YM properties comparable to that of common conduits used in arterial bypass 

applications (Table 4.5). Mechanical assessment was performed through both uniaxial 

ringlet and dogbone test methods as previously described. This dual mechanical 

comparison was performed in order to identify any variation that may be imparted due 

to the test method selected and to provide further assessment of the uniaxial ringlet 

test method. Five tubular specimens were prepared at each of the parameter 

combinations for both the original and new PCL batches. 
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Table 4.4: Polymer concentration levels used to generate viscosity profile for comparison to 

original PCL batch 

PCL Batch Polymer Concentration (wt%) 

 

 

 

#MKBV3325V 

“new batch” 

 

5 

6 

6.5 

7.5 

8.5 

9 

10 

14 

 

 

Porosity of the specimens was assessed according to the previously described liquid 

intrusion method (p.126), and morphology and fibre diameters assessed by SEM 

analysis. X-ray diffraction (XRD) analysis was performed on the specimens created at 

the maximum collection time for Set 1 & 2 using both the original and new PCL 

batches in order to examine any potential changes in crystallinity due to the molecular 

weight variation. In addition to assessing the variation of mechanical responses within 

changing PCL batches, the ability to further tune compliance characteristics of the 

tubular scaffolds prepared using the new PCL batch was assessed. As part of this, 

static compliance testing was conducted according to the previously described 

protocol for each of the parameter sets and their corresponding collection time 

variations (n=6). Subsequent comparisons of compliance properties were made to 

common vessels used in arterial bypass procedures as adapted from Tai et al. [42]. 

 

Table 4.5: Parameter combinations identified for comparison of 16wt% solutions prepared 

with original PCL batch to 7.8wt% solutions prepared using new PCL batch 

Parameter 

Set No. 

Flow Rate 

(ml/hr) 

Applied 

Voltage (kV) 

Tip-Collector 

Distance (cm) 

Mandrel 

Speed (RPM) 

Collection Time 

(min) 

Set 1 12 20 17.5 3200 10 20 40 

Set 2 4 15 17.5 3200 20 40 60 
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4.5 Results 

 Regression Analysis of Multimodal Rotating Mandrel 

Electrospinning Process 

While completing the regression analysis of the multimodal electrospinning process, 

it was observed that specimens could not be prepared at all of the parameter 

combinations under investigation. Particular parameter interactions including that of 

the lower boundary voltage of 10kV’s, combined with the increased flow rates of 8 

and 12ml/hr, resulted in excessive ‘electrospitting’ (uncontrolled repulsion of liquid 

polymer droplets) and material aggregation at the spinneret tip. This electrospitting 

and material aggregation prevented successful sample collection, with wet polymer 

deposition observed to occur directly on the collection mandrel or limited deposition 

of fibrous material due to the blockage of the spinneret tip respectively. Specimens 

created at the collector distances of 20cm or greater were often difficult to remove 

from the mandrel following the methanol-soaking step. The increased collector 

distance of 22.5cm paired with a flow rate of 4ml/hr resulted in such poor spinning 

that no samples could be removed from the mandrel intact.  

 

It was also noted that when spinning at the increased voltages of 15 and 20kV, 

increased splaying effects occurred at the spinneret tip with an increased number of 

visible jets emerging from the Taylors cone. A portion of specimens created at these 

voltages were also found to possess irregular surface topographies, with small ridges 

present on the surface of the tubular scaffolds. It was observed that increasing the 

applied voltage typically resulted in more distinct ridges upon the surfaces of the 

specimens. Some areas of fibre merging were also visible at the decreased collection 

distance of 10cm, again particularly prevalent at increased flow rates. SEM results of 

specimens successfully spun during the regression analysis can be found in Tables E.1 

and E.2 of Appendix E, with E.1 showing samples produced at the lower mandrel 

speed of 1600 RPM and Table E.2 at a mandrel speed of 3200 RPM. A sample 

selection of specimens obtained at a collector distance of 17.5cm over the flow rate of 

4-12ml/hr and applied voltage range of 10-20kV can be seen in Table 4.6. The 

complete SEM results for one experimental replicate can be found in Table E.1 (1600 

RPM specimens) and Table E.2 (3200 RPM specimens) of Appendix E. 
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Table 4.6: Sample images of specimens obtained from the regression analysis of the 

multimodal electrospinning process.  Specimens were produced over the flow rate range of 

4-12ml/hr, applied voltage range of 10-20kV and a collection distance of 17.5cm 

Flow Rate: 4ml/hr 

Applied Voltage 

10kV 15kV 20kV 

1600 RPM 

   

3200 RPM 

   

   

Flow Rate: 8ml/hr 

Applied Voltage 

10kV 15kV 20kV 

1600 RPM 

   

3200 RPM 

 

No Specimen Collected 
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Flow Rate: 12ml/hr 

10kV 15kV 20kV 

1600 RPM 

 

 

No Specimen Collected 

  

3200 RPM 

 

 

No Specimen Collected 

   

 

 

 

Figure 4.8 shows a typical stress-strain profile obtained for the uniaxial ringlet tensile 

testing of the PCL tubular scaffolds. Figure 4.8 (A) shows the response of three 

scaffolds created at a flow rate of 4ml/hr, applied voltage of 15kV, collector distance 

of 17.5cm and a rotational mandrel speed of 1600RPM. Figure 4.8 (B) similarly shows 

three scaffolds created at an identical flow rate, applied voltage and collector distance 

but with the increased rotational mandrel speed of 3200 RPM. Again, it is noted that 

each of the scaffold profiles is comprised of the average tensile data and subsequent 

deviations of three ringlet specimens taken from various positions along the length of 

the scaffold. From these profiles, it can be seen that specimens created at the increased 

mandrel speed of 3200RPM displayed greater deviation in their mechanical properties 

both within the sample itself and between specimens. This was a common observation 

for all the tubular scaffolds assessed within the study. Specimens were also found to 

fail at varying strain levels.  This was attributed to the complex and varying ways in 

which the samples failed. This included the rapid fracturing of the specimens, the 

gradual failure of the sample wall and delamination of layers in certain instances.  

Typically this delamination effect was observed to occur in samples with larger wall 

thicknesses.
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Figure 4.8: Stress strain profiles obtained from uniaxial ringlet testing of tubular specimens created at a flow rate of 4ml/hr, applied voltage of 15kV 

and collection distance of 15cm prepared as part of the linear regression analysis study (A) Replicate specimens created at the lower mandrel rotational 

speed of 1600 RPM (B) Replicate specimens created at the higher mandrel rotational speed of 3200 RPM. N=3 per scaffold.
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4.5.1.1 Analysis of Response Variables (Ys) to Input Parameters (Xs) 

Mechanical Response Variables 

Due to the loss of samples at particular parameter interactions, the original regression 

design matrix was adjusted to account for the specimen loss. This required the removal 

of the 10kV voltage level and the collector distance of 22.5cm across the entire matrix. 

These level removals were required in order to ensure an orthogonal design with equal 

sample sizes was maintained throughout the study. The adjusted design matrix levels 

are subsequently detailed in Table 4.7, yielding a total number of treatments at 36, 

with 108 observations made. The full results of the regression trial can be found in 

Appendix E, where Table E.3 and Table E.4 shows the mechanical and morphological 

results for specimens produced at the collection speed of 1600RPM. Table E.5 and 

Table E.6 subsequently show the mechanical and morphological results of specimens 

produced at the collection speed of 3200 RPM. 

 

Table 4.8 shows the tabulated results of the modelling analysis performed for the 

vessel ‘UTS’ or regression variable Y1. Here the modelling coefficients for the full 

model can be viewed, along with the reduced model terms identified based on a 

significance value threshold of p<0.05. A number of parameters were found to have a 

significant effect in predicting the UTS properties of the vessels. Based upon the 

calculated t-values, the most significant parameter for determining the UTS property 

of the vessel was the rotational speed of the collection mandrel. An increase in 

rotational speed was found to result in higher UTS properties, with vessels possessing 

an average of ~1.9 MPa at 1600 RPM and ~2.4 MPa at 3200 RPM as shown in the 

corresponding main effects and interactions plot (Figure 4.9). The collector distance 

 

Table 4.7: Adjusted parameter range for multi-modal spinning trial to account for loss of 

samples ensuring orthogonality of study 

 Parameter Unit  Level 

1 

Level 

2 

Level 

3 

X1 Flow rate (Q) mL/hr 4 8 12 

X2 Applied Voltage (V) kV 15 20 - 

X3 Distance (D) cm 15 17.5 20 

X4 Collection Speed (S) RPM 1600 3200 - 



137 

 

was also found to be a significant variable for determining UTS with an increase in 

collector distance found to result in falling UTS properties with ~2.3 MPa at 15cm and 

~2 MPa at 20cm. A number of interactions were also found to effect the UTS including 

the gross interaction of the four input variables (X1*X2*X3*X4) along with the 

interaction of the flow rate and collection distance (X1*X4). The effect of flow rate 

and applied voltage were found to be non-significant in the model although a slight  

 

Table 4.8: Full Model vs. Reduced Model in Coded Variables for Output Variable Y1 ‘UTS’ 

Obtained by dropping All Terms with p>0.05 

 Main 

Effect/ 

Interaction 

p Coefficients 

Full Model 

t-Value Keep/ 

Drop 

Coefficients 

in Reduced 

Model 

Significance 

Rank 

1 Constant 0.000 2.1861 91.51 Keep 2.1861 (0) 

2 X1 0.016 -0.0720 -2.46 Keep -0.0720 6,7 

3 X2 0.652 -0.0108 -0.45 Drop -  

4 X3 0.000 -0.1426 -4.87 Keep -0.1426 2 

5 X4 0.000 0.2190 9.17 Keep 0.2190 1 

6 X1
* X2

 0.043 0.0600 2.05 Keep 0.0600 9 

7 X1
* X3 0.000 -0.1341 -3.74 Keep -0.1341 4 

8 X1
* X4 0.034 -0.0630 -2.15 Keep -0.0630 8 

9 X2
* X3 0.051 -0.0578 -1.97 Drop -  

10 X2
* X4 0.009 -0.0635 -2.66 Keep -0.0635 5 

11 X3
* X4 0.339 -0.281 -0.96 Drop -  

12 X1
* X2

* X3 0.016 0.0882 2.46 Keep 0.0882 6,7 

13 X1
* X2

* X4 0.483 0.0206 0.70 Drop -  

14 X1
* X3

* X4 0.220 -0.0442 -1.23 Drop -  

15 X2
* X3

* X4 0.081 -0.0517 -1.77 Drop -  

16 X1* X2* 

X3*X4 

0.000 0.1578 4.40 Keep 0.1578 3 

17 Block 0.859 N/A - Drop -  

 S R-Sq R-Sq (adj) R-Sq (pred) 

Full 0.248262 66.10% 60.57% 53.02% 

Reduced 0.253481 62.36% 58.90% 53.79% 
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Figure 4.9: Main effects and interaction plot for the regression variable ‘UTS (Y1)’ showing 

the effects of changing input variable levels to the response variable of interest. Greyed 

backgrounds represent a term or interaction not included within the reduced model used to 

predict the output response. 

 

decrease in UTS was observed with decreasing flow rate. The R-sq and R-sq (pred) 

values of the reduced model were found to be 62.36% and 53.79% respectively. An S 

value of 0.25 MPa was calculated for the model accounting for ~11% variation based 

upon the UTS coefficient at 2.1861 MPa. Appendix F shows the complete collection 

of residual plots for the regression analysis.  

 

Overall the UTS is predicted through the equation, where the variables Q=Flow Rate, 

V=Applied Voltage, D=Collector Distance and S=Collection Speed. These variables 

represent the levels of the corresponding variable under investigation expressed in  
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𝑈𝑇𝑆 = 2.1861 − (0.720 ∗ 𝑄)– (0.1426 ∗ 𝐷) + (0.2190 ∗ 𝑆) + (0.0600 ∗ 𝑄 ∗ 𝑉) −

(0.1341 ∗ 𝑄 ∗ 𝐷) − (0.0630 ∗ 𝑄 ∗ 𝑆) − (0.0635 ∗ 𝑉 ∗ 𝑆) + (0.0882 ∗ 𝑄 ∗

𝑉 ∗ 𝐷) + (0.1578 ∗ 𝑄 ∗ 𝑉 ∗ 𝐷 ∗ 𝑆)    (4.4) 

 

terms of coded units. 

 

Table 4.9: Full Model vs. Reduced Model in Coded Variables for Output Variable Y2 ‘YM’ 

Obtained by dropping All Terms With p>0.05 

 Main 

Effect/ 

Interaction 

p Coefficients 

Full Model 

t-Value Keep/ 

Drop 

Coefficients 

in Reduced 

Model 

Significance 

Rank 

1 Constant 0.000 6.5767 97.02 Keep 6.5767 (0) 

2 X1 0.000 -0.6246 -7.52 Keep -0.6246 3 

3 X2 0.294 0.0716 1.06 Drop -  

4 X3 0.000 0.7961 9.59 Keep 0.7961 1 

5 X4 0.000 0.5187 7.65 Keep 0.5187 2 

6 X1
* X2

 0.017 0.2018 2.43 Keep 0.2018 7 

7 X1
* X3 0.490 -0.071 -0.69 Drop -  

8 X1
* X4 0.779 -0.0234 -0.28 Drop -  

9 X2
* X3 0.495 -0.0569 -0.69 Drop -  

10 X2
* X4 0.400 0.0574 0.85 Drop -  

11 X3
* X4 0.000 0.3266 3.93 Keep 0.3266 4 

12 X1
* X2

* X3 0.005 0.294 2.90 Keep 0.294 6 

13 X1
* X2

* X4 0.407 0.0692 0.83 Drop -  

14 X1
* X3

* X4 0.063 -0.191 -1.88 Drop -  

15 X2
* X3

* X4 0.252 -0.0957 -1.15 Keep -0.0957 8 

16 X1* X2* 

X3*X4 

0.003 0.312 3.07 Keep 0.312 5 

17 Block 0.679 N/A - Drop -  

 S R-Sq R-Sq (adj) R-Sq (pred) 

Full 0.704448 73.47% 69.14% 62.36% 

Reduced 0.705949 71.04% 69.01% 65.71% 
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Table 4.9 shows the tabulated results of the modelling analysis performed for the 

Young’s modulus of the vessels or the regression variable ‘Y2’. For this term, collector 

distance was found to be the most significant input variable for determining YM with 

an increase from ~5.7 MPa to ~7.4 MPa with an increase in collection distance over 

15 to 20 cm. Following this, the rotational speed of the mandrel was also found to be 

the next significant with an increase in YM observed as the speed increased from 1600 

(~6.0 MPa) to 3200 RPM (~7.1 MPa) (Figure 4.10). The reduced model had an overall 

R-sq of 71.04% and a predictive R-sq of 65.71%. An S value at ~0.705 MPa again 

accounted for ~11% variation based upon the YM coefficient at 6.5767 MPa. 

 

 

 

Figure 4.10: Main effects and interaction plot for the regression variable ‘YM (Y2)’ showing 

the effects of changing input variable levels to the response variable of interest. Greyed 

backgrounds represent a term or interaction not included within the reduced model used to 

predict the output response. 
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Table 4.10 shows the tabulated results of the modelling analysis performed for 

maximum force (MF) response of the vessels or response variable ‘Y3’. Collector 

distance was again found to be the most significant input variable for determining the 

MF, with a decrease from ~30 N at 15cm to ~10 N at 20cm. Following this, the 

solution flow rate was found to be next significant term with an increase from 15 N at 

4ml/hr to ~27 N at 12ml/hr. This increase was however not linearly proportional with  

 

Table 4.10: Full Model vs. Reduced Model in Coded Variables for Output Variable Y3 ‘Max 

Force’ Obtained by dropping All Terms With p>0.05 

 Main 

Effect/ 

Interaction 

p Coefficients 

Full Model 

t-Value Keep/ 

Drop 

Coefficients 

in Reduced 

Model 

Significance 

Rank 

1 Constant 0.000 19.780 34.10 Keep 19.718 (0) 

2 X1 0.000 5.696 7.91 Keep 5.696 2 

3 X2 0.757 0.180 0.31 Drop -  

4 X3 0.000 -9.292 -13.25 Keep -9.292 1 

5 X4 0.000 2.263 3.81 Keep 2.263 5 

6 X1
* X2

 0.937 0.056 0.08 Drop -  

7 X1
* X3 0.000 -3.545 -4.25 Keep -3.545 3 

8 X1
* X4 0.462 -0.523 -0.74 Drop -  

9 X2
* X3 0.542 0.434 0.61 Drop -  

10 X2
* X4 0.106 0.934 1.63 Drop -  

11 X3
* X4 0.002 -2.207 -3.25 Keep -2.207 4 

12 X1
* X2

* X3 0.328 -0.853  -0.98 Drop -  

13 X1
* X2

* X4 0.923 0.068 0.10 Drop -  

14 X1
* X3

* X4 0.786 -0.236 -0.27 Drop -  

15 X2
* X3

* X4 0.011 1.938 2.61 Keep 1.938 6 

16 X1* X2* 

X3*X4 

0.621 0.430 0.50 Drop -  

17 Block 0.172 N/A - Drop -  

 S R-Sq R-Sq (adj) R-Sq (pred) 

Full 6.00874 76.42% 72.28% 66.73% 

Reduced 5.91500 74.64% 73.14% 71.20% 
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Figure 4.11: Main effects and interaction plot for the regression variable ‘Max Force (Y3)’ 

showing the effects of changing input variable levels to the response variable of interest. 

Greyed backgrounds represent a term or interaction not included within the reduced model 

used to predict the output response. 

 

only a small increase from 4 ml/hr to 8 ml/hr at ~17N.  The interactions of the flow 

rate and collection distance (X1*X3) was again found to be significant with an increase 

in max force with increasing flow rate as shown in the main effects and interactions 

plot, Figure 4.11.  This increase with flow rate was however, less prominent at the 

increased collector distance of 20cm compared to that of 15cm. The reduced model 

had an overall R-sq of 74.64% and a predictive R-sq of 71.20%. An S value at ~5.915 

N suggested the model was prone to variation with this accounting for ~30% of the 

MF coefficient at 19.780 N. 
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Table 4.11 shows the tabulated results of the modelling analysis performed for the ring 

modulus (RM) response of the vessels or response variable ‘Y4’. The most significant 

input variable for determining the RM was again found to be the collector distance, 

with a decrease from 0.7 N/% at 15cm to 0.37 N/% at 20cm. Following this, the 

solution flow rate was again found to be the next significant term with an increase of  

~0.48 N/% at 4ml/hr to 0.66 N/% at 12ml/hr. 

 

Table 4.11: Full Model vs. Reduced Model in Coded Variables for Output Variable Y4 ‘Ring 

modulus’ Obtained by dropping All Terms With p>0.05 

 Main 

Effect/ 

Interaction 

p Coefficients 

Full Model 

t-Value Keep/ 

Drop 

Coefficients 

in Reduced 

Model 

Significance 

Rank 

1 Constant 0.000 0.5488 44.22 Keep 0.5488 (0) 

2 X1 0.000 0.0956 6.29 Keep 0.0956 2 

3 X2 0.294 0.0131 1.06 Drop -  

4 X3 0.000 -0.1627 -10.70 Keep -0.1627 1 

5 X4 0.001 0.0430 3.46 Keep 0.0430 3 

6 X1
* X2

 0.658 -0.0067 -0.44 Drop -  

7 X1
* X3 0.074 -0.0337 -1.81 Drop -  

8 X1
* X4 0.334 -0.0148 -0.97 Drop -  

9 X2
* X3 0.292 0.0161 1.06 Drop -  

10 X2
* X4 0.001 0.0422 3.40 Keep 0.0422 4 

11 X3
* X4 0.066 -0.0283 -1.86 Drop -  

12 X1
* X2

* X3 0.210 -0.0235  -1.26 Drop -  

13 X1
* X2

* X4 0.755 -0.0048 -0.31 Drop -  

14 X1
* X3

* X4 0.726 -0.0065 -0.35 Drop -  

15 X2
* X3

* X4 0.001 0.0514 3.38 Keep 0.0514 5 

16 X1* X2* 

X3*X4 

0.600 -0.0098 -0.53 Drop -  

17 Block 0.089 N/A - Drop -  

 S R-Sq R-Sq (adj) R-Sq (pred) 

Full 0.128990 69.18% 63.76% 56.69% 

Reduced 0.131594 64.04% 62.28% 59.84% 
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Figure 4.12: Main effects and interaction plot for the regression variable ‘Ring modulus 

(Y4)’ showing the effects of changing input variable levels to the response variable of 

interest. Greyed backgrounds represent a term or interaction not included within the 

reduced model used to predict the output response. 

 

This increase was again not linearly proportional with a small increase seen between 

samples at 4ml/hr and 8ml/hr (0.5 N/%). Collection Speed was also found to have a 

significant effect with an increase in the ring modulus from ~0.5 N/% at 1600 RPM to 

~0.6 N/% at 3200RPM. The interactions between the applied voltage and collection 

distance (X3*X4) was found to be significant despite the applied voltage term being 

found to be insignificant on its own as shown in Figure 4.12. The reduced model had 

an overall R-sq of 64.04% and a predictive R-sq of 59.84%. An S value of ~0.131 N/% 

represents an overall model variation of ~24% when compared to the RM coefficient 

at 0.5488 N/%. 
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4.5.1.2 Porosity and Morphological Analysis 

The results of the porosity assessment indicated consistent specimen porosities across 

all scaffolds irrespective of the process parameters used, with porosities typically 

ranging from of 80 to 85%. Collection speed was found to be the most significant 

parameter (Table 4.12) to effect porosity, with a small average decrease from ~84%  

 

Table 4.12: Full Model vs. Reduced Model in Coded Variables for Output Variable Y5 

‘Porosity’ Obtained by dropping All Terms With p>0.05 

 Main 

Effect/ 

Interaction 

p Coefficients 

Full Model 

t-Value Keep/ 

Drop 

Coefficients 

in Reduced 

Model 

Significance 

Rank 

1 Constant 0.000 83.605 561 Keep 83.605 (0) 

2 X1 0.352 0.171 0.94 Drop -  

3 X2 0.001 -0.515 -3.45 Keep -0.515 2 

4 X3 0.011 -0.472 -2.59 Keep -0.472 3 

5 X4 0.000 -0.587 -3.94 Keep -0.587 1 

6 X1
* X2

 0.669 0.078 0.43 Drop -  

7 X1
* X3 0.090 -0.384 -1.72 Drop -  

8 X1
* X4 0.232 -0.220 -1.20 Drop -  

9 X2
* X3 0.174 0.250 1.37 Drop -  

10 X2
* X4 0.092 0.254 1.71 Drop -  

11 X3
* X4 0.195 -0.238 -1.31 Drop -  

12 X1
* X2

* X3 0.324 -0.221  -0.99 Drop -  

13 X1
* X2

* X4 0.844 0.036 0.20 Drop -  

14 X1
* X3

* X4 0.875 -0.035 -0.16 Drop -  

15 X2
* X3

* X4 0.627 0.089 0.49 Drop -  

16 X1* X2* 

X3*X4 

0.039 0.469 2.10 Keep 0.469 4 

17 Block 0.609 N/A - Drop -  

 S R-Sq R-Sq (adj) R-Sq (pred) 

Full 1.54876 36.37%   25.19% 9.37% 

Reduced 1.55988 26.95% 24.11% 19.77% 
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Figure 4.13: Main effects and interaction plot for the regression variable ‘Porosity (Y5)’ 

showing the effects of changing input variable levels to the response variable of interest. 

Greyed backgrounds represent a term or interaction not included within the reduced model 

used to predict the output response. 

 

to 83% observed when the speed was increased from 1600 to 3200 RPM. Applied 

voltage and collector distance were also found to be statistically significant although 

the R-sq and R-sq predicted were extremely low at 29.95% and 19.77% respectively. 

This paired with an S value of ~1.55% showed the model was extremely poor at 

predicting the porosity of specimens. This is attributed to the limited variation between 

specimens which makes it extremely difficult to detect a clear signal. Figure 4.13 again 

shows the main effects and interaction plot for the porosity analysis. No interactions 

were included within the model accounting for the greyed out model terms. 
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Table 4.13 shows the tabulated results of the modelling analysis performed for the 

Mean Inner Fibre Diameter (IFD) or response variable ‘Y6’. The only significant input 

variable for determining the IFD was the rotational speed of the collection mandrel. A 

small decrease in the average IFD from ~1.23 µm at 1600 RPM to 1.11 µm at 3200 

RPM was observed as shown in Figure 4.14. The reduced model had an overall R-sq  

 

Table 4.13: Full Model vs. Reduced Model in Coded Variables for Output Variable Y6 

‘Mean Inner Fibre Diameter’ Obtained by dropping All Terms With p>0.05 

 Main 

Effect/ 

Interaction 

p Coefficients 

Full Model 

t-Value Keep/ 

Drop 

Coefficients 

in Reduced 

Model 

Significance 

Rank 

1 Constant 0.000 1.1731 56.23 Keep 1.1731 (0) 

2 X1 0.478 0.0182 0.71 Drop -  

3 X2 0.289 -0.0223 -1.07 Drop -  

4 X3 0.160 -0.0362 -1.42 Drop -  

5 X4 0.003 -0.0639 -3.06 Keep -0.0639 1 

6 X1
* X2

 0.599 -0.0135 -0.53 Drop -  

7 X1
* X3 0.472 -0.0226 -0.72 Drop -  

8 X1
* X4 0.639 -0.0120 -0.47 Drop -  

9 X2
* X3 0.278 0.0279 1.09 Drop -  

10 X2
* X4 0.136 0.0314 1.51 Drop -  

11 X3
* X4 0.105 0.0419 1.64 Drop -  

12 X1
* X2

* X3 0.416 0.0256  0.82 Drop -  

13 X1
* X2

* X4 0.456 -0.0191 -0.75 Drop -  

14 X1
* X3

* X4 0.700 0.0121 0.39 Drop -  

15 X2
* X3

* X4 0.253 -0.0294 -1.15 Drop -  

16 X1* X2* 

X3*X4 

0.631 -0.0151 -0.48 Drop -  

17 Block 0.222 N/A - Drop -  

 S R-Sq R-Sq (adj) R-Sq (pred) 

Full 0.216818 21.30% 7.47% 0.00% 

Reduced 0.217085 8.10% 7.24% 4.60% 
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Figure 4.14: Main effects and interaction plot for the regression variable ‘Mean Inner 

Fibre Diameter (Y6)’ showing the effects of changing input variable levels to the response 

variable of interest. Greyed backgrounds represent a term or interaction not included within 

the reduced model used to predict the output response. 

 

And R-sq predicted of 8.10% and 4.6% respectively. These significantly low values 

suggest that the use of linear regression analysis tools may not be suitable for the 

prediction of fibre diameters created through multi-modal spinning techniques. 

 

Table 4.14 shows the tabulated results of the modelling analysis performed for the 

Mean Outer Fibre Diameter (OFD) or response variable ‘Y7’. Similar to the IFD 

response, the rotational speed of the collection mandrel was the most significant 

predictor for determining the diameter of the produced outer surface fibres. A decrease 

in the average OFD from ~1.17 µm at 1600 RPM to ~1.03 µm at 3200 RPM was 
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observed as shown in the main effects plots in Figure 4.15. The 3-way interaction of 

flow rate, applied voltage and collection speed (X1*X2*X4) was also found to be 

significant. In addition, the individual main effects of flow rate and applied voltage 

were also seen to have a significant effect on the diameter of fibres produced. Fibre 

diameters were seen to increase from an average of ~1.02 µm to 1.14 µm at 4ml/hr 

and 8ml/hr respectively. No significant increase was however seen when the flow rate 

 

Table 4.14: Full Model vs. Reduced Model in Coded Variables for Output Variable Y7 

‘Mean Outer Fibre Diameter’ Obtained by dropping All Terms With p>0.05 

 Main 

Effect/ 

Interaction 

p Coefficients 

Full Model 

t-Value Keep/ 

Drop 

Coefficients 

in Reduced 

Model 

Significance 

Rank 

1 Constant 0.000 1.1016 65.19 Keep 1.1016 (0) 

2 X1 0.008   0.0565 2.73 Keep 0.0565 3 

3 X2 0.012 -0.0432 -2.55 Keep -0.0432 4 

4 X3 0.429 -0.0164 -0.79 Drop -  

5 X4 0.000 -0.0820 -4.85 Keep -0.0820 1 

6 X1
* X2

 0.628 -0.0101 -0.49 Drop -  

7 X1
* X3 0.698 -0.0099 -0.39 Drop -  

8 X1
* X4 0.925 0.0019 0.09 Drop -  

9 X2
* X3 0.677 -0.0086 -0.42 Drop -  

10 X2
* X4 0.374 0.0151 0.89 Drop -  

11 X3
* X4 0.901 0.0026 0.12 Drop -  

12 X1
* X2

* X3 0.336 0.0245  0.97 Drop -  

13 X1
* X2

* X4 0.003 -0.0625 -3.02 Keep -0.0625 2 

14 X1
* X3

* X4 0.389 -0.0220 -0.87 Drop -  

15 X2
* X3

* X4 0.947 -0.0014 -0.07 Drop -  

16 X1* X2* 

X3*X4 

0.095 -0.0428 -1.69 Drop -  

17 Block 0.573 N/A - Drop -  

 S R-Sq R-Sq (adj) R-Sq (pred) 

Full 0.175627 37.02% 25.95% 9.96% 

Reduced 0.171206 32.26% 29.63%   25.13% 
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Figure 4.15: Main effects and interaction plot for the regression variable ‘Mean Outer 

Fibre Diameter (Y7)’ showing the effects of changing input variable levels to the response 

variable of interest. Greyed backgrounds represent a term or interaction not included within 

the reduced model used to predict the output response. 

 

was increased further to 12ml/hr with average fibre diameters holding at ~1.14 µm. 

Increasing the collector voltage from 15 to 20 kV was seen to result in a decrease in 

fibre diameters, with the diameters reducing from an average of ~1.14 µm to 1.05 µm 

in size. The reduced model had an overall R-sq of 32.26% and a predictive R-sq of 

25.13%. An S value of ~0.171 µm represents an overall model variation of ~15.4% 

when compared to the OFD coefficient at 1.1016 µm. 

 

Table 4.15 shows the tabulated results of the modelling analysis performed for the 

Inner Fibre Coherency (IC) or response variable ‘Y8’. The rotational speed of the 
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collection mandrel was found to be the most significant predictor for determining the 

coherency of the fibres. Coherency was found to increase on average from ~0.205 to 

0.255 when the speed was increased from 1600 to 3200 RPM. The interaction of Flow 

rate, applied voltage and collection speed (X1*X2*X4) was found to be the next 

strongest predictor of fibre alignment. Increasing the applied voltage was found to 

result in a reduction of the IC, with the coherency of fibres falling from ~0.245 to 0.21  

 

Table 4.15: Full Model vs. Reduced Model in Coded Variables for Output Variable Y8 

‘Inner Fibre Coherency Obtained by dropping All Terms With p>0.05 

 Main 

Effect/ 

Interaction 

p Coefficients 

Full Model 

t-Value Keep/ 

Drop 

Coefficients 

in Reduced 

Model 

Significance 

Rank 

1 Constant 0.000 0.23012 32.83 Keep 0.23012 (0) 

2 X1 0.409 0.00712 0.83 Drop - - 

3 X2 0.018 -0.01693 -2.42 Keep -0.0432 3 

4 X3 0.286 0.00921 1.07 Drop -  

5 X4 0.001 0.02474 3.53 Keep -0.0820 1 

6 X1
* X2

 0.292 -0.00910 -1.06 Drop -  

7 X1
* X3 0.665 0.0046 0.43 Drop -  

8 X1
* X4 0.338 -0.00828 -0.96 Drop -  

9 X2
* X3 0.027 -0.01925 -2.24 Keep -0.01925 4 

10 X2
* X4 0.557 0.00413 0.59 Drop -  

11 X3
* X4 0.823 -0.00193 -0.22 Drop -  

12 X1
* X2

* X3 0.827 -0.0023  -0.22 Drop -  

13 X1
* X2

* X4 0.006 0.02420 2.82 Keep -0.0625 2 

14 X1
* X3

* X4 0.876 0.0016 0.16 Drop -  

15 X2
* X3

* X4 0.471 -0.00622 -0.72 Drop -  

16 X1* X2* 

X3*X4 

0.688 -0.0042 0.40 Drop -  

17 Block 0.270 N/A - Drop -  

 S R-Sq R-Sq (adj) R-Sq (pred) 

Full 0.0728538 29.31% 16.88% 0.00% 

Reduced 0.0708704 24.28% 21.34% 16.72% 
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Figure 4.16: Main effects and interaction plot for the regression variable ‘Inner Fibre 

Coherency (Y8)’ showing the effects of changing input variable levels to the response 

variable of interest. Greyed backgrounds represent a term or interaction not included within 

the reduced model used to predict the output response. 

 

when the voltage was increased from 15 to 20kV. The reduced model had an overall 

R-sq of 24.28% and a predictive R-sq of 16.72%. An S value of ~0.0708704 represents 

an overall model variation of ~30.8% when compared to the IC coefficient at 0.30322. 

 

Table 4.16 shows the tabulated results of the modelling analysis performed for the 

Outer Fibre Coherency (OC) or response variable ‘Y9’. The most significant factor for 

determining the coherency of the outer surface fibres was the voltage applied. An 

increase in applied voltage from 15 to 20 kV resulted in a reduction in coherency from 

~0.34 to 0.21, representing a decrease in fibre alignment. Solution flow rate was also 

found to be a significant factor for influencing fibre coherency with an increase from 
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~0.27 to 0.34 when the flow rate was increased from 4 to 12 ml/hr respectively. 

Collector speed was again found to be an influencing factor in determining coherency 

with an increase in coherency again resulting in the increased fibre alignment as shown 

in Figure 4.17 

 

Table 4.16: Full Model vs. Reduced Model in Coded Variables for Output Variable Y9 

‘Outer Fibre Coherency’ Obtained by dropping All Terms With p>0.05 

 Main 

Effect/ 

Interaction 

p Coefficients 

Full Model 

t-Value Keep/ 

Drop 

Coefficients 

in Reduced 

Model 

Significance 

Rank 

1 Constant 0.000 0.30322 36.89 Keep 0.30322 (0) 

2 X1 0.001   0.0351 3.49 Keep   0.0351 2 

3 X2 0.000 -0.03573 -4.35 Keep -0.03573 1 

4 X3 0.130 0.0154 1.53 Drop -  

5 X4 0.001 0.02800 3.41 Keep 0.02800 3 

6 X1
* X2

 0.123 0.0157 1.56 Drop -  

7 X1
* X3 0.191 0.0162 1.32 Drop -  

8 X1
* X4 0.572 -0.0057 -0.057 Drop -  

9 X2
* X3 0.115 -0.0160 -1.59 Drop -  

10 X2
* X4 0.858 -0.00147 -0.018 Drop -  

11 X3
* X4 0.132 -0.0153 -1.52 Drop -  

12 X1
* X2

* X3 0.587 -0.0067  -0.55 Drop -  

13 X1
* X2

* X4 0.017 0.0246 2.44 Keep -0.0625 5 

14 X1
* X3

* X4 0.005 0.0358 2.90 Keep 0.0358 4 

15 X2
* X3

* X4 0.173 0.0138 1.37 Drop -  

16 X1* X2* 

X3*X4 

0.402 -0.0104 0.84 Drop -  

17 Block 0.103 N/A - Drop -  

 S R-Sq R-Sq (adj) R-Sq (pred) 

Full 0.0854220 44.97% 35.29% 22.48% 

Reduced 0.0880148 34.51% 31.30% 26.65% 
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Figure 4.17: Main effects and interaction plot for the regression variable ‘Outer Fibre 

Coherency  (Y9)’ showing the effects of changing input variable levels to the response 

variable of interest. Greyed backgrounds represent a term or interaction not included within 

the reduced model used to predict the output response. 

 

A number of 3-way interactions were also found to be significant including that of 

flow rate, applied voltage and speed of collector (X1*X2*X4) along with the interaction 

of flow rate, collector distance and speed of collector (X1*X3*X4). 

 

4.5.1.3 Identification of Choice Parameter Combinations for Preparation of 

Multi-modal Core Layer 

In order to develop an electrospun tubular scaffold with properties suited for use in 

arterial bypass applications, a number of mechanical criteria are assessed with respect 

to both Human Coronary Arteries (HCAs), and the current gold standard vessel for 
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use in bypass surgery, the Great Saphenous Vein (GSV). Figure 4.18 shows the UTS 

characteristics of the electrospun vessels prepared during the multimodal regression 

trial, with reference lines indicating the typical UTS ranges of HCA’s at 0.57-2.31 

MPa [174], and the GSV’s at 1.1-4.92 MPa [281]. It is noted that a number of 

parameter permutations yielded vessels with UTS matching that of HCA’s, with all 

parameters yielding vessels below that of the upper GSV criteria 0f 4.92 MPa. 

 

Figure 4.19 similarly shows the Young’s modulus characteristics of the electrospun 

vessels compared to HCA’s and GSV’s. HCA’s have been demonstrated to have 

moduli of 1.29-1.81 MPa [174], and GSV’s at a wide range of 14.86-70.38 MPa [281]. 

Vessels were found to be stiffer than those of the HCA but significantly lower than 

that of the GSV. It can be observed and confirmed by the previous regression analysis, 

that vessels created at the increased mandrel speed of 3200 RPM displayed increased 

stiffness characteristics compared to those created at the lower mandrel  

 

 

Figure 4.18: Interval plot of UTS responses for sample studies as part of the multi-modal 

electrospinning regression analysis, with lower and upper boundary ranges of common 

blood vessels indicated. Data for Human Coronary Arteries (HCA’s) is adapted from Karimi 

et al. [173], and the Great Saphenous Vein (GSV) from Donovan et al. [279] 
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Figure 4.19: Interval plot of Young’s modulus responses for specimens studied as part of 

the multi-modal electrospinning regression analysis, with lower and upper boundary ranges 

of common blood vessels indicated. Data for Human Coronary Arteries (HCA’s) is adapted 

from Karimi et al. [173], and the Great Saphenous Vein (GSV) from Donovan et al. [279] 

 

speed of 1600 RPM. Due to the similar spread of UTS and Young’s modulus 

characteristics observed between the electrospun specimens, a number of additional 

criteria were employed to further eliminate possible parameter combinations. 

 

One such criteria is the desire to have orientated fibres within the vessel walls in order 

to provide increased guidance to cells during growth. Due to this specimens created at 

the increased RPM speed of 3200 were selected for further analysis due to the 

statistically higher (p=0.000) coherency rates of 0.303 ± 0.106, compared to 0.2301 ± 

0.799 seen for 1600 RPM specimens. Samples produced at the collector distance of 

20cm were typically difficult to handle and remove from the mandrels following the 

methanol soaking step. Similarly samples produced at the collection distance of 15cm 

were often prone to defects including fused fibres caused by incomplete solvent 

evaporation. Therefore the collection distance of 17.5cm was selected as the choice 

distance for sample collection. Samples produced at 15 and 20cm were removed from 

consideration. 
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The final criteria employed was findings regarding vessel specific properties such as 

the ring modulus, cross sectional area of the vessels walls and the overall maximum 

force to failure. These properties provide a more accurate assessment of the vessel 

specific response compared to the intrinsic material properties such as UTS and 

Young’s modulus. In order to study these vessel properties further with regards to their 

effect on overall vessel compliance, two parameter sets as shown in Table 4.17. These 

parameter combinations identified, yielded considerably different ring modulus, cross 

sectional areas and maximum force characteristics despite having comparable UTS 

and Young’s modulus properties. 

 

Parameter Set 1 utilised a solution flow rate of 12ml/hr, applied voltage of 20kV paired 

with the collector distance of 17.5cm and mandrel speed of 3200 RPM. Parameter Set 

2 utilised the lower flow rate level of 4ml/hr combined with an applied voltage of 

15kV, collector distance of 17.5cm and mandrel speed of 3200 RPM. Figure 4.20 

shows the comparison graphs for the ring modulus, cross sectional area and maximum 

force responses for the two parameter sets identified. The ring modulus for Set 1 was 

significantly higher (p=0.297) at 0.711 ± 0.049 N/% compared to that of Set 2 at 0.532 

± 0.057 N/%.  The cross-sectional area for samples from Set 1 were again statistically 

higher (p=0.0042) than those of Set 2, at 10.37 ± 0.877 mm2 and 5.92 ± 1.01 mm2 

respectively. The maximum force to failure of samples from Set 1 were again 

statistically higher (p=0.0049) than those of Set 2, at 30.64 ± 3.72 N compared to 16.82 

± 2.04 N. It is suspected that these differences in ring modulus, cross sectional area 

and max force results will provide vessels with altered compliance characteristics, 

ultimately allowing for the increased possibility to match the compliance 

characteristics of common conduits used in bypass surgery. 

 

Table 4.17: Parameter Combinations Identified for Preparation of Multi-modal Core Layer 

by Rotating Mandrel Electrospinning 

Parameter Set 

No. 

Flow Rate 

(ml/hr) 

Applied Voltage 

(kV) 

Tip-Collector 

Distance (cm) 

Mandrel Speed 

(RPM) 

Set 1 12 20 17.5 3200 

Set 2 4 15 17.5 3200 
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Figure 4.20: Comparison of ring modulus, cross sectional area and max force properties of 

parameters Sets 1 and 2 identified from multi-modal regression analysis (n=9 per set). The 

ring modulus (p=0.0297), cross sectional area (p=0.0042) and maximum force at failure 

(p=0.0049) were found to be statistically higher for Set 1 compared to those of Set 2. 

 

 Control of Molecular Weight Variation between PCL Batches 

through the Matching of Solution Viscosities 

The results of Gel Permeation Chromatography (GPC) performed using the Agilent 

1200 system previously discussed (pp.116-117) showed a distinct difference between 

the average molecular weight of the PCL batches ‘00807DJ-Original’ and 

‘MKBV3325V-New’ despite being sold as equivalent materials (Figure 4.21). Based 

upon the retention time profiles observed and the use of calibration standards, the 

original PCL batch was found to have an estimated average molecular weight of 

~83,000 g/mol with a polydispersity (PDI) of 2.10. This matched closely that of the 

listed molecular weight at 80,000 g/mol. PCL material tested from the new batch 

however showed a significantly higher molecular weight at Mw ~100,000 g/mol, with 

a slightly broader PDI than the previous batch at 2.21. Both batches showed a low 

molecular weight 'tail', which is an artefact of poor synthesis  
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Figure 4.21: GPC results of ‘00807DJ-Original’ and ‘MKBV3325V-New’ PCL batches 

showing a significant difference in retention time indicating a clear difference between the 

molecular weight of the two PCL batches. ‘00807DJ-Original’ PCL was found to have ~Mw 

of 80,000 g/mol while ‘MKBV3325V-New’ was found to have a ~Mw of 100,000 g/mol 

 

and possible degradation of the polymer chains. The PCL batches ‘00807DJ-Original’ 

will henceforth be referred to as 80kDa PCL (~80,000g/mol), and ‘MKBV3325V-

New’ as 100kDa PCL (~100,000g/mol) in further analysis and discussion. 

 

The standard solution concentration curves prepared using the two polymer batches 

can be seen in Figure 4.22. The resulting interpolation equations were used to identify 

a solution concentration for the 100kDa PCL material that yielded an equivalent 

viscosity characteristic to that of a 16wt% solution prepared using the 80kDa PCL at 

495.8 ± 4.3 mPa.s. A solution of concertation 7.8wt% prepared using 100kDa PCL 

was identified as having a potentially equivalent viscosity characteristic to that of the 

original 16wt% solutions. Subsequent viscosity and conductivity measurements 

performed on the new 7.8wt% solution showed a statistically comparative (p=0.106) 

viscosity at 503.97 ± 5.19 mPa.s and conductivity at 0.3µS/cm as show in Figure 4.23. 

No statistical comparison could be made for conductivity due to no deviation being 

observed between the tested solutions. 
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Figure 4.22: Solution standard curves prepared using the Original and New PCL batches 

used to select the concentration of a solution prepared using 100,000 g/mol PCL (100kDa) 

that possessed a comparative viscosity to that of a 16wt% solution prepared using 80,000 

g/mol PCL (80kDa). A weight percentage concentration of 7.8wt% for the 100kDa PCL was 

found to provide a solution with equivalent viscosity characteristics. N=3 per solution. 

 

 

Figure 4.23: Viscosity and conductivity comparison of 16wt% solutions (n=3) prepared 

using the PCL batch ‘00807DJ-Original’ and 7.8wt% solutions (n=3) prepared using the 

PCL batch ‘MKBV3325V-New’. No statistical difference was observed between either 

viscosity (p=0.106) or conductivity. 

 

4.5.2.1 Assessment of Mechanical Response Variation between PCL Batches 

Based upon the results of the viscosity comparison study, a 7.8wt% concentration 

solution prepared using the 100kDa PCL was found to provide an appropriate viscosity 
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value comparable to that of the original 16wt% solutions (80kDa PCL). In order to 

assess any resulting variations in the mechanical responses of the electrospun vessels 

prepared using the alternative PCL batches, a comparative study was performed. 

Vessels were prepared according to the two selected parameter sets previously detailed 

in Table 4.5 (p.133), with ringlet and dogbone specimens examined. It was observed 

that the UTS of specimens prepared using 100kDa PCL were significantly higher than 

those prepared using the 80kDa material for both parameter sets and for all deposition 

times studied (Figure 4.24). This observation was comparable for both the ringlet and 

dogbone test methods examined. It is however noted that in certain instances the UTS 

values observed for dogbone specimens did not align to those of the ringlet specimens, 

particularly prominent for the 100kDa PCL batch specimens. One example of this can 

be seen within samples spun for 40 minutes using parameter Set 1. Vessels prepared 

using the 100kDa PCL had an average UTS of 4.974 MPa compared to 6.158 MPa for 

the corresponding dogbone specimens. Similarly specimens prepared for 20 minutes 

using parameter Set 2 showed a decreased ringlet UTS at 2.882 MPa compared to 

4.233 MPa for dogbone specimens. 

 

Figure 4.25 shows the Young’s modulus properties recorded for the PCL batch 

comparison. Unlike the UTS response, Young’s modulus properties were found to be 

highly irregular in terms of the variation between batches. Ringlet specimens tested 

for both Set 1 and Set 2 appeared to indicate a decrease in Young’s modulus between 

80kDa PCL compared to 100kDa PCL. This observation was not however seen to 

occur for all test cases as seen in Set 1 ‘40min’ samples where there was no statistical 

difference between 100kDa and 80kDa PCL specimens. Dogbone specimens again 

showed inconsistent variation between PCL batches with the majority of the 

permutations showing equivalent properties. A decrease in Young’s modulus was 

observed between 100kDa and 80kDa PCL in Set 1 for a deposition time of 40 

minutes. Contrary to this an increase in Young’s modulus was seen between 100kDa 

and 80kDa specimens for Set 2 over a 20minute collection period. These results may 

indicate a difficulty in assessing a material property that relies on a cross sectional area 

measurement for a fibrous material. 
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Figure 4.24: UTS results for PCL batch comparison showing statistically larger UTS 

properties for 100kDa specimens to 80kDa specimens for all time points and test 

configurations studied (A) UTS response for Set 1 ringlet samples showing higher UTS for 

100kDa PCL to 80kDa PCL. UTS for 40min ringlets prepared using 100kDa PCL are seen 

to be statistically higher than those collected over 10 and 20 mins. All time points for 80kDa 

PCL were however equivalent (B) UTS response for Set 2 ringlet samples showing 

statistically higher UTS for 100kDA PCL to 80kDa PCL. UTS for 20min ringlets prepared 

using 100kDa PCL was found to be statistically lower than those collected over 40 (**) and 

60 min (***). All time points for 80kDa PCL were again equivalent (C) UTS response for 

Set 1 dogbone samples showing statistically higher UTS for 100kDa PCL to 80kDa PCL. 

UTS for 10min ringlets prepared using 100kDa PCL was found to be statistically lower than 

those collected over 40min (*). All time points for 80kDa PCL were equivalent (D) UTS 

response for Set 2 dogbone samples showing statistically higher UTS for 100kDa PCL to 

80kDa PCL. UTS for 10min ringlets prepared using 100kDa PCL was found to be 

statistically lower than those collected over 40min (*). All time points for 80kDa PCL were 

equivalent. (* P≤0.05)(** P≤0.01)(*** P≤0.001)(**** P≤0.0001). N=3 per test group. 
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Figure 4.25: Young’s modulus (YM) results for PCL batch comparison (A) YM response 

for Set 1 ringlet samples showing increased YM for 80kDa PCL compared to 100kDa PCL 

for 10 and 20 minute collection times (B) YM response for Set 2 ringlet samples showing 

statistically higher YM for 80kDa PCL to 100kDa PCL for all collection periods (C) YM 

response for Set 1 dogbone samples showing statistically higher YM for 100kDa PCL to 

80kDa PCL over 40min (***). PCL 100kDa and 80kDa were statistically equivalent for all 

other time points (D) YM response for Set 2 dogbone samples showing statistically higher 

YM for 80kDa PCL to 100kDa PCL over 20min collection period. PCL 100kDa and 80kDa 

were statistically equivalent for all other time points (* P≤0.05)(** P≤0.01)(*** 

P≤0.001)(**** P≤0.0001). N=3 per test group. 

 

In order to assess the stiffness properties of the electrospun vessels while removing 

any potential artefacts that the cross sectional area calculations may impart on the 

resulting data, the force per unit strain of the vessels was evaluated as shown in Figure 

4.26. The ring modulus was calculated for ringlet specimens, while the force modulus 
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was calculated for dogbone specimens. The resulting ring modulus measurements 

typically demonstrated increasing modulus characteristics with increasing deposition 

times, for both parameter sets examined. Only one deposition time showed a statistical 

difference between samples created with the alternative PCL batches for sample Set 1 

with a decreased ring modulus for 100kDa specimens over a 10 min collection time 

compared to 80kDa specimens. All 100kDa specimens showed statistically decreased 

ring modulus characteristics compared to 80kDa ringlet specimens for sample Set 2. 

Examination of the dogbone specimens again appears to show increasing force 

modulus trends with increasing deposition time, however, only a limited number of 

comparisons were statistically different. For sample Set 1, 100kDa PCL specimens 

collected over 40 min had an increased modulus compared to those collected over 10 

min. Similarly, samples collected at the extended collection time of 60 min for sample 

Set 2 were statistically higher than those of 20 min specimens for both PCL materials. 

 

The strain at break of specimens was significantly higher for those prepared using the 

100kDa PCL material compared to those fabricated from the 80kDa PCL, as shown in 

Figure 4.27. Specimens made with 100kDa PCL typically reached strain values double 

to triple that of those fabricated with the 80kDa PCL. Again this trend was seen to 

hold across both ringlet and dogbone specimens, although, the observed strains were 

slightly lower for the dogbone specimens compared to those of ringlets for both 

parameter sets. 

 

The SEM results for the PCL batch comparison trial can be found in Table G.1 of 

Appendix G. No statistical difference was observed in the diameters of fibres at the 

inner and outer surface of specimens produced using Set 1 & 2 parameters (Figure 

4.28 (A-D)). A decrease in fibre coherencies was observed for samples fabricated 

using 100kDa PCL compared to those manufactured from 80kDa PCL, indicating 

decreased fibre alignment within specimens spun using 100kDa PCL. The outer 

surface of specimens created using Set 1 parameters showed a statistical difference 

between samples collected for 10 minutes, however, no difference was observed over 

the extended collection periods of 20 and 40 minutes. It is noted that a larger coherency 

deviation was present in the 100kDa coherencies compared to that observed within 

80kDa specimens, indicating greater variation in the spinning of these samples  
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Figure 4.26: Ring and Force modulus results for PCL batch comparison study (A) Ring 

modulus (RM) response for Set 1 ringlet specimens showing increased RM responses with 

increasing deposition time (B) RM responses for Set 2 ringlet samples showing statistically 

higher RM for 80kDa PCL to 100kDa PCL for all collection periods. RM responses also 

seen to increase with increasing deposition time (C) Force modulus (FM) response for Set 

1 dogbone samples showing statistically higher FM for 100kDa PCL at 40min to 10min 

specimens (**). No other statistical differences observed (D) FM response for Set 2 dogbone 

samples showing statistically higher FM for 80kDa PCL and 100kDa PCL at 60min 

collection period to those collected for 20min. All other comparisons were statistically 

equivalent (* P≤0.05)(** P≤0.01)(*** P≤0.001)(**** P≤0.0001). N=3 per test group. 

 

(Figure 4.28 (E)). Significantly reduced fibre alignment was seen in the outer surfaces 

of specimens created using the 100kDa PCL For those prepared using parameter Set 

2 for all time points (Figure 4.28 (F)). Similar to the outer surface fibres, the inner 

surface fibres of samples prepared using parameter Set 1 demonstrated decreased fibre 

alignment at certain time points. The 80kDa PCL fibres were found to possess  
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Figure 4.27: Strain at break results for PCL batch comparison (A) Set 1 ringlet samples 

showing increased strain at break properties for 100kDa PCL specimens compared to those 

made using 80kDa PCL (B) Strain at break for Set 2 ringlet samples showing statistically 

higher strains for 100kDa PCL to 80kDa PCL for all collection periods (C) Strain at break 

for Set 1 dogbone samples showing statistically higher strains for 100kDa PCL to 80kDa 

PCL for all collection periods (D) Strain at break for Set 2 dogbone samples showing 

statistically higher strains for 100kDa PCL to 80kDa PCL for all collection periods (* 

P≤0.05)(** P≤0.01)(*** P≤0.001)(**** P≤0.0001). N=3 per test group. 

 

increased alignment compared to the 100kDa fibres for 10 and 20 minute collection 

periods. Those at the 40 min period appeared higher for the 80kDa specimens 

compared to the 100kDa PCL, although not statistically (Figure 4.28 (G)). The 

coherency of the inner surface fibres created by parameter Set 2 were again found to 

be statistically decreased for the 100kDa specimens compared to those of the 80kDa 

PCL. This again indicates a reduction in fibre alignment when the 100kDa PCL  
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Figure 4.28: Morphological attributes of scaffolds examined in PCL batch comparison trial 

(A) Diameter of fibres at outer surface of scaffold prepared using parameter Set 1 showing 

no difference in fibre diameters between PCL batches or collection times (B) Diameter of 

fibres at outer surface of scaffold prepared using parameter Set 2 showing no difference in 

fibre diameters between PCL batches or collection times (C) Diameter of fibres at inner 

surface of scaffold prepared using parameter Set 1 showing no difference in fibre diameters 

between PCL batches or collection times (D) Diameter of fibres at inner surface of scaffold 

prepared using parameter Set 2 showing no difference in fibre diameters between PCL 

batches or collection times (E) Coherency of outer surface fibres for parameter Set 1. 

Statistical difference observed between 100kDa and 80kDa specimens produced for 10 min 

with decreased coherency for 100kDa specimens (F) Coherency of outer surface fibres for 

parameter Set 2. Statistical difference observed between all 100kDa and 80kDa specimens 

produced. 100kDa specimens significantly lower coherency compared to 80kDa specimens 
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indicating decreased fibre alignment (G) Coherency of inner surface fibres for parameter 

Set 1. Statistical difference observed between 100kDa and 80kDa specimens produced for 

10 & 20 mins with decreased coherency observed for 100kDa specimens (F) Coherency of 

inner surface fibres for parameter Set 2. Statistical difference observed between all 100kDa 

and 80kDa specimens produced. 100kDa specimens significantly lower coherency 

compared to 80kDa specimens. N=3 per test group. 

 

material was electrospun for the same processing conditions. Porosity analysis of Set 

1 & 2 specimens indicated that vessels prepared using 100kDa PCL exhibited 

decreased porosity characteristics to those produced using 80kDa PCL. This finding 

was observed to occur for all time points studied, as shown in Figure 4.29.  

 

XRD profiles of ‘Set 1 - 40min’ and ‘Set 2 - 60min’ specimens prepared using both 

80kDa and 100kDa PCL can be seen in Figure 4.30 (A) and (B) respectively. The 

normalised intensity profiles demonstrated two distinct diffraction peaks at ~21 and 

~23o for both parameter sets. These peaks are typically present for electrospun PCL 

materials [111]. The peaks are also noted to be sharp and distinct, indicating a high 

degree of crystallinity. Moreover the 80kDa and 100kDa specimens show showed 

similar profiles when overlaid, indicating similar crystallinity rates. The remaining 

peaks of the spectrum are attributed to those of the cellulose adhesive tape used to 

adhere the specimen to the mount. This is confirmed by the baseline scan of the pure 

cellulose tape used. 

 

 

Figure 4.29: Porosity results for PCL batch comparison study (A) Set 1 specimens showing 

increased porosity properties for 80kDa PCL specimens compared to those made using 

100kDa PCL for all collection periods (B) Porosity results for Set 2 specimens showing 

statistically higher porosity values for 80kDa PCL to 100kDa PCL for all collection periods 

(* P≤0.05)(** P≤0.01)(*** P≤0.001)(**** P≤0.0001). N=3 per test group. 
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Figure 4.30: XRD profiles of PCL tubular scaffolds prepared using 80,000 (80kDa) and 

100,000 g/mol (100kDa) PCL at the same spinning parameters. No shift in peak positions 

are seen indicating equivalent crystallinity properties. A baseline of cellulose tape is shown.  

 

4.5.2.2 Compliance Properties of PCL cores prepared using New PCL batch 

(Mw~100,000 g/mol) 

The compliance properties of the tubular ‘core’ scaffolds prepared using PCL of Mw 

=100,000 g/mol and electrospun according to set 1 & 2 processing parameters (Table 

4.18) can be seen in Figure 4.31. Here it can be seen that with the increasing collection 

time of electrospun material on the rotating mandrels that the resultant tubular vessels 

possessed reduced compliance properties accordingly. The compliance of cores 

produced for set 1 processing conditions reduced from 2.548 ± 1.015 to 0.202 ± 0.349 

%/mmHg x 10-2 when the collection time increased from 10 to 40 minutes. Cores for 

set 2 similarly reduced from 4.530 ± 0.773 to 0.995 ± 0.862 %/mmHg x 10-2 when the 

collection time was increased from 20 to 60 minutes. From these results it can also be 
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Table 4.18: Parameter combinations identified for comparison of 16wt% solutions prepared 

with original PCL batch to 7.8wt% solutions prepared using new PCL batch 

Parameter 

Set No. 

Flow Rate 

(ml/hr) 

Applied 

Voltage (kV) 

Tip-Collector 

Distance (cm) 

Mandrel 

Speed (RPM) 

Collection Time 

(min) 

Set 1 12 20 17.5 3200 10 20 40 

Set 2 4 15 17.5 3200 20 40 60 

 

 

 

Figure 4.31: Compliance properties of tubular scaffolds fabrication from 7.8wt% PCL 

(Mw=100,000g/mol) in Chloroform/Ethanol (7:3) solutions spun according to parameter 

combinations for Set 1 & 2 (n=3 per group). ‘Set 1 - 10 min’ vessels showed visually 

equivalent compliance properties to that of native arteries and higher than that of veins and 

ePTFE grafts (n=6 per group). ‘Set 2 – 20min’ specimens showed increased compliance 

properties compared to those of the biological vessels at 100 mmHg.  Data for biological 

vessels was adapted from Tia et al. [42] 
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seen that the compliance properties of vessels prepared by parameter set 2 are higher 

than those produced by parameter set 1 conditions, indicating greater distensibility 

properties within the tubular cores created at the lower solution flow rate of 4 ml/hr 

compared to 12 ml/hr. No statistical comparisons could be made to the biological 

vessels presented due to the non-parametric nature of the available data and the 

inability to obtain the medians from the source material (Tia et al. [42]). A visual 

comparison does however shown a good match between Set 1 cores collected for 10 

minutes to that of arteries (2.6 ± 0.8 %/mmHg x 10-2), with higher compliances 

compared to veins at 100 mmHg (1.5 ± 0.4 %/mmHg x 10-2) and ePTFE vessels (0.9 

± 0.1%/mmHg x 10-2). 
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4.6 Discussion 

 Regression Analysis of Multimodal Rotating Mandrel 

Electrospinning Process 

Although the fundamental principles governing the production of fibres by 

electrospinning are relatively simple in nature, the complexity of electrospinning 

arises due to the compounding interactions of processing parameters along with the 

distinctive chemical and physical properties of the solutions to be electrospun. A 

number of studies have examined the effects of solution and processing parameters on 

the spinning of electrospun fibrous materials in order to better predict and control the 

fibrous architectures produced. These studies often employ regression or factorial 

design principles in order to gain an improved understanding of the spinning process 

while removing the effects of possible extraneous inputs that may otherwise reduce 

the power of output signals [198][282]. While these studies have provided valuable 

insight into the spinning of electrospun fibres, including their applications as vascular 

grafts, they are often limited in their approach and focus upon individual processing 

parameters or limited parameter interactions [283]. Additionally few studies have 

examined the ability to produce hybrid fibre membranes through a single step multi-

modal spinning process, with the observation of multi-modal fibre generation a 

secondary observation during traditional spinning studies. Further to this, no study has 

dealt with the application of regression analysis principles for the production of 

multimodal PCL tubular scaffolds for arterial bypass applications. 

 

From the outset of the multimodal regression analysis performed within this work, it 

was clear that the appropriate selection of processing parameter ranges were vital in 

order to ensure the production of defect free specimens. A number of processing 

parameter levels were removed from the study due to the inability to produce 

specimens at particular parameter permutations. This was a critical observation as the 

initial screening trials performed in Chapter 3 indicated the potential ability to produce 

specimens using these particular levels.  

 

One such example of this included the lower spinning voltage range of 10 kV. While 

it was possible to create specimens at the reduced flow rate of 4 ml/hr with an applied 
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voltage of 10 kV, the interaction of the increased flow rate level of 12 ml/hr paired 

with the lower applied voltage resulted in what was termed as ‘electrospraying’. This 

uncontrolled repulsion of polymer droplets from the spinneret tip is suspected to have 

occurred due to an imbalance in the supply rate and removal of material at the 

spinneret. The increased flow rate of 12 ml/hr resulted in an excessive quantity of 

polymer material being supplied to the tip compared to that being removed to the 

collector. Once a critical mass of polymer solution gathered at the spinneret, the 

surface tension forces of the solution were no longer able to hold the droplet in place, 

resulting in its separation. Due to charging effects the droplets were repelled away 

from the spinneret upon separation resulting in droplets of wet polymer landing on the 

collection mandrel, similar to that of the electrospraying technique [284]. This wet 

polymer subsequently dissolved any fibrous material that had previously collected on 

the rotating mandrel. By increasing the applied voltage to between 15 and 20 kV, 

increased splaying effects were observed to occur within the Taylors cone. This is 

thought to have occurred due to a change in the charge per unit area of the 

electrospinning jet due to its elongation or increased evaporation of the solvent 

induced by the increased electric field strengths [150]. In order to reduce the charge 

per unit area, smaller jets erupted from the surface of the Taylors cone. These 

increased splaying effects resulted in an increased removal of polymer from the 

spinneret tip, allowing for a balance between material supply and removal. This effect 

is also believed to give rise to the multi-modal fibre distributions seen within the 

collected scaffolds [285][286]. 

 

In a similar fashion the collector distance level of 22.5 cm was found to be an 

excessively high distance when spinning at the reduced flow rate of 4 ml/hr. Although 

specimens could be successfully created at the flow rates of 8 and 12 ml/hr, it is 

thought that the fibres produced at 4 ml/hr underwent such thinning effects that their 

diameter reduced to a point at which the circulating airflow prevented their deposition 

to the rotating mandrel. This effect was also seen at the increased collector distances 

for all flow rates, where there was a reduction in the quantity of material collected per 

unit time. This practical limitation prevented the use of this collection level across the 

matrix to ensure orthogonality of the design was maintained. While the removal of 

these voltage and collector distance levels resulted in the overall reduction of the study 
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scope they were important for maintaining the power of the regression analysis. 

 

4.6.1.1 Analysis of Response Variables (Ys) to Input Parameters (Xs) 

The use of regression analysis principles allowed for the identification of a number of 

key factors during the assessment of mechanical and morphological responses of the 

multi-modal core scaffolds. The ultimate tensile strength (UTS) of specimens was 

found to be highly influenced by both the rotational speed of the collection mandrel 

and the tip to collector distance. UTS properties of vessels were found to increase as 

the rotational speed of the collection mandrel was varied from 1600 to 3200 RPM. 

This may in part be explained by the increased fibre coherencies observed within 

vessels collected at the increased mandrel speed. This increased fibre alignment 

provides additional resistance along the circumferential axis of vessels, allowing for 

greater loading before failure. In addition the augmented alignment of fibres allow for 

their increased packing densities, providing a greater number of fibres to resist loading 

per unit area. This belief is further reflected in the decreased porosities of the vessels 

collected at the higher rotational speed of 3200 RPM. Additionally the rotational speed 

of the mandrel was also found to reduce the diameters of fibres located on both the 

internal and external surfaces of the tubular vessels. This is anticipated to have 

occurred due to stretching effects imparted upon fibres as they landed on the rotating 

surface, similar to that witnessed with the rotating drum collector in Chapter 3. The 

UTS of specimens was also found to decrease as the collector distance increased from 

15 to 20 cm. This may be attributed to the presence of fused fibres and increased fibre 

junctions at the lower collector distances, due to insufficient solvent evaporation 

before deposition [285]. By increasing the collector distance, greater solvent 

evaporation can occur, ensuring complete fibre separation upon deposition. While 

increased fibre connectivity typically results in increased UTS properties it may also 

reduce the ability of fibres to re-orientate upon the application of an applied load. This 

inability to align to the direction of loading may subsequently result in decreased 

Young’s modulus characteristics at lower collector distances. This reduced Young’s 

modulus result was seen to occur in specimens produced at the collector distance of 

15 cm compared, with increasing Young’s modulus values seen up to the collector 

distance of 20 cm. 
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An interesting observation for the UTS response was the reduction of UTS within 

vessels created at the increased flow rate range. This reduction was unexpected, 

particularly based upon the observation that the vessels produced at the higher flow 

rate ranges were typically easier to remove from the collection mandrels suggesting 

increased strength and rigidity characteristics. The results of the maximum force and 

force modulus analysis support this observation, with increased forces to failure found 

within vessels created at 8 and 12 ml/hr, and similarly increased force per unit strain 

characteristics suggesting stiffer vessel formation. It is suspected that although the 

vessels are stronger, the corresponding resistance per unit cross section of the vessels 

may not be equal. This unequal force resistance within the vessel walls result in the 

decreased UTS properties with increasing wall thicknesses. One possible explanation 

for this unequal loading scenario may be explained by the coherency characteristics 

observed for vessels. As previously shown fibres located on the external surface of the 

vessels exhibited increased coherencies compared to those at the internal surface of 

the vessels. This transitional change in fibre alignment between the internal and 

external surfaces of the vessel may in turn result in non-uniform fibre loading between 

those located at the inner and outer surfaces. Further analysis of this fact demonstrated 

that samples produced at 12 ml/hr showed a statistically greater transitional difference 

in the fibre coherencies (p=0.024) between their internal and external surfaces (0.098 

± 0.116) compared to those produced at 4ml/hr (0.0417 ± 0.0881). These results 

indicate the importance of understanding not only the material attributes but more 

importantly the structural attributes of the vessels themselves. 

 

The regression analysis performed for the Young’s modulus response similarly found 

that the collector distance and collection speed were strong predictors in the YM 

response of the produced vessels. It is suspected that the previously discussed increase 

in packing density may also explain the increase in Young’s modulus found to occur 

in specimens created at the higher collection speed. Increased fibre alignment within 

the electrospun vessels will result in less deformation of fibres upon loading due to 

reduced reorientation effects under the application of the applied load [287]. Like that 

observed within the analysis of the UTS response, Young’s modulus was similarly 

found to decrease with increasing flow rate. It is again suspected that this decrease 

occurred due to the non-uniform resistance of loading within the vessel walls. This 
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results in the apparent decrease in vessel stiffness although the force modulus results 

show that the vessels produced at the higher flow rates were in fact more rigid. The 

interaction between the collection speed and distance were also found to be significant, 

with Young’s modulus characteristics found to be similar for both the 1600 and 3200 

RPM specimens. As the collector distance was increased it can be seen that the 

increased collection speed of 3200 RPM resulted in a significantly higher increase in 

the Young’s modulus response compared to the equivalent vessels at 1600 RPM. This 

suggests that the increased speed of rotation has a greater effect on vessel formation 

when the fibres were collected over a greater distance. This may be due to the 

decreased electric field strength felt by fibres with increasing collector distance, which 

allows for the greater re-orientation upon deposition. 

 

The examination of the maximum forces to failure again shows that collector distance 

is a primary predictor in determining the vessel properties. A reduction in the 

maximum force can be seen with increasing collector distance, this is thought to occur 

due to the loss of material to the surrounding environment as the collector distance 

increases. As stated previously vessels created at the flow rate of 12 ml/hr possessed 

on average twice the maximum force to failure of samples prepared at 4 ml/hr despite 

an apparent decrease in UTS. Again this can occur due the reduced volume of polymer 

being spun per unit time reducing the overall quantity of material collected on the 

mandrel. The interaction between flow rate and collector distance was also found to 

be a significant predictor for the maximum force. As the collector distance increased 

the increase in flow rate resulted in a less significant effect. Again this may be 

attributed to the loss of fibres or due to the reduced number of fibre connections at the 

increased spinning distance. The higher solution flow rates would be expected to 

contain increased residual solvents upon deposition compared to that of the lower flow 

rate level. This increased quantity of solvent may have resulted in the greater fibre 

fusion and an overall more interconnected structure resulting in the higher maximum 

forces. 

 

The analysis performed for the porosity characteristics of the produced vessels 

indicated a number of predictor variables. Collector distance and collection speed were 

again noted to be significant predictors for determining vessel porosity with this 
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suspected to be related to changes within the fibre packing density of the scaffolds 

[288]. An interesting observation was the apparent effect of the applied voltage, which 

was found to reduce porosity levels when increased from 15 to 20 kV. This may be 

related to the increased splaying effects observed when specimens were spun using 

the higher spinning voltage. Increased splaying effects should result in the increased 

production of nanofibres due to the increased jet formation at the spinneret tip. This is 

reflected within the outer fibre diameter measurements where a decrease in fibre 

diameters was observed with increasing applied voltage. The presence of these smaller 

fibres could potentially limit the size of pores between falling fibres, reducing the 

overall porosity of the specimen. It is however noted that the R-sq and R-sq predicted 

terms of the model were extremely low paired and paired with a large ‘S’ term suggest 

that the model is prone to variation. While it does not remove the significance of the 

predictor terms identified within this regression analysis, it does indicate the potential 

for the porosity variable to be prone to random effects, or effects not identified within 

this study. 

 

Another interesting and unexpected result of the regression analysis was observed 

upon the examination of coherency rates for the external surface fibres. It was 

observed that fibre coherency was seen to be highly influenced by the applied voltage 

and flow rate of the electrospinning solutions. An increase in the applied voltage was 

found to result in an increase in random fibre deposition on the collector. This may be 

due to two influencing effects. Increased applied voltage typically results in increased 

whipping instabilities within the electrospinning jet [289]. This can in turn result in 

fibres possessing a more random orientation upon landing on the collector surface. In 

addition, the increased applied voltage may result in increased charge retention within 

depositing fibres. This charge retention in turn negatively impacts the alignment of 

subsequently deposited fibres [262]. A typical hallmark of charged retention is the 

formation of ‘dimples’ or ‘ridge’ like structures on the surface of the electrospun 

materials [167][290][291]. This observation was previously made for the specimens 

created at the applied voltage range of 15 and 20 kV within this work, with increased 

ridge presence seen for samples formed at 20 kV. Increasing the solution flow rate 

was also seen to result in increased fibre coherency in the outer surface of the vessels. 

This may be due to the increased resistance of polymer chains within the spinning jet 
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during flight, which resists whipping effects between the spinneret and collector [247], 

in turn preventing excessively random deposition. 

 

The regression analysis performed for the diameter of inner surface fibres identified 

only a single predictor variable with that being the rotational speed of the collection 

mandrel. As previously noted the diameter of fibres were found to reduce with the 

increasing rotational speed of the collection mandrel, with this attributed to the 

increased tensile forces experienced by the fibres upon deposition, which subsequently 

result in increased stretching and thinning effects. An extremely low R-sq and R-sq 

predicted term were seen at 8.10 and 4.6% respectively suggesting that the model is 

poor at predicting fibre diameters. Equally the predictor analysis for the outer fibre 

diameters again demonstrated poor R-sq and R-sq predicted terms at 24.28% and 

16.72% respectively. These poor coefficient of determination values are believed to 

be seen due to the multi-modal nature of the collected fibres. The ability to accurately 

assess the fibres based off a single response variable such as average fibre diameter 

presents a number of difficulties when investigating complex fibre distributions. 

Similarly the standard deviation or the coefficient of variation (CV) of the fibre 

diameters would not accurately predict the complex structures produced during multi-

modal spinning. A way to accurately represent the multiple fibre populations found 

within the specimens, combined with their relative percentage contributions would be 

required in order to develop a tool capable of accurately predicting future fibre 

diameters. Similarly the use of linear regression principles may not be suitable for such 

a complex response variable and may require techniques such as response surface 

methodology to better account for model curvature. 

 

4.6.1.2 Identification of Choice Parameter Combinations for Preparation of 

Multi-modal Core Layer 

The tubular core scaffolds produced using the 16wt% Chloroform/Ethanol (7:3) 

solutions demonstrated average UTS values ranging from ~1.5 to 3 MPa. Previous 

studies have shown the circumferential tensile strength of native human coronary 

arties (HCAs) to be 1.44 ± 0.87 MPa [174], and the gold standard vessel for arterial 

bypass grafting, the great saphenous vein (GSV) to be 3.01 ± 1.91 MPa [281]. The 

UTS values of the core scaffolds are comparable to these biological tissues and are 



179 

 

anticipated to have suitable resistance to loading when implanted. In addition, the 

scaffolds demonstrated Young’s modulus properties ranging from ~4 to 10 MPa 

depending on the spinning conditions used. The previous studies noted have in turn 

demonstrated the Young’s modulus of HCAs to be 1.55 ± 0.52 MPa, and GSVs to be 

42.62 ± 27.76. Other works have shown that porcine coronary arteries, a common 

conduit used in experimental studies for its mechanical resemblance to human tissue, 

exhibits Young’s modulus values of ~4 ± 2 MPa [292]. While these individual 

characteristics do not directly match those of the electrospun cores, the significant 

range of these biological vessels indicate that the core scaffolds may be suitable for 

arterial bypass applications. One significant point to be vigilant with, is the fact that 

successful matching of the Young’s modulus properties will not necessarily provide 

vessels with the appropriate compliance properties required to avoid long term failure 

upon implantation. The successful matching of Young’s modulus properties should 

however be used as a screening indicator to ultimately develop a vessel with matching 

compliance characteristics.  

 

Although the regression analysis indicated significant predictors for UTS and Young’s 

modulus responses, there was no clearly defined vessel that possessed out right 

superior qualities to another. Instead a number of secondary criteria were employed to 

further reduce the range of potential vessels for use in further studies. As introduced 

during the literature review, it is highly desirable to provide an orientated scaffold 

morphology on which cells can grow, in order to provide increased proliferation and 

guidance for tissue growth [235]. Specimens created at 1600 RPM were demonstrated 

to possess decreased fibre coherency compared to those vessels created at 3200 RPM. 

Again the fibre alignment was seen to align with the circumferential axis of the 

rotating mandrel, providing fibres that resemble the natural collagen and elastin 

structures found with in native blood vessels. For these reasons, specimens created at 

the lower rotational speed of 1600 RPM, were no longer considered. It is still however 

noted that these vessels possessed sufficient UTS and Young’s modulus criteria, and 

may be suitable for future exploration studies. 

 

A number of qualitative observations were subsequently employed to further refine 

the selection of parameters for the production of the final multi-modal core scaffolds. 
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These observations included the simplicity of the scaffold manufacturing process 

along with the quality of the final fibres produced. Specimens fabricated at the 

increased collection distance of 20 cm were often difficult to remove from the copper 

collection mandrels proceeding the methanol soaking release step. This was reflected 

in the force modulus and maximum force to failure of the specimens which was found 

to be considerably lower for vessels produced at 20 cm compared to those at 15 and 

17.5 cm. It desirable to have a final manufacturing process that allows for the simple 

and repeatable production of the final scaffold designs. Due to this, the specimens 

collected at the distance of 20 cm were removed from further consideration. Finally, 

based on the observations of the UTS and Young’s modulus properties, along with the 

visual screening of specimens, the collector distance of 15 cm was removed from 

consideration. This choice was taken based on the results of fused fibres within the 

specimens, particularly at the increased flow rate ranges. These fused fibres typically 

indicate the presence of residual solvents within the final scaffold which can be highly 

toxic to seeded cells. The fusing of fibres were also suspected of reducing the Young’s 

modulus response of the vessels which may negatively affect compliance properties. 

 

Instead of selecting a single choice core layer for use in further studies, two sets of 

parameter combinations were identified due to them possessing similar UTS and 

Young’s modulus characteristics while equally presenting significantly different ring 

modulus, maximum forces to failure and cross sectional area characteristics. These 

differences highlighted the difficulty in using standard material properties to 

accurately assess the response of a complex fibrous construct. The selection of two 

parameter sets for further exploration was thought to allow for an increased 

understanding of material properties and their overall translation to structural 

properties including that of vessel compliance, while also improving the likelihood of 

developing a final vessel with suitable compliance characteristics. 

 

 Control of Molecular Weight Variation between PCL Batches 

through the Matching of Solution Viscosities 

Gel Permeation Chromatography (GPC) performed on different batches of the raw 

polymer PCL indicated substantial discrepancies between the measured average 
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molecular weight of the material and that listed. These discrepancies were further seen 

in the preparation of solutions for electrospinning where viscosity characteristics for 

equal weight percentage solutions were seen to be unequal. The original PCL batch 

material (00807DJ-Original) used for the multi-modal concentration trial and 

regression analysis study was found to have an approximate average molecular weight 

of ~83,000 g/mol. This was in high agreement with the listed molecular weight of 

80,000 g/mol. The second batch of PCL studied (MKBV3325V-New) was found to 

have an average molecular weight of ~100,000 g/mol compared to the listed Mw at 

80,000 g/mol. It is noted that the Mw is very subjective when measured by GPC as the 

solvation of the polymer chains will affect its apparent weight against a universal 

calibration. This means there may be some error in the final recorded value of the Mw 

depending on the preparation and measurement of the GPC solutions. However, what 

the results clearly show is the existence of a significant difference between the 

molecular weights of the two PCL batches supplied. 

 

As detailed during the literature review, viscosity is perhaps one of the most defining 

solution parameters for predicting the electrospinning potential of a polymer solution 

[154]. In turn the molecular weight and polymer concentration are key attributes for 

fine tuning solution viscosity characteristics [154]. The solution standard curves 

prepared demonstrated that an approximate difference of 20,000 g/mol between the 

two PCL batches resulted in significantly different viscosity solutions with changing 

polymer concentration. Solutions prepared using the new PCL batch (100kDa) 

required approximately 50% less polymer concentration to achieve an equivalent 

measured viscosity to that of the original PCL solutions (80kDa). Nezerati et al. 

similarly found for the spinning of PEG fibres that a difference in molecular weight 

between polymer batches of approximately 24 kDa or 24,000 g/mol resulted in a 20% 

difference in the measured viscosity of 17 wt% polymer solution between the two 

batches [280]. It is noted that in this case the average molecular weight of the polymer 

being used was approximately 220,000 g/mol, meaning the batch variation represented 

a smaller overall percentage at ~11% compared to that of ~25% seen in this work.  
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4.6.2.1 Assessment of Mechanical Response Variation between PCL Batches  

A 7.8wt% PCL (Mw = 100,000 g/mol) in Chloroform/Ethanol (7:3) solution was found 

to possess equivalent viscosity and conductivity attributes to that of the 16wt% 

solutions prepared using the original PCL material (Mw = 80,000 g/mol) . Kim et al. 

demonstrated that by maintaining equivalent viscosity characteristics for PET 

electrospinning solutions, regardless of molecular weight variations, nonwovens with 

equivalent fibre diameters could be successfully prepared [263].  It was anticipated 

that by maintaining the same viscosity and conductivity characteristics for the PCL 

solutions, scaffolds with equivalent fibre diameters to those seen in the regression 

analysis could be created. This in turn was anticipated to reduce any mechanical 

variations that may be imparted on the scaffolds due to the altered molecular weight 

of the polymer being spun. 

 

Specimens were prepared using the two previously identified parameters sets 

employing both the original (80kDa) and new (100kDa) PCL materials in order to 

characterise any potential differences in their mechanical responses. In addition, the 

parameter sets were spun at altered spinning times in order to establish the effect of 

spinning time on their resultant mechanical attributes. Both ringlet and dogbone 

testing was performed based on the previous observation from the multimodal 

regression analysis, in which ringlet specimens of increased wall thickness typically 

displayed reduced UTS properties compared to thinner walled vessels. In order to 

study if this effect was an artefact of the test method or a broader structural property, 

the two specimen variations were considered. 

 

Analysis of the scaffolds produced using the new PCL material confirmed that 

equivalent internal and external fibre diameters to those of the 80kDa PCL scaffolds 

could be achieved for both parameter sets tested. This observation reaffirms the 

concept that the matching of solution viscosities allows for the appropriate tailoring 

of solutions with varying molecular weight polymers. 

 

An interesting and clear difference between the 80kDa and 100kDa scaffolds was the 

strain at break characteristics observed. The strain at break of specimens was 

considerably higher for vessels created using the 100kDa PCL, at nearly three times 
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larger than that seen within 80kDa specimens. This difference was clearly seen for 

both the ringlet and dogbone specimens. An examination of fibre coherencies may 

explain this observed difference, with both the inner and outer fibres of 80kDa PCL 

exhibiting increased coherency rates compared to the 100kDa specimens. This higher 

coherency in turn results in the specimens exhibiting decreased elongation before 

failure due to the pre-aligned nature of the fibres [293].  

 

This difference in coherency was further reflected in the reduced Young’s modulus 

responses for 100kDa PCL core scaffolds compared to those of the 80kDa PCL. It is 

noted that this difference in stiffness properties between PCL batches was not clearly 

detected through the testing of dogbone specimens. This suggested that the ringlet test 

method may be more sensitive to variations in fibre orientation compared to those of 

dogbones. This may be explained by the fact that the testing of ringlet specimens 

involves the testing of two larger wall cross sections compared to the small test area 

examined in dogbone specimens. This in turn may result in the fibre alignment having 

a more dominant effect within the structures throughout the test cycle. 

 

The force modulus response of the vessels created using the new PCL was similarly 

found to indicate differences between the PCL batches when tested by the ringlet 

method, with no clear batch differences detected by the dogbone specimens. Again 

this effect may be amplified by the ringlet test method, with the larger wall sections 

potentially requiring larger forces to failure, allowing for clearer signals to be 

obtained. The force modulus was similarly seen to increase between time points for 

ringlet test specimens but not for dogbone specimens. This lack of a statistical increase 

was unexpected as the samples created at the increased collection time were expected 

to require significantly increased force to induce deformation, due to the increased 

wall thickness of the collected specimens. This again reiterates the concept that 

dogbone specimens do not fully capture the response characteristics of the fibre 

constructs. 

 

Finally the UTS of the vessels created with the 100kDa PCL were significantly 

increased compared to those created with the 80kDa PCL. XRD results confirmed that 

the fibre constructs created from the two PCL batches possessed comparable 
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crystallinity rates, indicating that the altered mechanical results were not due to a 

change in molecular orientation within the fibres that as has been previously seen to 

occur when spinning higher molecular weight materials [157]. This suggests that the 

change may be due to a change in morphological properties. The 100kDa PCL 

specimens were show to possess statistically decreased porosities compared to the 

80kDa specimens. This may suggest an increased in the packing density of fibres or 

an increase in fibre content, which provides increased resistance to loading and thus 

higher UTS properties. 

 

Although the vessel properties of the newly formed core scaffolds were different to 

those previously studied it was ultimately considered that their properties were still 

comparable to those of the HCAs and GSV and therefore suitable for further 

examination. This involved the assessment of their compliance characteristic in order 

to assess the structural response of the core in its entirety. 

 

4.6.2.2 Compliance Properties of PCL cores prepared using New PCL batch 

(Mw~100,000 g/mol) 

The resulting compliance properties measured for the core scaffolds fabricated using 

the 100kDa PCL further indicate the importance of not only assessing the intrinsic 

material properties of the material but also assessing the structural properties of the 

vessel. A reduction in vessel compliance with increasing material deposition was 

observed to occur, for both parameter sets studied. Previous testing by uniaxial ringlet 

and dogbone testing showed limited differences in specimen UTS and Young’s 

modulus characteristics over the different collection periods. This makes it difficult to 

predict the overall vessel response when the vessel is subjected to physiological 

loading conditions. 

 

Specimens prepared according to the set 1 spinning parameters and collected over a 

period of 10 minutes showed excellent equivalency to that of native arterial tissue. 

Similarly, specimens created using the parameters of set 2 and a deposition period of 

20 minutes demonstrated superior compliance values to that of the arterial and venal 

tissue. These compliance results are highly encouraging and provide a promising basis 

for the development of the bi-layer composite vessel under investigation.  
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Chapter 5 Development of Dynamic Liquid 

Collection Apparatus for the Production 

of Nanofibre Bundles 

 

5.1 Introduction 

As detailed within the literature review, the use of nanofibre bundles and yarns has 

shown significant promise within the field of tissue-engineering due to the ability to 

produce scaffold constructs that possess increased pore volumes compared to 

traditional nanofibre membranes, while retaining the inherent benefits that nanofibre 

materials offer [26][236][294]. One particularly interesting method for the 

development of these fibre bundles is through dynamic liquid collection principles, as 

first detailed by Teo et al. [221]. Briefly, the dynamic liquid collection process consists 

of a two-tier water bath system wherein electrospun fibres are directly spun onto the 

surface of moving water located within the upper tier bath. The electrospun material 

subsequently bundles and aligns to form an electrospun filament as it is drawn through 

an outlet located in the base of the bath due to the effects of the draining fluid. A 

rotating collector is typically positioned below to the outlet to gather the falling 

material. This can be done by directly collecting it in the form of a tubular construct 

or by drawing the filament off to a winding bobbin. 

 

In order to incorporate the benefits of these nanofibre bundles while maintaining a 

structure that is capable of withstanding physiological loading conditions, the 

nanofibre bundles were utilised as a secondary layer that were applied to the outer 

surface of the previously developed PCL multi-modal cores (Chapter 4). In order to 

fabricate the novel bi-layer scaffold, a custom built dynamic liquid collection 

electrospinning rig was first designed and commissioned, followed by the screening 

of a number of potential nanofibre spinning solutions. Based on these findings a final 
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bi-layer vessel was constructed and its mechanical properties assessed. The specific 

actions performed within this chapter are as follows: 

 

• Design and Implementation of Dynamic Liquid Collection System 

A custom built dynamic liquid collection system that allowed for the precise 

control and alteration of a number of key processing parameters was first 

designed and fabricated. These processing parameters were suspected of 

altering the morphologies of the nanofibre bundle constructs produced and so 

were vital to assess in later screening studies. 

• Process Development of Dynamic Liquid Electrospinning Process 

A number of PCL electrospinning solutions were prepared and then 

electrospun over an array of processing parameters in order to assess the 

resultant fibre morphologies and constructs produced. In this the relative 

manufacturability of the specimens along with their fibre quality attributes 

were assessed, in order to establish select processing conditions for the 

development of the final bi-layer constructs. 

• Production of Novel Bi-layer Vessels 

Using the choice electrospinning solution and process parameters identified, 

bi-layer vessels were fabricated by coating previously designed and 

manufactured multi-modal PCL cores with the nanofibre bundle assemblies. 

• Mechanical and Morphological Characterisation of Novel Bi-layer 

Scaffold 

The mechanical and morphological characteristics of the final bi-layer 

vessels were assessed through uniaxial ringlet testing, porosity analysis, 

scanning electron microscopy and static compliance testing. 
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5.2 Materials & Equipment 

 Materials 

▪ Poly(ɛ-caprolactone) with a measured average molecular weight (Mw) of 

100,000 g/mol (Sigma Aldrich, USA)** 

▪ Chloroform (≥ 99%) with amylenes as a stabiliser (Sigma Aldrich) 

▪ N,N-Dimethylformamide (99.8%) (Sigma Aldrich) 

▪ Ethanol (≥99.5, 200 proof) (Sigma Aldrich) 

▪ Acetone (Sigma Aldrich) 

**Purchased as equivalent 80,000 g/mol from Sigma Aldrich but verified by Gel Permeation 

Chromatography (GPC) to be 100,000 g/mol 

 

 Equipment 

▪ Custom Built Liquid Dynamic Collection Rig (DCU, Ireland) 

▪ KDS200P Syringe Pump (KD Scientific, USA) 

▪ ES30P-20W/DAM Power Supply (Gamma High Voltage Research, USA) 

▪ 20G x 1.5” Hypodermic Needle (Tip Blunted) (Terumo, USA) 

▪ 20ml Gas Tight Glass Syringe (SGE Analytical Science, Australia) 

▪ Testo 615 Digital Humidity Meter (Testo Inc., Germany) 

▪ AVM-8880 Hot Wire Anemometer (ATP Instrumentation Ltd, UK) 

▪ High Voltage Probe (Radionics, Ireland) 

▪ AT-6 Tachometer (Farnell, UK) 

▪ Magnetic Stir Plate (Bibby, HB502, Sterlin UK) 

▪ Mettler AE50 balance (Mettler Toledo, Switzerland) 

▪ EVO LS15 Scanning Electron Microscopy (Zeiss, Germany) 

▪ Edwards Pirani 501 Scancoat Sputtering Coater (Edwards Laboratories, USA) 

▪ Zwick Z005 Tensile Test Machine with 500N Load cell (Zwick-Roell, 

Germany)  

▪ External Micrometer (Draper Tools, UK) 
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5.3 Methods 

 Solution Preparation and Characterisation 

5.3.1.1 Solution Preparation 

Electrospinning solutions were prepared by dissolving PCL at the required 

concentration in Chloroform/DMF (7:3;v:v) according to the previously described 

solution preparation protocol detailed in Chapter 3 (p.65). 

 

5.3.1.2 Dynamic Liquid Electrospinning 

A custom built dynamic liquid collection system comprised of an electrically insulated 

light weight support frame, along with a two tier adjustable water bath system was 

designed and fabricated in DCU (Figure 5.1 (A)). The top tier water bath had a 

diameter of 300 mm and a depth of 95 mm. The outlet located in the base of the bath 

had a diameter of 5 mm. A syringe pump system suspended above the water bath was 

loaded with a glass syringe with attached spinneret (20G blunt tip needle). The axis of 

the spinneret tip was aligned directly to the centre of the top tier basin. A high voltage 

supply was attached to the spinneret and secured in a safety clamp to ensure no contact 

with the water could occur if the supply unexpectedly detached from the spinneret. A 

dual channel recirculating pump was used to maintain a constant fluid height within 

the top tier water basin (Figure 5.1 (B)). The distance between the surface of the water 

and spinneret tip could be easily and accurately adjusted by lifting the syringe pump 

assembly through a jack plate system. A custom built rotating and traversing mandrel 

system of ø5 mm with a rotational speed of 65 RPM, stroke length of 75 mm, and 

traversing speed of 0.2m/min was positioned directly below the outlet of the basin to 

collect the falling nanofibre bundles.  

 

Following the collection of the nanofibre bundle assemblies, the collection mandrels 

containing the fibres (Figure 5.1 (C)) were frozen at -50oC for 4-6 hours. Following 

this the samples were lyophilised for a further 24 hrs in a vacuum freeze drier. For the 

production of the bi-layer vessels, the collection mandrels were loaded with a 

multimodal PCL core prior to spinning. 
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Figure 5.1: Images of custom built dynamic liquid electrospinning rig (A) Broad view of 

spinning apparatus showing two tier water batch system, syringe pump, along with rotating 

and traversing collector mandrel (B) Zoomed view showing vortex formation in top tier 

water bath used to induce nanofibre bundle formation (C) Sample image of nanofibre 

bundle materials deposited on collector mandrel 

 

After freeze drying, the pure nanofibre bundles were slit open upon their longitudinal 

axis and removed as a flat membrane from the mandrel (Figure 5.2 (A)). For the case 

of the collected bi-layer vessels, they were first pre-trimmed to remove excessive 

nanofibres bundles, after which they could be easily removed from the mandrel 

(Figure 5.2 (B)). 

 

5.3.1.3 Preparation of Multimodal PCL Core Scaffolds 

The chosen PCL core scaffolds previously designed within Chapter 4 were fabricated 

according to the solution and processing parameters detailed in Table 5.1. Two 

parameter conditions were chosen for study in order to establish the resultant effects 

of nanofibre bundle deposition on the vessel compliance. Samples were electrospun 

according to the previously described protocol for rotating mandrel electrospinning. 
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Table 5.1: Process parameters utilised to fabricate PCL multi-modal core scaffolds 

7.8wt% PICL in Chloroform/Ethanol (7:3; v:v) 

Parameter 

Set No. 

Flow Rate 

(ml/hr) 

Applied 

Voltage (kV) 

Tip-Collector 

Distance (cm) 

Mandrel 

Speed (RPM) 

Collection 

Time (min) 

Set 1 12 20 17.5 3200 10 

Set 2 4 15 17.5 3200 20 

 

 

 Characterisation of Electrospun Membranes 

5.3.2.1 Morphological and Fibre Diameter Analysis 

Samples were prepared for SEM using the previously described methodology detailed 

in Chapter 3 (pp.68-69), and viewed using an EVO LS15 SEM. 

 

5.3.2.2 Uniaxial Tensile Testing – Strip Specimens 

Uniaxial tensile testing of ‘Strip’ specimens was performed on the pure nanofibre 

assemblies collected on the rotating mandrel by first cutting and opening the nanofibre 

bundle layer along its longitudinal axis. 10 mm wide samples were subsequently cut 

 

 

Figure 5.2: Removal of nanofibre assemblies from collection mandrels (A) Pure nanofibre 

bundles collected on mandrel before and after removal (B) Bi-layer vessel collected on 

mandrel before and after removal 
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from the fibre bundle membranes and tested according to the previously described 

uniaxial tensile test method of Chapter 3 (p.71). 

 

5.3.2.3 Uniaxial Tensile Testing – Ringlet Specimens 

Uniaxial ringlet tensile testing of the bi-layer constructs was conducted according to 

the previously described methodology detailed in Chapter 4 (pp.118-122). 

 

5.3.2.4 Static Compliance Testing 

Static compliance testing of the bi-layer vessels fabricated was conducted according 

to the previously described methodology outlined in Chapter 4 (pp.122-125). 

 

5.3.2.5 Porosity 

Sample porosity was quantified using the previously described liquid intrusion 

technique for ringlet specimens as detailed in Chapter 4 (p.122). For the assessment 

of the nanofibre bundle layer 10mm wide rectangular strips were harvested from the 

fibre bundles collected and subjected to the same protocol as ringlet specimens. 

 

5.3.2.6 Statistical Analysis 

Numerical data is presented as mean ± standard deviation (S.D). Where data was 

determined to comply with the relevant assumptions of a parametric analysis, 2 sample 

t-test was conducted for the comparison of pair wise samples. For the comparison of 

multiple samples, one and two-way analysis of variance (ANOVA) were conducted 

where appropriate. Subsequent multiple comparisons were made using the Sidak 

correction test. The level of statistical significance was set to p < 0.05. Where data was 

found to violate the assumptions of an ANOVA analysis, most notably equal variance 

amongst groups (by Bartletts statistic), non-parametric analysis was conducted. 

Mann–Whitney test was employed for 2-sample comparison, while Kruskal-Wallis 

analysis with subsequent Dunn Correction was utilised for multiple comparisons. 
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5.4 Design of Studies 

 Process Development of Dynamic Liquid Electrospinning  

Based upon the results of nanofibre screening trials performed in Chapter 3 (pp.93-

99) of this work, solutions of PCL dissolved in Chloroform/DMF (7:3) at 

concentrations of 8 and 11wt% were electrospun according to the design matrix shown 

in Table 5.4. These solutions were selected due to the appropriate size and morphology 

of fibres previously formed through their use. In this the flow rate of the solutions was 

assessed at 0.25, 0.5, 1 and 2 ml/hr, applied voltage varied from to 10 to 20kV and the 

collector distance varied from 10 to 22.5, in 2.5cm increments.  A number of PCL 

electrospinning solutions were prepared and then electrospun over an array of 

processing parameters in order to assess the resultant fibre morphologies and 

constructs produced through SEM analysis. In this the relative manufacturability of 

the specimens along with their fibre quality attributes were assessed through a 

qualitative screening process. The nanofibre bundle morphologies were ranked based 

upon stability and collection criteria according to that of Table 5.2, and fibre quality 

according to Table 5.3.  Using the resultant values obtained, process maps were 

generated for each of the flow rates levels studied. An overall combined process rank 

map that incorporated the attributes of both the stability and quality characteristics was 

formed for each flow rate level by multiplying together the two individual rank values 

obtained from each table for each process point. 

 

 

Table 5.2: Stability & Collection Criteria 

Ranking Category Characteristics 

1 Electrospinning not possible No visible electrospinning to target basin 

Corona discharge from spinneret 

 

2 Limited electrospinning  Limited material reaching target basin and 

subsequently poor deposition to mandrel 

 

3 Unstable process Electrospinning present 

Vortex unstable, fluid height fluctuating 

significantly 

Material accumulating in target basin 

   

4 Minor instabilities Minor changes in vortex height 

Some solidification at spinneret 

 

5 Stable Vortex stable, no fluctuations in height 
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Table 5.3: Quality Criteria 

Ranking Category Characteristics 

1 Non fibrous material Electrospraying - Breakdown of Taylors’ cone 

Liquid polymer deposition 

 

2 Fibres with defects No distinct fibre bundles 

Defects present (webbed fibres, beads, 

necking) 

 

3 Fibre bundles with defects  Distinguishable fibre bundles 

Defects present (webbed fibres, beads, 

necking) 

 

4 No distinct fibre bundles, defect free No distinct fibre bundles 

Dry fibres free of defects (beads, necking) 

 

5 Distinct fibre bundles, defect free Distinguishable fibre bundles 

Dry fibres free of defects (beads, necking) 

 

Table 5.4: Design Matrix used for the process development of dynamic liquid electrospinning process 

 

8 and 11wt% Chloroform/DMF (7:3;v:v) solutions 

Parameters 

Spin Time (min) 20 

Flow Rate (ml/hr) 0.25, 0.5, 1, 2 

Applied Voltage (kV) 
10 15 20 

Tip-Collector Distance (cm) 10 - 22.5 10 - 22.5 10 - 22.5 
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5.4.1.1 Mechanical and Morphological Assessment of final Bi-layer Vessels 

Based on the process development results of the dynamic liquid collection process, a 

select solution and process parameter combination was identified. The chosen 

selection utilised an 11wt% PCL in Chloroform/DMF (7:3;v:v) solution spun using a 

flow rate of 1ml/hr, applied voltage of 20 kV, collection distance of 12.5 cm over a 

collection time of 20 minutes. Using these parameters fibre bundle layers were 

prepared along with bi-layer vessels specimens. Bi-layer specimens were fabricated 

for the two previously highlighted multi-modal core variations (Table 5.1). 

 

Uniaxial tensile testing of strip specimens prepared from the pure nanofibre bundles 

layers (n=6) was conducted, along with uniaxial ringlet testing for the bi-layer vessels 

(n=6). The porosity was additionally assessed by the previously described liquid 

intrusion protocols (n=6). 

 

5.5 Results 

 Process Development of Dynamic Liquid Electrospinning Process 

The complete SEM results obtained for the process development of the dynamic liquid 

electrospinning process can be seen in Table H.1 of Appendix H. The subsequent 

quality and process stability of 8wt% PCL in Chloroform/DMF (7:3; v:v) spun using 

the dynamic liquid collection apparatus can be seen in Figure 5.3. These maps were 

generated based upon observational findings noted during the fabrication process, and 

through the analysis of the SEM images captured. It was observed that the 8wt% 

solutions were extremely difficult to spin at the lower solution flow rate of 0.25 ml/hr, 

with little to no deposition observed on the collection mandrels after 20 minutes.  This 

effect was further exacerbated when spinning was performed over the increased 

collection distance of 15 cm, with no material observed to collect for any of the flow 

rates examined. Fibrous material could be seen to form on the collection mandrel when 

the collector distance was reduced between 10 to 12.5 cm and the increased flow rate 

ranges of 0.5 to 2 ml/hr were employed. The quality of the fibrous materials produced 

was however extremely poor, with no distinct fibre bundle formation observed. Large 

spindle-like beads were also seen to be present throughout the fibre structures. The 

combined ranking profiles for the 8wt% process are shown in Figure 5.4. These maps 
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similarly indicate the poor performance of the spinning process irrespective of the 

parameter permutations employed. 

 

 

 

Figure 5.3: Process development map for 8wt% PCL in Chloroform/DMF (7:3) solutions 

spun using dynamic liquid collection rig, showing stability and quality characteristics for 

specimens collected at the flow rates of 0.25, 0.5, 1 and 2ml/hr 
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Figure 5.4: Process development map for 8wt% PCL in Chloroform/DMF (7:3) solutions 

spun using dynamic liquid collection rig, showing combined ranking characteristics for 

specimens collected at the flow rates of 0.25, 0.5, 1 and 2ml/hr 

 

Figure 5.5 shows the quality and stability process maps for the 11wt% PCL in 

Chloroform/DMF (7:3; v:v) solutions spun using the dynamic liquid collection 

process. 11wt% solutions were found to result in a considerably more stable 

electrospinning process compared to that of the 8 wt% solutions with an increased 

ability to collected fibrous material observed. The stability maps generated again show 

the difficulty of forming specimens at collector distances greater than 15 cm. It was 

observed that electrospun fibrous material was found to deposit on the walls of the 

fume hood when spinning was performed above 15cm. This suggests that the 

electrospun fibre jets produced may be prone to airflow movements within the fume 

hood. The lower solution flow rate of 0.25 ml/hr again proved to be inadequate for the 

production of fibre bundles of significant quality. This time, however, material was 

observed to collect on the mandrels. This deposition was however irregular, with 

sparse and dense deposition areas observed. The formed membranes were extremely 

fragile and were prone to damage upon removal from the collection surface. 

 

By increasing the solution flow rate to between 0.5 and 1 ml/hr, and spinning within 

a collector distance range of 10 to 15cm, a highly stable electrospinning process could 
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be achieved. The collected fibre materials also showed suitable morphological 

properties with distinct fibre bundle structures present. A further increase in flow rate 

to 2 ml/hr resulted in liquid polymer deposition to the water bath, or significant fibre 

collection upon the surface of the water bath (Figure 5.6 (A) and (B)). This aggregation 

of material within the top tier water bath ultimately led to the breakdown of the water 

vortex as shown in Figure 5.6 (C). This breakdown in the vortex resulted in significant  

 

 

Figure 5.5: Process development map for 11wt% PCL in Chloroform/DMF (7:3) solutions 

spun using dynamic liquid collection rig, showing stability and quality characteristics for 

specimens collected at the flow rates of 0.25, 0.5, 1 and 2ml/hr 
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Figure 5.6: Material aggregation during dynamic liquid collection process (A) Material 

collecting of face of water bath/surface of water (B) Fibre forming between collection frame 

and water surface (C) Subsequent breakdown of water vortices due to material aggregation 

within the water baths 

 

 

Figure 5.7: Process development map for 11wt% PCL in Chloroform/DMF (7:3) solutions 

spun using dynamic liquid collection rig, showing combined ranking characteristics for 

specimens collected at the flow rates of 0.25, 0.5, 1 and 2ml/hr 
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variation in the fluid height within the bath, preventing successful collection of the 

electrospun nanofibre bundles. Inspection of the overall ranking maps for the 11 wt% 

spinning solutions (Figure 5.7), again highlighted the superior processing potential of 

the 0.5 and 1 ml/hr flow rate levels. A number of potential processing parameters were 

found to provide suitable nanofibre bundle constructs that possessed statistically 

equivalent fibre diameter characteristics, whilst also providing a sufficiently stable 

electrospinning process. In order to further refine the selection of the final processing 

parameters, a secondary inspection criteria was employed. This criteria primarily 

focused upon the observed uniformity of the deposited fibre bundle materials upon the 

collection mandrel. While it was suspected that the uniformity of the nanofibre bundles 

would not critically alter the performance characteristics of the collected fibre bundle 

scaffolds, the observation allowed for the elimination of potential parameter 

permutations. The final selected processing parameter range of a 1 ml/hr flow rate, 

applied voltage of 20 kV, collector distance of 12.5 cm was seen to produce highly 

uniform bi-layer scaffolds. In addition this parameter combination was found to be 

located within a processing window, in which high quality fibre constructs could be 

produced repeatability and with high reproducibility. The average diameter of fibres 

present within the nanofibre bundle layers was measured to be 1.33 ± 0.55 µm. 

 

5.5.1.1 Mechanical and Morphological Assessment of final Bi-layer Vessels 

The mechanical characterisation of the nanofibre bundle layers and the final composite 

vessels can be seen in Figure 5.8 and Figure 5.9. An examination of the results showed 

extremely low UTS properties for the nanofibre bundle layers (1.320 ±0.084 MPa) 

when compared to the core layers collected for set 1 (3.523 ± 0.572 MPa , p=0.0004) 

and those of set 2 (2.675 ± 0.0901 MPa, p=0.0405). The subsequent bi-layer vessel in 

turn exhibited statistically decreased UTS properties compared to that of the set 1 cores 

(2.584 ± 0.453, p=0.0103). No statistical difference was detected between the bi-layer 

vessels made using set 2 cores and the core layers only. The nanofibre bundle layers 

also appeared to possess similar Young’s modulus properties compared to the two core 

scaffolds at 3.601 ± 0.635 MPa compared to 3.861 ± 0.835 MPa for set 1 cores, and 

3.270 ± 0.5548 MPa for set 2 cores. The subsequent bi-layer vessels for set 1 (3.290 ± 

0.358 MPa) and set 2 (2.835 ± 0.362 MPa) displayed no statistical differences to either 

that of the core layers or nanofibre bundles.  
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The force modulus (FM) results of the measured vessels did however indicate an 

increase in vessel stiffness upon the deposition of the nanofibre bundle layer. Set 1 

specimens showed an increase in FM between the core only specimens (0.237 ± 0.076 

N/%) to those of the bi-layer vessel (0.398 ± 0.12 n/%, p=0.0192). A similar trend was 

exhibited within the set 2 specimens with the bi-layer vessel (0.363 ± 0.069 N/%)  

exhibiting statistically higher FM to both that of the core (0.164 ± 0.055 N/%, 

p=0.0003) and the nanofibre bundle layer (0.103 ± 0.001 N/%, p=0.0004). The strain 

at break of the specimens was found to be higher for the core layers compared to those 

of the nanofibre bundle layers. It appeared that the bi-layer vessels strain at break 

properties were dominated by the contribution of the core layers with no statistical 

difference observed for both sets assessed.  

 

The maximum force to failure of the core layers were again seen to be significantly 

higher than those of the nanofibre bundle layer. Set 1 cores demonstrated maximum 

forces of 22.63 ± 9.35 N, while the nanofibre bundles exhibited significantly lower 

range at 3.863 ± 0.8 N (p=0.0122). The cores fabricated using set 2 spinning conditions 

yielded max forces slightly higher than that of the nanofibre bundle layer at 13.71 ± 

6.9 N (p=0.0496). The bi-layer vessels again exhibited slightly higher maximum 

forces to that of the core only specimens but no statistical difference was detected. The 

results of the porosity testing showed that the nanofibre bundle layers were 

significantly more porous than that of the multi-modal cores, exhibiting porosities of 

87.82 ± 2.041 %. The bi-layer vessel did however appear to have an equivalent 

porosity to that of the core only specimens at 83.59 ± 2.024% for set 1, and 83.70 ± 

1.90% for those of set 2.   

 

Figure 5.10 shows the subsequent compliance properties calculated for the PCL core 

layers and the final bi-layer scaffolds for the two core designs studied. Bi-layer vessels 

fabricated using set 1 cores appeared to show a small decrease in vessel compliance 

to that of the core only specimens, at 2.366 ± 0.732 % per mmHg x10-2 and 2.542 ± 

0.706 % per mmHg x10-2 respectively. This decrease was however non statistical 

(p=0.6806). These compliance ranges were again highly comparable to that of the 

native arterial tissue at 2.6 ± 0.8 % per mmHg x10-2 as seen in Figure 5.10 (A). The  
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Figure 5.8: Mechanical assessment of bi-layer vessels and their constituents (A) UTS 

characteristics of ‘set 1’ cores, nanofibre bundle layers and subsequent bi-layer vessels (B) 

UTS characteristics of ‘set 2’ cores, nanofibre bundle layers and subsequent bi-layer vessels 

(C) Young’s modulus characteristics of ‘set 1’ cores, nanofibre bundle layers and 

subsequent bi-layer vessels (D) Young’s modulus characteristics of ‘set 2’ cores, nanofibre 

bundle layers and subsequent bi-layer vessels (E) Force modulus characteristics of ‘set 1’  

cores, nanofibre bundle layers and subsequent bi-layer vessels (F) Force modulus 

characteristics of ‘set 2’ cores, nanofibre bundle layers and subsequent bi-layer vessels (G) 

Strain at break characteristics of ‘set 1’ cores, nanofibre bundle layers and subsequent bi-

layer vessels (H) Strain at break characteristics of ‘set 2’ cores, nanofibre bundle layers and 

subsequent bi-layer vessels. N=6 per group. 
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Figure 5.9: Mechanical and morphological assessment of bi-layer vessels and their 

constituents (A) Maximum force characteristics of ‘set 1’ cores, nanofibre bundle layers 

and subsequent bi-layer vessels (B) Maximum force characteristics of ‘set 2’ cores, 

nanofibre bundle layers and subsequent bi-layer vessels (C) Porosity characteristics of ‘set 

1’ cores, nanofibre bundle layers and subsequent bi-layer vessels (D) Porosity 

characteristics of ‘set 2’ cores, nanofibre bundle layers and subsequent bi-layer vessels (E) 

Density measurements of ‘set 1’ cores, nanofibre bundle layers and subsequent bi-layer 

vessels (F) Density measurements of ‘set 2’ cores, nanofibre bundle layers and subsequent 

bi-layer vessels. N=6 per group. 
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Figure 5.10: Compliance properties of multimodal PCL cores and bi-layer vessels (A) 

Compliance results for core layers and bi-layer vessels produced by ‘set 1’ processing 

parameters (B) Compliance results for core layers and bi-layer vessels produced by ‘set 2’ 

processing parameters. N=6 per data set. 

 

compliance properties measured for the bi-layer vessel specimens prepared using set 

2 cores can be seen in Figure 5.10 (B). The bi-layer vessel (2.866 ± 1.965 per mmHg 

x10-2) again appeared to show equivalent properties to that of the core layer tested 

(3.576 ± 1.293 per mmHg x10-2, p=0.4767). An interesting note at this point was the 

greater variation within the compliance data for specimens fabricated with set 2 cores 

compared to those fabricated using the set 1 core layers. 
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5.6 Discussion 

 Process Development of Dynamic Liquid Collection  

In order to develop a suitable process for the production of the nanofibre bundle layers 

that will be used to form the outer layer of the bi-layer vessel under investigation, an 

extensive screening trial was employed in order to identify the key processing 

parameters and electrospinning solutions required. 8 and 11 wt% PCL in 

Chloroform/DMF (7:3; v:v) solutions were initially chosen for the development of the 

nanofibre bundle layers due to their ability to form defect free nanofibres previously 

observed within Chapter 3. These solutions were electrospun over an array of 

parameter permutations in order to identify combinations that yielded both a stable 

electrospinning process and high quality nanofibre materials. Contour plots or 

‘process maps’ were assessed, in order to combine observational data surrounding the 

functionality of the dynamic liquid collection process with that of the resulting fibre 

morphology data assessed by SEM analysis. The process maps generated for the 8wt% 

PCL in Chloroform/DMF (7:3; v:v) solutions showed that they performed poorly 

across all the parameter permutations tested. This was typically due to the inability to 

efficiently collect material, with no visible spinning found to occur for a range of 

parameters examined. This was an interesting observation, as previous studies 

performed within this work have shown the ability to successfully collect fibres using 

this solution when standard metallic collector systems were employed. This reaffirms 

the importance of not only the electrospinning solutions and processing parameters 

but the fibre collection system itself. 

 

11wt% PCL in Chloroform/DMF (7:3) solutions were found to successfully 

electrospin at a number of the parameter permutations examined. The flow rate range 

of 0.5 to 1 ml/hr was found to provide a highly stable electrospinning process, with 

good deposition to the water surface and subsequent material collection on the rotating 

mandrel. Examination of the SEM images showed consistent fibre morphologies and 

diameters across the flow rate range, making the choice of a single parameter 

combination difficult. Additional observational results were required in order to 

further refine the parameter selection with criteria including collection uniformity 

upon the mandrel used as a gating factor. Ultimately, the parameter combination of a 
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1 ml/hr flow rate, applied voltage of 20 kV, collector distance of 12.5 cm was chosen 

due to the excellent stability, quality and uniformity of the nanofibre bundles collected. 

The average diameter of the fibres present within the nanofibre bundle layers was 

measured to be 1.33 ± 0.55 µm. While the average fibre diameters did not technically 

fall within the nanoscale, it was observed that large diameter fibres were often found 

to deposit amongst the smaller fibres resulting in skewed the fibre diameter 

measurements. These fibre measurements were however still deemed to be acceptable 

for the required application. 

 

An interesting observation seen within the testing of the 11wt% solutions was the 

ability of depositing fibrous material to significantly alter the flow properties of the 

water vortex. When the 11wt% solutions were electrospun at collector distances 

greater than 15 cm, fibrous material was found to adhere to the inner walls of the water 

bath. This material accumulation subsequently resulted in flow changes within the top 

tier water bath resulting in altered water vortex formation. The changing shape and 

stability of the water vortex subsequently resulted in fluctuating fluid height within 

the bath that led to poor fibre deposition on the collection mandrel. This finding was 

particularly pronounced at the increased flow rate levels along with the elevated 

applied voltages. This is suspected to have occurred due to increased whipping effects 

within the jet that led to the fibres spinning past the outer edge of the water bath and 

subsequently adhering to the bath and building up on the water surface. 

 

5.6.1.1 Mechanical and Morphological Assessment of final Bi-layer Vessels 

The mechanical assessment of the final composite bi-layer vessels was performed 

along with the constituent components, the core layer and nanofibre bundle layer, in 

order to assess the subsequent changes in mechanical properties. The UTS results 

showed that the PCL multi-modal core layers provided the main structural resistance 

of the vessel, with both core layer designs exhibiting significantly higher UTS 

properties compared to the nanofibre bundle layers. Similarly, to that observed within 

Chapter 4, the addition of the nanofibre bundle layer resulted in an apparent decrease 

in the mechanical strength of the bi-layer vessel compared to the core only specimens. 

This decrease is not a true reduction in mechanical strength but rather an apparent 

decrease caused by changes within the relative layer densities across the wall of the 
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ringlet specimens. This observation was reaffirmed by the maximum force to failure 

measurements, wherein the final bi-layer vessels displayed equivalent maximum 

forces to the core specimens despite the addition of the nanofibre bundle layer. This 

reiterates the importance of the core layers as the structural back bones of the scaffolds. 

 

The Young’s modulus properties of the constituent layers and final bi-layer vessels 

were statistically comparable. An increase in the force modulus for the bi-layer vessels 

was however observed, compared to that of core only specimens. This represents an 

increase in the vessel stiffness and again shows the importance of assessing not only 

intrinsic material properties but the structural properties of the vessels themselves. 

 

The final compliance results for the bi-layer vessels produced using set 1 and set 2 

cores both displayed minimal decreases within their compliance upon the addition of 

nanofibre layer. This suggests that the porous outer layer is not structurally significant 

to the final vessels produced. Bi-layer vessels produced using set 1 cores showed 

highly comparable compliance properties to arterial tissue. In addition, the compliance 

deviation was found to be considerably smaller than that of the vessels produced using 

set 2 cores. This indicates that set 1 cores are perhaps more reproducible in terms of 

their manufacturing process. Based on these findings a bi-layer vessel comprised of a 

PCL multi-modal core produced using the processing parameters defined by set 1 will 

be chosen for further study within the final cell culture chapter.  
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Chapter 6 Assessment of mMVSC Viability and 

Infiltration Capabilities on Electrospun 

Bi-Layer Vessels 

 

6.1 Introduction 

As discussed throughout this work, the unique biomechanical and architectural 

properties of native arterial tissue requires the careful consideration and selection of a 

cell-scaffold construct to ensure successful functionality upon implantation. Much of 

the work presented to this point has focused on the development of a scaffold that 

possesses the mechanical and morphological attributes required to successfully resist 

physiological conditions upon implantation. The ultimate goal of the scaffold is, 

however, to act as a suitable framework for the growth and guidance of seeded cells. 

One of the most limiting factors to date in the use of electrospun materials as tissue-

engineered constructs is the previously discussed inability of cells to successfully 

infiltrate and populate the full volume of the fibrous materials. This could ultimately 

lead to the failure of the newly forming tissue structure upon the degradation of the 

polymer fibres. It is anticipated that the dynamic liquid collected fibre bundles, paired 

with the multi-modal tubular core layer investigated within this work, will allow for 

the successful creation of a bi-layer scaffold that not only possesses suitable 

mechanical properties but also allows for the adequate adhesion, proliferation and 

infiltration of seeded cells.  

 

In order to assess the viability and infiltration capabilities of the bi-layer vessel 

fabricated throughout this work, mouse multipotent vascular stem cells (mMVSCs) 

will be seeded upon a number of electrospun scaffold variants and assessed with 

respect to standard cell culture control materials. The bi-layer vessel design will be 

compared to traditional electrospun material configurations including random and 
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aligned nanofibre membranes in order to provide a final assessment of the scaffolds 

ability relative to current scaffold designs. In this chapter the following activities will 

be performed: 

 

• Viability of  mMVSCs Seeded upon Electrospun Materials 

The viability of mMVSCs seeded upon a range of electrospun constructs 

will be assessed in order to establish the capability of the newly designed 

bi-layer vessel to support cell attachment and growth at 1, 3 and 7 days 

post seeding compared to traditional electrospun scaffold structures. In 

this, a number of techniques will be employed to assess cell viability 

including alamarBlue® to measure cell metabolic activity, PicoGreen® to 

quantify dsDNA concentration and DAPI fluorescent staining to quantify 

the presence of cell nuclei. The combined results of these techniques will 

be used to provide an overall assessment of the scaffolds ability to support 

seeded cells compared to standard platforms used in cell culture. 

• Comparison of Cell Infiltration Properties 

The infiltration properties of mMVSCs on the bi-layer vessels will be 

assessed by seeding mMVSCs onto random and aligned nanofibre 

membranes along with the bi-layer vessels. Infiltration over 7 and 14 day 

time periods will be assessed through cryo-sectioning techniques 

combined with cell nuclei staining. Based on these finding the rate of cell 

infiltration for each of the scaffold variants will be established. 

• Assessment of Cell morphology 

Lastly the morphology of the seeded mMVSCs will be examined upon the 

bi-layer vessel and compared to the random and aligned nanofibre 

membranes. This will allow for the assessment of any potential 

morphological changes that the dynamic liquid collected fibre bundles may 

induce within the seeded cell population 
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6.2 Materials and Equipment 

 Materials 

General Cell Culture 

▪ Mouse Multi-Potent Vascular Stem Cells (DCU, Ireland) 

▪ Sodium bicarbonate solution (S8761) (Sigma-Aldrich, Ireland) 

▪ Sodium pyruvate solution (S8636) (Sigma-Aldrich, Ireland) 

▪ Eagle’s Minimum Essential Medium (EMEM) (56416C) (Sigma-Aldrich, 

Ireland) 

▪ Penicillin-Streptomycin (P/S, P4333) (Sigma-Aldrich, Ireland) 

▪ L-Glutamine Solution (G7513) (Sigma-Aldrich, Ireland) 

▪ Fetal Bovine Serum, ES Cell Qualified (SCRR-30-2020™) (ATCC, US) 

▪ 24 Well Culture Plate, Sterile, TS Treated (SPL Life Sciences, US) 

▪ Trypan Blue (T8154) (Sigma-Aldrich, Ireland) 

▪ Gibco TrypLE™ Select Enzyme (Thermo Fisher Scientific, US)  

▪ Sterile DPBS Tablets (Fisher Scientific, US) 

▪ 0.22µm Sartorius™ Minisart™ NML Syringe Filters, Sterile 

▪ 0.22µm EMD Millipore™ Stericup™ Sterile Vacuum Filter Units (10440011) 

▪ CELLCROWNTM24, Cell Culture Inserts (Scaffdex, Finland) 

▪ ø10mm Glass slides (#12658116, Termo Fisher Scientific, US) 

▪ Westran Clear Signal (CS) PVDF Membranes for Western Blotting (Z671010) 

(Sigma-Aldrich, Ireland) 

Resazurin Blue 

▪ Resazurin Sodium Salt (R7017) (Sigma-Aldrich, Ireland) 

▪ De-Ionised Water (DCU, Ireland) 

PicoGreen® 

▪ Quant-iTTM
 PicoGreen® ds DNA Assay Kit (Invitrogen Corporation, USA) 

▪ 96 well. Solid Bottom. Black PS plates (4Titude, UK) 

▪ Sodium Carbonate (Na2CO3) (Sigma-Aldrich, Ireland) 

▪ Triton X-100 (T8787) (Sigma-Aldrich, Ireland) 

DAPI 

▪ 4’,6-diamidino-2-phenylindole (DAPI, D9542) (Sigma-Aldrich, Ireland) 

▪ Formaldehyde (F-8775) (Sigma-Aldrich, Ireland) 
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▪ Triton X-100 (T8787) (Sigma-Aldrich, Ireland) 

▪ Fluoromount™ Aqueous Mounting Medium (F4680) (Sigma-Aldrich, Ireland) 

SEM Analysis 

▪ Glutaraldehyde, Grade II, 25% Aqueous (Sigma Aldrich, Ireland) 

▪ Ethanol (Sigma Aldrich, Ireland) 

▪ Hexamethyldisilazane, ≥99% (HDMS) (Sigma Aldrich, Ireland) 

Cryofixation 

▪ Tissue Freezing Medium (OCT) (Leica Microsystems, Germany) 

▪ Superfrost microscope slides (Z692255) (Sigma-Aldrich, Ireland) 

 

 Equipment 

▪ θ20mm Circular Specimen Cutting Die (Custom, DCU) 

▪ Bio Air 2000 MAC laminar flow cabinet (Bio Air, Italy) 

▪ Heracell CO2 incubator (Thermo Scientific, US) 

▪ Allegra 21 Centrifuge (Beckman Coulter, USA) 

▪ Olympus CK30 Phase Contrast Microscope (Olympus Life Science, Japan) 

▪ Olympus BX51 Fluorescence Microscope with CellF Image software 

(Olympus Life Science, Japan) 

▪ Tecan Safire 2 Plate Reader (Tecan, Switzerland) 

▪ CM3050s Research Cyrostat (Leica, US) 

▪ EVO LS15 Scanning Electron Microscopy (Zeiss, Germany) 

▪ Edwards Pirani 501 Scancoat Sputtering Coater (Edwards Laboratories, USA) 

 

6.3 Methods 

 Preparation of Cell Culture Medium 

mMVSC Maintenance Media was prepared by combining Eagle’s Minimum Essential 

Medium (EMEM) basal medium, 10% ATCC Fetal Bovine Serum (FBS), 1% L-

Glutamine (4mM final concentration), and 1% Penicillin-Streptomycin (P/S). The 

EMEM basal medium was prepared in house in 1L stocks by combining 9.61g of 

EMEM Powder which contained an initial 2mM L-Glutamine, 20 ml of Sodium 

Bicarbonate, 10 ml of Sodium Pyruvate, and 970 mL of Ultra Pure Water (Merck 
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Millipore). The basal medium was ensured to be at pH 7, and filtered using a 0.22µm 

sterile 1L Vacuum Bottle-Top Filter (Merck Millipore) under sterile conditions. 

 

 General Cell Culture of mMVSCs 

mMVSCs were cultured in 25 cm2, 75 cm2, and 175 cm2 tissue culture flasks at 37 °C, 

5% CO2, and were routinely fed with the previously described maintenance media 

every 2 - 3 days. Cells were sub-cultured at 70-80% confluency, and split using Gibco 

TrypLE™ Select. Tryple was utilised to prevent damage to cell surface 

proteins/receptors, and differentiation of the stem cells compared to standard Trypsin 

[295]. 

 

 Preparation of Control Specimens and Scaffold Constructs 

Random and nanofibre control membranes were electrospun according to the 

previously described methods detailed in Chapter 3 (pp.66-67), using the finalised 

solution of 8wt% PCL (Mw=100,00g/mol) in Chloroform/DMF at a ratio of 7:3 (v:v). 

The membranes were fabricated at a flow rate of 0.25 ml/hr, applied voltage of 15 kV 

and a collector distance of 15 cm. The bi-layer vessel was fabricated using the final 

design detailed within Chapter 5 that utilised a multi-modal core layer prepared using 

a 7.8wt% PCL (Mw=100,00g/mol) in Chloroform/Ethanol (7:3; v:v), fabricated at a 

flow rate of 12 ml/hr, applied voltage of 20 kV, collector distance of 17.5cm and 

collection time of 10 min. The dynamic liquid collected fibre bundle layer was then 

spun over the core layer using a 11wt% PCL (Mw=100,00g/mol) in Chloroform/DMF 

(7:3; v:v) at a flow rate of 1 ml/hr, applied voltage of 20 kV, collector distance of 12.5 

cm for a collection time of 20 minutes. 

 

Prior to cell seeding the random and aligned nanofibre control scaffolds were prepared 

by punching ø20mm discs from the collected fibre membranes using a custom built 

punch (DCU), as shown in Figure 6.1 (B). For the preparation of the composite bi-

layer vessels, the tubular scaffolds were first cut open along their longitudinal axis. 

Once opened into a flat membrane they were cut into 15 mm long rectangular 

segments using a scalpel (Figure 6.1 (C)). The electrospun samples were then mounted 

in previously autoclaved CELLCROWNTM24 inserts as shown in Figure 6.1 (D) 
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according to the method detailed in Figure 6.1 (A).  

 

Control specimens were prepared by first punching θ20mm discs from Westran Clear 

Signal (CS) PVDF Membranes. The membranes were mounted in the 

CELLCROWNTM24 inserts similar to that of the electrospun membranes. A UV 

sterilised θ10mm glass slide was then placed into the centre of the cell crown on top 

of the PVDF membrane ensuring the glass slide was positioned flat on the PVDF 

material. 

 

 Seeding of mMVSCs on Control and Scaffold Constructs 

Once mounted each control and electrospun construct was placed in the well of a 

sterile 24-well plate, and sterilised using 70% ethanol for 8 hours. Following  

 

 

Figure 6.1: Preparation of controls and scaffold constructs for cell culture (A) Cell crown 

assembly method showing the process used to mount electrospun specimens and control 

glass slides in CELLCROWNTM inserts (B) Random and aligned fibre discs punched from 

electrospun membranes (C) Composite vessel specimens cut from larger tubular scaffold 

(D) Sample image showing scaffolds mounted in insert system 
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sterilisation the scaffolds were rinsed twice in sterile DPBS after which they were 

placed in fresh DPBS and left overnight. The scaffolds and controls were washed twice 

more the next day, and left to hydrate in sterile DPBS till use. mMVSCs, previously 

plated in a 75cm2 flask, were harvested using 0.5X Gibco TrypLE™ Select, and 

counted using a cell counting chamber or hemocytometer by Trypan Blue. Cells were 

seeded at 25,000 cells per scaffold in 1 ml of maintenance medium per well, and 

incubated at 37°C, 5% CO2 for 1, 3, 7 and 14 days depending on the desired 

experiment. Maintenance medium was changed every 2-3 days where required. All 

the steps were carried out under sterile conditions. 

 

 Metabolic Activity by Resazurin Sodium Salt (alamarBlue®) 

Resazurin sodium salt/alamarBlue® cell metabolic assay is a commonly used method 

to determine cell proliferation by qualitatively assessing the reducing cytosolic 

environment of viable (live) cells. The active compound of alamarBlue® reagent is 

resazurin, a non-cytotoxic molecule capable of permeabilising the cell membrane. 

Resazurin is a blue compound, however in reducing environment such as the cell 

cytosol it is converted to a red and highly fluorescent molecule known as resorufin. 

Resorufin indicates the presence of metabolic activity within a cell and thus is an 

indirect indicator of cell viability. As long as viable cells and the substrate resazurin 

are contained in the same medium, resofurin is produced increasing the colour and 

thus the fluorescence of the medium. 

 

alamarBlue® reagent stock solution was prepared by weighing resazurin sodium salt 

and adding to dH2O at a final concentration of 0.1 mg/mL, and sterilised by filtration 

using a 0.22μm filter compatible for cell culture. Sterile 0.1 mg/mL alamarBlue® 

stock solution was stored in the dark at 4°C. A cell standard curve was generated to 

indirectly quantify the number of cells at each end point (Table 6.1), and to act as an 

internal control to assess the effectiveness of the assay. The alamarBlue® assay was 

performed on standards and experimental samples as follow: a) in a sterile 50mL tube, 

alamarBlue® reagent stock solution was added to warm fresh maintenance medium at 

a final concentration of 0.01 mg/mL (10% working solution, WS). The final volume 

of working solution was scaled up according the number of wells to be tested, for 

instance 1 ml of WS was added to a single well of a 24-well plate, b) maintenance  
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Table 6.1: Cell Standard Curve used for Alamar Blue and PicoGreen Experiments 

Well Label # Cells in Well 

A 100,000 

B 75,000 

C 50,000 

D 25,000 

E 10,000 

F 7,500 

G 5,000 

H 2,500 

I 1,000 

J 0 

 

medium was aspirated off each sample (standards or experimental), and 1 ml of WS 

was added to each well, c) samples were incubated at 37°C, 5% CO2 for 4 hours 

protected from light, d) Following incubation, the WS was removed from each sample 

to a pre-labelled 1.5 ml tube, e) samples were well-mixed by pipetting, and 100μL of 

the WS was transferred to a well of a 96-well plate with triplicates taken for each 

specimen, f) Florescence intensity was immediately measured using a Tecan Safire2™ 

plate reader with λexcitation 560 nm and  λemission 590 nm, Bandwidth 10 nm, Gain 50, 

measurements per sample 6, and integration time 40. 

 

alamarBlue® Analysis 

The fluorescent readouts of the standard samples were used to create a standard curve, 

and thus to obtain the equation of the line. The standard curve was assessed in order 

to verify the effectiveness of the assay by ensuring that a linearly proportional 

relationship existed between the seeded cell number and the relative fluorescence 

intensity (RFI) value observed. The cell viability for each experimental sample was 

calculated by expressing their average fluorescent intensity value as a percentage ratio 

to that of the control specimens. 

 

 Quant-iT™ PicoGreen® dsDNA Assay 

Quant-iT™ PicoGreen® dsDNA reagent is a fluorescent dye used to quantify double-

stranded DNA (dsDNA) concentration in the presence of ubiquitous contaminants 
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added within the DNA sample preparation such as phenols/chloroforms, proteins, 

ethanol, and detergents. The Quant-iT™ PicoGreen® dsDNA assay was developed to 

improve the Hoechst-based assays when carried out in 10 mM Tris-HCl, 1 mM in 

EDTA, pH 7.5 with no addition of NaCl (TE Buffer) in order to detect as little dsDNA 

concentration as 25 pg/mL with ssDNA and RNA minimal interference. 

 

Quant-iT™ PicoGreen® dsDNA kit contained the following reagents, Quant-iT™ 

PicoGreen® dsDNA reagent (Compound A), a 20X TE Buffer (Compound B), and a 

Lambda DNA Standard (100 μg/mL in TE) (Compound C). The cell Lysis Buffer (LB) 

was prepared in-house by combining 0.2 M Sodium Carbonate (Na2CO3) and 1% 

Triton-X in dH2O. The assay was performed on mMVSCs seeded on control and 

scaffold constructs to assess cell proliferation based on concentration of dsDNA. A 

dsDNA standard curve was generated using compound C to calculate dsDNA quantity 

at each end point. In addition, an mMVSC standard curve was generated in a 24-well 

cell culture plate according to Table 6.1 to ensure the efficiency of the cell lysis work 

step for each experimental run. mMVSCs were cultured, and lysed prior to PicoGreen 

Assay: a) mMVSCs were seeded on control and scaffold constructs (25,000 cells per 

sample) and cultured in maintenance medium at 37 °C, 5% CO2 for the required 

number of days, b) on each end-point day, scaffolds washed three times in DPBS and 

subsequently removed from the cell crowns and placed in 1 mL of LB in a 1 mL tube, 

c) samples were subjected to three cycles of freeze-thaw, with freezing to -80 °C and 

thawed at 37 °C. Samples were stored at -80 °C until required. Once, all the samples 

were ready for analysis the PicoGreen analysis was performed.  

 

PicoGreen® Assay was performed in a flat-bottom black 96-well plate as follow: a) 

in a sterile 50 mL tube, compound A was diluted in 1X compound B to a final 

concentration of 0.5% (PicoGreen® working solution, PGWS). The final volume of 

PGWS was scaled up according the number of DNA samples to be tested, for instance 

a single reaction consisted of 100 μL of sample/standard and 100 μL of PGWS, b) for 

the dsDNA standard curve: 1 mL of 2 μg/mL compound C in LB was prepared as the 

standard working stock (SWS), and a serial dilution was performed according to Table 

6.2 with 2 μg/mL DNA being the most concentrated standard and 0 μg/mL DNA (LB  
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Table 6.2: DNA standard curve solution quantities and final DNA concentrations 

Volume of 2µg/ml DNA 

working stock (µl) 

Volume lysis buffer (µl) Final conc. DNA (ng/ml) 

400 0 2000 

200 200 1000 

100 300 500 

40 360 200 

20 380 100 

10 390 50 

4 396 20 

0 400 0 

 

only) acting as a blank standard, c) 100 μL of each standards and experimental samples 

were loaded in a well of a 96-well plate. Each standard/sample reaction was prepared 

in triplicate, d) 100 μl of PicoGreen® working solution was added to each 

standard/sample, e) samples were incubated at room temperature for 2-3 min while 

mixing by pipetting, f) Florescence intensity was immediately measured using the 

Tecan Safire2™ plate reader with excitation 485 nm and emission 538 nm, Bandwidth 

20 nm, Gain 50, measurements per sample 6, and integration time 40. 

 

Quant-iT™ PicoGreen® dsDNA analysis 

The fluorescence readouts of the standard samples were used to create a standard 

curve, and thus to obtain the equation of the line. The standard curve was assessed in 

order to verify the effectiveness of the assay by ensuring that a linearly proportional 

relationship existed between dsDNA concentration and relative fluorescence intensity 

(RFI). The percentage DNA concentration for each experimental sample was 

calculated by expressing their average fluorescent intensity value as a percentage ratio 

to that of the control specimens. 

  

 4’,6-diamidino-2-phenylindole (DAPI) Staining 

4’,6-diamidino-2-phenylindole (DAPI) is a blue fluorescent nucleic acid stain that 

preferentially stains DNA [296]. DAPI stock solution was prepared at a concentration 

of 5 mg/mL in Ultra Pure H2O, aliquoted in 50 μL, and stored at -20°C. Control and 

scaffold specimens were cultured until required at which time media removed and 

three washes in DPBS performed. Following this all samples were fixed in 3.7% 

formaldehyde at room temperature for 15 minutes followed by three DPBS washes, 
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lasting 5 minutes each, before DAPI staining unless otherwise specified. 

 

Once cells were fixed and rinsed, 500µl of 5 μg/mL diluted DAPI solution (1:1000 

dilution) prepared in DPBS was added to each samples. Samples in DAPI solution 

were incubated at room temperature in the dark for 20 min. Three further washes of 5 

minutes in DPBS were performed. Specimens were covered to protect them from light, 

and maintained in DPBS at room temperature for imaging within 4 hours, otherwise 

they were stored at 4°C. Images were captured at 10X and 20X magnifications using 

the Olympus BX51 Fluorescence Microscope with CellF Image software. 

 

DAPI images Analysis  

Samples were placed on the stage of the Olympus BX51 Fluorescence Microscope, 

the DAPI channel (excitation filter BP330-385) was selected, and five regions were 

captured per sample per objective (10X and 20X) using the CellF Image software as 

shown in Figure 6.2. DAPI stained cells (blue dots) were counted per region, and an 

average cell number obtained. Each sample average cell number was then calculated 

per regions of view, and scaled up to provide the average cell number per cm2 using 

the known area per region of view. The average cell number per cm2 of the samples 

were compared to each other in order to determine cell proliferation at different end 

points. 

 

 

Figure 6.2: Schematic of cell counting method used on glass slides and scaffold constructs. 
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 Cryofixation Fixation and Sample Sectioning 

The infiltration rates of mMVSCs seeded on electrospun scaffolds was assessed 

according to the following cryofixation and sectioning protocol, as summarised in 

Figure 6.3. To begin a) the maintenance medium was discarded from each well and 

scaffolds were rinsed three times in DPBS to removed dead cells and any trace of 

medium, b) 1mL of 3.7% formaldehyde in DPBS was added to each well in a fume 

hood and left fixing at 4°C overnight, c) fixative solution was removed, and samples 

were washed three times in DPBS, d) scaffold constructs were lifted from the wells 

and carefully removed from the CELLCROWN system, e) Scaffolds were 

subsequently trimmed to remove the excess material and submerged in 15% sucrose-

DPBS solution and incubated at 4°C for 24 hours followed by 30% sucrose for a 

further 24hrs, f) Samples were then directly transferred to a sterile non-coated 35 mm 

petri dish containing tissue freezing medium (TFM) (Leica Microsystems, Germany). 

TFM is a water-soluble solution consisting of glycols and resins that allows for the 

embedding of tissue samples during cryotomy. The cell seeded side of the scaffolds 

were placed facing downwards in the petri dishes, g) blank scaffolds of 10 mm 

diameter were pre-trimmed, and placed on top of the cell-containing scaffolds (one 

per sample) in order to prevent damage to the cell laden scaffold throughout the 

proceeding steps, h) a nylon rod was then used to gently press the scaffolds to ensure 

their flatness, and room temperature freezing medium was poured in to the petri dish 

to the height of vessel, i) the dish, rod and samples were incubated at -80°C till the 

medium was completely frozen, j) once the samples were frozen the rod was removed 

by gently twisting it in-situ, TFM medium was then added to fill the space preciously 

occupied by the rod. Samples were returned to -80°C for another freezing cycle until 

sectioning, k) Samples-TFM blocks were carefully lifted out of the petri dishes, and 

split in two halves with a cold scalpel in order to provide a sharp flat surface prior to 

the use of the cryotome.  

 

At this point samples were either stored at -80°C till ready to use or sectioned using 

the CM3050s Research Cryostat (Leica, US), l) Samples were mounted on to a 

sectioning plate, and secured to the sectioning arm of the cryostat. The cryostat 

chamber was closed and allowed to reach the correct temperature before commencing 

sectioning, m) scaffolds were sliced at 20 μm sections using a new blade, n) sections  
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Figure 6.3: Schematic of protocol utilised for cryofixation and sectioning of electrospun 

specimens used to determine cell infiltration rates  

 

were picked from the cryostat blade using cold tweezers, and placed on superfrostTM 

microscope slides (3-4 sections per slide), o) Samples on slides were carefully rinsed 

three times in room temperature DPBS in order to wash any trace of TFM medium as 

well as to rehydrate the samples before DAPI staining protocol. 

 

Samples were stained and imaged according to the previously described protocol for 

DAPI staining, with 5 cross sections assessed at varying points throughout the 

thickness of the scaffold. A light microscope image of each scaffold was additionally 

taken to create an overlay image of cell infiltration and to calculate cell infiltration 
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depths. The average cell count and corresponding infiltration distance for each 

electrospun specimen was measured using the software program ImageJ. 

 

 SEM of Cell Scaffold Constructs 

Scaffold constructs were washed in 1X Sterile DPBS to remove non-adherent cells 

and any other detritus materials. Samples were fixed in 2% Glutaraldehyde for 4 hours 

at room temperature. Following fixation scaffolds were washed three times with 1 ml 

of dH2O at 5 min per wash. Scaffolds were then dehydrated by an ethanol gradient 

series. This series consisted of immersing scaffolds in 35% Ethanol for 15 min 

followed by 50% Ethanol (15 min), 70% Ethanol (15 min), 95% (15 min) and finally 

twice in 100% Ethanol (15 minutes each). The final Ethanol solution was removed, 

and 1ml of hexamethyldisilazane (HDMS) was added and removed after 1 min. The 

scaffolds were allowed to air dry in a fume hood overnight. Samples were then 

mounted on carbon tape and stored in a desiccator prior to imaging. Samples were 

sputter coated with gold prior to imaging, and viewed using an SEM. 

 

6.4 Design of Cell Studies 

 alamarBlue® Analysis of mMVSCs Seeded on Electrospun Bi-

layer Vessels 

The metabolic activity of mMVSCs seeded on the bi-layer vessels was assessed by 

alamarBlue® assay. alamarBlue® was conducted according to previously described 

protocol for specimens at 1, 3 and 7 days post seeding. Each time point consisted of a 

glass slide acting as a control specimen, a random nanofibre membrane, aligned 

nanofibre membrane and finally a bi-layer vessel. In addition, a blank well, glass slide 

and electrospun scaffold were placed in culture medium to act as baseline 

measurements against which the corresponding average fluorescent intensity could be 

normalised. The experiment was repeated in triplicate for all time points. 

 

 PicoGreen® Analysis of mMVSCs Seeded on Electrospun Bi-layer 

Vessels 

PicoGreen® measurements of specimens were similarly conducted according to the 
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previously described protocol. The same experimental design was employed as 

detailed above for the alamarBlue® analysis. 

 

 Cell Nuclei Staining of mMVSCs Seeded on Electrospun Bi-layer 

Vessels by DAPI  

DAPI staining was conducted on the specimens utilised for the alamarBlue® analysis 

due to the non-toxic nature of the alamarBlue® assay. DAPI staining, imaging, and 

counting was conducted according to previously described protocol. 

 

 Assessment of mMVSC Infiltration of Electrospun Bi-Layer 

Vessels by Cryosectioning Techniques 

The infiltration properties of mMVSCs on the bi-layer vessels was assessed by seeding 

them onto random and aligned nanofibre membranes along with the bi-layer vessels. 

25,000 cells were seeded per sample, with one set of samples cultured for 7 days and 

the second set cultured for 14 days. No glass slide controls were employed due to the 

fact that cells could never penetrate the slide material making them irrelevant for this 

experiment. Cryosectioning was performed on the scaffolds according to previously 

described fixation and sectioning protocol. 

 

 SEM of Cell Scaffold Constructs 

The morphology of mMVSCs seeded upon the bi-layer vessels was examined by SEM 

analysis. SEM was performed on both random and aligned nanofibre membranes, 

along with the bi-layer vessel under investigation in this work. The scaffolds were 

seeded with 25,000 cells and cultured for 1, 3 and 7 days after which they were fixed 

and mounted according to previously described SEM protocol. 
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6.5 Results 

 alamarBlue® Analysis of mMVSCs Seeded on Electrospun Bi-

layer Vessels 

The results of the alamarBlue® analysis performed for mMVSCs seeded upon the bi-

layer electrospun vessels compared with control specimens and random and aligned 

nanofibre membranes can be seen in Figure 6.4. The results show the %Metabolic 

Activity for each of the specimen types examined after 1, 3 and 7 days of culturing 

(Figure 6.4 (A)). The values presented for each time point are expressed relative to the  

 

 

Figure 6.4: alamarBlue® of mMVSCs seeded upon control and electrospun specimens (A) 

%Metabolic activity of mMVSCs seeded on random, aligned and bi-layer electrospun 

structures with metabolic activity expressed relative to day 1 control specimens (B) Cell 

standard curve generated for alamarBlue® assay. (*P≤0.05)(**P≤0.01)(*** P≤0.001)(**** 

P≤0.0001). N=3 for each group (three replicates taken per sample). 
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metabolic activity of the control specimens at day 1. The results showed that there was 

a small but non-statistical increase in metabolic activity after 1 and 3 days post seeding 

for the control, random and bi-layer vessel specimens. The aligned nanofibre 

membranes did show a statistical increase in metabolic activity between day 1 and 3 

(p <0.05). At day 7 all specimens showed a statistical increase in metabolic activity 

compared to that of the control specimen at day 1 and their own corresponding 

metabolic activity at previous time points of days 1 and 3 (not annotated within the 

Figure). The aligned nanofibre membranes showed the highest metabolic activity at 

day 7 at 534.1 ± 47.70%, with this being statistically higher than the metabolic activity 

for the controls, random nanofibre membranes and the bi-layer vessels for the same 

time point. The random (424.8 ± 106.7%) and bi-layer vessels (434.7 ± 55.12%) had 

statistically equivalent metabolic activities at day 7 (p=0.0622), while the bi-layer 

vessel showed an increased metabolic activity compared to that of the control 

specimen at day 7 (302.9 ± 62.10%) (p<0.0001). The cell standard curve prepared 

(Figure 6.4 (B)), additionally demonstrated a linearly proportional trend between cell 

number and relative fluorescent intensity. This indicated the assay had not become 

saturated and had been performed efficiently. 

 

 PicoGreen® Analysis of mMVSCs Seeded on Electrospun Bi-layer 

Vessels 

The results of the PicoGreen® experiments performed to assess the %DNA 

concentration found within the control and scaffold specimens at 1, 3 and 7 days post 

seeding can be seen in Figure 6.5 (A). No statistical difference in %DNA concentration 

was detected between day 1 and 3 for any of the specimens examined. At day 7 

statistical increases were observed between all specimens compared to the control 

specimen for day 1 and equally to their corresponding day 1 samples. The aligned 

nanofibre membranes were again found to have the highest %DNA concentration for 

day 7 specimens at 404.7 ± 78.44%. This was found to be statistically higher than that 

of the bi-layer vessels (300.7 ± 76.90%, p=0.0034), random nanofibres (248.8 ± 

32.11%, p<0.001) and control specimens (241.7 ± 26.69%, p<0.0001) for the day 7 

specimens (not annotated on the Figure). The bi-layer vessel was found to possess a 

statistically higher %DNA concentration to both the control specimens (p=0.0199),  
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Figure 6.5: PicoGreen®  of mMVSCs seeded upon control and electrospun specimens (A) 

%DNA concentration of mMVSCs seeded on random, aligned and bi-layer electrospun 

structures expressed relative to day 1 control specimens (B) Cell standard curve generated 

for PicoGreen® assay (C) DNA standard curve used to relate RFI to DNA concentration. 

N=3 for each group (three replicates taken per sample). 

 

and random nanofibre membranes (p=0.0010) at day 7. Figure 6.5 (B) shows the cell 

standard curve prepared demonstrating a linearly proportional relationship between 
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the number of seeded cells and the RFI measured. This again provides confidence that 

the assay worked correctly as it did not show signs of saturation. Figure 6.5 (C) 

similarly shows the DNA standard curve prepared using the control standards. This 

again displayed a highly linearly proportional relationship with a strong regression at 

99.7%, suggesting accuracy in the measurement process. 

 

 Cell Nuclei Staining of mMVSCs Seeded on Electrospun Bi-layer 

Vessels by DAPI 

Figure 6.6 (A) displays the results obtained for the %Cell Count assessed through the 

measurement of DAPI stained cell nuclei, while Figure 6.6 (B) shows a typical image 

of the blue fluorescent staining of cell nuclei obtained using DAPI. Again the %Cell 

Count for each of the specimens studied for 1, 3 and 7 days posts seeding is presented. 

A statistical increase in cell numbers was observed between day 1 and 3 for the control 

and aligned nanofibre specimens. No increase between day 1 and 3 was observed for 

the random nanofibre and bi-layer vessels. All specimen groups showed a statistical 

increased in cell count at day 7 compared to the control specimens for day 1 and to 

their own corresponding day 1 samples. The control and aligned fibre membranes  

 

 

Figure 6.6: DAPI nuclei staining of mMVSCs seeded upon electrospun scaffolds and 

control specimens (A) Percentage cell count results showing count of aligned, nanofibre 

and bi-layer electrospun structures expressed with respect to day 1 control specimens. N=3 

for each group (three replicates taken per sample). (B) Sample image of DAPI stained cells 

showing blue cell nuclei (taken at 20X magnification) 
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displayed no statistical difference (p>0.9999) in their cell counts at 467.7 ± 167.3% 

and 467.7 ± 165% respectively (not annotated on the Figure). The bi-layer vessel 

(226.4 ± 97.95%) was found to have a statistically lower cell count than that of the 

day 7 control specimens (p<0.0001) and the day 7 aligned nanofibre membranes 

(p<0.0001). Additionally, the bi-layer vessel was found to have a statistically lower 

cell count to that of the random nanofibre membranes at day 7 (332.3 ± 139.8% 

p=0.0232). 

 

 Assessment of mMVSC Infiltration of Electrospun Bi-Layer 

Vessels by Cryosectioning Techniques 

Figure 6.7 presents the quantitative results of the mMVSC infiltration studies 

performed for the electrospun scaffolds, while Figure 6.8 shows the corresponding 

cross sectional images of the electrospun scaffolds prepared by cryosectioning with 

DAPI stained nuclei indicated. The infiltration depths of cells, relative to the thickness 

of the electrospun construct they were seeded upon are shown in Figure 6.7 (A). This 

infiltration rate was termed ‘%Relative Cell Infiltration’. It can be seen that the 

aligned, random and bi-layer vessel displayed similar relative cell infiltration rates at 

day 7. On day 14, a significant increase was observed between the bi-layer vessels at 

12.35 ± 5.259% and the corresponding day 14 specimens for the aligned (4.484 ± 

2.945%, p=0.0079) and random nanofibre membranes (2.896 ± 3.342%, p=0.0317).  

 

The analysis of the pure depth measurements of infiltrating cells is shown in Figure 

6.7 (B). Here, a much more prominent difference can be seen between the infiltration 

levels of cells in the bi-layer vessels compared to those of the aligned and random 

nanofibre constructs. The infiltration at day 7 for the bi-layer vessels was found to be 

significantly higher at 30.14 ± 16.04 µm to that of the aligned nanofibre (1.459 ± 

0.4393 µm, p=0.0079), but not to that of the random nanofibre membranes (4.956 ± 

2.446 µm  p=0.0556). The infiltration at day 14 for the bi-layer vessels was found to 

be equivalent to that of the day 7 bi-layer specimens, indicating no change in cell 

infiltration within the bi-layer vessels. The day 14 bi-layer specimens (56.76 ± 

22.49µm) were however found to possess higher cell infiltration depths than both that  
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Figure 6.7: Assessment of mMVSC infiltration of electrospun specimens (A) ‘%Relative 

Cell Infiltration’ showing statistically higher infiltration of cells on bi-layer vessels at day 

14 compared to both aligned and random fibre constructs (B) Actual depth measurements 

of infiltrating cells showing statistically higher infiltration on bi-layer vessels for both day 

7 and 14 specimens compared to the random and aligned fibre constructs. N=5 per group. 

 

of the aligned (3.638 ± 1.663, p=0.0079) and random nanofibre (4.233 ± 5.156 µm, 

p=0.0317) constructs at day 14. 

 

 SEM of Cell Scaffold Constructs 

The SEM images of mMVSCs seeded upon the bi-layer vessels along with the aligned 

and random nanofibre membranes can be seen in Figure 6.9 and Figure 6.10. Figure 

6.9 shows a low magnification image of the three scaffold variants at day 1, 3 and 7 

post seeding. Figure 6.10 similarly shows the three scaffold variants at day 1, 3 and 7 

post seeding but at an increased magnification level. 

 

Cells seeded upon the aligned nanofibre membranes exhibited an elongated phenotype 

with apparent alignment to the preferential axis of fibre orientation. An interesting 

note was that at day 7, cells appeared to form colonies that displayed a stacked like 

morphology often termed as a hill-and-valley pattern. On the other hand cells seeded 

upon the random nanofibre scaffolds exhibited a flat but dendritic/star phenotype, with 

protrusions seemingly following the randomly orientated fibres. The mMVSCs seeded 

upon the bi-layer vessel appeared to attach to the fibre bundles, aligning along the 

direction of the fibres. These cells did however appear to bridge the gaps between the  
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Figure 6.8: Cross sectional images of electrospun scaffolds seeded with mMVSCs after 7 

and 14 days in culture (A) Cross sectional views of aligned, random and bi-layer electrospun 

structures showing DAPI stained cell nuclei and corresponding light microscope images of 

scaffold after 7 days in culture (B) Cross sectional views of aligned, random and bi-layer 

electrospun structures showing DAPI stained cell nuclei and corresponding light 

microscope images of scaffold after 14 days in culture. 
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fibre bundles, resulting in a three-dimensional dendritic phenotype. The cells also 

appeared to infiltrate into the gaps between fibre bundles, particularly visible at day 7. 

Extracellular matrix material (ECM) was observed across all the scaffold variants at 

the day 7, surrounding the cell colonies. 

 

 

Figure 6.9: SEM images of cell laden electrospun scaffolds viewed at low level 

magnification. 

 

 

Figure 6.10: SEM images of cell laden electrospun scaffolds viewed at high level 

magnification. 
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6.6 Discussion  

 Viability of  mMVSCs Seeded upon Electrospun Materials 

In order to assess the viability of mMVSCs seeded upon the bi-layer vessel under 

investigation in this work, the results of alamarBlue®, PicoGreen® and DAPI staining 

were considered in unison. The results of the alamarBlue®, PicoGreen® and DAPI 

staining all indicated an increase in cell number between day 1 and 7 for the bi-layer 

vessel. Cell metabolic activity is considered to be an indirect indicator of cell 

proliferation and thus cell viability [297]. An increase in %Metabolic activity from 

84.11 ± 29.87% to 434.7 ± 55.12% was seen between the day 1 and 7 specimens for 

the bi-layer vessel. This increase in cell metabolic activity paired with a higher content 

of dsDNA shown through the PicoGreen® assay at 232.8 ± 23.84% at day 1 to 300.7 

± 76.90% at day 7, further suggests an increase in overall cell numbers upon the bi-

layer scaffold, representing an increase in cell proliferation and viability. 

 

The results of the DAPI staining appeared to show slightly altered findings to that of 

the metabolic activity and DNA content findings. Control specimens were found to 

have higher cell counts that those of the electrospun constructs, despite having reduced 

metabolic activities and DNA content to the electrospun constructs. This discrepancy 

may result from two technical issues attributed to the staining process and the 

increased infiltration of cells on particular scaffold constructs. A loss of cells may have 

occurred within the electrospun scaffolds due to the numerous washing steps 

employed within the DAPI staining protocol. The hydrophobic nature of PCL may 

result in reduced cell adhesion properties compared to that of the glass slides [259]. 

This may ultimately result in cell removal from the scaffold and thus the under 

estimation of cell quantities. 

 

In addition, the bi-layer vessel also appeared to show a reduced cell proliferation 

through DAPI staining in contrast to that indicated by the metabolic activity and 

dsDNA content. This may occur due to the highly three-dimensional nature of the bi-

layer scaffolds allowing for the subsequent infiltration of cells into the inner volumes 

of the scaffold. This may prevent cells from being stained by DAPI or result in an 

inability to successfully image these cells due to the limitations of the fluorescent 
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microscopy. 

 

These results none the less are highly promising indicators that the bi-layer vessel is 

capable of allowing for appropriate cell attachment and proliferation despite the 

complex architecture and the hydrophobic nature of the polymer PCL. Despite the 

discrepancies between the test methods in terms of the highest performing construct, 

it was clear that the bi-layer vessel was highly comparable to the control specimens 

and random nanofibre materials, both of which are commonly used in cell culture and 

tissue-engineering applications. 

 

 Comparison of Cell Infiltration Properties 

The cross sectional samples of the electrospun specimens prepared by cryo-sectioning 

techniques displayed clear differences in the cell infiltration rates between the 

electrospun membranes studied. Both the ‘%Relative Cell Infiltration’ and ‘Depth of 

Cell Infiltration’ measurements confirmed that significantly higher infiltration of cells 

was observed at day 14 for mMVSCs seeded upon bi-layer vessels compared to that 

of the traditional electrospun membranes. Increased infiltration was also observed at 

day 7 between the scaffolds when the actual depth of cells was considered. This clearly 

indicates an increased ability for cells to infiltrate into the bi-layer constructs 

compared to the random and aligned nanofibre membranes. The sections taken show 

the formation of cell monolayers upon the surface of the aligned and random nanofibre 

membranes with little to no migration into the scaffolds depths witnessed. On the other 

hand, cells were detected at significant depths within the bi-layer materials, most 

notably within the nanofibrous bundle layer of the vessels. It is noted that this cell 

infiltration witnessed for the bi-layer vessels may not be due to the migration of cells 

inwards over time but rather the ability of cells to penetrate further in the scaffold 

depths upon initial seeding. This is suspected due to the non-statistical increase in 

infiltration observed between the actual depth of cells seen on the bi-layer vessel 

between day 7 and 14. 
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 Assessment of Cell morphology 

It was clear that the architecture and fibre properties of the electrospun constructs 

highly influenced the morphology of the seeded mMVSCs. Aligned fibre constructs 

were found to induce elongated phenotypes compared to the dendritic morphologies 

witnessed on the random nanofibre and bi-layer constructs. The elongated cells 

visualised on day 7 aligned nanofibre scaffolds displayed a hill and valley or stacked 

cell morphology typically found within smooth muscle cell cultures (SMCs) [298].  

 

In addition, cell colonies were clearly visible upon the surfaces of the aligned and 

random nanofibre constructs, however, those seeded on the bi-layer vessel were 

difficult to detect due to highly integrated nature of the cells amongst the scaffold 

fibres. This again is a promising finding as it was hoped to develop a scaffold that is 

accommodating to cell infiltration into the inner volumes of the scaffold body. 

 

In all, the result of the cell culture studies performed indicated the ability of the bi-

layer vessel under investigation to support cell proliferation while offering increased 

cell infiltration properties compared to the traditional nanofibre membranes prepared 

by electrospinning approaches.  
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Chapter 7 Conclusions & Recommendations 

 

7.1 Main Findings 

The aim of this project was to explore the fabrication of a suitable small diameter 

vascular graft (<6mm) created through the use of electrospinning techniques and tissue 

engineering approaches. A bi-layer vessel combining a hybrid fibre diameter PCL 

tubular core membrane, paired with highly porous and aligned nanofibre bundles was 

explored within this work to achieve the objective. The following goals met during 

this work are summarised below: 

 

• Electrospun PCL tubular core scaffolds comprised of hybrid fibre diameter 

populations were created through the systematic design, screening and 

regression analysis of a single step multi-modal spinning process. The multi-

modal PCL core layers fabricated, exhibited comparable mechanical properties 

including ultimate tensile strengths, Young’s moduli and compliance 

characteristics to published values for common conduits currently used in 

arterial bypass applications. 

 

• A custom designed and built dynamic liquid collection apparatus was 

successfully commissioned that allowed for the controlled electrospinning of 

highly porous nanofibre bundles. Extensive screening trials were conducted on 

solutions of PCL dissolved in Chloroform and DMF, studying the effects of 

solution and processing parameters on overall process stability, fibre bundle 

morphology and subsequent mechanical properties. 

 

• A novel composite bi-layer vessel incorporating a multi-modal PCL core layer 

coated with aligned nanofibre bundles was successfully fabricated. These 

vessels were found to possess equivalent compliance characteristics to that of 
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native arterial tissue. 

 

• The ability of the bi-layer vessel to support the adhesion and proliferation of 

seeded Multi Potent Vascular Stem Cells (MVSCs) was confirmed through 

metabolic activity, DNA content and cell nuclei quantification. The increased 

infiltration properties of the bi-layer vessels compared to traditional 

electrospun nanofibre membranes was additionally demonstrated. 

 

7.2 Recommendations 

Following on from the important findings outlined above, there is significant potential for 

the further development and analysis of the newly developed electrospun bi-layer vessel 

as a tissue engineered blood vessel. Possible future recommendations and works include: 

 

• Further mechanical assessment of the bi-layer vessels is required in order 

to provide an increased understanding of the vessel performance when 

subjected to physiological loading scenarios. This should include the 

determination of pulsatile compliance properties along with the assessment 

of fatigue attributes. 

 

• The development of twisted nanofibre PCL yarns through further 

refinement and adaptation of the dynamic liquid collection process is 

anticipated to provide electrospun structures that offer increased 

processing potential. The ability to manipulate a single strand nanofibre 

bundle or yarn offers increased manufacturing potential, allowing for the 

development of highly porous scaffolds through knitting and weaving 

principles. 

 

• It is envisaged that the blending of the polymer PCL with suitable 

biomolecules such as RGD peptides, or biopolymers such as those of the 

Polyhydroxyalkanoate family, will improve the hydrophobic properties of 

the material, ultimately allowing for the development of a scaffold with 

increased cell adhesion and proliferation rates. 
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• The characterisation of stem cell differentiation upon the bi-layer vessel is 

of great interest due to the complex fibrous architecture of the scaffold. The 

ability to induce controlled cell differentiation throughout the thickness of 

the scaffold could allow for the development of a scaffold material that 

better mimics the natural cell populations of native arterial tissue.  
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Appendix A: Complete Results of Solution Screening 

Trial 

 

Table A.0.1: SEM results of micron and multimodal solution screening trial 
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Table A.0.2: Fibre diameter results for micron and multimodal solution screening trial. Results presented as average ± standard deviation 
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Chloroform Ethanol 
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Chloroform/Methanol 
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Flow Rate (ml/hr) 

Applied 

Voltage 

(kV) 

Collector 

Distance 

(cm) 

6 12 6 12 6 12 6 12 6 12 

 

Fibre Diameters (µm) 

15 15 - - 5.22±1.57 - 2.24±1.56 1.9±1.55 2.10±1.17 1.97±1.09 0.76±0.9 2.74±2.33 

20 8.60±0.71 7.87±1.51 7.81±2.56 4.55±1.24 1.56±1.3 - 5.06±0.86 4.33±2.81 2.02±1.77 1.81±1.66 

20 15 - - - - 0.95±0.49 2.0±1.37 2.35±0.9 2.79±1.6 1.55±0.84 2.06±2.07 

20 9.01±1.3 9.51±1.3 8.3±1.4 5.24±2.58 1.54±0.88 1.9±1.0 2.94±0.99 2.15±0.73 1.73±1.16 1.26±0.755 

 

Table A.0.3: Ambient spinning conditions and airflow measurements recorded during solution screening trial 

Measured Parameter Maximum Minimum Avg. ± S.D. 

Relative Humidity (RH%) 59.7 43.8 44.6 ± 9.2 

Temperature (oC) 22.6 19.1 20.8 ± 0.8 

    

Air Speed at Spinneret Tip (m/s) 0.67 0.31 0.53 ± 0.12 

Air Speed at Collector Surface at 15cm (m/s) 0.14 0.08 0.11 ± 0.02 

Air Speed at Collector Surface at 25cm (m/s) 0.13 0 0.12 ± 0.6 
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Table A.0.4: SEM results of solution screening trial for nanofibre solution screening 

0.25 ml/hr 

Dist. (cm) 10kV 15kV 20kV 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 

Chloroform/DMF (7:3) 

6wt% 

 

8wt% 

 
11wt% 

 
 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 

8wt% 

 
11wt%

 
 

Chloroform/DMF (1:1) 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 
11wt% 
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0.25 ml/hr 

Dist. (cm) 10kV 15kV 20kV 

 Chloroform/DMF (7:3) 

 

 

 

 

 

 

 

 

 

 

 

12.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6wt% 

 
8wt% 

 

11wt% 

 
 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 
11wt% 

 

Chloroform/DMF (1:1) 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 
11wt% 
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0.25 ml/hr 

Dist. (cm) 10kV 15kV 20kV 

 

 

 

 

 

 

 

 

 

 

 

 

 

15 

Chloroform/DMF (7:3) 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 

11wt% 

 
 

6wt% 

 
8wt% 

 
11wt% 

 
 

Chloroform/DMF (1:1) 

6wt% 

 
8wt% 

 
11wt% 

 
 

6wt% 

 
8wt% 

 
11wt% 

 
 

6wt% 

 
8wt% 

 
11wt% 
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0.5 ml/hr 

Dist. (cm) 10kV 15kV 20kV 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 

Chloroform/DMF (7:3) 

6wt% 

 
8wt% 

 
11wt% 

 
 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 
11wt% 

 

Chloroform/DMF (5:5) 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 
11wt% 
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0.5 ml/hr 

Dist. (cm) 10kV 15kV 20kV 

 

 

 

 

 

 

 

 

 

 

 

 

 

12.5 

Chloroform/DMF (7:3) 

6wt% 

 
8wt% 

 
11wt% 

 
 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 
11wt% 

 

Chloroform/DMF (5:5) 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 
11wt% 
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0.5 ml/hr 

Dist. (cm) 10kV 15kV 20kV 

 

 

 

 

 

 

 

 

 

 

 

 

 

15 

Chloroform/DMF (7:3) 

6wt% 

 
8wt% 

 
11wt% 
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8wt% 

 
11wt% 
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6wt% 

 

8wt% 
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1 ml/hr 

Dist. (cm) 10kV 15kV 20kV 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 

Chloroform/DMF (7:3) 

6wt% 

 

8wt% 

 
11wt% 

 
 

6wt% 

 

8wt% 

 
11wt% 
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8wt% 
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1 ml/hr 

Dist. (cm) 10kV 15kV 20kV 
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Chloroform/DMF (7:3) 

6wt% 

 
8wt% 

 
11wt% 
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1 ml/hr 

Dist. (cm) 10kV 15kV 20kV 

 

 

 

 

 

 

 

 

 

 

 

 

 

15 

Chloroform/DMF (7:3) 

6wt% 

 
8wt% 

 
11wt% 

 
 

6wt% 

 
8wt% 

 
11wt% 

 

6wt% 

 
8wt% 

 
11wt% 

 
 

Chloroform/DMF (5:5) 

6wt% 

 
8wt% 

 
11wt% 

 
 

6wt% 

 
8wt% 

 
11wt% 

 
 

6wt% 

 
8wt% 

 

11wt% 
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Table A.0.5: Fibre diameter results for nanofibre spinning solution screening trial. Results presented as average ± standard deviation 

 

  

Polymer Concentration - 6wt% 

Applied Voltage 10kV 15kV 20kV 

Collector 

Distance 
10cm 12.5cm 15cm 10cm 12.5cm 15cm 10cm 12.5cm 15cm 

 

 

 

 

 

 

 

Fibre Diameters 

(µm) 

 

 

 

 

 

0.25ml/hr 

Chloroform/DMF (7:3) 

- - - - - - - - - 

Chloroform/DMF (1:1) 

- - - - - - - - - 

0.5 ml/hr 

Chloroform/DMF (7:3) 

- - - - - - - - - 

Chloroform/DMF (1:1) 

- - - - - - - - - 

1 ml/hr 

Chloroform/DMF (7:3) 

- -  - - - - - - 

Chloroform/DMF (1:1) 

- - - - - - - -  
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Polymer Concentration - 8wt% 

Applied Voltage 10kV 15kV 20kV 

Collector 

Distance 
10cm 12.5cm 15cm 10cm 12.5cm 15cm 10cm 12.5cm 15cm 

 

Fibre Diameters 

(µm) 

 

0.25ml/hr 

Chloroform/DMF (7:3) 

1.21±0.58 0.68±0.34 0.50±0.18 0.74±0.45 0.83±0.43 0.78±0.31 0.89±0.38 0.62±0.20 0.60±0.22 

Chloroform/DMF (1:1) 

- - - - - - - - - 

0.5 ml/hr 

Chloroform/DMF (7:3) 

1.34±0.63 0.88±0.41 0.69±0.36 0.95±0.61 0.65±0.29 0.86±0.66 1.30±0.84 1.21±0.63 1.04±0.58 

Chloroform/DMF (1:1) 

- - - - - - - - - 

1 ml/hr 

Chloroform/DMF (7:3) 

1.46±0.88 1.13±0.59 0.63±0.29 1.26±0.71 1.22±0.59 1.6±0.59 1.39±0.98 0.93±0.45 0.97±0.53 

 

- - - - - - - - - 
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Polymer Concentration - 11wt% 

Applied Voltage 10kV 15kV 20kV 

Collector 

Distance 
10cm 12.5cm 15cm 10cm 12.5cm 15cm 10cm 12.5cm 15cm 

 

Fibre Diameters 

(µm) 

 

0.25ml/hr 

Chloroform/DMF (7:3) 

0.93±0.26 0.99±0.22 1.01±0.31 0.81±0.45 1.07±0.3 0.85±0.17 1.14±0.43 1.12±0.29 1.17±0.31 

Chloroform/DMF (1:1) 

0.80±0.31 0.80±0.16 0.77±0.35 1.15±0.56 0.99±0.37 0.68±0.36 1.23±0.73 1.22±0.67 2.04±2.03 

0.5 ml/hr 

Chloroform/DMF (7:3) 

1.16±0.14 1.08±0.17 0.87±0.3 0.96±0.31 1.25±0.48 0.65±0.2 1.18±0.38 1.04±0.39 1.01±0.24 

Chloroform/DMF (1:1) 

0.93±0.47 0.87±0.28 0.81±0.29 0.79±0.44 0.86±0.3 0.76±0.28 0.95±0.47 1.35±0.58 1.06±0.60 

1 ml/hr 

Chloroform/DMF (7:3) 

1.83±0.81 0.96±0.29 1.54±1.21 0.93±0.21 0.95±0.41 0.82±0.31 1.13±0.30 1.05±0.23 0.83±0.48 

Chloroform/DMF (1:1) 

0.97±0.78 0.94±0.48 0.94±0.45 0.85±0.33 1.30±0.70 0.82±0.49 1.49±0.51 1.14±0.55 0.97±0.47 
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Appendix B: Complete Results of Multimodal Fibre 

Spinning - Solution Concentration Study 

 

 

 

 

 

 

 

 

 

 

Table B.0.1: SEM results of multimodal polymer concentration trial showing sample 

created over a polymer concentration range of 10-18wt%, flow rate range of 6 and 12ml/hr, 

applied voltage of 15 and 20kV, and collector distance of 15 to 20cm
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Solution – 10wt% Chloroform/Ethanol (7:3; v:v) 

 

 6ml/hr 12ml/hr 

Dist. 

(cm) 
15kV 20kV 15kV 20kV 

 

 

15 

    

 

 

20 
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25 

    

 

 

30 
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Solution – 12wt% Chloroform/Ethanol (7:3; v:v) 

 

 6ml/hr 12ml/hr 

Dist. 

(cm) 
15kV 20kV 15kV 20kV 

 

 

15 

    

 

 

20 
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25 

    

 

30 

 

No sample collected 

 

 

No sample collected 

 

No sample collected 

 

No sample collected 
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Solution – 14wt% Chloroform/Ethanol (7:3; v:v) 

 

 6ml/hr 12ml/hr 

Dist. 

(cm) 
15kV 20kV 15kV 20kV 

 

 

15 

    

 

 

20 
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25 

    

 

 

30 
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Solution – 16wt% Chloroform/Ethanol (7:3; v:v) 

 

 6ml/hr 12ml/hr 

Dist. 

(cm) 
15kV 20kV 15kV 20kV 

 

 

15 

    

 

 

20 
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25 

    

 

 

30 
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Solution – 18wt% Chloroform/Ethanol (7:3; v:v) 

 

 6ml/hr 12ml/hr 

Dist. 

(cm) 
15kV 20kV 15kV 20kV 

 

 

15 

    

 

 

20 
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25 

    

 

 

30 

 

 

 

No sample collected 
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Table B.0.2: Fibre diameter results for multimodal fibre spinning – polymer concentration study. Results  

  

10wt% PCL 

Chloroform/Ethanol 

(7:3) 

 

12wt% PCL 

Chloroform/Ethanol 

(7:3) 

 

14wt% PCL 

Chloroform/Ethanol 

(7:3) 

 

16wt% PCL 

Chloroform/Ethanol 

(7:3) 

 

18wt% PCL 

Chloroform/Ethanol (7:3) 

Flow Rate (ml/hr) 

Applied 

Voltage 

(kV) 

Collector 

Distance 

(cm) 

6 12 6 12 6 12 6 12 6 12 

 

Fibre Diameters (µm) 

15 15 - - - - 0.86±0.65 1.38±1.28 1.28±1.01 1.30±0.97 1.48±1.02 1.57±1.23 

20 - - - - 1.29±1.15 0.97±0.86 1.60±1.69 2.03±2.12 1.74±1.11 2.16±1.52 

25 - - - - 0.92±1.10 0.97±1.00 0.97±1.01 1.32±1.21 1.48±1.09 1.40±1.76 

30 - - - - 0.94±0.94 - 1.06±1.14 2.12±2.21 - 1.94±1.74 

20 15 - - - - 1.11±0.74 1.50±1.31 1.44±1.07 1.28±0.76 1.60±1.30 2.27±1.51 

20 - - - - 0.91 ±1.54 1.41±1.07 1.41±0.96 1.45±1.23 1.33±1.03 1.84±1.81 

25 - - - - 1.28±0.99 0.89±0.83 1.32±0.91 1.32±1.69 1.31±1.03 1.751.41 

30 - - - - 1.31±0.89 1.10±1.11 1.38±1.00 1.43±2.19 1.33±1.23 1.29±1.146 
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Table B.0.3: Ambient spinning conditions and airflow measurements recorded during multimodal polymer concentration trial 

Measured Parameter Maximum Minimum Avg. ± S.D. 

Relative Humidity (RH%) 48.4 40.4 42.3 ± 3.6 

Temperature (oC) 21.3 19.6 20.2 ± 0.3 

    

Air Speed at Spinneret Tip (m/s) 0.71 0.33 0.55 ± 0.4 

Air Speed at Collector Surface at 15cm (m/s) 0.15 0.10 0.12 ± 0.1 

Air Speed at Collector Surface at 25cm (m/s) 0.13 0.05 0.10 ± 0.2 
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Appendix C: Development of Uniaxial Ringlet Test 

Method 

 

Introduction 

ISO 7198 outlines a uniaxial tensile test method designed specifically for the testing 

of tubular cardiovascular prostheses. In this method tubular test specimens or 

‘ringlets’, are placed on two small diameter pin grips. One pin grip is attached to a 

load cell and is capable of applying an extension load to the test specimen. A clear 

issue with this method is the inability to accurately determine the true start point of 

the test, from which the sample gauge length is determined and strain measurement 

commences. In principle, the true gauge length of the sample should occur when the 

walls of the tubular structure align parallel to the axis of loading and where no overall 

change in sample perimeter has occurred. This ensures that the subsequent strain 

measured translates to a direct deformation of the specimen, rather than a 

reconfiguration of its overall geometry. Traditional tensile test methods typically 

employ a preload in order to bring a test specimen into a desired configuration before 

measurements commence. This ensures that no slack is present within the sample 

allowing for an accurate assessment of strain to be achieved. Due to the varying wall 

thicknesses of specimens investigated within this study, no single pre-load value could 

be selected to ensure uniform and controlled reconfiguration of the vessel geometry. 

If the selected pre-load is too small, the vessel walls do not align with the axis of 

loading resulting in increased strain rates for small applied loads. This in turn results 

in increased strains observed before failure and an apparent reduction in Young’s 

modulus characteristics. If the applied pre-load is too large, the sample will begin to 

elongate before measurement commences, resulting in specimen failure at reduced 

strain levels. 

 

In order to counteract the issue it was anticipated that by calculating the theoretical 

gauge length of the specimens based upon dimensions measured prior to testing, a 

retrospective corrective action could be made to account for this lack of wall 

alignment. By removing the observed strain up until the correct configuration point 

was achieved, a more accurate assessment of the specimen mechanics could be made. 
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The correct configuration point is determined to be the point at which the theoretical 

gauge length of the specimen was reached.  

 

In order to verify this assessment, a video analysis was performed to correlate the 

stress vs strain profiles to the corresponding vessel geometry at key points within the 

loading cycle. Through this it could be determined if the concept of normalising strain 

to the theoretical gauge length provided an accurate starting point for future testing. 

To do this a video extensometer capable of capturing the extension profile of the 

samples was employed to provide a time course analysis of the testing cycle. This time 

course analysis allows for a direct link between the force and strain values observed 

to a corresponding still image showing vessel configuration.  

 

Method 

A mintron video extensometer capable of synchronisation to a Zwick tensile test 

machine was used to capture images of the specimens during testing (Figure C.0.1 

(A)). In order to track specimen deformation during loading, small black marker beads 

were glue to the outer face of the ringlet specimens (Figure C.0.1 (B)). These marker 

beads allowed clear reference points to be observed during the testing cycle and 

allowed for the video extensometer to automatically track specimen deformation. This 

provided an alternative stress-strain response capture to that of the Zwick crosshead 

displacement system. It is however noted that the extensometer was only capable of 

distinguishing one axis of movement at a time i.e. it could only track the movement of 

a point in the x or y-axis during a test. Due to this, the extensometer was set to track 

the motion of the beads within the y-axis of testing (direction of grip separation). The 

specimens were then subjected to a pre-load of 0.1N, followed by testing to failure at 

a rate of 10 mm min-1. Following this an excel file with corresponding data was 

generated and the time course video was separated into time stamped still images. 

 

Analysis 

Three stress-vs strain profiles were generated from the corresponding data measured. 

The first profile was based upon a gauge length value calculated at the point at which 

the pre-load was reached, labelled by the ‘Gauge length at preload’ within Figure 

C.0.2.  
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Figure C.0.1: Uniaxial ringlet testing of electrospun vessels using video extensometer 

tracking (A) Calibration of extensometer using tracking gauge (B) Ringlet specimen prior 

to loading with black tracking beads attached to surface of specimen (C) Ringlet specimen 

after testing with black track beads intact 

 

The second method utilised the video extensometer results to determine when testing 

began. Testing was deemed to have begun when the black marker beads began to move 

along the y-axis of test measurement. The result is labelled as ‘Gauge length by 

extensometer’ within Figure C.0.2. The third method employed utilised the concept of 

normalising the resulting test data to the point at which the theoretical gauge length 

was achieved. This method is a pure mathematical correction of the test profiles 

obtained from the Zwick crosshead displacement. The corresponding response is 

labelled as ‘Theoretical gauge length’ within Figure C.0.2. Figure C.0.3 shows the 

corresponding response curve with key regions annotated, relating to specific points 

of interest during the uniaxial ringlet test cycle. Here it can be seen that at the pre-load 

the (Region 1) test specimen is not in the correct geometry for an accurate assessment 

of strain and gauge length to be made. Region 2 shows the response curve generated 

after the point at which the theoretical gauge length was deemed to have been reached. 

Region 3 represents the point of yielding determined to be the point at which a plastic 

deformation of the vessel walls occurred. Region 4 shows the corresponding response 

confirming the failure of the vessel. 
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Figure C.0.2: Stress vs strain profiles obtained from one test specimen showing the three 

methods used to determine the point at which test commencement began 

 

 

Figure C.0.3: Stress vs strain profile of electrospun ringlet specimen showing distinct 

loading stages with corresponding specimen configurations as verified by video 

extensometer. Region (1) shows sample after pre-load with walls of ringlet in a non-parallel 

configuration, resulting in a large strain for a small applied load. Region (2) shows an 

increased stress response with the video extensometer confirming the specimen has reached 

its theoretical gauge length point. Region (3) shows yielding of sample. Region (4) showing 

specimen failure. It is noted that enhanced outlines have been added to the samples to aid 

in image clarity 
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Discussion and Conclusion 

Based on the response curves generated it is clear that the choice at which the true 

sample gauge length has occurred drastically alters the corresponding results obtained. 

By using the pre-load method, it was clear that the test specimen was in a non-aligned 

configuration as measurement commenced. A large toe region seen in the response 

profile reflects this false deformation of the test specimen. The reconfiguration of the 

specimen geometry upon loading results in a large straining effect for a small applied 

load resulting in considerably higher overall reported strain values. A stress stiffening 

effect was found to occur within the vessel with this being correlated to the point at 

which the theoretical gauge length was achieved, represented by the transition at 

Region 2. After this, the specimen was elongated until yielding (Region 3) and finally 

until failure of the specimen occurred (Region 4).  

 

The video extensometer was also found to underestimate the point at which the gauge 

length occurred. This is suspected to have occurred as the camera was only capable of 

measuring movement in one axis of movement. As the specimen began to reconfigure 

its geometry under loading, the black marker bands were found to move slightly 

upwards along the y-direction of testing. This movement activated the measurement 

of strain again giving rise to a toe region. It is however noted the toe region was smaller 

than that observed in pure pre-load profile, suggesting that there was a movement of 

the tracker beads in the x-axis of movement before slowly moving along the y-axis, 

again reinforcing the concept of an incorrect vessel orientation at the start of testing. 

 

The resulting time series analysis clearly demonstrates a link between the sample 

reaching its theoretical gauge length and the corresponding stress-stiffening effect 

observed within Region 2 of Figure C.0.3. This stress stiffening effect represents a 

true uptake of force by the walls of the ringlet specimen rather than a force to induce 

reconfiguration of the vessel geometry. For this reason, it is clear that the theoretical 

gauge length approach offers the most accurate assessment of vessel deformation. 

Although the method may not be completely flawless it provides a reasonable and 

accurate approach to determine sample gauge length for a wide array of vessels and 

hence the point at which test commencement begins.  
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Appendix D: Mechanical Assessment of Tubular 

Latex Membranes for Compliance Testing 

 

Introduction 

Cardiovascular tubular prostheses produced through synthetic approaches are 

inherently porous due to the fabrication techniques employed in their production 

including knitting and weaving [299]. In order to prevent blood loss through the pores 

within the vessel walls, the vessels typically undergo a technique known as pre-

clotting before implantation. In this method, the surgeon soaks the tubular prostheses 

in a sample of the patients’ blood prior to surgery [300]. This soaking step allows for 

the coagulation of blood within the pores of the graft, helping to seal them, and in turn 

minimising blood loss upon implantation. Other techniques employ fibrin glues to 

form a sealant along the outer surface of the tubular grafts, although it has been shown 

that these sealants can reduce the long term patency of the vascular grafts [301]. 

 

In order to assess the mechanical properties of the tubular prostheses In vitro, where 

vessel pressurisation is required, a number of methods have been devised within the 

literature to overcome fluid leakage. These include the use of thick viscous fluids 

including petroleum jell to minimise the rate of leakage upon pressurisation [102], the 

use of glues to seal the graft surface [302], and small membranes applied to the inner 

or outer surface to provide a barrier layer to the fluid [268]. ISO 7198 details 

techniques that may be employed in order to successfully pressurise a vessel using 

small compliant membranes. The general criteria set out for these membranes is that 

they should have a length five times that of the nominal relaxed internal diameter of 

the vascular prostheses along with a diameter at least 1.05 times the nominal 

pressurised diameter of the prosthesis. 

 

The electrospun membranes under investigation in this work were similarly found to 

suffer from fluid leakage upon pressurisation. To overcome this issue for the required 

compliance testing, small diameter latex membranes were created using a simple 

dipping process. In order to verify that the produced latex membranes had the required 

properties for use within this test method, a verification study was performed to 
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determine their Young’s modulus and compliance properties compared to that of a 

representative electrospun specimens under investigation. 

 

Method 

Small diameter latex membranes/balloons were created using a dipping process. In 

this method, a stainless steel mandrel with a diameter of 5mm was dipped into a 

reservoir of liquid latex (Kryolan, UK). The first layer of latex was allowed to air dry 

for up to 24hrs. Following this, the mandrel was inverted to the opposite orientation 

of the first dip and a second coating applied. To ensure no stress concentration effects 

were generated on the barbed luer connections upon mounting, a partial dip was 

performed on either end of the membranes provide reinforcement once the second 

coating layer had dried. The membranes were subsequently removed from the mandrel 

by applying a layer of talcum powder to the surface of the membranes and inverting 

the membrane back upon itself. 

 

Uniaxial ringlet tensile testing was performed on 10mm long ringlets of the latex 

membranes (n=10). Representative electrospun tubular specimens (n=6) were also 

tested to provide a comparison between the membranes and electrospun specimen 

stiffness’s. Compliance testing was also performed on the bare latex membranes (n=3) 

and electrospun specimens mounted upon a latex membrane (n=3). 

 

Analysis 

The resulting response curves obtained from the uniaxial ringlet tensile testing can be 

seen in Figure D.0.1. A clear and distinct difference in the specimen stiffness was 

observed, with the latex membranes possessing a modulus of 0.458 ± 0.089 MPa 

compared to the electrospun tubular scaffolds that possessed an average modulus of 

3.861 ± 0.835 MPa. The latex membranes were also shown to possess a significantly 

higher strain at break of 1238.33 ± 67.77% compared to the electrospun specimens at 

273.64 ± 11.71%. 

 

Compliance analysis also showed that the latex membranes were significantly more 

compliant compared to the electrospun specimen and latex membrane combination. 
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Latex membranes exhibited statically higher average compliances of 11.11 ± 0.661 

%mmHg x10-2 compared to the electrospun specimens which exhibited average 

compliances of 1.095 ± 0.605 %mmHg x10-2 (p=0.004). 

 

 

Figure D.0.1: Stress-Strain response of latex membranes (n=3) and electrospun tubular 

scaffolds (n=6) showing a distinct difference in sample stiffness. It is noted that the full 

profile of the latex balloon is not displayed due to excessively high strain at break witnessed. 

 

 

Figure D.0.2: Compliance comparison of pure latex membranes (n=10) compared to 

electrospun tubular specimens (n=6) mounted upon latex membranes. Latex membranes 

showed significantly higher compliance (p=0.004). 
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Discussion and Conclusion 

Based upon the results of the uniaxial ringlet testing and compliance testing performed 

on the latex membranes prepared, it is clear they demonstrate a significantly higher 

elasticity and therefore distensibility properties compared to the electrospun 

specimens. This allows for the appropriate transfer of pressure to the walls of the 

electrospun specimens during compliance testing without a shielding effect occurring 

due to the presence of the latex membrane. Due to this, it can be concluded that the 

produced latex membranes are suitable for use in the compliance testing of electrospun 

specimens without resulting in a biasing of the measured values. The consistency of 

the test results obtained for the latex membranes also demonstrates the repeatability 

of the preparation protocol ensuring reproducible test conditions amongst specimens. 
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Appendix E: Regression Analysis of Multi-modal 

Electrospinning Process 
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16wt% Chloroform/Ethanol (7:3; v:v)- 1600 RPM 

Table E.0.1: SEM images of samples prepared using 16wt% PCL dissolved in 

Chloroform/Ethanol (7:3; v:v) spun onto rotating mandrel spinning at 1600 RPM 

4ml/hr 

Dist. 

(cm) 

10KV 15kV 20kV 

15 

   
 

17.5 

 
 

 
 

 
 

20 

 
 

  
 

22.5  

 

 

 

No Specimen Collected 

 

 

 

 

No Specimen Collected 
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8ml/hr 

Dist. 

(cm) 

10KV 15kV 20kV 

15 

 
 

 
 

 
 

17.5 

 
 

 
 

 
 

20 

   
22.5 
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12ml/hr 

Dist. 

(cm) 

10KV 15kV 20kV 

 

 

 

 

15 

 

 

 

 

No Specimen Collected 

  
 

 

17.5 

 

 

No Specimen Collected 

  
 

 

 

20 

 

 

 

No Specimen Collected 

  
 

 

 

 

22.5 

 

 

 

 

No Specimen Collected 
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16wt% Chloroform/Ethanol (7:3; v:v)- 3200 RPM 

Table E.0.2: SEM images of samples prepared using 16wt% PCL dissolved in 

Chloroform/Ethanol (7:3; v:v) spun onto rotating mandrel spinning at 3200 RPM 

4ml/hr 

Dist. 

(cm) 

10KV 15kV 20kV 

 

 

 

15 

   
 

 

 

 

17.5 

 
 

 
 

 

 

 

 

20 

  
 

 

 

 

 

22.5 

 

 

 

No Specimen Collected 

 

 

 

No Specimen Collected 
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8ml/hr 

Dist. 

(cm) 

10KV 15kV 20kV 

 

 

 

15 

 
 

 
 

 
 

 

 

 

17.5 

 

 

 

No Specimen Collected 

  

 

 

 

20 

 

 

 

No Specimen Collected 

 
 

 

 
 

 

 

 

22.5 

 

 

 

No Specimen Collected 

 

 

 

No Specimen Collected 
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12ml/hr 

Dist. 

(cm) 

10KV 15kV 20kV 

 

 

 

15 

 
 

 
 

 
 

 

 

 

17.5 

 
 

 
 

 
 

 

 

 

20 

 
 

 
 

 
 

 

 

 

22.5 
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 Table E.0.3: Mechanical and Porosity Results for Regression Analysis Specimens created at 1600 RPM 

Flow 

Rate 

(ml/hr) 

Volatge 

(kV) 

Collector 

Distance 

(cm) 

Avg. 

UTS 

(MPa) 

Total Avg. 

UTS±Dev 

Young’s 

Mod. 

(MPa) 

Total Avg. 

Young 

Mod.±Dev 

Max 

Force 

(N) 

Total Avg. 

MF±Dev 

Ring 

Modulus 

(N/%) 

Total Avg. 

RM±Dev 

Porosity 

(%) 

Total Avg. 

PO±Dev 

 

 

 

 

 

 

 

 

 

4 

 

 

 

 

15 

 

15 

2.004 

2.145 

3.149 

2.099±0.126 6.265 

6.954 

6.22 

6.48±0.421 17.87 

14.977 

19.094 

17.314±2.166 0.558 

0.485 

0.566 

0.536±0.047 86.237 

86.744 

81.804 

84.928±2.49 

 

17.5 

1.681 

2.133 

1.771 

1.862±0.215 6.475 

7.159 

6.585 

6.74±0.447 8.605 

12.673 

10.98 

10.753±2.475 0.331 

0.424 

0.404 

0.386±0.063 82.857 

86.38 

84.507 

84.581±1.882 

 

20 

1.939 

3.099 

1.667 

1.902±0.209 6.839 

7.363 

6.762 

6.988±0.337 14.733 

8.713 

8.447 

10.631±3.251 0.519 

0.305 

0.341 

0.388±0.103 83.487 

83.787 

83.783 

83.686±1.406 

 

 

 

 

20 

 

15 

1.609 

1.945 

2.037 

1.864±0.222 6.274 

5.687 

5.598 

5.853±0.435 9.113 

14.466 

13.88 

15.012±3.533 0.483 

0.475 

0.438 

0.465±0.067 78.57 

82.661 

83.04 

81.423±2.473 

 

17.5 

2.261 

1.998 

1.87 

2.043±0.214 6.613 

6.261 

6.884 

6.586±0.47 16.129 

18.097 

14.651 

12.185±2.809 0.418 

0.33 

0.421 

0.389±0.075 84.329 

84.408 

80.646 

83.128±2.05 

 

20 

2.069 

2.136 

1.795 

2.000±0.178 6.285 

7.027 

7.06 

6.791±0.425 10.648 

18.447 

19.677 

5.528±3.865 0.323 

0.099 

0.114 

0.179±0.109 83.287 

85.29 

83.237 

83.938±1.687 
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Flow 

Rate 

(ml/hr) 

Volatge 

(kV) 

Collector 

Distance 

(cm) 

Avg. 

UTS 

(MPa) 

Total Avg. 

UTS±Dev 

Young’s 

Mod. 

(MPa) 

Total Avg. 

Young 

Mod.±Dev 

Max 

Force 

(N) 

Total Avg. 

MF±Dev 

Ring 

Modulus 

(N/%) 

Total Avg. 

RM±Dev 

Porosity 

(%) 

Total Avg. 

PO±Dev 

 

 

 

 

 

 

 

 

 

8 

 

 

 

 

15 

 

15 

1.924 

2.048 

2.015 

1.996±0.111 6.114 

4.901 

5.483 

5.499±0.612 19.728 

24.023 

24.936 

22.902±3.904 0.622 

0.574 

0.676 

0.624±0.076 86.554 

86.802 

84.873 

86.077±1.4 

 

17.5 

1.567 

2.272 

2.094 

1.978±0.341 6.074 

6.372 

6.664 

6.37±0.417 9.914 

21.35 

18.242 

16.502±6.111 0.373 

0.6 

0.574 

0.516±0.136 86.053 

84.653 

85.105 

85.27±0.86 

 

20 

1.98 

1.999 

1.486 

1.822±0.274 6.368 

6.627 

6.545 

6.513±0.27 13.567 

14.67 

4.439 

10.892±5.021 0.457 

0.485 

0.195 

0.379±0.142 84.857 

85.384 

84.237 

84.826±0.875 

 

 

 

 

20 

 

15 

2.099 

2.262 

2.218 

2.193±0.102 5.479 

6.554 

5.988 

6.007±0.53 22.642 

23.274 

20.179 

22.032±3.785 0.591 

0.667 

0.544 

0.6±0.094 83.632 

86.202 

83.457 

84.431±1.484 

 

17.5 

2.363 

2.171 

1.929 

2.154±0.2 5.774 

6.353 

6.556 

6.228±0.511 11.861 

23.952 

17.228 

17.68±5.874 0.683 

0.698 

0.576 

0.652±0.073 83.325 

85.294 

82.447 

83.689±1.355 

 

20 

2.019 

1.692 

1.794 

1.835±0.274 6.178 

7.618 

6.508 

6.768±0.771 10.997 

6.421 

9.404 

8.941±2.792 0.333 

0.288 

0.338 

0.32±0.04 82.666 

83.66 

83.039 

83.122±1.029 
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Flow 

Rate 

(ml/hr) 

Volatge 

(kV) 

Collector 

Distance 

(cm) 

Avg. 

UTS 

(MPa) 

Total Avg. 

UTS±Dev 

Young’s 

Mod. 

(MPa) 

Total Avg. 

Young 

Mod.±Dev 

Max 

Force 

(N) 

Total Avg. 

MF±Dev 

Ring 

Modulus 

(N/%) 

Total Avg. 

RM±Dev 

Porosity 

(%) 

Total Avg. 

PO±Dev 

 

 

 

 

 

 

 

 

 

12 

 

 

 

 

15 

 

15 

1.861 

2.296 

1.828 

1.995±0.25 5.155 

5.33 

3.88 

4.789±0.732 29.025 

28.399 

38.966 

32.13±7.58 0.802 

0.652 

0.82 

0.758±0.109 86.626 

84.387 

83.645 

84.886±1.589 

 

17.5 

1.765 

2.02 

1.799 

1.861±0.15 5.505 

4.658 

5.335 

5.166±0.517 27.966 

29.585 

22.291 

26.614±4.555 0.682 

0.68 

0.651 

0.671±0.056 85.335 

85.647 

85.179 

85.387±0.761 

 

20 

1.746 

1.756 

1.646 

1.716±0.136 5.729 

5.913 

5.907 

5.85±0.24 18.154 

16.686 

15.514 

16.785±3.097 0.558 

0.558 

0.553 

0.556±0.066 85.648 

84.767 

84.801 

85.012±1.599 

 

 

 

 

20 

 

15 

2.362 

2.575 

2.004 

2.314±0.271 4.158 

4.277 

5.586 

4.674±0.728 47.413 

44.951 

25.671 

39.345±11.314 0.832 

0.878 

0.705 

0.805±0.107 83.95 

86.267 

83.173 

84.463±1.488 

 

17.5 

1.952 

2.453 

1.485 

1.963±0.44 4.88 

6.189 

6.091 

5.72±0.684 23.77 

22.111 

11.489 

19.123±7.194 0.547 

0.556 

0.469 

0.524±0.085 84.981 

83.346 

83.075 

83.801±1.156 

 

20 

1.582 

1.842 

2.012 

1.812±0.336 5.618 

6.205 

6.25 

6.024±0.641 6.194 

9.41 

17.207 

10.937±5.747 0.217 

0.317 

0.531 

0.355±0.158 81.864 

83.56 

83.04 

82.821±1.109 
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Table E.0.4: Morphological Results for Regression Analysis Specimens created at 1600 RPM 

Flow 

Rate 

(ml/hr) 

Volatge 

(kV) 

Collector 

Distance 

(cm) 

Mean 

Outer Fib 

Dia. 

Outer 

Fib 

Dev. 

Total Avg. 

Outer 

Dia±Dev 

Mean 

Inner Fib 

Dia. 

Inner Fib 

Dev. 

Total Avg. 

Inner 

Dia±Dev 

Outer 

Fibre 

Coherency 

Total Avg. 

Co.±Dev 

Inner Fibre 

Coherency 

Total Avg. 

Co.±Dev 

 

 

 

 

 

 

 

 

 

4 

 

 

 

 

15 

 

15 

1.386 

1.146 

1.225 

0.964 

1.058 

1.384 

1.252±1.149 1.49 

1.313 

1.223 

1.231 

1.093 

1.234 

1.342±1.188 0.18891 

0.24023 

0.1038 

0.178±0.069 0.14092 

0.19206 

0.10568 

0.146±0.043 

 

17.5 

1.031 

1.105 

1.053 

0.91 

0.887 

0.903 

1.063±0.9 1.133 

1.338 

1.043 

0.923 

0.995 

1.154 

1.171±1.029 0.26244 

0.29781 

0.37823 

0.313±0.059 0.25396 

0.16697 

0.21322 

0.211±0.044 

 

20 

1.597 

1.431 

1.004 

0.97 

1.27 

0.941 

1.344±0.071 1.227 

1.198 

1.239 

0.997 

0.886 

1.111 

1.221±1.002 0.39948 

0.25592 

0.32054 

0.325±0.072 0.24031 

0.09048 

0.16428 

0.165±0.075 

 

 

 

 

20 

 

15 

2.48 

1.012 

0.763 

1.337 

1 

0.646 

1.418±1.033 1.775 

1.018 

0.887 

0.806 

0.849 

0.822 

1.227±0.826 0.15235 

0.29992 

0.0719 

0.175±0.116 0.10793 

0.29032 

0.019132 

0.197±0.093 

 

17.5 

0.661 

0.933 

2.443 

0.676 

1.056 

1.566 

1.346±1.158 1.085 

1.014 

1.301 

0.891 

1.003 

0.915 

1.133±0.938 0.29166 

0.14948 

0.24301 

0.228±0.072 0.34569 

0.232 

0.29144 

0.29±0.057 

 

20 

0.816 

0.858 

0.733 

0.697 

0.936 

0.691 

0.802±0.783 1.046 

1.054 

0.881 

0.857 

0.974 

0.854 

0.994±0.896 0.26155 

0.32893 

0.15748 

0.249±0.086 0.22089 

0.27701 

0.21441 

0.237±0.034 
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Flow 

Rate 

(ml/hr) 

Volatge 

(kV) 

Collector 

Distance 

(cm) 

Mean 

Outer Fib 

Dia. 

Outer 

Fib 

Dev. 

Total Avg. 

Outer 

Dia±Dev 

Mean 

Inner Fib 

Dia. 

Inner Fib 

Dev. 

Total Avg. 

Inner 

Dia±Dev 

Outer 

Fibre 

Coherency 

Total Avg. 

Co.±Dev 

Inner Fibre 

Coherency 

Total Avg. 

Co.±Dev 

 

 

 

 

 

 

 

 

 

8 

 

 

 

 

15 

 

15 

1.149 

1.351 

1.396 

1.168 

1.276 

1.306 

1.299±1.252 1.547 

1.213 

1.541 

1.478 

1.142 

1.396 

1.434±1.346 0.25303 

0.2493 

0.099 

0.299±0.086 0.25748 

0.27297 

0.12078 

0.217±0.084 

 

17.5 

1.385 

1.333 

1.125 

1.566 

1.341 

1.314 

1.281±1.412 1.512 

1.131 

1.558 

1.385 

0.963 

1.449 

1.4±1.284 0.33526 

0.35965 

0.44645 

0.38±0.058 0.20122 

0.27845 

0.11066 

0.197±0.084 

 

20 

1.107 

1.392 

1.298 

1.068 

1.292 

1.312 

1.266±1.235 1.26 

1.082 

1.151 

1.062 

1.012 

1.228 

1.164±1.104 0.21586 

0.37524 

0.2376 

0.276±0.086 0.20512 

0.31171 

0.34324 

0.287±0.072 

 

 

 

 

20 

 

15 

1.053 

1.237 

1.009 

0.957 

1.078 

0.851 

1.1±0.967 0.975 

1.167 

1.087 

0.771 

1.087 

0.848 

1.076±0.912 0.28944 

0.3033 

0.08373 

0.225±0.123 0.13132 

0.184 

0.09803 

0.138±0.043 

 

17.5 

1.284 

1.34 

1.567 

1.008 

1.514 

1.568 

1.397±1.386 0.872 

1.522 

1.346 

0.782 

1.394 

1.166 

1.257±1.142 0.20796 

0.30125 

0.14866 

0.219±0.077 0.14725 

0.10146 

0.10656 

0.188±0.025 

 

20 

1.205 

1.133 

1.231 

1.153 

1.018 

1.239 

1.19±1.14 1.261 

1.486 

1.434 

1.102 

1.351 

1.44 

1.394±1.306 0.36684 

0.20384 

0.11378 

0.228±0.128 0.06319 

0.05908 

0.06052 

0.061±0.002 
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Flow 

Rate 

(ml/hr) 

Volatge 

(kV) 

Collector 

Distance 

(cm) 

Mean 

Outer Fib 

Dia. 

Outer 

Fib 

Dev. 

Total Avg. 

Outer 

Dia±Dev 

Mean 

Inner Fib 

Dia. 

Inner Fib 

Dev. 

Total Avg. 

Inner 

Dia±Dev 

Outer 

Fibre 

Coherency 

Total Avg. 

Co.±Dev 

Inner Fibre 

Coherency 

Total Avg. 

Co.±Dev 

 

 

 

 

 

 

 

 

 

12 

 

 

 

 

15 

 

15 

1.425 

1.45 

1.084 

1.33 

1.743 

1.301 

1.32±1.472 1.381 

1.615 

1.704 

1.011 

1.402 

1.88 

1.567±1.474 0.51238 

0.16684 

0.32576 

0.335±0.173 0.40452 

0.27091 

0.07758 

0.251±0.164 

 

17.5 

1.112 

1.157 

1.217 

1.187 

1.347 

1.177 

1.162±1.24 1.189 

1.293 

1.031 

1.329 

1.29 

1.009 

1.171±1.218 0.35706 

0.38308 

0.1793 

0.306±0.111 0.36765 

0.18411 

0.21702 

0.256±0.098 

 

20 

1.287 

1.348 

0.936 

1.21 

1.526 

1.063 

1.19±1.281 1.107 

1.133 

1.194 

0.939 

1.353 

1.218 

1.145±1.183 0.39489 

0.58166 

0.44165 

0.473±0.097 0.33456 

0.27643 

0.31183 

0.308±0.029 

 

 

 

 

20 

 

15 

0.898 

1.199 

1.301 

0.697 

1.173 

1.356 

1.133±1.111 1.356 

1.081 

1.631 

1.02 

1.014 

1.417 

1.356±1.166 0.28875 

0.3859 

0.22351 

0.299±0.082 0.1042 

0.2889 

0.20016 

0.198±0.092 

 

17.5 

1.008 

1.185 

1.531 

1.002 

1.563 

1.726 

1.241±1.463 0.917 

1.006 

1.276 

0.902 

1.095 

1.168 

1.066±1.061 0.26029 

0.29068 

0.39978 

0.317±0.073 0.21125 

0.11869 

0.25837 

0.196±0.071 

 

20 

1.177 

1.268 

1.058 

1.142 

1.371 

1.089 

1.168±1.207 1.073 

1.202 

1.165 

0.83 

1.605 

1.077 

1.147±1.214 0.16512 

0.24323 

0.27357 

0.227±0.056 0.21642 

0.28303 

0.17039 

0.223±0.057 
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Table E.0.5: Mechanical and Porosity Results for Regression Analysis Specimens created at 3200 RPM  

Flow 

Rate 

(ml/hr) 

Volatge 

(kV) 

Collector 

Distance 

(cm) 

Avg. 

UTS 

(MPa) 

Total Avg. 

UTS±Dev 

Young’s 

Mod. 

(MPa) 

Total Avg. 

Young 

Mod.±Dev 

Max 

Force 

(N) 

Total Avg. 

MF±Dev 

Ring 

Modulus 

(N/%) 

Total Avg. 

RM±Dev 

Porosity 

(%) 

Total Avg. 

PO±Dev 

 

 

 

 

 

 

 

 

 

4 

 

 

 

 

15 

 

15 

1.865 

2.045 

2.935 

2.282±0.5 4.471 

4.519 

7.03 

5.34±1.284 28.892 

29.401 

20.267 

26.187±4.649 0.692 

0.627 

0.649 

0.656±0.031 85.065 

85.694 

84.714 

85.158±0.647 

 

17.5 

2.899 

2.484 

2.704 

2.695±0.362 9.347 

7.578 

8.63 

8.518±1.513 12.505 

23.082 

14.876 

16.821±6.131 0.389 

0.702 

0.505 

0.532±0.17 79.896 

82.403 

78.903 

 

 

20 

3.291 

2.817 

3.076 

3.061±0.322 9.88 

11.538 

10.026 

10.481±1.277 8.892 

7.271 

4.593 

6.919±2.29 0.264 

0.193 

0.181 

0.213±0.052 83.952 

84.954 

84.318 

 

 

 

 

 

20 

 

15 

2.933 

2.553 

3.173 

2.887±0.336 7.279 

6.533 

7.4 

7.07±0.504 23.082 

25.981 

27.182 

25.415±3.407 0.57 

0.664 

0.633 

0.623±0.065 80.949 

84.559 

84.516 

 

 

17.5 

2.194 

2.394 

3.173 

2.429±0.288 7.78 

6.761 

8.085 

7.542±0.697 21.217 

22.683 

21.976 

21.959±3.38 0.749 

0.64 

0.77 

0.72±0.071 77.774 

82.034 

82.304 

 

 

20 

2.194 

1.693 

2.274 

2.115±0.36 

8 

8.124 

7.719 

8.364 

8.069±0.495 18.974 

12.304 

13.978 

15.085±4.902 0.639 

0.435 

0.663 

0.568±0.15 81.589 

84.907 

83.628 
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Flow 

Rate 

(ml/hr) 

Volatge 

(kV) 

Collector 

Distance 

(cm) 

Avg. 

UTS 

(MPa) 

Total Avg. 

UTS±Dev 

Young’s 

Mod. 

(MPa) 

Total Avg. 

Young 

Mod.±Dev 

Max 

Force 

(N) 

Total Avg. 

MF±Dev 

Ring 

Modulus 

(N/%) 

Total Avg. 

RM±Dev 

Porosity 

(%) 

Total Avg. 

PO±Dev 

 

 

 

 

 

 

 

 

 

8 

 

 

 

 

15 

 

15 

2.558 

2.732 

2.797 

2.696±0.166 5.788 

6.544 

5.793 

6.073±0.472 43.626 

32.851 

35.25 

37.242±5.936 0.986 

0.786 

0.72 

0.831±0.126 93.903 

87.684 

90.754 

90.78±5.277 

 

17.5 

2.641 

2.283 

2.185 

2.37±0.243 6.899 

6.657 

6.269 

6.608±0.45 8.568 

19.92 

14.588 

14.359±5.936 0.357 

0.569 

0.417 

0.448±0.117 58.245 

86.661 

78.181 

74.362±12.977 

 

20 

2.818 

2.395 

2.185 

2.466±0.379 6.922 

6.945 

6.783 

6.883±0.632 7.69 

5.418 

4.848 

5.985±2.096 0.265 

0.169 

0.148 

0.194±0.063 96.648 

74.968 

69.068 

80.228±15.61 

 

 

 

 

20 

 

15 

2.254 

2.205 

2.613 

2.357±0.304 6.396 

5.098 

6.172 

5.889±0.962 27.403 

28.703 

29.182 

28.429±5.472 0.777 

0.647 

0.674 

0.7±0.093 83.061 

84.126 

85.855 

84.347±1.428 

 

17.5 

2.035 

1.774 

2.603 

2.138±0.385 8.257 

7.508 

7.321 

7.695±0.534 12.633 

8.511 

17.164 

12.769±4.407 0.511 

0.497 

0.575 

0.528±0.105 82.082 

82.387 

83.046 

82.505±1.709 

 

20 

1.914 

2.043 

1.89 

1.949±0.135 9.481 

7.666 

7.857 

8.335±1.002 6.606 

9.754 

13.737 

10.032 0.325 

0.257 

0.435 

0.339±0.095 81.68 

83.457 

83.075 

82.738±1.583 
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Flow 

Rate 

(ml/hr) 

Volatge 

(kV) 

Collector 

Distance 

(cm) 

Avg. 

UTS 

(MPa) 

Total Avg. 

UTS±Dev 

Young’s 

Mod. 

(MPa) 

Total Avg. 

Young 

Mod.±Dev 

Max 

Force 

(N) 

Total Avg. 

MF±Dev 

Ring 

Modulus 

(N/%) 

Total Avg. 

RM±Dev 

Porosity 

(%) 

Total Avg. 

PO±Dev 

 

 

 

 

 

 

 

 

 

12 

 

 

 

 

15 

 

15 

2.692 

2.824 

2.617 

2.711±0.177 5.658 

4.802 

5.844 

5.434±0.556 56.701 

47.499 

27.688 

43.693±13.855 1.187 

0.806 

0.614 

0.869±0.266 85.931 

84.067 

84.013 

84.67±1.06 

 

17.5 

2.451 

2.268 

2.003 

2.241±0.317 7.251 

5.682 

5.928 

6.287±0.844 34.233 

28.172 

12.574 

24.99±10.779 1 

0.698 

0.365 

0.688±0.28 85.04 

82.089 

82.147 

83.092±1.564 

 

20 

1.8 

1.769 

1.811 

1.793±0.198 7.626 

6.56 

7.125 

7.104±0.947 8.758 

11.709 

11.661 

10.709±3.58 0.353 

0.418 

0.423 

0.398±0.094 79.758 

82.177 

81.828 

81.255±2.295 

 

 

 

 

20 

 

15 

2.518 

2.366 

2.661 

2.515±0.153 7.031 

4.068 

5.419 

5.506±1.327 45.444 

49.386 

41.291 

45.374±5.703 1.261 

0.843 

0.841 

0.982±0.217 82.694 

83.458 

83.579 

83.244±1.642 

 

17.5 

2.632 

2.507 

2.585 

2.575±0.23 7.929 

7.348 

5.818 

7.031±1.113 18.55 

42.847 

30.527 

30.641±11.15 0.557 

0.888 

0.688 

0.711±0.148 80.933 

82.455 

82.534 

81.974±1.129 

 

20 

2.041 

2.311 

1.69 

2.014±0.336 8.306 

7.393 

7.947 

7.882±0.736 13.935 

27.937 

17.81 

19.894±8.901 0.574 

0.67 

0.689 

0.644±0.176 83.112 

83.154 

81.511 

85.592±1.711 
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Table E.0.6: Morphological Results for Regression Analysis Specimens created at 3200 RPM 

Flow 

Rate 

(ml/hr) 

Volatge 

(kV) 

Collector 

Distance 

(cm) 

Mean 

Outer Fib 

Dia. 

Outer 

Fib 

Dev. 

Total Avg. 

Outer 

Dia±Dev 

Mean 

Inner Fib 

Dia. 

Inner Fib 

Dev. 

Total Avg. 

Inner 

Dia±Dev 

Outer 

Fibre 

Coherency 

Total Avg. 

Co.±Dev 

Inner Fibre 

Coherency 

Total Avg. 

Co.±Dev 

 

 

 

 

 

 

 

 

 

4 

 

 

 

 

15 

 

15 

0.85 

0.831 

0.989 

0.713 

0.657 

0.774 

0.89±0.716 0.949 

1.169 

0.783 

0.937 

1.012 

0.664 

0.967±0.884 0.3484 

0.31517 

0.4846 

0.383±0.09 0.21217 

0.23658 

0.26048 

0.236±0.024 

 

17.5 

1.023 

0.883 

0.915 

0.893 

0.9 

0.826 

0.94±0.874 0.926 

1.431 

1.113 

0.877 

0.98 

1.029 

1.157±0.964 0.35059 

0.41205 

0.47783 

0.413±0.06 0.28506 

0.31954 

0.28083 

0.295±0.021 

 

20 

0.911 

0.762 

0.972 

0.776 

0.609 

0.517 

0.882±0.643 0.926 

1.104 

0.82 

0.756 

0.614 

0.668 

0.95±0.682 0.34388 

0.30529 

0.33922 

0.329±0.021 0.24158 

0.32151 

0.29446 

0.286±0.041 

 

 

 

 

20 

 

15 

0.937 

0.99 

0.81 

0.813 

1.005 

0.678 

0.912±0.843 1.083 

1.342 

0.876 

0.893 

0.796 

0.69 

1.1±0.797 0.36664 

0.29924 

0.26853 

0.311±0.05 0.30605 

0.26072 

0.16037 

0.242±0.075 

 

17.5 

2.657 

1.279 

0.906 

1.081 

1.244 

1.088 

1.614±1.14 1.027 

1.031 

1.256 

0.845 

0.727 

0.885 

1.105±0.822 0.27885 

0.13733 

0.22577 

0.214±0.071 0.32255 

0.21891 

0.28132 

0.274±0.052 

 

20 

1.918 

1.103 

0.876 

1.425 

0.863 

1.034 

1.299±1.132 1.766 

0.987 

0.921 

1.054 

0.845 

0.911 

1.225±0.941 0.08209 

0.17844 

0.16211 

0.141±0.052 0.10794 

0.22602 

0.19988 

0.178±0.062 
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Flow 

Rate 

(ml/hr) 

Volatge 

(kV) 

Collector 

Distance 

(cm) 

Mean 

Outer Fib 

Dia. 

Outer 

Fib 

Dev. 

Total Avg. 

Outer 

Dia±Dev 

Mean 

Inner Fib 

Dia. 

Inner Fib 

Dev. 

Total Avg. 

Inner 

Dia±Dev 

Outer 

Fibre 

Coherency 

Total Avg. 

Co.±Dev 

Inner Fibre 

Coherency 

Total Avg. 

Co.±Dev 

 

 

 

 

 

 

 

 

 

8 

 

 

 

 

15 

 

15 

1.026 

2.095 

1.066 

0.912 

0.985 

0.811 

1.062±0.927 1.031 

1.083 

1.128 

0.99 

0.967 

1.067 

1.081±1.009 0.32645 

0.53543 

0.39492 

0.419±0.107 0.15475 

0.27753 

0.25122 

0.228±0.065 

 

17.5 

1.337 

0.88 

0.923 

1.346 

0.949 

1.037 

1.047±1.124 1.606 

1.029 

0.959 

1.167 

0.997 

0.892 

1.198±1.025 0.48299 

0.39568 

0.21666 

0.365±0.136 0.33582 

0.36295 

0.30756 

0.335±0.028 

 

20 

1.148 

1.083 

1.1 

1.254 

0.963 

0.899 

1.11±1.05 1.366 

1.294 

1.065 

0.656 

0.897 

1.142 

1.242±0.92 0.31721 

0.32888 

0.39083 

0.346±0.04 0.27929 

0.28191 

0.36368 

0.308±0.048 

 

 

 

 

20 

 

15 

0.947 

1.079 

1.019 

0.948 

1.436 

0.936 

1.015±1.131 1.442 

1.519 

0.949 

0.935 

1.098 

0.834 

1.303±0.962 0.25361 

0.22936 

0.24372 

0.242±0.012 0.26689 

0.20321 

0.1997 

0.223±0.038 

 

17.5 

1.069 

1.189 

0.676 

0.943 

0.856 

0.626 

0.978±0.819 0.972 

1.071 

0.901 

0.875 

1.087 

1.051 

0.981±1.008 0.43024 

0.24074 

0.2447 

0.305±0.108 0.27968 

0.26938 

0.26664 

0.272±0.007 

 

20 

0.853 

1.092 

0.951 

0.851 

0.936 

0.882 

0.965±0.89 1.166 

1.274 

0.799 

1.019 

1.144 

0.755 

1.08±0.986 0.32906 

0.32731 

0.38762 

0.348±0.034 0.18746 

0.26639 

0.17762 

0.21±0.049 
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Flow 

Rate 

(ml/hr) 

Volatge 

(kV) 

Collector 

Distance 

(cm) 

Mean 

Outer Fib 

Dia. 

Outer 

Fib 

Dev. 

Total Avg. 

Outer 

Dia±Dev 

Mean 

Inner Fib 

Dia. 

Inner Fib 

Dev. 

Total Avg. 

Inner 

Dia±Dev 

Outer 

Fibre 

Coherency 

Total Avg. 

Co.±Dev 

Inner Fibre 

Coherency 

Total Avg. 

Co.±Dev 

 

 

 

 

 

 

 

 

 

12 

 

 

 

 

15 

 

15 

1.035 

1.253 

1.241 

1.05 

2.086 

1.614 

1.176±1.639 1.044 

1.218 

1.094 

1.02 

1.43 

1.229 

1.089±1.238 0.33442 

0.19245 

0.36714 

0.298±0.093 0.24687 

0.33112 

0.19333 

0.257±0.069 

 

17.5 

1.2 

1.353 

1.071 

1.337 

1.496 

1.347 

1.208±1.395 0.979 

1.623 

1.088 

1.126 

1.735 

1.056 

1.23±1.341 0.41668 

0.23022 

0.32587 

0.324±0.092 0.10515 

0.18498 

0.1272 

0.139±0.041 

 

20 

1.041 

1.324 

0.976 

0.94 

1.502 

1.215 

1.114±1.24 0.906 

1.075 

0.982 

0.878 

1.046 

1.176 

0.988±1.041 0.48003 

0.39385 

0.44083 

0.438±0.043 0.31614 

0.34498 

0.30991 

0.324±0.019 

 

 

 

 

20 

 

15 

0.855 

1.205 

1.011 

0.893 

1.832 

1.391 

1.024±1.425 1.112 

1.196 

0.979 

0.901 

1.141 

1.073 

1.095±1.043 0.37809 

0.39456 

0.37606 

0.383±0.01 0.29866 

0.22084 

0.22886 

0.249±0.043 

 

17.5 

1.036 

1 

1.085 

1.128 

1.261 

1.259 

1.04±1.218 0.949 

1.101 

0.818 

0.973 

1.047 

0.811 

0.956±0.949 0.27637 

0.2714 

0.25134 

0.266±0.013 0.31688 

0.24459 

0.37222 

0.311±0.064 

 

20 

0.909 

0.713 

1.008 

0.877 

0.502 

1.031 

0.877±0.833 1.172 

1.345 

1.142 

1.244 

1.153 

1.041 

1.22±1.149 0.46985 

0.40646 

0.42881 

0.435±0.032 0.21259 

0.22689 

0.21323 

0.218±0.008 
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Appendix F: Residual Plots for Regression Analysis of 

Multi-modal Electrospinning Process 
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Figure F.0.1: Residual Plots for Response Variable UTS ‘Y1’ 

 

 

Figure F.0.2: Residual Plots for Response Variable Young’s modulus ‘Y2’ 
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Figure F.0.3: Residual Plots for Response Variable Max Force ‘Y3’ 

 

 

Figure F.0.4: Residual Plots for Response Variable Ring modulus ‘Y4’ 



326 

 

 

Figure F.0.5: Residual Plots for Response Variable Porosity ‘Y5’ 

 

 

Figure F.0.6: Residual Plots for Response Variable Mean Inner Fibre Diameter ‘Y6’ 
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Figure F.0.7: Residual Plots for Response Variable Mean Outer Fibre Diameter ‘Y7’ 

 

 

Figure F.0.8: Residual Plots for Response Variable Inner Fibre Coherency ‘Y8’ 
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Figure F.0.9: Residual Plots for Response Variable Outer Fibre Coherency ‘Y9’ 

 

  



329 

 

Appendix G: SEM Images of PCL Comparison Trial 
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Table G.0.1: SEM images of PCL Comparison Trial 

Set 1 – PCL chloroform/Ethanol (7:3; v:v) on High RPM mandrel (3200 rpm)  

(12ml/hr, 20kV, 17.5cm) 
 New PCL Batch – 7.8wt% Old PCL Batch – 16wt% 
 
 
 
 
 
 
 
 
 
 

10 min 

Outer 

 
Luminal 

 

Outer 

 
Luminal 
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20 min 

Outer 

 
Luminal 

 
 

 

Outer 

 
Luminal 

 
 
 



332 

 

 
 
 
 
 
 
 
 
 
 
 

40 min 

Outer 

 
Luminal 

 
 

 

Outer 

 
Luminal 
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Set 2 - PCL chloroform/Ethanol (7:3; v:v) on High RPM mandrel (3200 rpm)  

(4ml/hr, 15kV, 17.5cm) 
 New PCL Batch – 7.8wt% Old PCL Batch – 16wt% 
 
 
 
 
 
 
 
 
 
 

20 min 

Outer 

 
Luminal 

 
 
 

Outer 

 
Luminal 
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40 min 

Outer 

 
Luminal 

 
 

 

Outer 

 
Luminal 
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60 min Outer 

 
Luminal 

 

Outer 

 
Luminal 
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Appendix H: SEM Images of Dynamic Liquid 

Electrospinning Screening Trial 
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Table H.0.1: SEM images of PCL nanofibre bundles created through dynamic liquid 

electrospinning approaches 

8wt% PCL chloroform/DMF (7:3; v:v)  

Spinning to Centre of Dynamic Liquid Collection Bath 

0.25 ml/hr 

Dist. 

(cm) 

10kV 15kV 20kV 

10 

 

   

12.5 

   

15 

   

17.5 

   

20 

   

22.5 
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8wt% PCL chloroform/DMF (7:3; v:v)  

Spinning to Centre of Dynamic Liquid Collection Bath 

0.5 ml/hr 

Dist. 

(cm) 

10kV 15kV 20kV 

10 

 

   

12.5 

   

15 

   

17.5 

   

20 

   

22.5 
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8wt% PCL chloroform/DMF (7:3; v:v)  

Spinning to Centre of Dynamic Liquid Collection Bath 

1 ml/hr 

Dist. 

(cm) 

10kV 15kV 20kV 

10 

 

   

12.5 

   

15 

   

17.5 

   

20 

   

22.5 - 
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11wt% PCL chloroform/DMF (7:3; v:v)  

Spinning to Centre of Dynamic Liquid Collection Bath 

0.25 ml/hr 

Dist. 

(cm) 

10kV 15kV 20kV 

10 

 

   

12.5 

   

15 

   

17.5 

   

20 

   

22.5 
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11wt% PCL chloroform/DMF (7:3; v:v)  

Spinning to Centre of Dynamic Liquid Collection Bath 

0.5 ml/hr 

Dist. 

(cm) 

10kV 15kV 20kV 

10 

 

   

12.5 

   

15 

   

17.5 

   

20 

  

- 

22.5 

  

- 

 

 

 

 

 
 

  



342 

 

11wt% PCL chloroform/DMF (7:3; v:v)  

Spinning to Centre of Dynamic Liquid Collection Bath 

1 ml/hr 

Dist. 

(cm) 

10kV 15kV 20kV 

10 

 

   

12.5 

   

15 - - 

 

17.5 - - 

 

20 - - 

 

22.5 - - 

 
 

 

 


