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Abstract 
 

Cardiovascular disease (CVD) is considered a significant public health 

problem, and one of the main leading causes of vascular occlusive states, 

including congestive heart failure (CHF), myocardial infarction (MI) and 

strokes. CVD is responsible for about 35% of death in the United Kingdom, 

which accounts for 150,000 deaths each year. Moreover, this incidence is 

anticipated to increase by a further 20,000 deaths by the year 2022. The major 

objectives of this research project were to investigate several and possible 

aspects of treating CVD and developing a CVD model as current in vitro 

disease models are failing to meet the need for new efficacious drugs and in 

vivo animal disease models are not fully translatable to humans. 

 

Firstly, we investigated whether we could generate populations of vascular 

cells from a renewable source that would benefit disease modelling and 

regenerative medicine applications. Human and murine induced pluripotent 

stem cells (iPSCs) were therefore selected for this part of the study for their 

ability to differentiate into functional endothelial cells (ECs) and vascular 

smooth muscle cells (vSMCs). Moreover, we observed a successful derivation 

of pericytes (PCs) from human iPSCs (hiPSCs). We also determined that early 

addition of growth factors including vascular endothelial growth factor (VEGF) 

and Bone Morphogenetic Protein 4 (BMP-4), in combination with early FLK-1+ 

sorting, derived ECs with greater functionality, as determined by an increased 

tube forming capacity and nitric oxide (NO) production as well as cell migration 

following injury.  

 

As an alternative to differentiating iPSCs on collagen IV investigated in 

Chapter 3, we next examined the utility of the natural vessels ECM in 

promoting iPSCs differentiation by substituting collagen IV for vessel ECM gel. 

The vessels of donors were subjected to a decellularisation process to remove 

all cellular material, leaving the ECM scaffold intact. The optimal 

decellularisation protocol developed herein demonstrated that 

Glycosaminoglycans (GAGs) and collagen were preserved at the same level 
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as native vessels with efficient DNA material removal. Next, a decellularised 

vessel extracellular matrix gel (V-gel) was successfully created that is not toxic 

to the cells. Uncontrolled hiPSC differentiation on V-gel was observed, 

although, V-gel supported endothelial progenitor cells (EPCs) metabolic 

activity.  

 

To determine whether we could generate a bioengineered vessel for these 

studies, we next utilised polyhedral oligomeric silsesquioxane 

poly(caprolactone-urea) urethane (POSS-PCLUU) as a synthetic scaffold on 

which to grow blood vessel cells. POSS-PCLUU is a biocompatible, non-toxic, 

versatile and biodegradable nanocomposite polymer material suitable for a 

range of tissue engineering applications. We postulated that POSS-PCLUU 

could be utilised to replace damaged vessels as it exhibits the same 

mechanical strength properties as native blood vessels. However, work herein 

showed that while this material could support cell growth and proliferation for 

12 days, beyond that period, cells grown on POSS-PCLUU started to lose their 

metabolic activity and functionality.  

 

We also looked at another aspect that could be utilised to disease a 

cardiovascular model. This was by utilising endothelial progenitor cells (EPCs) 

that circulate in the bloodstream. EPCs isolation and characterisation from 

healthy donors was achieved. On the other hand, the derivation of EPCs from 

diabetic patients with cardiovascular complications was not accomplished.  
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Impact statement 
 

In this Ph.D. thesis, we explored a combination of different platforms and 

applications that can be utilised to potentially treat cardiovascular disease 

(CVD). One of the approaches was to utilise human induced pluripotent stem 

cells (hiPSCs) because of their most significant utility that lies in their ability to 

be used to model disease, by virtue of the fact that iPSC can be derived from 

individual patients, and may display some phenotypic and/or functional 

aspects of their disease pathology, as well as their other applications for 

regenerative medicine. 

 

This project demonstrated the ability to develop an improved differentiation 

method, generating sustainable cells with morphology, biochemistry and 

function of human, mature endothelial cells (ECs), vascular smooth muscle 

cells (vSMCs) and pericyte (PCs). This project provided a valuable opportunity 

to advance researchers understanding by thoroughly investigating the 

beneficial effects of exposing hiPSCs, during differentiation and culture, to the 

vascular extracellular matrix (ECM). This can be aided by using human vessel 

decellularised ECM and gel synthesis protocols developed in this project. The 

ECM environment could be customised for specific ECM niche of the vessel 

which, based on a wealth of emerging research, should provide benefits to the 

maturation and function of ECs, vSMCs, and PCs.  

 

Derivations of ECs, vSMCs, and PCs developed in this project along with 

isolation of EPCs from healthy individuals and diabetic patients blood could be 

utilised for drug development and screening studies used by researchers and 

pharmaceutical companies to discover new therapeutic approaches for 

vascular diseases. Currently, in humans, there is a very high failure rate in 

clinical trials for candidate drugs which show success in treating diseases in 

an animal model. The ability to provide a human, personal genetic and 

biological background that animal models lack, presents a massive potential 

to bridge the gap between in vitro clinical trial by offering an efficient, safe and 

data that is more human-relevant before a clinical trial is carried out. These 
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models could also save billions of pounds wasted in investment each year and 

could lead to the development of a much-needed new generation of 

therapeutic interventions for vascular diseases. 

 

This thesis also introduced a novel synthetic polymer called POSS-PCLUU 

that can be utilised for a cardiovascular bypass graft replacement. Currently, 

there is a lack of synthetic materials that can be used to replace arteries <6 

mm in diameter. However, herein in this thesis we developed a tissue-

engineered vascular graft (TEVG) that exhibited equivalent or higher 

mechanical preparties than the native ascending and descending aorta, which 

also supported cells growth and proliferation for up to 12 days. The nano-cage 

POSS which was incorporated with PCLUU was found to reduce thrombosis 

formation. Taking our results further would open a new avenue for researchers 

to explore the use of POSS-PCLUU for vascular applications. 
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 Cardiovascular diseases (CVD)  
 
Cardiovascular disease is group of diseases that affect and impair the heart or 

circulatory system resulting in coronary artery and peripheral artery diseases. 

It is considered the largest single cause of mortality, morbidity and disability in 

developed countries. It also known to be the most common cause of premature 

death in the modern word. In Europe, it is responsible for 4.30 million death 

annually and about 35% of deaths in the United Kingdom which account for 

approximately 150,000 deaths each year. In addition, this incidence is 

anticipated to increse by a further 20,000 deaths by the year 2022 (Pagidipati 

and Gaziano 2013; Timmis et al. 2018a). There are four main pathological 

forms of CVD; coronary heart disease (CHD), cerebrovascular disease, 

peripheral arterial disease (PAD), and aortic disease. CHD deaths account for 

1.95 million of cases in Europe and 94,000 of cases in the United Kingdom. 

Death rates are commonly higher in males than females and this increases 

with age (Timmis et al. 2018b). In the Middle East, the prevalence of CAD has 

been stated to range between 5.4% to 13.4%. There is a lack of data regarding 

the actual prevalence of CAD in Saudi Arabia specifically, but a prevalence of 

5.5% was noted in 2004 among patients between 30 and 70 years (Almalki et 

al. 2019). 

 

Death rates are also influenced by geographical variation, economic class and 

ethnicity. For example, the highest death rate is in Eastern and central Europe, 

whereas the lowest rates are in France, Italy and Japan. Moreover, in United 

Kingdom people from South Asia have a higher incidence than average rates, 

meanwhile, people from Afro-Caribbean origin have lower rates that average 

(George et al. 2010). Many of the risk factors that are associated with 

increased risk of CVD are summarised in (Table 1-1). 
 

1.1.1 Atherosclerosis 
 
CVD is driven by the process of atherosclerosis, which is defined by the 

accumulation of low-density lipoproteins (LDLs), fats, and other substances in 

the tunica intima layer of arterial walls (plaque), stimulating the chronic disease 
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progression. Atherosclerosis is the most common cause of chronic CVD. It is 

described as an inflammatory fibrous proliferation arising in the arterial wall in 

response to different forms of endothelial injury  (Chae and Kwon 2019). This 

was first described over 30 years ago by Russell Ross and his group, and 

since that time, it been refined and developed (Ross et al. 1977). 

Atherosclerosis is a process that causes narrowing of the arteries due to the 

accumulation or deposition of fatty materials that are surrounded by ECM or 

SMC (Libby 2002). For CHD, this narrowing leads to a weakening of the 

myocardium wall of the heart, and ultimately to myocardial infarction (MI). As 

the disease progresses, there is a reduction in the rate of coronary blood flow. 

In addition, there is also an alteration in the fluid dynamics, caused by 

interaction with the disease. 

 

 

Atherosclerotic inflammation eventually leads to atheroma formation which 

builds up in the artery walls (in the lumen). This causes the arteries to harden 

and narrow, restricting the blood flow and oxygen supply to vital organs 

(Figure 1-1). Atheroma consist of fat, cholesterol, calcium and other 

substances. 

 

Lifestyle 

Smoking 
Unhealthy diet 

Physical activity - reduced 
Stress – increased 

High alcohol income 
Obesity 

Physiological 

High cholesterol level (LDL) 
Hypertension 

Low level of HDL- cholesterol 
High level of triglyceride 

Diabetes mellitus 
Thrombogenic factors 

Personal 
Age 
Sex 

Family history (Genetic) 
Personal history 

Table 1-1: Risk factors of CVD. 
CVD risk factors are listed, HDL = High-density lipoprotein, and LDL = Low-
density lipoprotein. 
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 Vasculature; Structure, function, and new blood 
vessel development  

 
Atherosclerosis is one of the chronic complications of diabetes, and is 

considered the most common cause of cardiovascular diseases (CVD) 

(Stanner 2008). In this project we have aimed to find alternative treatments for 

patient with atherosclerosis. Therefore, it is important to firstly define the 

structure, function, and the development of the vascular system. 

 

 

Figure 1-1: Diagram showing the stages of atherosclerosis. 
A) Healthy artery with no plaque formation. B) Atheroma formation, step 1, lipid 
streaks start to accumulate over time in the sub tunica intima layer of the arterial 
wall. Step 2, plaque formed with inner lipid core and outer fibrous cap and this 
is due to lipid laden fatty crystals becoming phagocytosed (to form foam cells) 
by macrophages, coalescent foam cells form langerhan cells which is described 
by a central lipid core. SMCs from the tunica media layer start migrating to lay 
down fibrous tissue to form the outer fibrotic capsule to the plaque. Step 3, 
Rupture of the intramural plaque causes the formation of a luminal thrombosis 
which can cause arterial stenosis or distant thromboembolic disease. C) a cross 
sectional view of atherosclerosis steps. Images created using Servier Medical 
Art. 
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1.2.1 Function of the vascular system  
 

The role of the arterial system is to circulate blood from the heart to the 

capillary beds around the body to exchange nutrients, gases and waste. The 

continuous pumping of the heart results in a pulsatile blood flow in the arterial 

system through mechanisms called systole and diastole. Systole occurs when 

the ventricles of the heart contract allowing blood to go into the arterial system, 

whereas diastole occurs when the heart muscle relaxes and allows the 

chambers to fill with blood. Repeated action of systole and diastole also 

causes an expansion and recoil of the arterial walls which can assist in 

maintenance of arterial blood pressure between ventricles beats due to elastic 

tissue that abundantly exists in the walls of arteries. The supply of blood flow 

to different tissues could be regulated by varying the size of the diameter of 

vessels (Borysenko and Beringer 1984). In addition, this function is carried out 

by surrounding smooth muscle cells (SMCs) under the control of nervous 

system and the adrenal medullary hormones (Borysenko and Beringer 1984). 

Oxygen cannot distribute for more than 150 to 200 mm in a living tissue at 

37°C. Consequently, the vascular system has been developed in such a way 

to allow continuous and sufficient supply of oxygen and other nutrients 

(Raybaud 2010). This will be the focus of this research. 

 

1.2.2 Structure of the arterial wall: an overview 
 
The arterial wall is a heterogeneous structure, it is mostly composed of three 

layers which are the tunica intima, media, and adventitia (Figure 1-2). Each of 

these layers manifest specific and different histological, biochemical, and 

functional characteristics. In addition, each layer contributes in unique ways to 

maintain vascular function and homeostasis and to regulate the vascular 

response to stress or injury (Stenmark et al. 2013).  

 

The vessels in the arterial system can be categorised into three types: elastic 

arteries, muscular arteries and arterioles. Elastic arteries (or conducting 

arteries) are the main large vessels in the body which are composed of many 

layers of perforated elastic membrane and are therefore particularly capable 
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of accommodating large changes in blood volume such as in the aorta, 

subclavian arteries, the large pulmonary arterial vessels and the common 

carotid. Moreover, these vessels have highly elastic walls providing a 

significant function to the smaller blood vessels found distally in the arterial 

vascular tree. They also efficiently demoralise the large oscillations in blood 

flow to maintain a homogeneous movement of blood away from the heart 

(Pugsley and Tabrizchi 2000). Muscular vessels (or distributing vessels) are 

the main branches of the arterial tree. The function of muscular arteries is to 

ensure the immediate and complete delivery of blood to all organs and tissues. 

While the walls of these arteries are mostly muscular in nature, according to a 

histological study conducted, these arteries consist of spasmodic elastic fibres 

within the large layer of smooth muscle cells. These kind of arteries include  

cerebral, femoral, radial and coronary arteries (Rhodin 1967).  

 

Arterioles are found at the end of the branches that supply the capillary beds 

(Borysenko and Beringer 1984; Pugsley and Tabrizchi 2000). Arterioles play 

an important role in reducing the blood flow from larger arteries. This reduction 

of blood flow is crucial to prevent the destruction of the capillaries “the fragile” 

vessels that join the arterial vascular tree with the venous system. The 

capillaries also play an important role in regulating a complex range of 

interactions with autacoids and hormones. Neurotransmitters released at 

sympathetic synapses the microcirculation by adjusting the tone of the smooth 

muscle in the arteriolar wall (Pugsley and Tabrizchi 2000). 
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 Tunica intima 
 
The inner layer (tunica intima) is the thinnest layer, formed from a single 

continuous layer of endothelial cells (ECs) which separates blood from the 

surrounding outer layers. Moreover, endothelial cells are organised in the 

direction of the blood flow with an overall endothelial thickness of 0.2–0.5 μm, 

except in the location of the cell nucleus (Rhodin, 1980). In feed arterioles, 

endothelial cells are approximately 100μm in length by approximately 10μm in 

width (P. K. Yu et al. 1997). The endothelial cell layer is supported by a sub-

endothelial layer (the basement membrane) of connective tissue that is 

composed of collagen type IV, laminin and heparin sulphate proteoglycans and 

that is approximately 0.1μm in thickness. (Rhodin 1967). Furthermore, this 

layer includes collagen types I, III and V and fibronectin (Das et al. 1990). The 

thickness of mostly basement membrane depends on the size of the vessels. 

For example, this layer could be only a single layer of connective tissue in 

Figure 1-2: Structure of an artery wall 
Arteries are multi-layered tubular structures comprised of the Tunica intima, 
Tunica media and the Tunica adventitia. The Tunica intima is the inner layer 
which consists of a layer of endothelial cells (ECs) that express CD31+, VEGFR-
2+, CD144+, vWF+ and eNOS+. Tunica media predominantly consist of smooth 
muscle cells (SMCs) that express aSMC+, SM-MHC+, SM22+ and Calponin+. 
Tunica adventitia which consist of collagen fibres and loose connective tissue. 
Images created using Servier Medical Art.  
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smaller arteries whereas, it is much thicker in larger vessels such as the aorta. 

The tunica intima is surrounded by a thin membrane comprised of elastic fibres 

running parallel to the vessel (Bruce et al. 2002; Martinez-Lemus 2012). In 

addition, there is an endothelial sub layer which is composed of elastic fibres, 

type-I collagen fibrils and fibroblasts. The flat elastic lamina consists of elastin 

which divides the tunica intima from the tunica media in these vessels. ECs 

can be identified by the expression of platelet endothelial cell adhesion 

molecule (PECAM-1 or CD31), ve-cadherin (CD144), vascular endothelial 

growth factor receptor 2 (VEGFR-2), von willebrand factor (vWF) and 

endothelial nitric oxide synthase (eNOS). Functionally, ECs are  characterised 

by their involvement in nitric oxide (NO) production and low-density-lipoprotein 

(LDL) uptake (Glaser et al. 2011).  

 

As mentioned previously, the tunica intima consists of endothelial layer that 

smoothly lies in the inner side of the vessels called “endothelium”.  That is in 

direct contact with the circulating blood, the function of endothelial cells was 

first reported by Furchgott and his colleague in 1980 when they discovered 

that the endothelium releases one or more factors responsible for local 

vasodilation (Furchgott and Zawadzki 1980).  Researchers have learned since 

this discovery that the endothelium is the largest endocrine organ with 

important endocrine, autocrine, and paracrine vital effects that play an 

important role in regulation and anti-atherosclerotic functions (R. A. Vogel 

1997). These functions mainly include vasoregulation (vasodilation and 

vasoconstriction) of conductive and resistance vessels, vessel growth, platelet 

anti-aggregation, monocyte anti-adhesion, and the inhibition of thrombosis 

(Flavahan 1992; Vane et al. 1990; Y. Zhang et al. 2016). 

 

Endothelial cells usually exhibit a flat morphology with short, homogeneous 

microvilli on the luminal surface as examined using electron microscopy. 

Structurally, they have a rough endoplasmatic reticulum, mitochondria, Golgi 

complex, free ribosomes, and myofibrils, and they also contain large, 

ellipsoidal nuclei exhibiting dense chromatin borders (Perrotta 2013). 

Endothelial cell plasma membranes form pinocytic and free vesicles that have 

a role in transportation of substances across the cell and controlling the 
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movement of these substances. Plasmalemmal vesicles can be divided into 

two different types of vesicles: coated vesicles and uncoated vesicles (Davis-

Dusenbery et al. 2011). ECs are connected together through a set of 

intercellular junctions controlling permeability and communication between 

neighbouring cells (Owens et al. 2004). 

 

Under certain physiological conditions, the endothelium actively monitors 

vascular tone and permeability, thrombosis and the balance of fibrinolytic, 

induction or inhibition of platelet adhesion and aggregation (Radomski et al. 

1993), vessel wall inflammation (Feletou 2011; Schalkwijk and Stehouwer 

2005) and vascular smooth muscle cell (vSMC) proliferation and migration 

(Garg and Hassid 1989). The appropriate function of the endothelium is 

essential for maintaining vascular homeostasis and its dysfunction is 

associated with cardiovascular risk factors such as diabetes, hypertension, 

smoking and dyslipidemia. It has also been shown that the endothelium is 

involved in vasoregulating its function through the inhibition, production and 

release of various mediators, which can be vasodilatory such as NO (Palmer 

et al. 1987), endothelium-derived hyperpolarising factor (EDHF) (Feletou and 

Vanhoutte 1988) and prostacyclin (PGI2) (Dusting et al. 1977). These 

mediators can also be involved in vasoconstriction such as angiotensin II, 

endothelin-1 (ET-1) and reactive oxygen species (ROS) (Yanagisawa et al. 

1988).  

 

 Tunica media 
 
Surrounding the tunica intima is the tunica media, the middle layer of a blood 

vessel, which is comprised of smooth muscle cells (SMCs), elastic and 

connective tissues arranged circularly around the vessel. The media layer is 

thicker than intima layer and it is composed of SMCs, elastic laminae, and a 

collagen III and is generally bounded in arteries by an internal and external 

elastic lamina (Fung and Liu 1995). SMCs function differently from 

cardiomyocytes and skeletal muscle cells. SMCs provide the contractive 

feature to the vessel. Moreover, they are important in the maintenance of 

vessel architecture and in its mechanical properties as well as in modulating 
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vascular tone in response to a variety of mechanical and biochemical stimuli 

(Dahl et al. 2007). They also lack the regular sarcomeres which give skeletal 

muscle its striated morphology. They range from 15 μm in the small vessels 

up towards 200 μm, with a spindle shape that can be 3-8 μm in their centre 

(Standring and Gray 2008). 

 

In the human body, SMCs are arranged in a way that contribute evenly to the 

principal stresses in the tissue. Moreover, it has been demonstrated that SMCs 

show a bipolar spindle morphology, in both statically and dynamically stressed 

tissues, owing to the strain and these spindles coordinate in parallel to the 

direction of strain (Stitzel et al. 2001). They can be identified by the expression 

of smooth muscle myosin heavy chains (SM-MHC), alpha smooth muscle actin 

(a SMA), h1-calponin, transgelin (SM22), aortic carboxypeptidase-like protein 

(ACLP), desmin, H-aldesmon, metavinculin, telokin, and smoothelin. Only SM-

MHC have shown to be expressed in SMCs alone (Owens et al. 2004). SMCs 

can be classified into; the contractile nature and this can be characterised by 

low level of proliferation rate and low-level extracellular matrix (ECM) 

production, however, they highly express contractile genes. The other type is 

have a synthetic nature and this can be characterised by high proliferation rate 

and a high level of ECM production, however, the expression of contractile 

genes is very low (Owens et al. 2004). The tunica media consists of mostly 

collagen type III and elastin, as well as fibronectin and proteoglycans. Elastin 

fibres are around 0.1-1.0μm in diameter. Theses fibres join to form a network 

structure, spreading in the circumferential direction (Standring and Gray 2008). 

 

It is the tunica media that makes up most of the thickness of the vessels and 

essentially it is responsible for its mechanical properties in the physiological 

range of strain. Collagen and elastin are responsible for the elastic properties 

of vessels (Wainwright et al. 1982). SMCs in the media of elastic arteries of 

the body are helically organised to resist the stresses which appear by blood 

pressure and the stresses imposed by the architecture of the vasculature 

(Rhodin 1980). The high pitches of the inner and outer layers of the media 

function to determine vessel length changes, whereas the low pitches in the 
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inner layers serve as a regulator of the vessel lumen diameter (Stitzel et al. 

2001).  

 

 Tunica adventitia  
 
The adventitia is outermost anatomical layer of the blood vessel and it consists 

of collagen, ground substances, and fibroblast cells. Arterioles and venules 

are small tubes predominated by SMCs. Larger vessels have thicker layers of 

smooth muscle cells and tunica adventitia (Fung and Liu 1995). The function 

of the tunica adventitia is to provide structural support and integrity to the 

arterial wall.  

 
1.2.3 New blood vessel development 
 
Vasculogenesis and angiogenesis are the main processes to forming new 

blood vessels. Vasculogenesis can be defined as the differentiation of 

angioblasts or endothelial precursor cells (EPCs) into endothelial cells (ECs) 

and this is due to de novo formation of a primitive vascular network. 

Angiogenesis, however, is an outgrowth of new capillaries from pre-existing 

blood vessels that lack a fully developed tunica media either through sprouting 

or intussusception (Kolte et al. 2016). 

 

 Vasculogenesis 
 
There are two vital steps during the initiation of embryologic vasculogenesis; 

the differentiation of angioblasts from the mesoderm and the formation of 

primitive vascular network from angioblasts (Risau and Flamme 1995). From 

the splanchnopleuric mesoderm, blood island aggregates appear and they are 

the first discernible vascular structure in the embryo (Gonzalez-Crussi 1971). 

In the centre of the blood island are haematopoietic stem cells (HSCs) which 

are surrounded by angioblasts at the periphery of the blood island. Because 

of the spatial association between HSCs and angioblasts, there are antigenic 

determinants such as VEGFR-2, CD34, angiopoietin (Ang-1), stem cell 

antigen-1 (Sca-1) and receptor tie-2. This has subsequently led to theory that 

HSCs and angioblasts might stem from the same precursor known as 
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hemangioblasts (Flamme and Risau 1992). The growth and the merging of 

numerous blood islands in the yolk sac of the embryo causes the appearance 

of a primitive capillary network. After the initiation of blood circulation, this 

primitive capillary network further differentiates to arteriovenous vascular 

system (Risau et al. 1988).  

 

The fibroblast growth factors (FGF) family are vital inducers for the mesoderm 

lineages. Experiments using knockout mice have proven the requirement of 

FGF-4 and FGF receptor kinases for the development of the posterior and 

lateral mesoderm (Feldman et al. 1995). However, they do not play a crucial 

role in the downstream development of the morphogenesis vascular system 

(Kazemi et al. 2002). On the other hand, VEGF is a fundamental regulator of 

vasculogenesis. It is the first molecule known to be expressed in a population 

of mesodermal cells. VEGF is produced by the endoderm and is vital to induce 

the differentiation from mesodermal cells to angioblast. A study has 

demonstrated that heterozygous mice knockouts missing one copy of VEGF 

gene died in utero with abnormal blood vessel formation in the yolk sac and 

the embryo (Carmeliet et al. 1996). VEGF-2 knockout mice were also found to 

be incapable of forming blood islands and were not able to undergo 

vasculogenesis, subsequently leading to deficiencies in hemangioblast 

formation (F. Shalaby et al. 1995).  

 

It was previously believed that vasculogenesis only occurs during embryonic 

development, however it has been discovered that EPCs develop into a new 

vessel growth under ischemic and injured tissue and this is known as postnatal 

vasculogenesis (Asahara and Kawamoto 2004). When EPCs were first 

isolated from human peripheral blood, these putative EPCs were able to 

differentiate into mature ECs in ex vivo experiments (Asahara et al. 1997). 

Heterologous, homologous, and autologous putative EPCs were shown to 

integrate into locations of active neovascularisation in ischemic muscles of the 

affected hindlimb, which was conducted in animal models of hindlimb ischemia 

(Asahara and Kawamoto 2004). In addition, bone marrow origin of circulating 

EPCs participate with the endogenous neovascularisation in developing 
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wound healing, tumours, and physiological neovascularisation (Asahara et al. 

1999). 

 

 Angiogenesis 
 
They are two main types of angiogenesis which are known as sprouting 

angiogenesis and intussusception angiogenesis. These two forms of 

angiogenesis have different mechanisms.  

 

 Sprouting angiogenesis (SA) 
 
Sprouting is initiated by proteolytic degradation of the basement membrane 

(BM) and other proteins such as collagen IV and laminin followed by 

detachment of mural cells thus allowing the ECs to move freely. BM 

breakdown is facilitated by proteinases, such as those in the matrix 

metalloproteinases (MMPs) family, plasminogen activators family, 

heparanases, chymases, tryptases, and cathepsins (Pepper 2001). The 

degradation process must be controlled as the ECM would not be able to 

support branch sprouting. The control of proteolytic degradation is due to the 

release of tissue inhibitor of metalloproteinases (TIMPs) and plasminogen 

activator inhibitor-1 (PAI-1) (Qi et al. 2003). Furthermore, proteinases mediate 

sprouting by producing matrix-bound angiogenic growth factors such as FGF, 

VEGF, and transforming growth factor-β (TGF-β), and by proteolytically 

activating angiogenic chemokines such as interleukin 1 beta (IL-1β) (Carmeliet 

2003). 

 

Prior to degradation of the ECM, a single EC from a group of ECs becomes a 

tip cell (which is exposed to the highest VEGF-A concentration) to guide the 

newly formed vessel branch towards an angiogenic stimulus. The tip cell has 

a distinct morphology with thin cellular projections called filopodia which 

secrete proteolytic enzymes, which degrade the ECM and create a pathway  

for developing the sprout (van Hinsbergh and Koolwijk 2008). Once there are 

sufficient filopodia on the tip cell that have anchored to the substratum, 

contraction of actin filaments in the filopodia start to pull the tip cell in a certain 

direction towards the VEGF-A stimulus. At the same time, ECs stalk cells 
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proliferate as they follow behind a tip cell causing the capillary sprout to 

elongate (Ribatti and Crivellato 2012). Vacuoles develop and merge together, 

forming a lumen within a series of stalk cells. When the tip cells of two or more 

capillary sprouts meet at the direction of VEGF-A secretion, the tip cells 

combine generating a continuous lumen where oxygenated blood can flow. 

When the local tissues receive sufficient amounts of oxygen, VEGF-A levels 

return to near normal levels. Maturation and stabilisation of the newly formed 

capillary requires mural cells recruitment (SMCs) and the deposition of their 

ECM along with shear stress and other mechanical signals (Chien 2007) 

(Figure 1-3). 
 

Delta-Notch signalling, and its key molecules are vital to sprout formation. It is 

a cell–cell signalling system in which the ligand, Delta-like-4 (Dll4) binds with 

its Notch receptor on neighbouring cells. Both the receptor and ligand are cell 

bound and thus act only through cell–cell contact. Dll4 production is induced 

by VEGF-A in the tip cells, which consequently leads to the stimulation of 

Notch receptors in stalk cells. Notch receptor initiation suppresses VEGFR-2 

production in stalk cells, which reduces migratory behaviour compared with 

that of the tip cells (Carmeliet et al. 2009). 

 

 Intussusception angiogenesis (IA)  
 
This process has 4 distinct stages (Figure 1-4). Stage 1: the initiation of direct 

contact between ECs positioned opposite of each other in the vessel wall 

through a bulge of the wall growing into the capillary lumen, thus causing the 

creation of inter-endothelial transluminal bridge. Stage 2: consists of puncture 

of ECs bilayer and the cylindrical tissue bridge is generated which expands 

throughout the lumen and this is surrounded by ECs, with interstitial tissue, 

mostly cytoplasmic extensions of myofibroblasts with their microfilaments 

inside the core of the cylinder. Stage 3: consists of fining of the pillar by 

cytoplasmic processes of pericytes together with the lateral portions of the 

capillary walls, stage 4; growth and maturation of the slender tissue pillar into 

inter-capillary mesh (Burri and Tarek 1990). 

 



 47 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
1.2.4 Vascular cells backgrounds 
 

 ECs origin 
 
As it has been explained in section 1.3.3.1, the outer cells in the blood island 

which are called angioblasts will eventually differentiate into ECs, whereas, 

cells in the centre of the blood island give rise to the haematopoietic cells. The 

early stages of ECs and haemopoietic lineages development from 

mesodermal progenitors is regulated by bHLH transcription factor TaL1 and 

GATA-binding factor 2 (GATA 2); zinc finger transcription factor. GATA 2 plays 

a vital role in ECs differentiation through regulation of haemangioblast 

Figure 1-3: A schematic illustration of the steps of sprouting 
angiogenesis. 
A) Blood vessels in adults are quiescent and are not actively undergoing 
angiogenesis. Endothelial cells form a single cell layer lining the inside of the 
vessel, surrounded by basement membrane and mural cells. B) Proangiogenic 
factors activate endothelial cells to form tip call which breakout through 
basement membrane to start a new sprout. C) The newly formed sprout 
elongates through proliferation, basement membrane degradation, and 
migration. The endothelial cells of the elongating sprout would change its 
morphology, led by a non-proliferative tip cell, that is followed by less migratory 
and more proliferative stalk cells. As the newly sprouting structure starts 
growing, vessel lumen is fused and formed with the new sprout. D) Sprouting 
vessels connect through anastomosis, forming new lumens between the two 
vessels (Duran et al. 2017). 
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progenitor cells specification to EC, whereas, TaL1 plays a role in both 

haemopoietic lineages and ECs specifications (Lugus et al. 2007). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 SMCs origin 

 
The origin of vSMCs is mainly dependent on vasculogenesis, which is initiated 

by the formation of the mesoderm during early gastrulation. SMCs are 

subsequently derived from the developing expletive mesoderm and merge 

together to form vesicles. These vesicles are attracted by EPCs in the newly 

developing vessel and eventually line the walls for maturation. During the 

embryonic stage, differentiated SMCs display a high rate of proliferation and 

migration. Pathways known to be vital in the developmental process of SMCs 

are platelet derived growth factor (PDGF-BB) and transforming growth factor 

β (TGF- β) (Sinha et al. 2014). The vSMCs have a complicated pattern of origin 

and they can be derived from multiple different lineages in the developing 

embryo including the paraxial mesoderm (mesoderm) and cranial neural crest  

 

Figure 1-4: A schematic illustration of the steps of intussusception 
angiogenesis. 
The three dimensions (a–d) and two dimensions of a cross sectional view (a'–
d'). a, a', b, and b') The process initiates with the protrusion of opposing ECs 
into the capillary lumen which is growing. c, c') An inter-endothelial contact is 
initiated, and ECs contact junctions are reorganised. d, d') The ECs bilayer and 
basement membranes (BM) are punctured in the centre which allows growth 
factors to enter (Djonov et al. 2002). 
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Figure 1-5: In vitro differentiation of human ESCs to embryonic 
intermediates and specific tissues.  
Some of the major in vitro differentiation steps are described using defined 
conditions in human ESCs (hESCs). Factors inhibiting specific steps are shown 
in red. EGF = epidermal growth factor, BMP4 = bone morphogenic protein-4, 
TGF-β = transforming growth factor-β, FGF = fibroblast growth factor, Shh = 
sonic hedgehog, PDGF-BB = platelet-derived growth factor-BB, RA = retinoic 
acid, VEGFA = vascular endothelial growth factor A, DKK1 = dickkopf-related 
protein 1, PI3K = phosphoinositide 3-kinase; HESCs =  human embryonic stem 
cell; ROCK= rho-associated protein kinase . Images created using Servier 
Medical Art. 
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(ectoderm), and also from different mesoderm subtypes including paraxial 

mesoderm and lateral plate mesoderm (Sinha et al. 2014) (Figure 1-5).  
 

 Healthy endothelium function 
 
ECs are involved in various biological functions in healthy vessel, which are 

implemented either fully by ECs or predominantly by ECs in specific subsets 

of organs or vascular beds. For example, generally ECs regulate blood 

haemostasis. Nevertheless, they also derive subsets that maintain blood 

liquidity. In addition, they are also involved in the coagulation cascade and 

blood clot formation. These two functions are unequally distributed over the 

vascular tree. Similarly these have been found in other vital biological functions 

including regulation of vascular tone, permeability, angiogenesis, leukocytes 

regulations and immunity (Aird 2007). It has been demonstrated that even 

neighbouring ECs display different signalling and functional features. For 

example, pacemaker cells exhibit an ability to spontaneously create 

intracellular calcium that can be transferred to neighbouring non-pacemaker 

cells, inducing inter-endothelial calcium waves (Ying et al. 1996). 

 

1.3.1 Coagulation and platelet interaction  
 
Coagulation and platelet interaction are also known as haemostasis, this 

process can be divided into primary action which mostly involve platelets and 

secondary action which mainly refer to blood clotting and fibrin formation. 

Under healthy and normal conditions, the endothelium is structured to prevent 

thrombosis (Rajendran et al. 2013). However, when the endothelium is 

damaged, or its continuity is disrupted, subendothelial matrix and the collagen 

fibres become exposed to the circulating platelets. Circulating platelets start to 

adhere to these lesions and initiate the haemostatic process (Feletou 2011). 

The recruitment of platelet is based on various integrin receptors which 

mediate the adhesion to ECM- associated laminin and fibronectin. Vascular 

wall von Willebrand factor (vWF) is a multimeric protein which is predominantly 

synthesised by the ECs and it plays a vital role in early platelet recruitment and 
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pro-thrombotic reaction particularly when the shear rate is high (blood flow 

increases). 

 

Once vWF is synthesised, it is stored in an ultrastructural granule known as 

Weibel–Palade bodies (Jaffe et al. 1974). vWF is secreted in the circulation, 

where it stabilises factor VIII (FVIII) and it is linked with collagen VI in the sub-

endothelium. When there is damage in the endothelium, vWF functions as a 

channel between the tissues and the platelet through the GPIb/IX/V 

glycoprotein receptor. The vWF that is circulating binds to the exposed 

subendothelial matrix and contributes in the interaction between platelet and 

ECs (Verhamme and Hoylaerts 2006). Moreover, lipid mediator platelet-

activating factor (PAF) is produced by ECs which stimulates the platelets 

activation and their adhesion to ECs (Pearson 1999). Interactions between 

platelet and ECs are considered to be the interface between haemostasis and 

inflammation (Pearson 1994).  

 

The morphological changes and degranulation of the activated platelets are 

required in the secondary platelets recruitment and their accumulation. During 

this process, thromboxane A2, ATP, serotonin, vWF, ADP and fibrinogen 

further activates neighbouring platelets, and it promotes the accumulation 

process as well as initiating the contraction of vSMCs which accelerates 

haemostatic plug formation (Pearson 1999). Healthy ECs also secrete 

prostacyclin and NO in response of these mediators. The release of 

prostacyclin and NO functions to minimise the aggregation, accumulation and 

thrombosis. Nevertheless, ECs are also involved in aggregation. ECs respond 

to ADP, serotonin or ATP activation by secreting thromboxane A2. The 

secretion of vWF and upregulation of the expression of tissue factor (TF) in 

response to thrombin is followed by the activation of protease-activated 

receptors (PAR) (Feletou et al. 2009). 

 

The induction of blood clotting is predominantly mediated by TFs. In a healthy 

vascular system, TFs are positioned in the ECM underlying the ECs, in the 

tunica adventitia, in some cells surrounding blood vessels and in 

subcutaneous tissues. When TFs are exposed to blood, they bind to Factor 
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VIIa (FVIIa) to begin the coagulation possess. The composite TF–FVIIa 

transforms circulating FIX and FX into active enzymes, FIXa and FXa, FIXa 

further promoting the activation of FX. The activated enzyme FXa catalyses 

the production of thrombin (FIIa) which is the fundamental enzyme that cleaves 

fibrinogen into fibrin (Verhamme and Hoylaerts 2006). This is followed by the 

polymerisation of fibrin into a fibrin network, which then forms a blood clot with 

platelet aggregation. Moreover, thrombin is the main protease responsible for 

the promulgation phase of coagulation by activating FV, FVIII, FXI and FXIII. 

Furthermore, platelet activation is also caused by thrombin interaction with its 

platelet receptor (PAR-1). Throughout the platelet activation process, the 

adhesion molecule P-selectin is exposed at the surface of the membrane thus 

allowing the development of conjugates between activated platelets and 

leukocytes (Verhamme and Hoylaerts 2006). 

 

Upon activation in normal conditions, the expression of adhesion molecules is 

slightly enhanced by intact endothelium, including vascular cell adhesion 

molecule-I (VCAM-1), E-selectin, intercellular adhesion molecule-I (ICAM-1) 

and P-selectin. Blood flow can be also be restricted by the stockpiling of 

circulating cells including platelet, erythrocytes and leukocytes that bind to 

ECs. In addition, activated platelets provide a surface for accumulation of 

coagulation complexes (Feletou 2011). 

 

1.3.2 Vascular Tone  
 
One of the main functions of endothelium is to maintain equilibrium between 

vasodilatory and vasoconstrictive substances. At relaxation, there is tip 

towards a vasodilatory mode throughout NO. NO is considered to be the 

endothelium-dependent vasodilator of the underlying SMCs and its 

association of relaxation (in the tunica media) was first described by Furchgott 

and Zawadzki in 1980 (Furchgott and Zawadzki 1980). NO has been known to 

play a fundamental role in blood vessel vasodilation to maintain the vascular 

tone. NO is produced under the stimulus of an enzyme known as nitric oxide 

synthase (NOS), that converts the amino acid L-arginine to NO (Palmer et al. 

1988). NO exist in three isoforms including neuronal isoform (nNOS), inducible 
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isoform (iNOS), which is only expressed in cells which have been exposed to 

inflammatory mediators, and endothelial NOS (eNOS) which is synthesised in 

the vasculature (Sandoo et al. 2010). The NO isoforms can be recognised by 

the cells they were initially found in. Therefore, the ability of a blood vessel to 

vasodilate is fundamentally associated with the activity of eNOS is produced 

by vascular ECs (Lamas et al. 1992). When eNOS is in the inactive form, it is 

found to be bound to the protein caveolin, and it is positioned in small 

invaginations in the cell membrane called caveolae. When the intracellular 

levels of Ca2+ are elevated, eNOS is activated by detaching from caveolin 

(Bucci et al. 2000). The detachment of eNOS from caveolin can be influenced 

by NO agonists through the releasing of Ca2+ from the endoplasmic reticulum 

(Bae et al. 2003). NO agonists include adenosine tri-phosphate (ATP), 

bradykinin (BK), substance P, acetylcholine (ACh), adenosine di-phosphate 

(ADP) and thrombin (Moncada and Higgs 2006). Once the intracellular levels 

of Ca2+ are reduced, a signal is transmitted to open Ca2+ channels allowing 

extracellular Ca2+ to enter into the cells, this process is known as store-

operated Ca2+ entry (Schilling et al. 1992). In the cytoplasm of the cells, Ca2+ 

binds to the protein calmodulin and undertakes structural alteration which 

permits it to attach to eNOS, and this is followed by the conversion of L-arginine 

to NO. NO synthesis is largely based on the intracellular levels of Ca2+ in the 

endoplasmic reticulum and additionally the  level of Ca2+ that is diffused into 

the cells from extracellular stores (Palmer et al. 1988).  

 

The temporary elevated level of NO relies on the level of intracellular Ca2+. 

However, once this elevation reduces, other mechanisms are also activated to 

regulate NO production such as the phosphorylation of eNOS. 

Phosphorylation of eNOS arises through protein kinases, such as protein 

kinase A, cyclic guanosine-3’ and 5-monophosphate (cGMP) protein kinase 

dependent II. Shear stress also arises eNOS phosphorylation under the 

influence of protein kinase B (Akt) (Boo et al. 2002). Once NO is produced, it 

is transmitted across ECs to neighbouring SMCs where it attaches to the 

soluble enzyme known as guanylyl cyclase (sGC) allowing the activation of the 

enzyme. sGC catalysis and promotes the conversion rate of guanosine 

triphosphate (GTP) to cyclic guanosine monophosphate (cGMP), which 
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reduce SMCs tension therefore causing relaxation. Moreover, cGMP 

decreases Ca2+ secretion from the sarcoplasmic reticulum in the SMCs, and it 

also helps to restore Ca2+ to the sarcoplasmic reticulum. Both processes 

downgrade the contraction of SMCs (Cornwell et al. 1991).  

 

Prostacyclin (PGI2) is another vasodilator which binds to the SMCs 

prostacyclin receptors (IP), causing the activation of adenylate cyclase which 

promotes the synthesis of cyclic adenosine monophosphate (cAMP). cAMP 

then decreases SMC contraction and leads to vessel relaxation (Billington and 

Penn 2003). Another agent which causes the relaxation of SMCs is 

endothelium-derived hyperpolarising factor (EDHF) which hyperpolarises the 

underlying SMCs by making the membrane potential of the cell more negative 

(Sandoo et al. 2010). ECs producing other contraction agent (vasoconstrictive 

factors) are involved in maintaining vascular tone such as thromboxane (TXA2) 

and endothelin-1 (ET-1). The equilibrium in the activity of PGI2 (which leads to 

inhibition of platelet aggregation) and TxA2 (which causes platelet aggregation 

and vasoconstriction) is also involved in maintaining vascular homeostasis in 

healthy vessels. The importance of this equilibrium was highlighted when using 

selective cyclooxygenase inhibitors (COX-2) to downgrade inflammation and 

this reduced the synthesis of PGI2 without affecting the synthesis of TXA2 

(Masferrer et al. 1994). COX-2 is only expressed when the endothelium is 

damaged and exposed to inflammatory cytokines unlike COX-1 which is 

continually expressed in ECs (Needleman and Isakson 1997). 

 

1.3.3 Blood Fluidity 
 
ECs are involved in preventing platelet aggregation, adhesion and activation 

by the induction of platelet de-aggregation through the expression of 13 

hydroxyoctadecadienoic acid (13-HODE) on the cell surface. This leads to the 

production of NO and PGI2, allowing ATP and ADP metabolism by membrane 

ectonucleotidases and preventing the activity of thrombin (Verhamme and 

Hoylaerts 2006). Moreover, NO and PGI2 are not only one of the main 

vasodilators but they also play a vital role in platelet adhesion and aggregation 

inhibition. Generally, NO and PGI2 stimulate guanylate cyclase and adenylate 
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cyclase which have a fundamental role in platelet aggregation inhibition (Roger 

et al. 2010). The endothelium also functions as a natural anticoagulant 

mediator and the surface of the endothelium expresses thrombin receptor 

thrombomodulin which transforms thrombin from a procoagulant to an 

anticoagulant enzyme. The thrombomodulin-bound thrombin stimulates 

protein C and this process is facilitated by the presence of the adjacent EC 

protein C receptor. Protein C with the associated protein S cause 

downregulation of the coagulation cascade through the inactivation of FVa and 

FVIIIa. Furthermore, heparin-like sulphated glycosaminoglycan molecules are 

abundantly expressed in the surface of ECs. These molecules attach to anti-

thrombin, which allows the activation of it and this is the major inhibitor of 

thrombin and FXa (Michiels 2003; Verhamme and Hoylaerts 2006).  

 

1.3.4 Fibrinolysis 
 
Fibrinolysis is the process which arises when a blood clot is no longer needed 

for haemostasis, causing the fibrinolytic system to remove the clot and restore 

blood vessel flow. The fibrinolytic system involves the conversion of the 

proenzyme (plasminogen) to the active plasmin through two different 

activators which are the tissue-type plasminogen activators (t-PA) and 

urokinase-type plasminogen activators (u-PA). Plasmin is involved in the 

degradation of fibrinogen and fibrin into small soluble fragments of the blood 

clot (Krutsch 2011). The plasminogen t-PA is secreted by the ECs 

constitutively and once it is triggered, for example, by shear stress or by 

agonists such as thrombin or bradykinin. Meanwhile, the plasminogen u-PA is 

synthesised and secreted only by activated ECs, for example, in response to 

cytokines and growth factors (N. J. Brown 2006). ECs t-PA plays a vital role in 

the fibrinolytic system, but its activity is strictly regulated. Plasminogen 

activator inhibitor type-I (PAI-1) is a protein, that is considered the main plasma 

inhibitor of t-PA and u-PA and it is released by ECs once it is triggered by 

thrombin. An elevated level of PAI-1 activity is also known to be an 

independent risk factor for CVD (Nordt and Bode 2000). 
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 Atherosclerosis and endothelium dysfunction  
 
Atherosclerosis is a complex and chronic inflammatory disease which was 

originally believed to be caused by the build-up of fibrofatty plaque in the intima 

of medium and the large sizes of muscular wall arteries. In the past, 

atherosclerosis was assumed to be a passive process and an unavoidable 

aspect of aging. Nowadays however, it is well known that it is a complex 

disease which progresses and it involves the interplay of multiple mechanisms 

such as lipid metabolism, inflammation, ECM remodelling and cellular 

interactions (T. Wang and Butany 2017). 

 

1.4.1 Endothelial dysfunction 
 
As it has been discussed in Section 1.3, healthy endothelium maintains 

vascular homeostasis, releasing vasodilators and vasoconstrictors. The 

production of NO in particular inhibits homeostasis, inflammation and 

abnormal proliferation. NO knockout animal models not only exhibited 

vasoconstriction and hypertension, but also showed abnormalities in platelet 

and leukocyte interactions. Impairment of NO production caused an early 

vasoconstrictive/vasodilatory pathological response in vascular disease and 

repeatedly prior to the formation of atherosclerotic lesions (Gimbrone and 

Garcia-Cardena 2016). 

 

Disturbance in haemodynamics play a key role in the dysfunction of ECs and 

is a risk factor to CVDs as summarised in (Table 1-1). The role of 

hemodynamics could be recognised by non-random spreading of 

atherosclerotic lesions which have a strong tendency to occur in regions of 

high pressure flow disturbance such as the branch points of the aorta (R. A. 

Brown et al. 2017). There is evidence to suggest that ECs change their gene 

expression in response to shear stress. Laminar flow promotes the secretion 

of NO and COX-2. Moreover, Kruppel-like factor 2 (KLF2) (transcription factor) 

is highly expressed under laminar flow conditions and it has been shown to 

possibly prevent atherosclerosis by inhibiting inflammation. On the other hand, 

disturbed blood flow promotes the activation of the pro-inflammatory NF-κB 
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pathway and it also causes reorganisation of cytoskeletal proteins (Gimbrone 

and Garcia-Cardena 2013). There are several techniques that have used to 

measure endothelium dysfunction including invasive procedures such as 

measuring vessel vasodilation during angiography or non- invasive 

procedures such as monitoring the brachial arteries using ultrasound. The 

increased demand of evaluating endothelium dysfunction that is associated 

with atherosclerosis, has led to the discovery of various cytokines and 

inflammatory biomarkers that are associated with atherosclerosis, such as 

hsCRP. Although, single atherosclerotic biomarkers have a higher sensitivity, 

they lack specificity for their use in individual patients. Some techniques have 

emerged such as proteomics and metabolomics that test the panel of 

biomarkers, however, these techniques are still in very early stages (Gimbrone 

and Garcia-Cardena 2016). 

 

1.4.2 Lipid metabolism 
 
Hyperlipidaemia is defined as a high level of cholesterol or triglycerides in the 

blood and it is considered one of the main risk factors which could lead to 

endothelium dysfunction and atherosclerosis. Abnormal metabolism of lipids 

is a vital component of atherosclerosis progression. There have been studies 

which suggest that high plasma levels of low density lipoproteins (LDL) are 

atherogenic, however, high density lipoproteins (HDL) have been shown to be 

atheroma protective (Hurtubise et al. 2016). The atheroprotective feature of 

HDL is associated with its function as it transports the excess cholesterol from 

the periphery tissues back to the liver for degradation by bile secretion 

eventually being removed in the faeces. Statins are endogenous cholesterol 

synthesis inhibitors targeting 3-hydroxy-3-methylglutaryl coenzyme-A (HMG-

CoA) reductase. Statins reduce the risk of atherosclerosis as they inhibit HMG-

CoA reductase, and this is an enzyme which is involved in cholesterol 

synthesis. Fatty streaks occur in the early stages of atherosclerosis as a result 

of an elevated level of lipids in the circulating blood which cause lipid 

insudation in the intimal artery wall and this is particularly caused by LDL (T. 

Wang and Butany 2017). In the early process of lipid accumulations, 

cholesterol and phospholipids are exposed to oxidation by enzymes such as 
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lipoxygenases, myeloperoxidases, nitric oxide synthases and NADPH 

oxidases. Oxidation results in oxidised LDL (oxLDL) and reactive oxygen 

species (ROS) which are toxic and these promote endothelium dysfunction, 

inflammation and an increase in vascular permeability which eventually leads 

to atherosclerosis (P. Wang et al. 2019). Subsequently, an upregulation of the 

expression of leukocyte adhesion molecules begins to occur on the 

endothelium which promotes and attracts lymphocytes and recruiting 

macrophages. Macrophages normally take up LDL through endocytosis which 

is followed by LDL degradation via its lysosomes. However, they are not able 

to degrade oxLDL as fast as the degradation of LDL. Subsequently, more 

oxLDL leads to macrophages transforming into foam cells when they becomes 

immersed with cholesterol faster than it can be degraded, and this leads to the 

progression of atherosclerosis (Hurtubise et al. 2016). 

 

MicroRNAs (miRNA) are also demonstrated to play a fundamental role in lipid 

metabolism and a partial role in homeostasis via changing the equilibrium 

between LDL and HDL. MiRNA was found to be highly expressed in liver and 

it seems to regulate both HDL and LDL via indirect targeting of several genes 

that are involved in cholesterol synthesis, such as FAS, HMGCR and SREBP-

1 (Giral et al. 2016). There are other miRNAs that have showed an involvement 

in antagonising the LDL receptor (LDLR) such as miR-301b, miR-128-1, miR-

148a and miR-130b. LDLR is vital for hepatic uptake and for the degradation 

of LDL. In murine models, the suppression of miRNAs presented lower levels 

of LDL in the plasma. In addition to this effect of miRNA on LDL, miRNAs are 

also involved in regulating ECs dysfunction and in the inflammatory response. 

They are therefore considered as vital regulators of atherosclerosis-associated 

pathways (Novak et al. 2014). 

 

1.4.3 Inflammation and macrophages 
 
Endothelium dysfunction and abnormal metabolism of lipids results in the 

production of various pro-inflammatory molecules. Several cell adhesion 

molecules are also upregulated including VCAM1, P-selectin, CAMs and 

ICAM1 which result in an increased attachment of inflammatory cells. Initially, 
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circulating monocytes and leukocytes attach to CAMs on the surface of EC, 

however, chemokines are necessary for migration into subendothelial area. 

The most common chemokines that are expressed in atherosclerotic lesions 

are macrophage colony-stimulating factor (MCSF) which are involved in the 

progression of scavenger receptor protein synthesis and in the induction of the 

differentiation of monocytes into macrophages. Monocyte chemoattractant 

protein-1 (MCP-1) which initiates leukocyte integrin subsequently promoting 

monocyte recruitment. Interferon-γ (IFN-γ) is a protein which induces plaque 

progression and foam cell development (McLaren et al. 2011). 

 

Due to the increase of endothelium permeability, monocytes start to infiltrate 

into the subendothelial area where they become further differentiated into 

macrophages. Macrophages also take up oxLDL which makes them 

eventually to transform to foam cells. Macrophages are also involved in 

inducing inflammation, T lymphocyte activation and an increase in the 

recruitment of macrophages via the release of cytokines such as interleukin 1 

(IL-1), IL-6, IL-12, and MCP-1 (Tabas et al. 2015). The family of IL-1 cytokines 

promote the expression of CAM and regulates the activation of macrophages 

and lymphocytes. IL-6 is also involved in angiogenesis and re-vascularisation. 

In addition, it induces C-reactive protein (CRP) release and promotes the 

expression of vascular endothelial growth factor (VEGF) (Fatkhullina et al. 

2016). IL-12 is involved in T-cells activation. Matrix metalloproteinases are 

released by macrophages which could remodel the ECM by causing plaque 

instability.  

 

It has been previously shown that macrophages are often located near the 

sites of plaque rupture and this supports the theory that macrophages are 

involved in matrix degradation and in weakening plaque stability (McLaren et 

al. 2011). T lymphocytes are vital group of inflammatory cells which are in 

atherosclerotic lesions, and they are also major producers of IFN-γ as well as 

tumour necrosis factor alpha (TNF-α). These factors stimulate atherosclerosis 

by promoting macrophages activity and their oxLDL uptake. They also promote 

macrophage apoptosis and this occurs in the necrotic core and reduces plaque 

stability (Fatkhullina et al. 2016). TNF-α increase CAM expression and causes 
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vascular smooth muscle cell (vSMC) recruitment into the subendothelial 

space. Cytokines and inflammatory cells are therefore considered to be the 

key components of atherosclerosis progression as they are involved in multiple 

stages. A variety of inflammatory cells and cytokines are involved at all stages 

of the development of atherosclerotic lesion (McLaren et al. 2011).  

 

1.4.4 Vascular smooth muscle cells (vSMCs) implication 
 
Healthy vSMCs have a contractile and non-proliferative phenotype and they 

can be identified by the expression of smooth muscle actin alpha (ACTA2) and 

smooth muscle myosin heavy chain (MYH11). VSMCs are present in the 

tunica media, however in atherosclerotic lesions, they migrate to the tunica 

intima. When vSMCs are activated, they transform into proliferative cells with 

low expressions of MYH11and ACTA2. In addition, as they proliferate, they 

produce their own ECM proteins which increase the size of the atherosclerotic 

plaque and support plaque structural stability (Dubland and Francis 2016). 

 

VSMCs also take up LDL and transform into foam cells in atherosclerotic 

lesions. vSMCs that been cultured with cholesterol, showed a downregulation 

in the contractile phenotype, and the promotion of the expression of 

macrophage markers. Nevertheless, vSMC derived foam cells seem to have 

less phagocytic capability than macrophages (Bennett et al. 2016). It has also 

been shown that a population of vSMC marker expressing cells within 

atherosclerotic plaques are derived from myeloid lineage. Mesenchymal stem 

cells (MSC) are also involved in atherosclerotic plaques and this could explain 

the plasticity observed in these cells. Several cytokines and growth factors 

(GF) (in autocrine and paracrine signalling) induce vSMC activation and 

proliferation. Examples include platelet derived growth factors (PDGF), TGF-

β, basic fibroblastic growth factors (bFGF), IFNγ and TNFα (Tabas et al. 2015). 

The apoptosis and necrosis of vSMCs are also found in the necrotic core and 

this weakens the structural stability of the plaque. Ruptured areas have often 

shown to have smaller quantities of vSMC compared to those found in 

macrophages. The death of vSMC promotes inflammatory factors such as IL-

1, and this further induces inflammation and the dysfunction of ECs. 
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Neighbouring vSMCs that show viability have displayed signs of premature 

aging and the process of senescence is associated with β-galactosidase 

activity and increased production of pro-inflammatory IL-6 and MCP-1 (Bennett 

et al. 2016).  

 

1.4.5 Extracellular matrix (ECM) and calcification 
 
Within atherosclerotic lesion cellular composites react with and aggressively 

transform their ECM. Matrix metalloproteinases (MMPs) are a family of ECM 

degradation enzymes that are produced by macrophages. MMPs are one of 

the zinc dependent endopeptidases family of enzymes. Although the 

mechanisms are still unclear, various MMPs members are believed to have a 

role in inducing atherosclerotic lesions including MMP-2, MMP-8 and MMP-12 

through the induction of macrophages recruitment, and this may occur  due to 

the release of matrix entrapped GF and cytokines (Ketelhuth and Back 2011).  

MMPs have also been shown to be involved in atherosclerotic plaque 

destabilisation as they are found in the fibrous cap and shoulder of the plaque. 

An elevated level of MMPs family enzymes are associated with thinning of 

fibrous caps. Subsequently, MMPs could be used as a therapeutic target 

(Yurdagul et al. 2016).  

 

It is well established that atherosclerotic lesions undergo excessive 

mineralisation (K. Boström et al. 1993). This mechanism is regulated by the 

same enzymes that regulate physiological and pathological mineralisation and 

this includes bone morphogenetic proteins (BMP) which is a member of the 

transforming growth factor beta (TGF-ß) superfamily that play a vital role in 

inducing osteogenic lineage differentiation and calcification. BMP-2 and BMP-

4 have been identified in the atrial wall in both the tunica intima and tunica 

media, and both are regulated by the matrix Gla protein (MGP) (K. I. Boström 

2016). An MGP knockout mouse model demonstrated an excessive arterial 

wall calcification and die at 6 weeks (Borrás et al. 2015). Phosphate signalling 

is also considered to be a vital regulator of mineralisation and 

hyperphosphatemia stimulates vascular calcification. The nucleotide 

pyrophosphatase/phosphodiesterase 1 (NPP1) gene produces inorganic 
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pyrophosphate and this is a main inhibitor of calcification. Moreover, the 

RANK/RANKL signalling pathway which regulates osteoclast activity, is also 

involved with the stimulation of vascular calcification and osteoprotegerin 

appears to inhibit vascular calcification (K. I. Boström 2016). 

 

Although calcification and matrix remodelling in atherosclerotic lesions can 

dramatically reduce arterial elasticity and causes stenosis, it can be beneficial 

as it helps to strengthen the plaque and decrease the risk of plaque rupture 

(Nicoll and Henein 2017). Occasionally the stage of the atherosclerotic plaque 

may indicate whether calcification is beneficial or not however excessive 

vascular calcification is still a biomarker for the risk of CVD and an elevated 

risk of atherosclerosis development (Nicoll and Henein 2017).  

 

1.4.6 Genetics implications 
 
As with many diseases, rare hereditary conditions usually provide information 

about the pathology of a non-hereditary analogue. High levels LDL in the 

plasma was recognised as a clinical risk factor associated with atherosclerosis 

(Linton et al. 2000). There are various monogenic circumstances related to 

familial hypercholesterolemia such as an anomaly in the apolipoprotein B 

(apoB), LDLR and Proprotein convertase subtilisin/kexin type-9 (PCSK9) 

which was shown to encode a protein that destroys LDLR (Musunuru and 

Kathiresan 2016). Because LDLR and apoB react with each other, loss of 

function mutation, which is a type of mutation which lead to functionality lost, 

can impair LDL breakdown and uptake by the liver. On the other hand, gain of 

function mutation, which is a type of mutation that leads to obtaining a new 

function in PCSK9, can result in an overload of degradation of LDLR 

subsequently increasing the level of LDL in the plasma. The patients with these 

mutations have a significantly higher incidence of CVD (T. Wang and Butany 

2017). 

 

Patients with atherosclerosis lack a clear monogenetic abnormality, however 

genome wide association studies (GWAS) have identified single nucleotide 

polymorphisms (SNPs) which could be associated with an increased risk of 
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CVD these SNPs reviewed in (Kathiresan and Srivastava 2012). However, 

GWAS is limited as they lack clear conclusions. Moreover, these studies are 

based on a case control format, however, researchers demand a statistically 

significant and applicable relationship between SNPs and CVD, which GWAS 

did not provide (McPherson and Tybjaerg-Hansen 2016). It could be beneficial 

if genes with known associations with atherosclerosis, for instance apoB or 

any biomarker, can be used by epidemiologists to study relationships between 

these biomarkers and CVD using the method of Mendelian randomisation. 

However, this method can only be considered for only one genetic variant 

which is not always true when it comes to genes related to lipid metabolisms 

(Musunuru and Kathiresan 2016). Nevertheless, these methods have 

discovered hundreds of genes that could be involved in the risk of 

atherosclerosis progression. Current genetic understanding of atherosclerosis 

progression and of genetic factors might find a place in risk nomography, 

therefore it may impact clinical decision making in the future (Paynter et al. 

2016). 

 

 Hyperglycaemia and CVD 
 
1.5.1 Diabetes 
 
Diabetes mellitus (DM) is a chronic condition that is characterised by high 

plasma glucose concentrations in the blood stream also known as 

hyperglycaemia. Hyperglycaemia is as a result of either the pancreas not 

secreting enough insulin, or the cells of the body are not responding sufficiently 

to the insulin that been produced by inability to utilise glucose existing in the 

blood already (N. H. Cho et al. 2018). DM is considered to be the most 

prevalent metabolic disorder and it affects the metabolism of carbohydrates 

and lipids, the two major cellular substrates, causing disruption of metabolic 

pathways and resulting in the occurrence of harmful metabolites (Yaribeygi et 

al. 2019). 

 

In the UK, there are an estimated 4.5 million people suffering from DM. The 

direct expenditure on diabetes treatment costs the NHS around £10 billion 
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annually, which is equivalent to 10% of the NHS budget. Whereas, the indirect 

costs are estimated to be £23.7 billion. This is anticipated to increase to £39.8 

billion by the year 2035 to 2036 (Hex et al. 2012). It is anticipated that there 

are approximately 4 million deaths of people aged between 20-79 annually due 

to DM, around 46.1% of those deaths are of people under the age of 60. The 

overall healthcare spending is 727 billion US dollars in people suffering from 

DM aged between 20-79 and it estimated to increase to 850 billion on people 

aged between 18-99 (International Diabetes Federation 2017). By 2045, the 

estimated spending will cost 776 and 958 billion dollars respectively. Bommer 

et al. (2017) have predicted the cost for the ages between 20 to 79 to be 1.3 

trillion dollars.  

 

Type 1 diabetes mellitus (T1DM) is an autoimmune disease that is caused by 

the destruction of pancreatic b cells (M. J. Smith et al. 2017). The T1DM is 

considered as one of the most important risk factors for developing CVD. 

Moreover, T1DM patients have 2 to 10-fold increased risk of death from CVD 

compared to the normal populations (Pambianco et al. 2006). Furthermore, 

the relative risk for coronary heart disease mortality in patients with T1DM is 

2-fold compared to patients with a risk of T2DM (P. Wang et al. 2019). There 

is also more than a 2-fold increased risk of death from CVD for patients with 

T2DM compared with patients without diabetes. In addition, more than 75% of 

all deaths recorded were amongst patients with diabetes mellitus (Selvin et al. 

2004). CVD caused by atherosclerosis is the main cause of mortality 

worldwide (P. Wang et al. 2019). It is now widely known that endothelial 

dysfunction plays an early and critical role in the development of 

atherosclerosis and cardiovascular complications, in particular for patients with 

diabetes due to hyperglycaemia (Wils et al. 2017). With regards to these 

observations, the increase in incidence of endothelial dysfunction in diabetic 

patients has been recently considered to be a strong independent indicator of 

the occurrence of cardiovascular onsets. It has also become a potential 

pharmacological target regarded with interest to improve cardiovascular 

outcome and prevents its occurrence (van Sloten et al. 2014). 
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1.5.2 Hyperglycaemia and CVD progression  
 
Data from human and animal model studies support the direct proatherogenic 

role of hyperglycaemia in affecting vascular cells; ECs and vSMCs. It has been 

suggested that hyperglycaemia is atherogenic, particularly at the level of the 

arterial endothelium and promotes atherosclerosis (Bornfeldt and Tabas 

2011). 

 

 Increased Formation of Advanced Glycation End-Products 
(AGEs) and Activation of the AGEs-RAGE Axis  

 
Glycation occur when glucose nonenzymatically binds to proteins, and this 

process is promoted and accelerated in the presence of oxidative stress, 

hyperglycaemia and inflammatory reactions. Glycation initiates when the 

aldehyde group of sugars interact with amino acids to develop Schiff's base 

and this undergoes a sequence of alterations to create Amadori 

rearrangement products. In the early stages of glycation, haemoglobin A1c 

(HbA1c) and glycoalbumin proteins are formed, which undergoes a range of 

complex reactions, such as oxidation, dehydration, and condensation to form 

advanced glycation end products (AGEs). AGEs are involved in each step of 

atherosclerosis onset by increasing ECs expression of adhesion molecules 

that lead to accelerating monocyte recruitments into subendothelial space, 

also promoting monocytes maturation to macrophages (Yamagishi and Matsui 

2018). 

 

LDL is modified to form oxLDL and AGE- modified LDL which are recognised 

by scavenger receptors on macrophages and the direct transformation of 

macrophages into foam cells (Chistiakov et al. 2016), AGEs also stimulate 

macrophages to secrete cytokines. In addition, AGEs decrease the expression 

of ATP-binding membrane cassette transporter- A1 (ABCA1) and ABCG1 

expression on monocytes leading to the inhibition of reverse cholesterol 

transport. Moreover, AGEs promote vasoconstriction by enhancing 

endothelin-1 levels, decreasing vasodilation by diminishing NO levels, and 

stimulating AGE-modification of ECM to accelerate the onset of 

atherosclerosis. Furthermore, AGEs induce VEGF production causing the 
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induction of the pathological neovascularisation in plaques which are involved 

in plaques rupture and instability. AGEs also induce clot formation by 

upregulating the coagulation system factors and downregulating fibrinolysis 

through enhancing the production of plasminogen activator inhibitor 1 (PAI-1) 

(Yamagishi and Matsui 2018).  

 

Receptor for AGE (RAGE) is a cell surface receptor that recognises AGEs and 

it has been found in ECs, macrophages, SMCs, pericytes, mesangial cells, 

and other cells that play fundamental roles in the formation and progression of 

atherosclerosis in diabetic patients. RAGE expression is high in atherosclerotic 

plaques of patients with DM (Cipollone 2007). When AGEs bind to RAGE, 

various intracellular signalling pathways such as extracellular signal-regulated 

kinase (ERK), phosphoinositide 3-kinase (PI3K), c-Jun N-terminal kinase 

(JNK) and p38 are initiated to stimulate the action of nuclear factor-κB (NF-κB) 

and cAMP response element binding protein. This signalling pathway is 

mediated by reactive oxygen species (ROS) that are synthesised in ECs and 

macrophages via the stimulation of nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase. When AGEs bind to RAGE on ECs, the 

induction of adhesion molecules expression and the release of cytokines and 

growth factors occurs. AGEs also stimulate monocytes to produce and release 

several cytokines such as TNF-α and IL-6. The AGE- RAGE axis also induces 

the recruitment and proliferation of SMCs and the increased production of 

ECM via activating TGF-β (Yamagishi et al. 2017).  

 

 Activation of the Polyol Pathway 
 
The polyol pathway consists of mainly two steps. The first step is the 

production of sorbitol (type of sugar) from glucose through the aldose 

reductase (AR) in conjunction with nicotinamide adenine dinucleotide 

phosphate reduced form enzymes, this causes a reduction in glucose. The 

second step is the oxidisation of sorbitol to produce fructose through sorbitol 

dehydrogenase and nicotinamide adenine dinucleotide (NAD). In healthy 

tissues, glucose uptake by calls is mediated by insulin-independent glucose 

transporters such as glucose transporter 1. Glucose which has been taken into 
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the cell has a high affinity to glucokinase and undergoes excessive 

phosphorylation, however 5% of glucose does not undergo phosphorylation 

and it is metabolised directly via the polyol pathway into sorbitol and fructose. 

In the presence of high glucose levels in the blood stream, the percentage of 

glucose metabolised through the polyol pathway increases four- to five-fold 

(Chung et al. 2003).  

 

Previous research has shown that the initiation of the polyol pathway induces 

vascular damage directly and indirectly through fructose and its metabolites 

called the glycating agents such as triose phosphate, methylglyoxal, fructose 

3-phosphate, and 3-deoxyglucosone. An increased production of fructose and 

its metabolites promote an increased production of AGEs (Tsukushi et al. 

1999). An alternative pathway in the polyol pathway occurs where NADPH is 

converted to NADP and NAD, NAD is subsequently converted to NADH. The 

depletion of NADPH reduces the production of glutathione, which leads to the 

acceleration of oxidative stress. Moreover, NADH is the substrate for NADH 

oxidase to generate ROS (Cheng and Gonzalez 1986; Morre et al. 2000). 

Finally, an increase in NADH levels promotes glycerol- 3-phosphate to be 

elevated, which consequently leads to protein kinase C (PKC) activation (N. 

Katakami 2018). 

 

 Activation of Protein Kinase C (PKC) 
 
PKC is a serine/threonine kinase which  is triggered by calcium and 

diacylglycerol (DAG) (a phospholipid metabolite) and other substances play a 

vital role in intracellular signalling pathways which are promoted by cytokines, 

growth factors, and vasoactive agents (Newton 2003). PKC isoforms can be 

categorised by their structure and activation mechanisms into classical (or 

conventional) PKC (cPKC), novel PKC (nPKC), and atypical PKC (aPKC) 

(Steinberg 2008). 

 

In the event of hyperglycaemia, an increased amount of glucose is taken up 

into cells, subsequently causing de novo synthesis of diacylglycerol (DAG) 

from glucose due to the acceleration of glycolytic process. Since in the 
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presence hyperglycaemia, the polyol pathway and poly (ADP-ribose) 

polymerase are triggered, the NADH/NAD+ ratio is elevated and the NAD-

dependent glycolysis from glycer-aldehyde 3-phosphate (GAP) to pyruvic acid 

and aldose to pyruvic acid is inhibited. On the other hand, levels of 

dihydroxyacetone phosphate (DHAP), a ketose, are elevated, which leads to 

the induction of DAG production and this activates cPKC and nPKC (Koya and 

King 1998). Experiments that were conducted in diabetic animal models have 

shown that an increase in DAG levels in the heart, aorta, and renal glomeruli 

is associated with the activity of cPKC (α, β1, β2) and nPKC (δ, ε). Also, an 

increase level of oxidative stress related to DM is a fundamental stimulus for 

PKCs (Takeshi et al. 2000). 

 

 Elevation of O-GlcNAc Protein Modifications 
 
Glycosylation is a process of adding a carbohydrate molecule to a protein or 

fat. O-linked N-acetyl- glucosamine (O-GlcNAc) is protein glycosylation 

described as adding a single sugar called N-acetylglucosamine (GlcNAc) to 

serine and threonine residues (amino acids), and this reaction occurs in 

nuclear and cytoplasmic proteins. More than 1,000 proteins are known to be 

O-GlcNAcylated. It is believed that O-GlcNAcylation is involved in protein–

protein associations and complex protein stability through affecting multiple 

signalling pathways. Abnormal O-GlcNAcylation might be associated with 

some diseases including DM (Slawson et al. 2010).  

 

Hyperglycaemia leads to high intracellular glucose levels, resulting in 

increased levels of fructose-6-phosphate and its metabolite glucosamine-6- 

phosphate that is altered by glutamine (fructose-6- phosphate 

amidotransferase). Glucosamine-6-phosphate is transformed to N-acetyl- 

glucosamine-6-phosphate (GlcNAc-6-P) and this is eventually transformed to 

UDP-N-acetylglucosamine (UDP-GlcNAc). O-GlcNAc transferase (OGT) uses 

UDP-GlcNAc as an agent to facilitate the binding of N-acetylglucosamine to 

proteins. Conversely, N-acetylglucosaminidase (O-GlcNAcase or OGA) 

detaches N-acetylglucosamine from O-GlcNAcylated proteins. Recent 
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research has suggested that the progression of diabetic macrovasculopathy is 

associated with O-GlcNAcylation levels (N. Katakami 2018).  

 

O-GlcNAcylation levels are significantly higher in ECs of carotid plaques 

acquired from diabetic patients than those from non-diabetic patients. In 

healthy human coronary ECs NO synthase (eNOS) is stimulated by 

phosphorylation of serine 1177 on eNOS. In the case of hyperglycaemia, O-

GlcNAcylation by eNOS at serine 1177 is initiated, ultimately inhibiting eNOS 

activation (Du et al. 2001; Federici et al. 2002).  

 

 Enhancement of Oxidative Stress 
 
Elevated oxidative stress accelerates the development of atherosclerosis and 

increases the risk of CDV by inflammatory reactions, ECs dysfunction, 

thrombogenic affinity, plaque instability, and the recruitment, proliferation, and 

transformation of SMCs (Giugliano et al. 1996). In diabetic patients, oxidative 

stress is increased due to glucose autoxidation, enhanced glycation, activated 

AGEs-RAGE axis, increased polyol pathway, impaired glutathione redox 

cycle, activated PKCs, and the production of ROS in mitochondria (Takeshi et 

al. 2000). In normal and healthy physiological conditions, superoxides are 

produced in the mitochondrial electron transport chain as a result of oxidative 

phosphorylation. However, in hyperglycaemia conditions, glycolysis is 

promoted which results in a promotion of electrons flow to the mitochondrial 

electron transport chain and the creation of superoxides in cells. To normalise 

that, mitochondrial superoxide may inverse the elevation of AGEs by activation 

of the hexosamine pathway and PKC which eventually leads to an increase in 

oxidative stress (Takeshi et al. 2000). 

 

ROS interact with molecules in the body, including fats, proteins, and nucleic 

acids leading to deterioration and alteration of their function. ROS promotes 

the expression of many genes via direct effects or by either inducing AGE 

production or activating PKCs signalling pathway, which leads to the 

occurrence and progression of the disease or its complications. There are 

some genes which are affected by ROS including genes coding for catalases 
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and other anti-oxidant enzymes, metallothionein-1 hemeoxygenase-1 and 

other stress-response proteins, VCAM-1 and other cell adhesion molecules, 

VEGF, monocyte chemoattractant protein-1 (MCP-1), and other cellular 

growth factors and cytokines. When oxidative stress was elevated, these 

genes are expressed with the aid of activated transcription factors, such as 

NF-κB, AP-1, and serum response factor (SRF) that are regulated by the 

intracellular redox status (N. Katakami 2018).  

 

Oxidative stress also plays a vital role in the proliferation of vSMCs which has 

been indicated to be involved in the stimulation of proto-oncogene Pim-1 by 

oxidative stress in the pathogenesis of atherosclerosis. PDGF and 

RAGE/STA3 signalling pathways are upstream of the stimulation of Pim-1 

(Naoto Katakami et al. 2004).  

 

 Surgical treatment and other procedures for CVD 
 
Although there has been a gradual increase in the risk profile of patients, 

advances in interventional techniques, anaesthetic management and post-

operative care has significantly improved the outcomes of patients with CVD.  

 

Choice of intervention is mainly dependent on the location, extent and 

distribution of the atheroma. Increasingly, atherosclerotic lesions can be 

treated by percutaneous transluminal angioplasty, (PTA), commonly known as 

“balloon angioplasty” which was first described in the late 1970s (Gruntzig 

1978). Moreover, all risk factors of CVD listed in (Table 1-1) influence the 

approach to treatments. Angioplasty is performed by inserting a balloon into 

the narrowed artery to dilate the artery (Figure 1-6). Also, this process can be 

performed with the use of stents. Stents are expandable metal scaffolds that 

function by physically opening and supporting closed or blocked arteries 

(Figure 1-6). Stents were first applied in animals by Dotter in 1969, and the 

first animal studies of coronary arterial stent endoprosthesis were published in 

the late 1980s. The first human stent placement clinical trial was published in 

1987. The early indications for stent placement were in treatment of restenosis 

after initial successful angioplasty, management of acute vessel closure during 
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angioplasty (“bailout stenting”) and treatment of narrowed vessels (Roberts 

and Redding 2000). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

One of the most common form of open surgical treatments for CAD and PAD 

is bypass graft surgery which is a procedure that restores blood flow to the 

muscles by redirecting the flow of blood around a section of a blocked artery 

using an appropriate conduit. Diabetic patients with CAD mostly undergo 

coronary artery bypass graft surgery (CABG) rather than angioplasty or 

stenting, and this is mostly due to serious complications that stenting cause on 

endothelium (Cornelissen and Vogt 2019). Moreover, Marui et al. 

demonstrated that CABG had better survival rates that stenting (Marui et al. 

2014). CABG is an established procedure for patients with serious angina 

pectoris and life-threatening ischaemic heart disease (Engblom et al. 1992). 

Coronary and peripheral artery bypass grafting is commonly used to relieve 

the symptoms of angina and other vascular deficiencies (Hawkes et al. 2006). 

Coronary and peripheral vascular bypass grafting is now performed more than 

Figure 1-6: Angioplasty and Stent Angioplasty. 
A) A blocked vessel with a fatty deposition which blocks the blood flow. B) A 
balloon positioned at the desired site using a balloon catheter which is followed 
by the inflation of the balloon which then causes vessel dilatation. C) A balloon-
expandable stent is positioned at the desired site using a balloon catheter. 
Then the balloon is inflated, expanding the stent. The catheter is then deflated 
and removed, leaving the implanted stent in place. Images created using 
Servier Medical Art. 
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600,000 times annually in the United States and in Europe for cardiovascular 

disease, however it causes significant constraints and complications (Seifalian 

et al. 2002). 

 

The replacement of the damaged vessels by the biological autologous vessels, 

including the saphenous vein of the leg in particular, internal mammary artery 

of the cheat wall and radial arteries of the upper limb is the most commonly 

and widely used substitutes in CABG, due to their high mechanical properties 

(Tiwari et al. 2001). However, 10% to 30% of patients do not have veins 

suitable for vascular reconstruction due to previous surgery, or venous 

abnormalities or small calibre veins (Veith et al. 1979). Moreover, autologous 

grafts are limited by their availability, need for additional surgeries, donor site 

morbidity, and ∼30% failure rates after 10 years (S. Li et al. 2014).  

 

Therefore, early attempts since the 1950s to develop a blood vessel substitute 

focused on the use of bypass grafts engineered from synthetic materials such 

as Dacron, and expanded polytetrafluoroethylene (ePTFE), which are 

currently commercially available synthetic grafts (Y. Song et al. 2011). The 

replacement of large or medium grafts (>6mm in diameter) have been 

successfully achieved with these materials. On the other hand, small 

diameters synthetic grafts (<6mm mm) have rapidly failed due to the event of 

thrombosis and intimal hyperplasia (Clowes et al. 1986). Patency of ePTFE 

prostheses is 40–50% (5 years) when used to bypass the proximal popliteal 

artery and 20% (3 years) when used for infrapopliteal bypass. The use of 

Dacron or ePTFE for small diameter blood vessels results in complications 

including aneurysm formation, calcification, infection, and a lack of growth 

potential for paediatric applications (Bordenave et al. 2008; Couet et al. 2007). 

Synthetic graft failure is mainly related to the regeneration of a non-functional 

endothelium and a mismatch between the mechanical properties of synthetic 

grafts and native blood vessels (Couet et al. 2007).  

 

Synthetic graft failure can be divided into 3 categories: early, midterm, and late 

failures. Early failures usually occur 30 days after the implantation which is 

mainly associated with flow disturbances, technical complications, or acute 
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thrombosis. Midterm failures occur between 6 months to 2 years after the 

implantation and there are mainly due to intimal hyperplasia. Late failures 

occur usually after more than 2 years and this is mostly due to atherosclerotic 

disease (Thomas et al. 2013).  

 

Deutsch et al. succeeded to improve patency of ePTFE by developing a 

procedure for the autologous in vitro endothelialisation in the inner side of 

ePTFE prostheses which were coated with fibrin to allow higher seeding 

efficiency of autologous ECs in vitro. For the first time after 15 years of clinical 

use, reendothelialised ePTFE prostheses displayed patency rate similar to 

vein grafts after implantation (Deutsch et al. 2009). Synthetic vascular tissue 

engineering grafts have become a promising approach to overcome the limits 

of autologous grafts and commercially available synthetic grafts. 

 

 Vascular tissue engineered grafts (TEVG) 
 

Tissue engineering is the field that applies the principles of engineering and 

life sciences towards the development of biological substitutes that restore, 

maintain or improve tissue functions (Arrigoni et al. 2006). In order to 

regenerate or restore new tissue function, three different approaches are 

commonly applied: (I) guided tissue regeneration using engineered matrices, 

(II) injection of cells or (III) implantation of cells seeded within matrices (Fuchs 

et al. 2001). Considering the most frequently used approach, cells are seeded 

within a degradable scaffold that provides the three-dimensional space 

needed for the development of new structured tissue, and subsequently 

cultured in vitro. Scaffolds are very important in tissue engineering, there are 

three-dimensional pore structures of a scaffold which allows the cells to 

adhere, migrate, proliferate and differentiate and to secrete ECM. The scaffold 

then slowly degrades into degradation products that are non-toxic and can be 

excreted by the kidneys, with only the functional tissue remaining in place (Y. 

Song et al. 2011). Figure 1-7 shows an overview for the most approach that 

been used to construct a vascular graft. 
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There are substantial requirements that must be met in order to mimic the 

functional characteristics of a living blood vessel. Tissue engineered blood 

vessels (TEVGs) should have certain requirements such as having non-

thrombogenic activity, exhibiting vaso-activity and possess mechanical 

properties matching those of the native vessel (Cattaneo et al. 2013). Further 

requirements for a successful TEVG are summarised in (Table 1-2). Due to 

the thrombotic events that arise in small diameter synthetic graft that cause a 

graft failure and attempts to improve synthetic grafts have been made in order 

to promote graft potency. For example, embedding grafts with anti-thrombotic 

drugs (Engbers and Feijen 1991) or seeding with ECs onto the inner surface 

of prosthetic grafts to decrease the surface thrombogenicity (Suggs et al. 

1992). The challenges faced by the approach of tissue engineering for 

replacing blood vessels are fundamental. They include providing an elastic 

vessel wall that can withstand cyclic loading, matching the compliance of the 

graft with the adjacent host vessel, and a lining for the lumen that is anti-

thrombotic (X. Wang et al. 2007).  

 

 

Biocompatibility 

 

Nontoxic 
Non-immunogenic 
Non-thrombogenic 

Resistant to infection 
Maintain endothelium function 

Can use for paediatric applications 

Mechanical properties 

Compliance similar to native 
vessels 

Burst pressure similar to native 
vessels 

Tensile strength similar to native 
vessels 

 

Processability 

 

Good suture retention 
Low manufacturing costs 

Sterilisable 
Ease to storage 
Ease to handling 

Table 1-2: Requirements of a successful tissue engineered vascular 
graft.  
 

The first TEVG which mimicked all three anatomical native vessel layers was 

reported by Weinberg and Bell in 1986. They generated a vessel by seeding 
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cultured bovine aortic ECs, SMCs, and adventitial fibroblasts onto a thin 

Dacron mesh scaffold coated with collagen. They casted culture media, SMCs 

with collagen together in an annular mould which eventually formed a jelled 

layer at 37oC after a few minutes. This layer corresponded to the tunica media 

of a native vessel, a tubular structure was constructed by using a mandrel in 

the centre then the jelled layer was wrapped around it. This layer was then 

surrounded by a mesh of Dacron followed by casting adventitial fibroblasts 

around the tube. Finally, ECs were injected into the luminal side (H. G. Song 

et al. 2018; Weinberg and Bell 1986). Although this graft formed adjacent ECs 

lining which was permeable barrier that allowed molecules infiltration, it was 

also biochemically active with vWF and PGI2 secretion, however, the burst 

pressure strength was significantly lower than native vessels at 120-180 

mmHg for their constructed vessel and 2000-3000mmHg for native vessels 

(Konig et al. 2009).  

 

Another study was attempted and conducted by L’Heureux et al in 1998. This 

model was initially developed from the work on skin substitutes made from 

cells with a self-assembly methodology. The cell self-assembly model is made 

with intact layers of human vascular cells grown to above confluent levels to 

form viable sheets of cells and the ECM. To assemble a construct, a SMC 

sheet was rolled over mandrel to create a tubular structure, forming the medial 

layer. Similarly, a fibroblast sheet was rolled over the top of the SMC sheet to 

form an adventitial layer. The tube was cultured to reach maturity over a time 

span of 8 weeks. During maturation, the cells resumed a circumferential 

orientation and secreted bulky amounts of ECM. The fibroblasts in particular 

secreted and organised matrix proteins that promoted the structural 

characteristics of the tissue analogy. Such grafts were able to withstand 2600 

mmHg pressure before bursting. Human ECs were then injected onto the 

luminal side to form endothelium. However, the potency only lasted up to 

approximately 7 days and after this time, half of the graft survived (Greco Song 

et al. 2018; L'Heureux et al. 1998).  
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1.7.1 Materials used to construct vascular grafts  
 
Over the past 50 years, many studies have investigated the foundation of 

tubular structures and scaffolds that under physiological conditions behave 

similarly to natural blood vessels. Polymeric materials are widely used for this 

purpose, and they can be categorised into three main types: natural polymers, 

synthetic polymers and self-assembled cell sheets (Y. Song et al. 2011). The 

advantages and disadvantages of each approach for TEVG are summarised 

in (Table 1-3). An ideal small diameter vascular scaffold should have several 

key properties: (1) it should optimise  interaction between cells and the 

scaffold, support cell adhesion and ECM secretion and deposition, (2) allow 

transport of gases, metabolites and nutrients to support cell viability, 

proliferation and differentiation, (3) its degradation products must be non-toxic 

and (4) it should not trigger an inflammatory response in vivo (60) and should 

be non-thrombogenic (Saxena 2010). 
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Figure 1-7: Overview of tissue engineering approaches which may be used to construct a vascular graft/replacement. 
Autologous cells could be isolated from patients and further cultured to be used for vascular construction. (A) Synthetic or natural 
materials could be utilised to form porous scaffolds followed by seeding SMCs in the outer layer and ECs into the lumen. (B) Isolated 
SMCs and FBs could then be further grown to form sheets, before the sheets are rolled around a mandrel to create a tubular structure 
with ECs seeded into the lumen. (C) Xenogeneic grafts from anther species were decellularised followed by seeding SMCs in the 
outer layer and ECs in the lumen. All grafts would then be placed into a bioreactor prior to implantation for further culture. Finally, the 
graft could be implanted. N/S = natural/synthetic; SMCs = smooth muscle cells; EBs = fibroblast; decell= decellularised; TEVG =tissue 
engineered vascular graft. Images created using Servier Medical Art 
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Vessel type Benefits Drawbacks 
Referenc

e 

Natural 
polymers 

- Nonimmunogeni

c 

- High cells 

attachment 

- Source readily 

available 

- Potential 

transmission of 

disease if 

animal-derived 

- Low 

mechanical 

properties 

- Polymer 

enforcement 

(Marelli et 

al. 2012) 

Synthetic 
polymers 

- Easy to replicate 

- Good 

mechanical 

properties 

- Thrombus 

formation and 

hyperplasia in 

small-diameter 

arteries 

- Immune 

rejection 

- Compliance 

mismatch 

(Patterson 

et al. 

2012) 

Decellularise
d natural 
tissues 

- Preservation of 

the mechanical 

integrity 

- 3D 

microarchitectur

e and ECM 

proteins same 

as native tissue 

- Not optimal 

decellularisatio

n leads to 

immune 

rejection 

- Potential 

transmission of 

disease if 

xenogeneic 

(Birchall 

and 

Hamilton 

2012) 

Self-
assembled 
cell sheets 

- Nonimmunogeni

c 

- High-resistance 

vessels 

- Long 

manufacturing 

time 

- Mechanical 

properties 

(Peck et 

al. 2011) 
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dependent on 

cell type 

Table 1-3: Overview of the comparison of each approach used for 
tissue engineered vascular graft constructs. 
 

 Scaffold based on natural polymers 
 
Most natural polymers are intensification polymers and their water 

percentages are low and considered as a by-product in their formation from 

monomers. Some of the major advantages of natural polymers are that their 

chemical compositions are similar to the materials present in the human body 

and they promote cellular activity as these polymers are similar to their ECM. 

On the other hand, many naturally derived polymers do not provide all the 

requirements for an adequate scaffold due to insufficient mechanical strength 

that is needed for a vascular graft (Pok and Jacot 2011). There are many 

natural polymers that have been used to construct vascular grafts including 

collagen (Ravi and Chaikof 2010), elastin (Kurane et al. 2007), silk fibroin 

(Enomoto et al. 2010), fibrin (Christman et al. 2004), gelatine (Matsumura et 

al. 2008), chitosan (Sun et al. 2004) and hyaluronic acid (Pok and Jacot 2011). 

However, collagen, elastin, fibrin and silk fibroin are wildly used for this 

purpose. 

 

 Collagen and Elastin  
 
The mechanical strength of a blood vessel is mainly derived from collagen and 

elastin, both of which are produced by the SMCs in the tunica media (Ozolanta 

et al. 1998; Potente and Makinen 2017). Collagen is the major component of 

the ECM in the skin, bone, and connective tissue and the most abundant 

mammalian protein. Indeed, collagen is such a prevalent protein in vessel 

walls that many research groups often use collagen substrates for TEVG. In 

fact, collagen is the most abundant protein that been found in vascular ECM. 

In addition, it forms about a quarter of the total protein substance in many 

animals (J. W. Smith 1968). There are currently 29 kinds of collagen that have 

been identified, however, 90% of the collagen in the body are types I, II, III and 

IV. In vertebrates, around 22% of the total protein substance is of collagen type 
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I and in vascular tissue (such as the aorta), 80-90% of the collagen substance 

is of type I or III (Panagiotis 2013). In addition, due to the biocompatibility and 

biodegradability of collagen, this protein has frequently been used in 

biomedical applications (Berglund et al. 2003). Moreover, collagen gels that 

are reconstituted from purified collagen are ideal in artificial blood vessel 

development due to their low inflammatory and antigenic responses (Nicolas 

and Gagnieu 1997). Furthermore, integrin binding sequences in collagen allow 

for cell adhesion during fibrillogenesis (Ravi and Chaikof 2010). A main 

drawback for the use of collagen fibres is their limited strength and stiffness. 

According to Girton et al., an attempt was made to obtain TEVG with sufficient 

mechanical properties by crosslinking with glycation to increase the strength 

and rigidity of the collagen scaffolds, however their burst pressures were still 

limited to approximately 225 mmHg (Girton et al. 1999). To improve on these 

drawbacks, a number of strategies have been explored including chemical 

cross-linking and cyclical straining (Seliktar et al. 2000). Other substances 

have also been explored such as 1-ethyl-3-[3- 

dimethylaminopropyl]carbodiimide hydrochloride and N-

hydroxysulfosuccinimide and gellated on a nanopatterned 

polydimethylsiloxane surface or blending with other polymers such as Matrigel, 

poly (ester urethane) (Zorlutuna et al. 2010), or polycaprolactone (PCL) 

(Radisic et al. 2004). Another disadvantage of using of collagen is that can 

bind platelets, causing, platelet activation, pro inflammatory cytokines 

secretion and thrombus formation and growth (Hansen et al. 2011).  

 

Elastin is a protein secreted by the SMCs and it is responsible for the elastic 

properties of a blood vessel. It enables vessels to stretch and pulls the vessel 

back to its original diameter (Niklason et al. 1999). Elastin allows the vessels 

to return to their original dimensions after each pulsation of the blood flow. 

Although elastin has been used much less compared to collagen, some 

researchers have successfully created an elastin scaffold (Kurane et al. 2007; 

Leach et al. 2005). Elastic fibres were only applied in a small number of 

engineered vascular constructs, however, the lack of elasticity in the grafts can 

be one of the major reasons for failure (Kurane et al. 2007). Elastin has also 
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been used with collagen to improve mechanical strength and to mimic the 

biological mechanical strength of native vessels (Kumar et al. 2013). 

 
 Fibrin 

 
Fibrin also has been used for various engineered tissue applications such as 

those in muscle tissue engineering (Y. C. Huang et al. 2005). Fibrin is the 

insoluble component of the blood protein fibrinogen. They are also produced 

from a patient’s own blood thus they can be used as an autologous scaffold 

for seeded cells without the potential risk of transplant rejection. The 

degradation by cell-associated enzymes can be controlled by the use of a 

protease inhibitor such as aprotinin. Furthermore, fibrin binds to different 

integrin receptors to regulate cytokine gene expression in addition to regulation 

of inflammation. A study showed that seeding skeletal myoblasts into a fibrin 

scaffold which was then implanted onto the left ventricle of rats, had increased 

cell survival, decreased infarct size, and increased blood flow to ischemic 

myocardium compared to injected myoblasts (Christman et al. 2004). 

However, fibrin scaffolds have displayed shrinking activity during the gel 

formation process and had low mechanical strength (Jockenhoevel et al. 

2001). It has been suggested that blending fibrin with other biomaterials to 

improve cell viability by blending a fixing agent such as poly-L-lysine to prevent 

the shrinkage as well as using a fibrin coating over a polymeric mesh might 

improve mechanical strength (G. Zhang et al. 2006).  

 

 Silk fibroin 
 
Silk fibroin is considered the most recent biopolymer that been widely used for 

TEVG as the main component (Cattaneo et al. 2013). Silk that has been either 

derived from silkworms or orb-weaving spiders displayed good quality features 

that are useful for TEVG, and this includes its biocompatibility, its ability to be 

sterilised easily, morphological flexibility, its ability to immobilise growth 

factors, excellent mechanical factors, environmental stability and controlled 

proteolytic degradation (Vepari and Kaplan 2007). Silk fibroin grafts have 

demonstrated a higher patency compared to ePTFE scaffolds in rat model 

(Enomoto et al. 2010). Moreover, silk fibroin have been used with collagen and 
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gelatine to improve electro-spun mechanical properties (S.-D. Wang et al. 

2010) and collagen gel grafts were reinforced with silk fibroin to promote 

mechanical properties of collagen gel (Paternotte et al. 2012). Modified fibroin 

fibres using chlorosulfonic acid formed a sulfated fibroin which demonstrated 

antithrombogenicity properties (H. Liu et al. 2011). Heparin was also involved 

in successfully improving silk fibroin antithrombogenicity properties in 

bilayered vascular grafts (S. Liu et al. 2013). 

 

 Scaffolds based on synthetic polymers 
 
Advances in biomaterial design have been directed towards the generation of 

suitable materials that not only mimics the native vascular tissue’s mechanical 

properties but also promotes cell growth, inhibits thrombogenicity, and 

facilitates ECM production. Synthetic materials have been used in TEVG for a 

variety of reasons, mainly due to the ease and flexibility of manipulating their 

mechanical properties (Ravi and Chaikof 2010). Synthetic polymers can by 

divided into non-degradable polymers and degradable polymers. The main 

advantages of degradable polymer over non-degradable are that the 

degradation rate can be controlled and the potential of its use for paediatric 

application. However, some biodegradable synthetic polymers release acidic 

degradation products that can accumulate at the implantation site leading to 

interruption of natural tissue growth (Cheung et al. 2007). The development 

of a fully functional implantable TEVG remains number one golden 

research aim. 

 

 Non-biodegradable polymers 
 
1.7.1.2.1.1  Expanded polytetrafluoroethylene (ePTFE) 
 
Expanded polytetrafluoroethylene is also known as Teflon or Gore-Tex and it 

is a rigid and synthetic fluoropolymer with multiple strong carbon–fluorine 

bonds of tetrafluoroethylene. It is made more microporous by extrusion and 

sintering to form expanded PTFE (ePTFE) (Gruber 1987). 

 

ePTFE is non-biodegradable with an electronegative luminal surface which is 
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antithrombotic and it is now widely used for lower limb bypass grafts (4-8mm) 

(Desai et al. 2011). ePTFE vascular grafts were first applied clinically in the 

mid-1970s, and since then it has been widely used in biomedical applications 

(Guidoin et al. 1993). Their main  application is in vascular surgery, where they 

can be used as a blood conduit for arterial and venous reconstruction (Amato 

et al. 1989). In addition, ePTFE patches have been produced to repair 

transmural defects surgically preformed in the right ventricular outflow tracts 

of adult rat hearts. The results showed an increased thickness of patches, but 

no changes in sizes after 8 weeks of implantation (Ozawa et al. 2002). 

Moreover, they have been used as a good alternative for the bypass of 

peripheral arteries when the autologous saphenous vein is not available or it 

is not suitable for implantation (Guidoin et al. 1993).  

 

However, only 45% of standard ePTFE grafts are patent as femoropopliteal 

bypass grafts at 5 years, while autologous vein grafts display a 60–80% 

patency (Xue and Greisler 2003). In standard ePTFE grafts, the fibril length of 

approximately 30μm showed neither transanastomotic nor transmural 

endothelialisation occurring to any significant extent. Whereas, experimental 

ePTFE varieties with a larger fibril length of 60μm have been produced, in 

which animal models have facilitated luminal endothelialisation (Clowes et al. 

1986). One of the most important factors associated with their poor patency is 

the lack of endothelium lining in the lumen (Tiwari et al. 2001). Moreover, non-

absorbability of PTFE can cause severe inflammatory reactions such as 

fibrotic change, mediastinitis, and calcification after implantation which 

requires reoperations, especially in the field of paediatric surgeries where 

multistage operations are often required (Baskett et al. 1996). 

 

1.7.1.2.1.2  Dacron 
 
Polyethylene terephthalate is commonly abbreviated to PET, PETE and it is 

also known as Dacron for commercial purposes. It is a thermoplastic polymer 

resin of the polyester family. It is formed of multiple filaments either woven or 

knitted into vascular grafts (Xue and Greisler 2003). Dacron is most commonly 

used for aortic replacement and sometimes as a conduit for femoropopliteal 
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bypass surgery (Ravi and Chaikof 2010). Dacron grafts are usually crimped 

longitudinally to increase flexibility, elasticity and kink resistance. However, 

these properties are soon lost after implantation thus causing tissue ingrowth. 

Although some evidence has suggested that platelet deposition and 

complement activation are lower on ePTFE than in Dacron prostheses, the 

patency rates of Dacron and ePTFE grafts are quite similar (Abbott et al. 

1997). Dacron has been successfully used as an alternative to autologous 

grafts, however it has also shown poor patency rates when it is used in small 

diameter sizes or in low blood flow locations (Soldani et al. 2010). In 1976, a 

case was reported to be a successful adult knitted Dacron vascular graft (4 cm 

long and 3.5 mm in diameter) between the aorta and right coronary artery (R 

Sauvage et al. 1976). Three decades ago, the literature showed only two other 

successful uses of aortocoronary Dacron prostheses, and in both cases 

Dacron were replaced in children with coronary anomalies (Desai et al. 2011). 

 

1.7.1.2.1.3  Polyurethanes 
 
Polyurethane is a copolymer that is composed of three different monomer 

types: a diisocyanate hard domain, a chain extender and a diol soft domain. 

At physiological temperatures, the soft domains provide flexibility whereas the 

hard domains take part in the mechanical strength of polymers. The most 

common medical grade polyurethanes are based on soft domains made from 

polyester, polyether or polycarbonate (Ravi and Chaikof 2010). Polyurethanes 

have been examined as alternative graft materials and due to their compliance, 

they are more compliant than Dacron and ePTFE. Subsequently, their 

mechanical and flow parameters are better matched to those of the original 

vasculature (Desai et al. 2011). Early attempts using polyurethane led to high 

rates of aneurysm formation and thrombosis compared with conventional 

prosthetic grafts (Brothers et al. 1990). In addition, a bio-resistant compliant 

polyurethane graft (MyoLink) underwent pilot clinical studies both for dialysis 

access and in lower-limb bypass grafting. In over 100 implantations with a 

follow-up of up to 18 months, no aneurysmal change or significant dilatation of 

the graft was found. The development of a small-diameter bypass graft for 

coronary artery bypass graft based on their nano composite. This graft 
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underwent in vivo studies in a carotid interposition sheep model (Desai et al. 

2011). 

 

 Biodegradable polymers 
 
1.7.1.2.2.1  poly glycolic acid (PGA): 
 
These polymers can be formed by melting the ring-opening polymerisation of 

glycoside, and when subjected to a catalytic polymerisation process, alpha 

glycosides polymerises to form a high molecular weight of PGA (Hutmacher et 

al. 2001). This gives a biodegradable polymer that degrades via hydrolysis of 

the ester bonds in the main chain (Y. Song et al. 2011). It is commonly used 

biodegradable synthetic polymer in TEVG. PGA is a rigid thermoplastic 

material with high crystallinity, therefore, it degrades in vivo in around 6 to 8 

weeks and in vitro it requires a high temperature of 225°C to be melted 

(Gunatillake and Adhikari 2003). Moreover, it degrades in vivo to glycolic acid 

that can be metabolised in the human body within six months (Niklason et al. 

1999) A major application of PGA is as a bioresorbable suture (Dexon, 

American Cyanamide Co) (Gunatillake and Adhikari 2003). A study has 

demonstrated that implantation of a PGA graft seeded by embryonic stem cells 

in a patch form over left ventricle ischemia in a mouse model of ligation of the 

left coronary artery. After 8 weeks of implantation, left ventricular tissue 

showed a high improvement in ventricular function and blood pressure, with a 

survival rate of 82.1% (Ke et al. 2005). However, the tensile strength of PGA 

formed scaffolds significantly decreased over time due to bulk mass loss. To 

improve the utility and control of the degradation time, PGA is often used as a 

co-polymer with PCL or PLA (Falco et al. 2008). Huang et al. have seeded 

SMCs on a mesh of PGA with the aid of bioreactor. They demonstrated a 

complete loss of PGA component whereas the production of ECM substances 

such as collagen were observed after 8 weeks. Moreover, they also showed 

that a faster polymer degradation is more beneficial for ECM production (A. H. 

Huang and Niklason 2011). Another study was conducted by Hajiali et al. and 

they mixed solutions of PGA and gelatine at different ratios before conducting 

electrospinning to generate a nanofibrous structure. Incorporating gelatine 

with PGA, reduced the stiffness. At the same time, it increased the tensile 
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strength of the material. They also showed there was no significant difference 

for cell proliferation between PGA and TCP, even though ECs and SMCs 

proliferated more efficiently with different amounts of gelatine (Hajiali et al. 

2011).  

 

1.7.1.2.2.2  Poly (lactic acid) (PLA) 
 
Biocompatible thermoplastic polyester that is derived from lactic acid can also 

be easily produced in a high molecular weight form through ring opening 

polymerisation using a stannous octoate catalyst (Pok and Jacot 2011). 

Because lactic acid is a chiral molecule, PLA can be manufactured in the forms 

D-PLA, L-PLA. Of the two isomers, PLLA is more frequently used in tissue 

engineering because it possesses higher mechanical strength (Xue and 

Greisler 2003). PLLA is more hydrophobic than PGA due to an extra methyl 

group in the lactide molecule. It can blend with PLA as a supporting material 

to alter degradation rate and mechanical strength (G. Chen et al. 2002). PLLA 

is hydrophobic and has degradation rates similar to those of PGA and it 

degrades into naturally occurring lactic acids, making it an interesting material 

for tissue engineering. PLLA itself has not been used in blood vessel 

engineering, other components are most often used such as copolymers with 

glycoside (PLGA) or other compounds that render the polymer more flexibility 

or wettability to enhance cell attachment and PLLA stiffness  (Cleland et al. 

2001). In these copolymers, the PLA component contributes the most towards 

the strength and stiffness of the material (Buttafoco et al. 2006).  Zhang et al. 

isolated an outgrowth of ECs from rabbit peripheral blood and grew them on 

an electrospun PLLA scaffold coated with type-I collagen, where cells 

preferred to grow on aligned fibres (Feng et al. 2010). Electrospun PLLA with 

heparin grafts seeded with human mesenchymal stem cells MSCs, enhanced 

MSCs differentiation as differentiated cells expressed ECs markers 

(Spadaccio et al. 2010). 
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1.7.1.2.2.3  Poly (ε-caprolactone) (PCL) 
 
PCL is a semi-crystalline, linear, resorbable, aliphatic polyester and is 

relatively inexpensive as prepared by the ring opening polymerisation of ε-

caprolactone. PCL degrades slowly in vivo by hydrolysis of main chain ester 

bonds, followed by fragmentation and release of oligomeric species of 

hydroxycaproic acids, with the resultant fragments eliminated by macrophages 

and giant cells (Pok and Jacot 2011). Due to the flexible nature of PCL, easy 

control of the porous structure, its close match in the physical properties of 

blood vessels and its easy preparation, PCL has been investigated for various 

medical devices tissue regeneration scaffolds and drug delivery systems 

(Aliabadi et al. 2005). Owing to the high molecular weight (MW) of PCL, 

hydrophobic character and high crystallinity, it is biostable for nearly two years 

and it has long resorption rates compared to other aliphatic polyesters. Also, 

degradation properties and mechanical properties can be controlled by 

blending low MW with high MW PCL as low MW has a faster degradation rate 

(Pitt et al. 1981). Pure PCL scaffold could not be utilised as a patch material in 

paediatric surgery applications because of poor wettability, which would not 

allow uniform distribution of proteins and cell adhesion, along with a lack of 

cell attachment (Pitt et al. 1981).  

 

Serrano et al. treated PCL films with NaOH. They demonstrated that seeded 

grafts with endothelial progenitor cells (EPC) increased the basal levels of NO 

production though the mechanism although this was not clear (Serrano et al. 

2009). Ku and Park coated electrospun PCL with poly(dopamine) which 

showed increased cellular attachment. When compared with uncoated and 

gelatine coated, the poly(dopamine) coated PCL promoted the number of live 

HUVEC on the surface. Other groups have attempted coating electrospun PCL 

with collagen (Tillman et al. 2009), fibroin and chitosan (J. Zhao et al. 2013); 

PCL films with fibrin-based coating (Mathews et al. 2012);or gelatine (Diba et 

al. 2011). All electrospun coated fibres demonstrated good cell attachments 

and proliferation. Moreover, several studies have explored many polymers that 

can bind to PCL to improve its drawbacks. For example, Lee et al. showed that 

PCL and PLA blocks increased the flexibility and elasticity of materials (Sang 
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Jin Lee et al. 2008b). Another study demonstrated the cardiac patch created 

by blending PCL and PLLA (50:50) and seeding autologous bone marrow 

cells. Cell seeded scaffolds were implanted as patches for the repair of 

congenital heart defects in 19 patients, aged between 1 to 24 years. The mean 

follow-up after the surgery was 490 ± 276 days. The grafts showed good 

patency to a maximum follow-up of 32 months, and aneurysm formation or 

calcification on cineangiography or computed tomography was not observed 

(Shin’oka et al. 2005). Consequently, PCLLA scaffolds have been utilised in 

VTEG research because of their flexibility and elasticity (Chong et al. 2007). 

 

1.7.1.2.2.4  Poly (lactic-co-glycolic acid) (PLGA) 
 

Polylactic-co-glycolic acid (PLGA) is a semi-crystalline synthetic copolymer 

that is produced from copolymerisation of glycolic acid and lactic acid. PLGA 

is an elastic biomaterial that allows the transmission of contractile forces (H. 

Park et al. 2005). The degradation rate is associated with lactide-to-glycolide 

acid ratio; a lower percentage of glycolic acid results in a decreased 

degradation rate. Moreover, the degradation rate has been correlated with the 

survival of plated cardiac myocytes (Natarajan et al. 2008). Therefore, different 

ratios of PLA and PGA can be applied to reach biological properties such as 

the degradation rate and mechanical properties by varying the volume of 

polylactic to glycolic acid. However, the main disadvantage is that PLGA has 

hydrophobic material which can indicate poor wettability and lack of cell 

attachments similar to other synthetic polymers. PLGA scaffolds could be 

fabricated by electrospinning and multi-layered with HA showed an improved 

wettability to the culture medium and it also enhanced cell attachment and 

proliferation (Oh et al. 2011). Hence, the PLGA scaffold is one of the more 

suitable candidates for paediatric cardiac applications because of its 

biocompatibility, alterable degradation rate, and ease of construct formations. 

 

 Decellularised vascular graft  
 
Xenogeneic (tissue derived from a different species and therefore genetically 

and immunologically incompatible) and allogeneic (tissue derived from 
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separate individuals of the same species, but they are genetically different). 

Cellular antigens are usually recognised as foreign by the host, therefore, they 

induce an inflammatory response of the tissue. However, components of the 

ECM (without cellular contents) are generally conserved among species and 

are tolerated well even by xenogeneic recipients (Seifu et al. 2013). The goal 

of a decellularisation protocol is to efficiently remove all cellular and nuclear 

material while minimising any adverse and harmful effect on the composition 

(ECM), biological activity, and mechanical integrity of the remaining ECM that 

are required (Badylak et al. 2009). 

 

The most effective decellularisation protocols include a combination of 

physical, chemical, and enzymatic approaches. A decellularisation protocol 

generally begins with lysis of the cell membrane using physical treatments or 

ionic solutions, followed by separation of cellular components from the ECM 

using enzymatic treatments, solubilisation of cytoplasmic and nuclear cellular 

components using detergents, and finally the removal of cellular debris from 

the tissue. These steps can be coupled with mechanical agitation to increase 

their effectiveness. Following decellularisation, all residual chemicals must be 

removed to avoid an adverse host tissue response to the chemical. The 

efficiency of decellularisation and preservation of the ECM can be assessed 

by several methods (Crapo et al. 2011). 

 

Xenogeneic vessels have been broadly used as a source for studies on 

decellularised vessels. Sources for xenogeneic vascular tissue have included 

different type of vessels such as porcine carotid arteries (Pellegata et al. 2013), 

porcine coronary artery (E. M. Campbell et al. 2012), porcine saphenous artery 

(Xiong et al. 2013) and porcine descending aorta (Funamoto et al. 2010). 

Human studies , however, were conducted on femoral arteries (S. Wilshaw et 

al. 2012a), internal thoracic arteries (Egorova et al. 2011), and the iliac vein 

(Olausson et al. 2012). The most widely known decellularised human tissue 

that has been used as source for vessels is the  umbilical cord (Goktas et al. 

2014). This might be due to the availability of umbilical cords in maternity 

clinics containing healthy vessels which will otherwise be disposed if they have 
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not been used for research. The neonatal origin of umbilical cords also makes 

this tissue attractive in the case of paediatric use. 

 

 Self-assembled grafts 
 
As it been mentioned earlier in (section 1.7), self-assembled scaffold became 

a topic of interest after L’Heureux et al. reported the construction of a 

completely biodegradable TEBV in 1998 (L'Heureux et al. 1998). Vascular 

tissues reassembled using the cell-sheet strategy mostly have similar ECM 

proteins to the native tissue, including collagen types I, III, and IV, fibronectin, 

laminin, and chondroitin sulphates. These tissues also have good burst 

pressure of >2,000 mmHg similar or higher than saphenous vein grafts, they 

also have sufficient suture strength, and a functional endothelium. Moreover, 

in vivo examination in dogs for 7 days showed that the engineered vascular 

tissue could survive the physiological flow conditions (L'Heureux et al. 1998)  

 

The cell self-assembly model is unique because it enables in vitro production 

of a graft formed entirely from human proteins since the ECM is secreted by 

the cells themselves, therefore, it eliminates immunological mismatch. 

However, this technique also showed insufficient mechanical strength for 

arterial implantation. Indeed, more work is required to clarify these critical 

issues. In addition, the cell self-assembly method is time consuming, with a 5-

week culture period for the cellular sheets and the construct is required to be 

matured for minimum 8 weeks prior to implantation (Carrabba and Madeddu 

2018). Using such a manufacturing practice could result in an extremely 

expensive and long development process. However, it is possible that the 

maturation process could be accelerated through the use of other conditions 

such as dynamic culture environment. Providing cells with a mechanical 

stimulation may be beneficial to both ECM production and structural 

development. There are high chances for this new development in tissue 

engineering, provided the mentioned problems can be further addressed 

(Nerem and Seliktar 2001). 
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 Material fabrication methods 
 
Cell attachments and proliferation are also influenced by microstructure of the 

material. Indeed, cells tend to prefer materials that are similar to their ECM 

architecture. Subsequently, many researchers have investigated fabrication 

methods to form porous 3D structure graft that mimic microstructure of cells in 

the ECM. To allow cell to cell contact, nutrients and gases must be exchanged 

and the infiltration of molecules and cells is required. In addition, this is also to 

facilitate cell distribution and to guide tissue regeneration in the graft. One of 

the fabrication method requirements is to maintain material tensile strength 

and compliance. There are a lot of fabrication methods that have used 

including solvent casting, dip coating and particulate leaching, phase 

separation methods, fibre self-assembly, electrospinning, melt moulding and 

particulate leaching, membrane lamination, decellularised vessels, laser 

sintering, gas foaming, fibre knitting and phase  inversion with porogens 

leaching (Peter X. Ma 2004; Y. Song et al. 2011). There is an increased 

interest in phase- inversion with porogens leaching as it allows about 93% of 

porosities and size of the pores can be controlled, also easy and safe to 

perform (Yan Li et al. 2001). Electrospinning one of the techniques that has 

been widely used to construct a vascular graft due to its numerous benefits. 

 

 Seeding techniques and cell sources used for vascular tissue 
engineering  

 
A range of seeding methods have been developed over the past decades, 

however, many of those methods are long and clinically have limited 

applicability (Villalona et al. 2010). One of the biggest challenges that 

researchers face in TEVG is cell seeding and how ECs and SMCs distribute 

into the scaffold. Another challenge is that there is no consistency in number 

of cells needed for sufficient coverage of the whole graft (Greco Song et al. 

2018). One the most common seeding techniques are static seeding and 

dynamic seeding. Static seeding (also known as passive seeding and 

gravitational seeding) has been widely used, although it has a low efficiently 

rate (Pawlowski et al. 2004). This seeding based on allowing cell suspension 

to randomly sediment on the material surface by the aid of gravity. Static 
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seeding presents a number of limitations such as the difficulty to achieve the 

same cell distribution across the surface as well as to form a uniform ECs 

layer. Moreover, cell migration, attachment and penetration mainly depend on 

material thickness and porosity (Ravi et al. 2009). Subsequently, biological 

glues were introduced to improve cell attachment and seeding efficacy, and 

the most common commercially available biological glues are fibrin and 

fibronectin. Biological ‘glues’ can mimic ECM when it coated on the graft and 

work as an adhesive agent to tap cells into the scaffold and there are other 

glues that have been used including collagen, laminin, and plasma (Sagnella 

et al. 2005). Dynamic seeding on the other hand, have scored high efficiency 

seeding rates and have yielded a uniformed layer of ECs. The most common 

dynamic seeding system is rotational seeding where the scaffold is rotated in 

cells suspension and this utilises a centrifugal force to insert cells onto the 

graft, this technique efficacy rate has ranged between 38% to 90%. (Roh et al. 

2007). While vacuum seeding previously scored an efficiency rate between 

60% to 90%, vacuum seeding is another dynamic seeding technique where 

utilised by vacuum pressure that force cells to be inserted through micropores 

of a TEVG (Villalona et al. 2010). 

 

A suitable cell source is also challenging and critical to enable structural 

stability and facilitate in vivo integration. For example, Gauvin et al compared 

self-assembled constructs derived from either venous or arterial cells (ECs and 

SMCs). They have clearly demonstrated that the mechanical properties of 

constructs manufactured using arterial cells were stronger than those 

manufactured using venous cells. Moreover, elastin production detected in 

arterial SMCs were higher than elastin detected in venous SMCs. Both 

constructs had differences in strength, stiffness, and viscoelastic properties 

(Gauvin et al. 2011). This result indicates that the cell source and cell type 

dependent differences have an influence on vascular graft.  
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 Autologous cells 
 

The earliest application of tissue-engineered vascular replacement was 

conducted using autologous lineage committed cells, including ECs and SMCs 

seeded in synthetic polymers, and these cells were isolated from the patients 

to minimise complications that occur due to the immune system (Mansfield et 

al. 1975). Since this experiment, several attempts have been conducted to 

construct TEVG using autologous ECs and SMCs (Buijtenhuijs et al. 2004; 

Kakisis et al. 2005). However, the majority of autologous cells are fully 

differentiated, have limited proliferation potential and the senescence events 

of autologous cells make it challenging to obtain sufficient cells from a small 

biopsy (Iwai et al. 2004). Moreover, isolating and expanding viable primary 

cells from diseased patients for therapeutic application might be limited and 

challenging due to patients with arterial disease more likely to have reduced 

cell growth and regenerative potential. Many attempts have been made to 

increase the proliferation capacity and life span of ECs and SMCs. Genetic 

manipulation of these primary cells was attempted such as introducing 

telomerase reverse transcriptase subunit into SMCs and ECs, and altered cells 

showed a higher proliferation rate far beyond their normal life span (Shao and 

Guo 2004). Gene editing tools such as CRISPR can also be utilised to 

genetically modify autologous cells. However, long-term effects of these 

genetic manipulations are still unknown. Another drawback is that this 

approach may need surgical harvesting of large veins or micro vessels (G. R. 

Campbell and Campbell 2007). Another approach that was conducted is the 

use of allogeneic and xenogeneic ECs and SMCs. Sufficient cells can be 

obtained, however, allogeneic source may induce a transplant rejection 

(Stegemann et al. 2005). Xenogeneic sources raise concern due to the 

possibility of the transmission of animal viruses to humans. Therefore, in 

recent years attention has increased the possibility of using stem cells and 

progenitor cells as a source of both ECs and SMCs for tissue engineering of 

the vascular system. 
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 Endothelial progenitor cells (EPCs) 
 
Endothelial progenitor cells (EPCs) have the ability to proliferate, migrate and 

differentiate into ECs (D. Schmidt et al. 2004). They are available, easy to 

obtain from peripheral blood with relative ease of isolation, maturation capacity 

to ECs and the capacity to be expanded using in vitro culture (up to as many 

as 1000 doublings). Therefore, they have been utilised for the use in vascular 

tissue engineering. Shirota et al. have reported that the production rate of 

endothelial- type NO synthase and 6- keto-prostaglandin-F1-α by EPCs are 

approximately one third and one half of mature endothelial cells, respectively. 

Moreover, the tissue-type plasminogen activator (plasminogen activators are 

urokinase (uPA) and tissue plasminogen activator (tPA) which are used to treat 

medical conditions related to blood clotting. The production rate of EPCs is 

almost the same as that of endothelial cells (Shirota et al. 2003). In addition, 

Sunjay et al. isolated EPCs from the peripheral blood of sheep and expanded 

and seeded them in decellularised porcine iliac vessels. In ex vitro conditions 

after 130 days, the EPC grafts slowed contractile activity and NO-mediated 

vascular relaxations that were similar to those of natural carotid arteries. This 

indicates that EPCs can function similarly to arterial ECs, and are therefore a 

suitable source of TEVG (Sunjay et al. 2001). 

 

 Stem cells 
 
In recent years, stem cells have become a major cell source in tissue 

engineering. Based on their origin, stem cells could be classified as embryonic 

stem cells or adult stem cells. Stem cells of human origin can be isolated from 

a range of sources. Their ability to differentiate into specialised cell types, their 

lack of specific tissue related characteristics, their ability for self-renewal and 

their high proliferation capacity has led to a great deal of interest in therapeutic 

uses (Vats et al. 2005). Human embryonic stem cells (hESCs) are an attractive 

source of therapeutic approaches because they are pluripotent and can 

differentiate to any cell type. They can also be stored in large numbers for long 

periods of time, are expandable and have unlimited renewal capacity. HESCs 

are derived from the inner cell mass of the pre-implanted blastocyst (Reed et 

al. 2013). Murine embryonic stem cells (mECs) have been closely investigated 
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with regards to their differentiation capability into ECs and SMCs. Moreover, 

some studies have also demonstrated that mECs can be differentiated into 

SMCs and ECs and formed tube-like structures (Reed et al. 2013; Shen et al. 

2003; Yamashita et al. 2000). On the other hand, adult stem cells (ASCs) are 

multipotent and their differentiation capacity is limited to certain lineages. 

ASCs are considered as good alternative to hESCs, as these cells can be 

obtained from patients, therefore, they eliminate transplant rejection. 

Moreover, ethical issues associated with hESCs are eliminated. However, a 

major disadvantage is their lineage specificity. Revolutionary work was 

conducted by Yamanaka and colleagues is establishing a new cell line by the 

conversion of adult human fibroblasts into human induced pluripotent stem 

cells (iPSCs) has offered an attractive source of a diversity of cell lineages (K. 

Takahashi and Yamanaka 2006). IPSCs have exhibited superior proliferative 

potential ex vivo in compared to both adult primary cells (H. G. Song et al. 

2018). Many studies have shown that hiPSCs have the same differentiation 

capacity as hESCs (Yoder 2015). A study was conducted by Nakayama and 

his group and they utilised nanofibrils vascular construct seeded with both 

iPSC derived ECs and iPSC derived SMCs. The preferential alignment of the 

ECs was guided by nanofibrils in the direction of flow to reduce inflammatory 

response and monocyte adhesion. Moreover, iPSC derived ECs eliminated 

monocyte adhesion compared to primary ECs, although they both aligned in a 

similar manner (Nakayama et al. 2015). Another experiment was done by Gui 

et al. and they utilised tubular PGA scaffolds seeded with iPSC derived SMCs. 

These showed that an excessive collagen was produced by iPSC derived 

SMCs. Constructs display sufficient mechanical properties to be surgically 

sutured in vivo (L. Gui et al. 2016). These results have determined the 

beneficial use of iPSCs as a source of TEVG. 

 

 Vascular grafts conditioning (bioreactors) 
 
Bioreactors are instruments that display sterile conditions and controlled 

environments similar to those of the human body in order to improve the 

organisation of cells seeded on scaffolds into tissues. Under static cell culture 

conditions, cells seeded on scaffolds are kept in static culture media, and the 
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media is changed after 24 – 48 hours. These systems have limitations with 

regards to seeding efficiency and exchange of nutrient, oxygen and wastes. In 

bioreactors, devices, which offer dynamic cell culture conditions and flow 

regulated pumps, are utilised to provide fresh culture media constantly to the 

cell seeded on scaffolds under tightly controlled conditions (Punchard et al. 

2007). Hence, bioreactors offer a multitude of advantages compared to their 

static counterparts in that they provide control of cell distribution on 3D 

scaffolds along with efficient mass transmission of gases, nutrients, and 

regulatory factors to tissue-engineered constructs. Contrary to conventional 

logic, bioreactors are capable of reducing the O2 tension in cells (from 21 to 

5%) which improves the production of tissue, enhancing the creation of 

differentiated derivatives in stem cells (Grayson et al. 2006). Furthermore, 

bioreactors offer the option of mechanical stimulation in form of pulsatile flow 

which helps the maturation of blood vessels or mechanical stretch which 

improves the generation of muscle (Barron et al. 2003). ECs also reacted to 

fluid shear stress and stretching via signalling pathways that regulate vascular 

barrier function, survival, maturation, attachment, proliferation, and even 

quiescence of adjacent SMCs (Greco Song et al. 2018). Bioreactors can be 

adjusted according to the type of tissue and a variety of bioreactors that are 

commercially available, some of which are custom designed to meet specific 

tissue requirements. Much progress has been made in the design of advanced 

bioreactors, based on the improved understanding of the conditions required 

for directing cell differentiation and assembly into functional tissue structures 

(Saxena 2010). Although bioreactors have many advantages, they have also 

some limitations such as needing an engineering specialist/skilled staff to 

design and install a bioreactor, they are relatively expensive, they require 

validated processes for cleaning, sterilisation, and maintenance,  they also 

require the use a huge amount of media and reagents which leads to product 

waste and need special incubators that fit bioreactors and to allow cell growth. 
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 In vivo studies 
 
In vivo study is an essential step to determine the safety and efficacy of the 

TEVC construct. Table 1-4 summarises some previous in vivo studies of 

TEVGs. These grafts have mostly been implanted on mice, rats, pigs and 

sheep. Large animal models are beneficial as they have similar anatomy scale 

to adult humans (S. W. Cho et al. 2009). Moreover, larger animals also have 

a longer lifetime which makes long term implantation feasible. Whereas, 

smaller animal models allow for larger numbers to be tested and consume less 

cells to be seeded. Most results suggest the importance of cell seeding before 

implantation. 
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Scaffold Fabrication Scaffold size Cell type Implanted/period Patency Outcome Ref 

Decellularised 
pig A/A 

 

Decellularisation 

78mm/ID, 24-

32mm/L 

 

Auto BMC 

derived 

EC/SMC 

Pig/18 weeks 100% 

TEVG were 

patent with no 

sign of 

thrombus, 

dilatation or 

stenosis. 

However, outer 

diameter of 3 

TEVG increased 

in size led to 

increase in body 

weight and outer 

native aorta 

diameter. 

(S. W. Cho 

et al. 2009) 

PCL/ PLLA/ 
PGA 

Nonwoven PGA 

mesh with 

copolymer 

sealant solution 

of PCL/PLLA 

 

1224mm/D, 0.6-

0.7mm/WT, 130 

mm/L 

hBMC 

 

SCID/bg Mouse/5.8 

years 
100% 

No evidence of 

aneurysm 

formation, graft 

rupture, graft 

infection or 

calcification. 4 

grafts had 

stenosis and 

successfully 

underwent 

angioplasty and 

1 had 

thrombosis 

(Jason et 

al. 2010) 

PGA/PLLA Not mentioned 1mm/D MSC/EPC Nude mice/35 days 100% 

Intravital 

imaging and 

histology was 

used to 

(Hjortnaes 

et al. 2010) 
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evidence 

remodelling and 

the loss of 

original seeded 

cells. 

Decellularised 
ovine C/A Decellularisation 

3mm/ID 

 

Auto BMC- 

derived 

EC/SMC 

Ovine/5 months 

 

0-100% 

Non-seeded 

grafts were 

blocked in 2 

weeks. Seeded 

grafts were anti-

thrombogenic, 

and 

mechanically 

stable during 

implant duration 

(Yilin Zhao 

et al. 2010) 

PCL/PLLA/PGA 

Nonwoven fabric 

of PGA with 

copolymer of 

PCL/PLLA 

12–24mm/ID, 

0.6 to 0.7 

mm/WT 

hBMC 
SCID/bg mice/ 24 

weeks 
100% 

Seeded cells 

promote 

monocyte 

migration and 

remodelling 

through 

inflammation 

(Hibino et 

al. 2010) 

PCL/PLLA/PGA 

Nonwoven fabric 

of PGA mesh 

with copolymer of 

PCL/PLLA 

1mm/ID 
hBMC 

/monocytes 

SCID/bg mice/6 

months 
100% 

All grafts 

maintained 

patency /no 

stenosis or 

aneurysm 

formation. 

Neovasculature 

was observed in 

luminal EC 

lining 

(Mirensky 

et al. 2010) 
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surrounded by 

SMC layer and 

collagen similar 

to that seen in 

the native 

mouse IVC 

PEtU-PDMS 
 

PEtU blended 

with PDMS 

5mm/ID, 

0.5mm/WT, 

80mm/L 

No cells seeded Ovine/2 months 100% 

At 6-month 

luminal white 

tissue was 

observed and 

was partially 

covered the 

lumen in grafts. 

No calcification 

was observed. 

After 24 months 

the white tissue 

completely 

covered the 

luminal surface 

(Soldani et 

al. 2010) 

PEUU 
phase 

separation/ 

electrospinning 

1.3mm/ID, 

15mm/L 

Muscle derived 

SC 
Rat/8 weeks 10- 65% 

Patency rate for 

unseeded 

scaffolds was 

10%, while, 

seeded 

scaffolds was 

65% 

(Nieponice 

et al. 2010) 

PEUU Electrospinning 
1.3mm/ID, 

10mm/L 

Human 

pericytes 
Rat/8 weeks 38-100% 

Seeded 

scaffolds 

presented 

higher patency 

rate than the 

(W. He et 

al. 2010) 
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unseeded: 

100% and 38% 

respectively. 

The seeded 

TEVG showed 

massive tissue 

remodelling and 

detection of 

collagen and 

elastin 

production. 

There were also 

positive α-SMC 

and calponin 

and a vWF was 

positive in EC 

layer 

PGA mesh was 
seeded and 

then 
decellularised 

Not mentioned 

for PGA/ 

Decellularisation 

4mm/ID, 

120mm/L 

PGA was 

seeded with 

aortic SMC 

followed by 

Decellularisation 

followed by 

reseeding by 

EPC 

Pig/1 month 0-100% 

5 seeded grafts-

maintained 

patency 

whereas all 

unseeded were 

occluded. 

Control vein 

autografts had a 

patency of 3/8, 

due to 

hyperplasia. 

 

(C. Quint 

et al. 2011) 

Decellularised 
pig C/A Decellularisation 

4-5mm/ID, 

60mm/L 
Auto EC/ SMC Ovine/4 months 100% 

There were no 

structural 

(Neff et al. 

2011) 
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failures 

aneurysms or 

infection 

complications 

PE Not mentioned 
5mm/D, 

50mm/L 
Aortic EC/SMC Pig/8 weeks 100% 

strong flow 

detected in the 

implanted graft. 

ECs formed 

continues layer, 

however, intimal 

thickening was 

observed 

(Baguneid 

et al. 2011) 

PGA mesh was 
seeded and 

then 
decellularised 

Not mentioned 

for PGA/ 

Decellularisation 

1mm/D, 5/mm L 

PGA was 

seeded with 

hSMC followed 

be 

Decellularisation 

Nude rat/ 6 weeks 83% 

Recipient cells 

did not 

completely 

integrate across 

the graft wall at 

6 weeks. A 

neointima was 

observed on the 

graft, however, 

was thicker than 

native aorta. 

This neointima 

produced vWF 

(Clay Quint 

et al. 2012) 

Decellularised 
pig S/A Decellularisation 

2mm/ID, 

40mm/L 
No cells seeded Rabbit/3 months 50% 

Grafts that were 

not patent were 

occluded. 

Blocked grafts 

had thrombi at 

the distal 

anastomosis 

(Xiong et 

al. 2013) 
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and fibrotic 

tissue was 

surrounded the 

occluded grafts 

with very few 

vasculature 

formations, 

whereas, the 

patent grafts 

were 

surrounded by 

highly 

vascularised 

tissue. 

PCL/PLLA/PGA 

Nonwoven fabric 

of PGA mesh 

coated with 

PCL/PLLA 

0.9mm/ID, 

0.3mm/WT, 

3mm/L 

No cells seeded 
CB-17 SCID/bg 

mice/ 24weeks 
100% 

In 6 weeks, 

there was 

elevated biaxial 

stretch of TEVG, 

and it was in 

compliance in 

24 weeks. And 

this was close to 

native vessels. 

Early alteration 

in remodelling 

proteins as well 

as increase in 

neo-tissue 

proteins 

afterword 

(Naito et 

al. 2014) 
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PCL/PLLA/PGA 

Nonwoven sheet 

of PGA mesh 

coated with 

PCL/PLLA 

1.1 mm/ID, 

0.35mm/WT, 

3mm/L 

MNC 
C57BL/6 

mouse/2weeks 
65-91% 

Neotissue 

development 

and 

macrophage 

infiltration were 

observed and 

patency was 

91% for seeded 

graft while 

Unseeded 

patency was 

65% 

(Y.-U. Lee 

et al. 

2014b) 

Bacterial 
cellulose Not mentioned 

3-4mm/ID, 2-

3.5mm/WT, 

100mm/L 

 

None 

Ovine/3 months 

 

50% 

 

Graft blockage 

due to thrombus 

was observed at 

the proximal 

anastomosis at 

4 weeks. Patent 

grafts showed 

confluent 

luminal EC layer 

and no neo-

intima or 

thrombus was 

observed 

(Scherner 

et al. 2014) 

Table 1-4: Summary of some of the in vivo TEVG studies for synthetic and decellularised tissue. 
Auto = Autologous, MNC = Mononuclear Cells, MSC = Mesenchymal Stem Cell, MSC = Muscle Derived Mesenchymal Stem Cell, 
EPC = Endothelial Progenitor Cell, EC= Endothelial cells, SMC = Smooth muscles cells. PGA = poly(glycolic acid), PEtU-PDMS = 
poly(ether)urethane-polydimethylsiloxane, PCL = poly- ε-caprolactone, PLLA = poly-L-lactic acid, PEUU = Poly(ester urethane)urea, 
PE = Polyester, SCID = Severe Combined Iimmunodeficiency, bg = beige, S/A = Saphenous Artery, C/A = Carotid Artery, A/A = 
Abdominal Aorta, ID = Internal Diameter, D = Diameter, L = Length, WT = Wall Thickness. 
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 Stem cells potency 
 

Stem cells can be functionally described as having the ability to perform self-

renewal and having the capacity to mature and form fully differentiated cells. 

Stem cells generate daughter cells that have the same potential as the mother 

cell (self-renewal), additionally, daughter cells can produce progeny with a 

more limited capacity (differentiated cells) (Lanza and Atala 2014). Potency 

can be defined as the ability to differentiate into other cell type, also the more 

cell types that a stem cell can differentiate into, the greater its potency 

(Schipanski et al. 2007). Stem cell potency can be classified into totipotent, 

plenipotent, pluripotent, multipotent, oligopotent, tripotential/bipotent and 

unipotent cells (Figure 1-9). Totipotent cells occur when an oocyte is fertilised 

by a sperm forming a single stage called zygote. Zygotes and early cleavage 

stage (up to 4 cells) are totipotent, they have the ability to create a living being 

as well as the placental tissues (extra-embryonic tissues the support structure 

necessary for foetal development and growth) (Mitalipov and Wolf 2009).  

 

As embryonic tissue develops, it reaches the stage where cells are plenipotent 

(late morula and early blastocyst) and at this stage, cells producing a wider 

range of derivatives than cells at the expanded blastocyst stage. At the 

expanded blastocyst stage, the embryo is developed into inner cell mass (ICM) 

and trophoblast (TB); ICM have the capability to give rise to the three 

embryonic germ layers (endoderm, mesoderm and ectoderm), whereas, TB 

give rise to extra-embryonic tissues (placenta) (Condic 2014). Cells derived 

from ICM are known as embryonic stem cells (ESCs) and they are pluripotent. 

As embryo develops, the restrictions in potency of stem cells occur gradually 

to multipotent stem cells such as haemopoietic stem cells (HSCs), bone 

marrow stem cells (BMSCs) and mesenchymal stem cells (MSCs), and they 

have the capability to generate a limited number of cell types in a particular 

lineage. Their performance can also be determined as a source of cells to 

repair tissue when it is injured, and these cells are also known as adult stem 

cells (ASCs). As development proceeds, stem cells relatively lose their 

potency compared to early development stages and eventually, they become 
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terminally differentiated that generate all the tissues and organs (H. J. Zhao et 

al. 2006). 
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Figure 1-8: The Cellular Potency hierarchy 
In mammals, stem cells progressively lose potency until becoming terminally 
differentiated. The first stage is the zygote, formed when male and female 
gametes are fused (totipotency) with the potential to form all embryonic and 
extra-embryonic tissues as well as early early cleavage stage (up to 4 cells). 
Followed by late morula/ early blastocyst when cells are plenipotent. Followed by 
late blastocyst up to 16 cells, inner cell mass (ICM) of the blastocyst are 
pluripotent, have the capacity to create any cell type of embryonic tissue. 
Embryonic stem cells (ESCs) can be obtained by isolating ICM. Adult cells can 
be reprogrammed to become pluripotent ESC-like to generate induced 
pluripotent stem cells (iPSCs). Cells become specialised to a specific lineage 
starting with (multipotent), then (oligopotent) followed by tri, bi or unipotent cells 
and finally becoming fully differentiated. Examples of cells at each potency level 
are listed. HSC = haemopoietic stem cells; BMSC = bone marrow stem cells; 
MSC = mesenchymal stem cells; SC = stem cell.  Abbreviations, SC= stem cells; 
ECs = endothelial cells; SMCs = smooth muscles cells. Images created using 
Servier Medical Art/PowerPoint.  
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1.8.1 Characteristics of pluripotent stem cells  
 

A stem cell is characterised by having the capacity for self-renewal and the 

ability to differentiate into more specified progeny. Two types of division occur 

in stem cells to support these potentialities: symmetric and asymmetric 

divisions. Asymmetric cell division arises when a stem cell divides into two 

cells; one daughter cell which replicates stem cells (have the same potential 

as the mother stem cell) and the other cell is differentiated progeny cell (which 

has lost some of mother cell potential), therefore the size of the stem cell pool 

is maintained when also generating differentiated tissue (J. M. Sean and Judith 

2006). On the other hand, symmetric cell division can be divided into two 

forms: either a differentiation division where stem cells divide into two 

differentiated daughter cells (lost from the progenitor pool); or a proliferation 

division where two daughter cells are formed that replicates the stem cell 

(Stephen et al. 2004). 

 

Pluripotent stem cells should meet numerous criteria, which are: (1) indefinite 

proliferation in vitro culture with maintenance of normal diploid karyotype; (2) 

Exhibit in vitro potential of differentiating into the three germ embryonic layers; 

(3) Pluripotency markers should be expressed including transcription factors 

such as Oct3/4, Sox2, Nanog, Lin28, Klf4 and c-myc and embryotic surface 

antigens such as (SSEA-3 and SSEA-4, Tra-1-60 and Tra1-81) (Walia et al. 

2012); (4) ability to form teratoma (tissue that is composed of the three germ 

layers) after 10 weeks of subcutaneous injecting of PSCs into immune 

deficient mice (L. Chen and Liu 2009; Dressel 2011) (Figure 1-10). In addition, 

they should meet morphological characteristics including large nucleoli, 

defined and distinct colony border with tightly intact, dense, and compact 

colonies, and high nucleus to cytoplasm ratio (Walia et al. 2012). 
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Teratoma formation can be monitored as part of a key assay to determine the 

pluripotency of stem cells (Lan and Shaorong 2012; Müller et al. 2010). 

Teratoma is a tumour-like aggregation that consists of tissues derived from 

endoderm, mesoderm and ectoderm origin. Thus, teratoma formation is a 

useful tool to show the ability of stem cells to differentiate to the three germ 

layers (Ellis et al. 2009). In further advanced studies, pluripotency can be 

evaluated by generating chimeric mice with the ability to transmit the germ line. 

Chimeric mice can be achieved by injecting stem cells into diploid (2N) 

blastocyst and gradually gives rise to chimeras. It has been reported that the 

subset of chimeric mice has successfully showed germ line contribution 

(Amabile and Meissner 2009). The highest standard for pluripotency testing is 

tetraploid embryo complementation or tetraploid blastocysts. This remains the 

most stringent assay for evaluating pluripotency. Tetraploid blastocyst can be 

produced via the fusion of 2 cells stage embryos (each embryo is diploid 2N) 

which gives rise to an embryo (4N) in vivo (Hanley et al. 2010). 

 

More recently, there are assays that have been established such as the 

PluriTest, a technique which significantly reduces the time and the expenditure 

Normal 
karyotyping:

• Unlimited
proliferation and 
differentiation 
potential in vitro 
with sustaining the 
normal diploid 
karyotype

Potency:

• Unlimited 
proliferation and 
differentiation 
potential to the three 
embryonic germ 
layer 

Expressing the right 
markers:

• Surface markers;
• (SSEA-3 and SSEA-

4, Tra-1-60 and Tra1-
81) 

• Transcription 
factors;
• (Oct3/4, Sox2, 

Nanog, Lin28, Klf4 
and c-myc) 

In vivo teratoma 
formation: 

• The ability to form 
teratoma 
subcutaneously

Figure 1-9: Pluripotent stem cells key criteria.  



 110 

needed to confirm the pluripotency of stem cells with the elimination of animal 

testing. Initially, a microarray technology is utilised by the PluriTest to evaluate 

and test DNA sequences then compare them with a database of normal 

pluripotent stem cell lines. This assay give a fast reading of pluripotent cell line 

and determines whether it contains gene abnormality such as gene 

chromosomes duplication or deletion which may require further investigation 

(Müller et al. 2011). 

 

The transcription factors including OCT3/4, SOX2 and NANOG, all particularly 

expressed from the ICM, are necessary to sustain the pluripotent state of the 

PSCs. It is vital to maintain pluripotent state in vitro, and this can be achieved 

by the stimulation of signalling pathways in both humans and mice. In mice, 

the initiation of the LIF/Stat3 pathway by the supplement of leukaemia 

inhibitory factor (LIF) in the media is adequate. Whereas in humans, PSCs 

maintain their pluripotency state by the initiation of the FGF and MEK/ERK 

signalling pathway by the supplement of bFGF (FGF10) to the media (Kevin g. 

Chen et al. 2014). 

 

1.8.2 Stem cell transcription factors  
 

 OCT4 
 
OCT4 (octamer binding transcription factor 4, also known as Oct3 and Pou5f1) 

belongs to the Octamer binding protein family, which is a transcription factor 

that regulates gene expression via binding to an 8-base pair (bp) sequence (-

ATGCAAAT-). It has been shown that the Octamer binding protein family bind 

to regulatory region of various genes that plays an important role in self-

renewal and differentiation. OCT4 as well as other members of POU family are 

homeodomain transcription factor that facilitate DNA binding (Walia et al. 

2012). The fundamental role that OCT4 plays in healthy mammalian 

development has been demonstrated in OCT4 knockout embryos, as research 

has shown that embryos fail to develop pluripotent ICM and die after the 

blastocyst stage (Scheper and Copray 2009). In addition, Oct4 protein is 

responsible for establishing and maintaining the pluripotent state in ESCs and 

IPSs and it was first discovered as a protein present in unfertilised oocytes. 
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Moreover, OCT4 is considered the master regulatory factor for pluripotency 

that is expressed in the inner cell mass (ICM) where ESCs are derived from. 

Moreover, an optimal level of OCT4 expression is required to maintain 

pluripotency, increasing or decreasing in its expression in ESCs causes 

differentiation into primitive endoderm, mesoderm or trophectoderm cells 

(Amabile and Meissner 2009). Studies have shown that small increases in 

OCT4 levels (about two-fold) induces ESCs to differentiate into cells that 

express markers of endoderm and mesoderm; whereas decreasing Oct4 

promotes the formation of trophectoderm-like cells (Rizzino 2013). 

 

 SOX2 
 

SOX2 is also known as SRY (sex-determining region Y). Sox2 is highly 

expressed in the pluripotent lineage of the early embryo and, like OCT4, plays 

an essential role in maintaining pluripotency, and it is involved in the self-

renewal of ES cells and heterodimerises with Oct4 (Scheper and Copray 

2009). Studies have shown that in the early embryo, expression of SOX2 is 

restricted to the ICM, germ cells and epiblast. In contrast to OCT4, SOX2 is 

also expressed in the extra-embryonic ectoderm, trophoblast stem and in the 

adult nervous system (Miyagi et al. 2004). Knocking down SOX2 in ESCs, 

promotes their differentiation into trophectoderm-like cells and the 

upregulation in SOX2 expression in ESCs two-fold induces their differentiation 

into cells that express markers of the ectoderm, mesoderm, and 

trophectoderm, but not the endoderm (Chew et al. 2005). Previous studies 

have clearly suggested that both OCT4 and SOX2 are major regulators during 

early mammalian development and that their expression must be tightly 

controlled in ESCs however, it is still unclear how ESC maintain the expression 

of these key transcription factors within narrow limits (Rizzino 2013). 

 

 NANOG 
 

NANOG was first discussed in 2003 as a factor involved in maintaining ES-cell 

self-renewal and pluripotency in the absence of leukemia inhibitor factor (LIF) 

and this factor is widely used to maintain cultured ES cells in an 
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undifferentiated state (Mitsui et al. 2003). NANOG is also thought to play a 

crucial role with other important factors, such as OCT4 and SOX2, to initiate 

the identity of ES cells. It is a highly divergent homeodomain containing protein 

expressed in the interior cells of the compacted morula and the ICM of the 

blastocyst. In addition, NANOG is essential for early embryonic development 

and it is expressed in pluripotent embryo cells, derivative ES cells, and in the 

developing germline of mammals and birds (Silva et al. 2009). Although it was 

reported that Nanog-deficient ES cells completely lose their self-renewal 

capability via differentiating into extra-embryonic cell lineages, NANOG was 

not one of the of transcription factors used to reprogram mouse fibroblasts in 

the Yamanaka experiment. Moreover, the addition of NANOG to these factors 

has not been reported to increase efficiencies. However, it has been found that 

there was either no or weak expression in incomplete reprogrammed cells that 

indicates the failure of pluripotent transcriptional factors activation (Sridharan 

et al. 2009). NANOG null embryos have not developed beyond implantation. 

Mutant blastocysts lack post implantation development, which suggests the 

requirement of NANOG to maintain and expand the pluripotent epiblast (Mitsui 

et al. 2003). 

 

 KLF4 
 
KLF4 is also known as kruppel like factor 4, a zinc finger transcription factor 

which responsible for regulating cell differentiation, proliferation and apoptosis. 

It is also expressed is a variety of tissues, such as in the epithelium of the 

intestine, the skin and the kidneys (Yanjun Li et al. 2005b). Depending on the 

gene target and interaction partners, KLF4 could function as both an activator 

or suppressor of transcription (Rowland and Peeper, 2006). In addition, it has 

been proven that KLF4 plays an essential role in the molecular circuitry of 

pluripotency as well as its role in inhibiting mice ESC differentiation. Moreover, 

studies showed that overexpressing KLF4 caused an increase in OCT4 

expression that lead to greater ability of self-renewal in cells (Yanjun Li et al. 

2005b). It has been demonstrated that KLF4 knockout embryos develop 

properly however, they die shortly after birth owing to a defect in skin barrier 

function. Moreover, it have been found that the inhibition of KLF4, OCT4 and 
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SOX2 by microRNA 145 caused repression of pluripotency and initiated 

differentiation (Papagiannakopoulos and Kosik 2009). Studies have also 

shown that downregulation and upregulation of KLF4 has been associated with 

a variety of human cancer types, such as colorectal cancer, gastric cancer, 

and cancers in the pancreas, breast, bladder and oesophagus (Walia et al. 

2012). 

 

 c-Myc 
 
c-Myc is a pleiotropic, proto-oncogene transcription factor that associated with 

a variety of functions. Although c-Myc is involved in cell cycle regulation, it is 

also associated with differentiation, metabolism, growth and proliferation as 

well as its function of enhancing the accuracy and the speed of re-pluripotency, 

c-Myc has been found to be dispensable for the generation of IPSCs (Wernig 

et al. 2008). c-Myc was shown to be greatly involved in self-renewal and stem 

cells maintenance. In addition, the exact molecular mechanism for c-Myc is 

still unclear (Walia et al. 2012). c-Myc knockout embryos developed normally 

in the early stages however in later stages, c-Myc deficiency causes a death 

of embryos approximately 10 days after gestation due to abnormalities and 

complications in numerous tissues including the heart, blood cells, vasculature 

and the neural tube (Baudino et al. 2002). Moreover, an increase of c-Myc 

expression is observed in 70% of human tumours, thus it has been considered 

to be one of the most frequently deregulated oncogenes in human cancer (C. 

V. Dang et al. 2006). 

 

1.8.3 The discovery of PSCs and approaches to generate 
pluripotent cells 

 
Somatic and fully differentiated cells can be converted back to pluripotency 

state (embryonic-like) by using any of the following strategies: exposure to 

embryonic factors in the oocyte via somatic cell nuclear transfer, exposure to 

pluripotency factors that are expressed in pluripotent cells via cell fusion, and 

the direct reprogramming (M. Patel and Yang 2010). 
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Nuclear transfer, also known as the “therapeutic cloning” method, has been 

established over the past 50 years. In early 1950s, pluripotency from somatic 

cells was achieved through somatic cells nuclear transfer (SCNT). It involves 

somatic cells and an unfertilised, enucleated oocyte. The nucleus of the 

somatic cell is transplanted NSCT into enucleated oocyte using micropipette 

consequently, the mature somatic cell is reprogrammed into a pluripotent state 

(Faulkner et al. 2014). Xenopus laevis and the infamous sheep ‘Dolly’ were 

successfully cloned in 1960s and 1990s respectively using the SNCT 

technique (Q. Zhou 2013). Although the generation of reprogrammed cells via 

SCNT has been well established and successfully achieved in mouse models, 

it has yet to be accomplished in human, in addition to, this method poses 

unique and technical challenges and gives rise to many bioethical questions 

(Ebben et al. 2011). Moreover, this procedure requires the voluntary donation 

of a large number of unfertilised oocytes, therefore it remains unlikely to be 

performed on a large scale as a potential source of iPSCs for every patient 

(Amabile and Meissner 2009). 

 

Another technique that has been used to reprogram somatic cells is cell fusion 

of somatic cells and ESCs. ESCs have the capacity for nuclear reprogramming 

of somatic cells after cell hybridisation (Do and Schöler 2010). The pluripotent 

reprogramming factors that are in the cytoplasm of ESCs can modify the 

epigenetic state of somatic nucleus and revert them back to pluripotent state 

after being fused (Flasza et al. 2003). Cell fusion could be considered as a 

useful tool for screening factors involved in cellular reprogramming. For 

example, studies have shown that the overexpression of Nanog may enhance 

the efficiency of the reprogramming process. Moreover, the effect of epigenetic 

modification factors, such as G9a (a histone methyltransferase) and Dnmt3a, 

have been established via cell fusion reprogramming (D. K. Ma et al. 2008). 

Despite these advantages, there are still many bioethical issues with this 

technique due to embryo destruction and also due to the inefficiency of the 

fusion process and it may be difficult to study the molecules which contribute 

with reprogramming (Ebben et al. 2011). 
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Despite the fact that early visions into PSCs were provided by studies using 

embryonal carcinoma cells extracted from mouse teratocarcinomas in the 

1950s (Stevens and Little 1954), the discovery of stem cells potentiality came 

from the discovery of mouse embryonic stem cells (mESCs) in the 1980s 

(Martin 1981). The early studies using mESCs rapidly established the 

foundation of the definition and features of PSCs, including its abilities of self-

renewal and the differentiation capacity of the germ layers. 17 years later, the 

successful isolation of human embryonic stem cells (hESCs) was established 

(Thomson et al. 1998) which displayed the key characteristics of PSCs. 

 

More recently, iPSCs have been obtained using direct reprogramming and this 

could be achieved by introducing factors that are responsible for maintaining 

the pluripotency state including Oct3/4, Sox2, c-myc, Klf4, Fbx15, Lin28 and 

NANOG. These factors are exposed to somatic cells to induce their 

pluripotency. The exposure of factors for direct reprogramming could be 

through viral vectors or non-viral vectors (Fontes and Lakshmipathy 2013). 

This technique was discovered by Yamanaka and his group (K. Takahashi and 

Yamanaka 2006).  

 

In 2006, there was a breakthrough achievement by Takahashi and Yamanaka, 

and they managed to reprogram adult murine fibroblasts back to an embryonic 

state through the addition of four transcription factors: Oct-4, Sox-2, c-Myc and 

Klf4. These factors are also known as the Yamanaka factors that were hugely 

minimised down to a set of 24 pluripotency-associated candidate genes 

(Ecat1, Dppa5, Fbxo15, Nanog, Eras, Dnmt3l, Ecat8, Gdf3, Sox15, Dppa4, 

Dppa2, Fthl17, Sall4, Oct3/4, Sox2, Rex1, Utf1, Tcl1, Dppa3, Klf4, β-catenin, 

c-Myc, Stat3, and Grb2) (Menon et al. 2016). These 4 factors were introduced 

into the adult murine somatic cells through a retrovirus and this was followed 

by another experiment that was conducted in human mature somatic cells (K. 

Takahashi et al. 2007b). Another group led by Thomson successfully obtained 

human IPSCs derived from human fibroblasts cells using slightly different 

factors which were Oct4, Sox2, Nanog and Lin28 (Thomson factors) via a 

lentivirus (Walia et al. 2012). These hiPSCs exhibited markers, morphology, 



 116 

gene expression profiles, differentiation ability and epigenetic profiles similar 

to those found in human ESCs. There is a variety of cells sources that were 

successfully reprogrammed to iPSCs such as cord blood cells, neural stem 

cells, dermal fibroblasts, liver cells, mature B-lymphocytes and pancreatic beta 

cells. However, their methods of calculating the efficiency of reprogramming 

were varied, owing to the different strategies of conversion (Takenaka et al. 

2010).  

 

 

 

 

 

Non-viral strategies have been also used to reprogram somatic adult cells. For 

example, iPSCs were also generated using polycistronic plasmids, however 

they showed a very low efficiency compared to the efficiency of viral vectors. 

Others have succeeded in obtaining iPSCs using non-integrating episomal 

vectors, however these achieved low efficiency rates (J. Yu et al. 2007). The 

Figure 1-10: Historical overview of the discovery of PSCs and 
approaches to generate pluripotent cells. 
Genetic reprogramming started in 1958 with the first somatic nuclear cell transfer, 
showing that the nucleus was responsible for determining the function of a cell. 
MESCs was firstly derived and successfully generated in the early 1980s. The 
infamous experiment which become recognised worldwide was the cloning of Dolly 
the sheep in 1997 and it was the first successful genetic manipulation that led to 
animal cloning. This was shortly followed by the discovery of hESCs in 1998 and it 
was the first time that hESCs have been derived. Those cells were the only 
pluripotent stem cells derived until 2006, when Shinya Yamanaka discovered the 
reprogramming factors that are capable of inducing pluripotency in adult cells. 
Abbreviations SNCT = somatic nuclear cell transfer; MESCs = mouse embryonic 
stem cells; HESCs = human embryonic stem cells; MiPSCs = mouse induced 
pluripotent stem cells; HiPSCs = human induced pluripotent stem cells. Images 
created using Servier Medical Art. 
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use of a piggyback (PB) transposon is one of the most efficient non-viral 

techniques. This is because its ability to be extracted from its integration site 

without altering the endogenous DNA sequence (Knut et al. 2009). Synthetic 

modified micro RNA was also used. This strategy has a  high efficiency rate, 

and it is non-mutagenic and easy to control, as well as its ability to circumvent 

an innate antiviral immune response (Anokye-Danso et al. 2011). Small 

molecule compounds have also been used to derive safe iPSCs (Miyoshi et 

al. 2011). More recently, iPSCs have been generated by introducing modified 

RNAs and synthetic self-replicating RNAs promoted reprogramming factor 

LIN28A that enhanced the iPSCs generation efficiency (Naohisa and Steven 

2017). Recombinant/ purified proteins (Nordin et al. 2017) and plasmids 

(Slamecka et al. 2016) were introduced into somatic cells to achieve a 

pluripotent state. To eliminate the risk of malignancy that occurs during viral 

transduction, nonintegrating transfection methods are also used for iPSC 

generation (D. Guo et al. 2017). The discovery of PSCs and the historical 

timeline of genetic reprogramming are summarised in Figure 1-11.  

 

1.8.4 The use of iPSCs in regenerative medicine 
 
IPSCs developmental advances now allow basic and translational scientists to 

develop strategies for the use of iPSCs technology in disease modelling and 

drug screening. In addition, it could enable autologous cell transplantation in 

clinical therapy in the near future (M. W. Sean and Konrad 2011). This allows 

therapy based on immunologically compatible cells and therefore, circumvents 

immune system rejection (Choi et al. 2009). Increases in life expectancy have 

been extensively associated with the increase in prevalence of chronic and 

age associated disorders, mostly cardiovascular, neural and metabolic 

systems, therefore iPSCs offer a cell therapy embryonic-like source to treat 

such diseases (Milena et al. 2012).  

 

Reprogrammed somatic cells from patients have already been applied in 

disease modelling, drug testing and drug discovery, thus enabling researchers 

to undertake studies for treating diseases in vitro that were previously 

insufficient in animal models (Zhu and Huangfu 2013). For instance, several 
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drugs have been shown to be effective to treat amyotrophic lateral sclerosis in 

animal models, whereas these are ineffective in human (K. Takahashi and 

Yamanaka 2013). The potential of using IPS for cell replacement therapy and 

disease modelling has been discussed extensively due to their potential to 

differentiate to any cell type and their potential to facilitate therapeutic 

approaches such as tissue engineering and organs replacement as they are a 

powerful source for cells.  

 

IPSCs is an attractive alternative to modelling human CVD, iPSCs can be 

exploited by the differentiation into VSMC or ECs. One of the advantages of 

iPSCs is that they can be utilised as a patient specific disease model in vitro. 

In this manner, hiPSCs can be used to understand CVD pathology and 

molecular mechanisms which may be targeted by specific validated therapy. 

The current in vitro and in vivo models of CVD are non-specific and have large 

inter-species variants between animals and humans. By utilising 

reprogrammed patient specific ECs or vSMCs, researchers can mitigate the 

inaccuracies that can result from extrapolating data taken from animal disease 

models to investigate human CVD mechanisms (Figure 1-12). 
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Figure 1-11: IPSCs-ECs and iPSCs-SMCs applications in regenerative 
medicine for CVD. 
A biopsy can be taken from healthy donor or patient depending on the purpose 
of the study, and these individual specific cells are then expanded in vitro 
followed by reprogramming using a suitable reprogramming factors carrier. 
IPSCs can then undergo in vitro direct differentiation using a GF. Finally, 
differentiated ECs and SMCs from iPSCs can be utilised to construct a vascular 
graft using scaffold, and understanding molecular mechanisms which are 
associated with CVD (atherosclerosis), can also be used for cell-based therapy 
to repair injured vessels or to customise/ discover a drug for CVD patients and 
for understanding the biological development of the cardiovascular system. GF= 
growth factors. Image was generated using Servier Medical Art/PowerPoint. 
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In healthy endothelium, ECs react to the mechanical shear stress and produce 

NO. Shear stress promotes atheroprotective state by adjusting ECs blood flow 

to optimise least resistance leading to production of NO and other cytokines to 

inhibit coagulation and cell adhesion. A study examined atheroprotective flow 

on iPSCs-ECs, iPSCs-ECs seemed to react to shear stress and oriented 

themselves in the flow direction and increased production of Kruppel-like 

factors 2 and 4 (KLF), eNO and argininosuccinate synthase 1, while, reducing 

the production of vWF. In addition, iPSCs-ECs were prompted by inflammatory 

signals including TNF-a, IL-1b, and lipopolysaccharide which enhanced E-

selectin and intercellular adhesion molecule 1. Moreover, iPSCs-ECs released 

cytokines such as monocyte chemotactic protein-1 and IL-8 to mediate 

leukocyte migration (Hewett 2016). 

 

Another group investigated iPSCs-ECs as model of cadmium-induced 

atherosclerosis associated with p38 or extracellular signal-regulated kinase 

(ERK) signalling pathways. IPSCs-ECs treated with cadmium chloride 

(CdCl2) showed an increase in ECs death and induction in endothelial 

dysfunction, more interestingly, they were able to provide an insight into 

cellular mechanisms of cadmium-induced ECs toxicity (Tang et al. 2017). 

IPSCs were successfully obtained from individual with maturity onset 

diabetes of the young and mitochondrial diabetes also used in a context of 

hypoglycaemia (Teo et al. 2013), iPSCs were successfully derived from T1D 

patients (Tayaramma et al. 2012) and T2D patients (Ohmine et al. 2012), 

however, none of these studies have analysed the possible effects of the 

disease on iPSC-ECs. There are no studies on the effect of drugs and their 

pharmacogenetics using iPSCs-ECs, however, there is an interesting study 

was conducted by investigating pharmacogenetics of antihypertensive drugs 

on iPSCs-SMCs. This may be used for patient with resistant hypertension (Biel 

et al. 2015). As the field of pharmacogenomics development, iPSC-derived 

cells might become more applicable in recognising clinically important and 

targetable mutations (Jang et al. 2019).  

 

Organ-on-a-chip is considered a novel in vitro platform that consist of multi-

channel 3-dimensional microfluidic cell-culture chip. This device mimicking 
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structural and functional characteristics of a specific tissue in an organ, thus, 

it is simulating the activities, mechanics and physiological response of organ 

system though constructing reproducible and minimalistic organ (Sung 2018) 

(Figure 1-13). This approach is particularly relevant for diseases specific to 

humans for which no animal models can offer. There are some models that 

were built based on this idea to simulate the microenvironment of real organs 

in vitro, including vessel-on-a-chip (Gao et al. 2018). This group constructed a 

vascular micro-physiological system for in vitro drug assessment using human 

EPCs or iPSC-ECs (Kurokawa et al. 2017).  

 

 

 

 

 

 

 

The results were promising and hold the potential of micro-environment to 

evolve the study of drug interactions, human diseases and 3D vascular 

network engineering. IPSC-ECs and iPSC-SMCs also were utilised to tissue 

engineer a vascular conduit for damage vessel replacement. This was done 

by seeding IPSC-ECs and iPSC-SMCs onto synthetic 3-dimention electrospun 

scaffold (Nakayama et al. 2015). Hibino et al also utilised iPSCs to construct a 

vascular graft by seeding derived ECs and SMCs sheets on polyglycolic acid–

poly-l-lactide and poly(L-lactide-co-ε-caprolactone) scaffold (Hibino et al. 

2012). IPSC-ECs can be used to play a supportive role in organogenesis and 

organ maturation as they drive vascularisation. This was evidenced by using 

Figure 1-12: Systematic illustration of organ on chip micro-system. 
Potential use for iPSCs derived vascular cells from either healthy donor or 
patient on chip by putting them in micro-environment in fluid flow to construct 
a bioengineered vascular which can be used then for drug screening or 
disease modelling. PCs = Pericytes; FBCs= fibroblasts. Image was generated 
using Servier Medical Art/PowerPoint.  
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organ on chip system seeded by iPSC- brain microvascular cells and iPSC-

derived neuronal cells that resulted in an enhancement of iPSC-derived 

neuronal cells maturation into spinal cord neural tissue (Sances et al. 2018). 

IPSC-ECs can be also utilised to induce endothelialisation by re-cellularising 

a decellularised organ (scaffold) for whole organ transplantation. In the lung, 

scaffolds have been reseeded with HUVEC which result in a successful 

repopulation of scaffold vasculature (Ott et al. 2010). Another study was 

conducted on reseeding iPSC-ECs and IPSC-SMCs on decellularised showed 

a viable ECs network had formed throughout the entire lung and IPSC-ECs 

and IPSC-SMCs had homed into perivascular spaces (Ren et al. 2015). 

 

1.8.5 Differentiation into cardiovascular lineages utilising 
iPSCs 

 

In mammalian development, vascular progenitor cells mainly arise from the 

lateral and posterior mesoderm. Therefore, vascular cells can be derived from 

iPSCs via three primary strategies which induce mesodermal lineages in the 

first stage. The initiation of differentiation can occur through (1) forming EBs to 

mimic germ layer; (2) co-culture with fibroblast feeders (such as OP9 feeders) 

or mature target cells (such as ECs); (3) two- dimensional culture with growth 

factors on coated dish with one of ECM proteins (Figure 1-14). During the 

differentiation process, cytokines and growth factors are added to push the 

development toward desired lineages such as VEGFA for ECs differentiation 

and PDGF-BB and TGF-β for the differentiation of SMCs. Finally. differentiated 

cells have been isolated using fluorescence-activated cell sorting (FACS) or 

magnetic-activated cell sorting (MACS) for surface markers such as CD31 and 

CD144 to obtain the desired cell type and a homogenous cell population 

(Figure 1-14). 

 

Numerous methods have been published to potentially generate ECs from 

human iPSCs. Two groups reported some of the first approaches to 

differentiate iPSCs toward ECs in 2009. Taura et al. differentiated iPSCs by 

co-culturing hiPSCs on OP9 feeder (derived from mouse bone marrow stromal 

cells). After 10 days, a VEGFR-2 positive cell population was observed which 
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had the capacity to develop ECs (Taura et al. 2009). Utilising a similar 

approach, Choi et al. also co-cultured different hiPSCs with the same feeder 

cells for 8 days and they then sorted the cells for double positive cell 

populations (CD34 and CD31) which also had the capacity to generate ECs 

after an additional 7 days in endothelial differentiation media (Choi et al. 2009). 

Co-culturing with stromal feeders has yielded very low efficacy rates. 

Subsequently, other techniques have developed such as EBs formation. 

 

EBs formation. More recent efforts have been paid to further characterise and 

develop a differentiation pathway to promote the efficacy and yield of iPSC-

ECs. EBs formation was utilised to generate ECs from hiPSCs. The first 

reported study on EBs differentiation methods was based on using high VEGF 

concentrations (25 - 50 ng/ml) and this resulted in around 6% - 16 % of 

functional ECs after 2 weeks of culture (James et al. 2010; Kane et al. 2011; 

Nourse et al. 2010). On the other hand, other groups reported up to 50% 

CD31-positive cells using EBs formation to initiate differentiation, however T. 

S. Park et al. plated EBs on day 8 onto fibronectin coated plates and 

supplemented the culture media with 25 ng/ml of VEGF (T. S. Park et al. 2014). 

Another group had similar efficiency rates, however, they utilised hypoxic 

conditions to promote CD31+ yield as well as using a collection of GFs such 

including h-bFGF, h-Activin A, h-BMP4 and h-VEGF (M. P. White et al. 2013). 

EBs formation stages to generates ECs is difficult to quantify efficiencies and 

this is due to the differences in methodology used to form EB aggregates. In 

addition, the variabilities in EBs sizes could affect the efficacy outcome. 

Interestingly, work based on EBs formation that was done by Rufaihah et al. 

determined that hiPSC-ECs exhibit heterogeneity and they have enriched 

different subtypes of hiPSC-ECs including arterial EC subtype, venous EC 

subtype and lymphatic EC subtype using different cocktail of factors including 

BMP-4, 8Br-cAMP, Ang-1 and VEGF-C as well as high and low concentrations 

of VEGF-A. Moreover, arterial derived hiPSC-ECs promoted 

neovascularisation compared to heterogeneous cells, indicating a potential 

therapeutic benefit in transplanting enriched subtypes. (Abdul Jalil Rufaihah et 

al. 2013b).  
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Figure 1-13: Methods which are used to differentiate hiPSCs onto ECs and SMCs. 
Cells are collected from human/mouse, after having these cells expanded, transfection with Yamanaka factors is performed to 
generate human/mouse iPSCs. IPSCs then undergo differentiation using one of the following methods; A: through EBs that have 
been formed prior to differentiation, EBs will grow in media that consist of GF and cytokines to push the differentiation towared ECs 
and SMCs (maturation). B: through co-culturing with stromal cells or ECs whish push cells to the maturation of desired cells.C: 
through 2D mode where iPSCs are grown on the matrix (collagenIV/fibronecton/matrigel) in media that consist of GF and cytokines 
to push the differentiation towards ECs and vSMCs (maturation). The last stage differentiated ECs are sorted for ECs suface markers, 
howere, differentiated vSMCs usully do not undergo sorting. Then these sorted/unsorted cells are sub-cultured for further maturation 
and expansion. EB = embriod bodies; GF = growth; CK= cytokines; -/+ = with or without. Image was generated using Servier Medical 
Art. 
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Currently, monolayer differentiation methods on matrix without the need of 

feeder or EB generation have been successfully applied to induce ECs from 

iPSCs. This strategy usually requires a combination of different culture 

substrates such as soluble GF and cytokines with defined conditions. This 

developed method has promoted differentiation fidelities, efficiencies and 

kinetics. Wang et al. demonstrated the two stages differentiation method via 

two-dimensional Matrigel. In the first stage of differentiation, cells were treated 

with a combination of BMP4, activin A, basic fibroblast growth factor-2 (bFGF-

2), and VEGF to induce differentiation from mesoderm cells to cardiovascular 

cells. Differentiated cells were then treated with a second combination of 

factors such as an inhibitor of rho-associated protein kinase (Y27632) and an 

inhibitor of transforming growth factor-β receptor (SB431542), VEGF, and 

bFGF-2 and these promote the differentiation and proliferation of ECs. This 

direct differentiation method resulted in an increase in yield to 60%. (L. Wang 

et al. 2016b). Kusuma et al. developed a two stages protocol that resulted in 

> 95% yield. The first stage was to initite differentiation to hiPSCs to the 

mesodermal lineage by culturing hiPSCs onto collagen IV in alpha-MEM, FBS 

and β-mercaptoethanol for 6 days. Treated cells were subsequently re-plated 

on collagen type IV-coated plates in endothelial cell growth media (ECGM) 

supplemented with VEGF with SB431542 for a further 6 days (Kusuma et al. 

2013). 

 

VSMCs generation is mainly based on two major strategies; (1) EBs formation 

with or without supplemented growth factors to induce mesodermal lineage 

and (2) monolayer culture of iPSCs on one of ECM coatings in defined culture 

conditions. Although there are currently 3 studies which are based on co-

culturing with OP9, Marchand et al. utlised OP9 to differentiate hiPSCs to 

functional SMCs, and they seeded hiPSCs on OP9 cells in differentiation 

media consisting of αMEM, FBS, insulin-transferrin-selenium, 

monothioglycerol supplemented with BMP4, bFGF and VEGF for 8 days. Cells 

were sorted and replated on collagen IV differentiation medium supplemented 

with a ROCK inhibitor, then on day 3, the medium was changed to 100% 

smooth muscle cell proliferation medium. This protocol yielded over 95% 

positive cells (Melanie Marchand et al. 2014b). One of the earliest studies was 
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conducted by Lee et al. EBs were formed and transferred to gelatine coated 

plates in SMC-specific medium (SMCM) and cultured for 10 days. SMC-like 

cell morphology colonies were then manually collected and evaluated for 

SMCs specific markers (L. T.-H. Lee et al. 2010). A similar protocol was used 

by Ge et al. where 6 days old EBs were plated on gelatine coated plates in 

DMEM supplemented with FBS, nonessential amino acids, β-mercaptoethanol 

and l-glutamine for another 6 days. This was followed by transferring cells 

clusters onto Matrigel-coated plates in SmGM-2 media for 7 days. The cells 

were then transferred onto gelatine coated plates with low FBS culture media. 

This protocol yielded SMCs of mixed origins derived from different germ layers, 

the purity was more than 95% as analysed by the expression of calponin (Ge 

et al. 2012). 2D differentiation-based protocols also applied to differentiate 

SMCs with a high efficiency rate of over 90%. Vo et al. intiated differentation 

by plating hiPSCs onto collagen-IV-coated plates in alpha-MEM, FBS, and 

0.01 mM β-mercaptoethanol for 6 days. On day 6, cells were re-plated onto 

collagen-IV-coated in differentiation medium supplemented with PDGF-BB 

and 1 ng/mL and TGF-β1 for a further 6 days. The positive result in cells were 

98% for SMA, 98% for calponin, 90% for SM22 and less than 50% were 

expressing SM- MHC (Vo et al. 2010). The same method was used by Wanjare 

et al. with similar results, however their method yielded >98% positive results 

for SMA, calponin, and SM22 and ∼50% positive for SMMHC of SMC-like cells 

(Wanjare et al. 2012). Recent protocols to differentiate vECs and vSMC are 

also based on the three approaches mentioned above (Christensen et al. 

2019; Natividad-Diaz et al. 2019; Stephenson et al. 2020; Jue Zhang et al. 

2019). 

 

  The importance of the local niche in 
organogenesis  

 
The extracellular matrix (ECM) is a 3-dimensional mesh of extracellular 

macromolecules such as proteins, glycoproteins and proteoglycans secreted 

by the cells themselves. In mammalian cells, ECM is usually presented in two 

forms: the interstitial matrix and the pericellular matrices. The interstitial matrix 

is present between various cells in intercellular spaces, whereas the 
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pericellular matrices such as basement membrane are thin sheet-like 

depositions of vECM which various cells adhere to (Achilleas D. Theocharis et 

al. 2016). The main components of the vessels are ECs, SMCs and ECM. 

Vascular ECM is deposited and organised by vSMCs, and the overall day 

weight of ECM can reach over 50% of the vasculature. As the vessel 

developmentally advances, its ECM become largely deposited (Brooke et al. 

2003). ECM is critical in providing structural support to the vascular system as 

well as providing the mechanical strength properties to support pulsatile blood 

flow and adopt the surge of blood pressure that is ejected from the heart 

(Kelleher et al. 2004). Moreover, ECM also provides instructional signals to 

maintain and ECs and SMCs proliferation, migration, maturation, 

morphogenesis, survival, and ultimately blood vessel stabilisation, all of which 

are crucial for neovascularisation and angiogenesis (Davis and Senger 2005). 
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1.9.1 Components of the vascular ECM  
 
ECM proteins and their subtypes of arterial wall are summarised in Figure 
1-15.  
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 

 Collagen 
 
Collagen is a rigid protein that restricts vessel expansion, it has at least 24 

subtypes and ~38 different polypeptide chains depending on the function and 

structure of the vessel, and collagen subtypes are expressed by different cell 

types. In a healthy vessel wall, collagen types I and III are highly expressed in 

the tunica media and tunica adventitia, however when the vessel is injured, the 

expression level of collagen type III is significantly decreased. Moreover, 

collagen- III/collagen-I ratio is decreased while the ratio of elastin/collagen-III 

is increased (Kong et al. 2013). Collagens are involved in SMCs migration, 

proliferation, differentiation, apoptosis and adhesion and these are mediated 

by β1 integrin and the family members of discoidin-domain receptor (DDR) 

Figure 1-14: An overview of vascular ECM components. 
This schematic illustrates the ECM components and their subtypes as well as 
the corresponding layer that each present in within a vessel wall. Image was 
generated using Servier Medical Art. 
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family members (W. Vogel et al. 1997). Mutation in collagen subtypes leads to 

either death or disorders such as osteogenesis imperfecta associated with 

aortic dilation, dissection, and rupture and Ehlers-Danlos syndrome (EDS) (Xu 

and Shi 2014). 

 

 Elastin  
 
Elastin is the main protein that gives the vessel its elasticity and it is one of the 

earliest structural protein expressed in SMCs arterial wall. Elastin expression 

appears at the same time as condensation of cells around the endothelial tube 

(Wagenseil and Mecham 2009) insoluble and hydrophobic protein created by 

tropoelastin cross-linking in extracellular space. It is a 68 - 74 kDa monomeric 

protein and it secreted by SMCs in the tunica media and fibroblast in tunica 

adventitia. 50% of the dry weight of the ECM vascular is elastin and elastin 

also forms 90% of the total weight of elastic fibres. In addition, elastic laminae 

maintain mechanical integrity and vessel elasticity and elastic fibres have been 

found to cross the tunica media and they are organised in concentric 

fenestrated elastic laminae (Rosenbloom et al. 1993). Elastin is involved in 

SMCs migration and it utilises some receptors to regulate target cell migration, 

chemotaxis, proliferation and myofibrillar organisation. Anti-inflammatory 

activities  and the mutation in gene ELN lead to disorders such as 

supravalvular aortic stenosis (SVAS) and Williams syndrome (Xu and Shi 

2014). 

 

 Fibronectin  
 
Fibronectin is a dimeric multidomain glycoprotein that been found in vascular 

ECM and it is 440 kDa glycoprotein with two disulphide bonds located at the 

C-terminus. Fibronectin is highly expressed in the arterial wall and produced 

and released by several cell types including fibroblasts, SMCs and 

myofibroblasts. ECs, SMCs and fibroblasts express α5β1 integrin which is the 

main mediator for fibronectin function. Fibronectin plays a crucial role in cell 

growth, differentiation, migration and adhesion and it is vital for vessel 

formation (Kelleher et al. 2004). IIICS has two binding sites CS-1 CS-5, 

fibronectin CS-1 acts like VCAM-1 by binding to α4 integrin on leukocytes. It 



 130 

has been also shown that ED-A and ED-B are highly expressed around newly 

developing vascular network during embryogenesis and in pathological 

conditions. ED-A and ED-B may be vital in enhancing SMC phenotype 

differentiation. Moreover, embryos lacking both ED-A and ED-B are e9.5-

e10.5 lethal (Astrof et al. 2007). 

 

 Fibulins  
 
Fibulins are elastic fibre–associated proteins that all fibulin subtypes have 

been found to be expressed in cardiovascular development except fibulin-3. It 

is a family of seven ECM proteins that consists of EGF-like modules and a 

distinct COOH terminal domain. All fibulins except fibulin-6 and fibulin-7 were  

found to be expressed inelastic tissues (Kobayashi et al. 2007). The activity 

and function of are mostly interact with other ECN proteins including elastin, 

fibronectin, and they are associated with the regulation of elastic fibres 

assembly and development and proteoglycans. Fibulin, for example, is 

involved in blood clotting with fibronectin. Each of the fibulin subtypes play a 

critical role in SMC proliferation differentiation and migration (Hilenski and 

Griendling 2013). Knockout mice with either fibulin-4 (Fbln4-/-) or fibulin-5 

(Fbln5-/-), had highly disrupted and disorganised elastic fibres, leading to 

defects in the skin, arterial blood vessels, and lungs. Lacking fibulin-4 gene 

(Fbln4-/-) was lethal. It has been also shown that fibulin-4 and fibulin-5 play 

vital roles in elastic fibre formation during vascular development (Wagenseil 

and Mecham 2009). 

 

 Laminin 
 
Laminin is a family of glycoproteins consisting of; 1 α chain, 1 β chain, and 1 γ 

chain derived from 11 genes consist of; 5 α chains, 3 β chains, and 3 γ chains. 

Laminin α4, α5, and α2 are considered the main isoforms in large blood 

vessels. It has also been shown that from the 150 kDa full-length laminin γ2 

chain, cysteinyl cathepsin S (CatS) produces 100 kDa, 80 kDa, and 50 kDa 

proteolytic fragments. Moreover, research has shown that 100 kDa and 80 kDa 

fragments were pro-angiogenic in an in vitro study using a mouse aortic ring 
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assay. Immunofluorescence is commonly used to identify γ2 fragments (Yousif 

et al. 2013). 

 

 Proteoglycans  
 
Proteoglycans are composed of genetically different families of multidomain 

proteins that covalently bind to glycosaminoglycan (GAG). Proteoglycans can 

be classified into 3 groups based on the type of binding to GAG. Type 1, 

chondroitin sulphate and dermatan sulphate; type 2, heparin and heparan 

sulphate and type 3, keratan sulphate. One of the main GAC characteristics is 

that it includes 1 to 3 negative charges per disaccharide as a result of the 

carboxylate and sulphate groups, and this occurs at CAG physiological pH. 

Proteoglycans are abundantly present in the vessel wall and can be classified 

into two types, large proteoglycans (that form large aggregates) and small 

proteoglycans (Wagenseil and Mecham 2009). Proteoglycan plays a wide 

variety of functions, including the induction of cell adhesion, promotion of 

proliferation, and a role in influencing cell migration. 

 

 Other ECM proteins 
 
Fibrillins are extracellular microfibrils related to elastic fibres. Two subtypes of 

fibrillin; fibrillin-1 and fibrillin-2 are reacted with collagens, elastin, vitronectin 

and fibronectin. Fibrillin-1 sustains the structure of elastic fibres and vessel 

homeostasis, as well as the interaction between vascular cells and matrix 

scaffold is stabilised by fibrillin-1. Mutation in fibrillin-1 leads to Marfan 

syndrome. While, the relation between fibrillin-2 in vascular morphogenesis or 

disease is still unclear although it been shown that it is related to congenital 

contractual arachnodactyly (Beals Syndrome). Knockout mice with the fibrillin-

1 gene (Fbn1-/-) had very thin elastic fibres leading to death after 2 weeks of 

birth due to aneurysms. It hasalso been demonstrated that using mouse 

models and mice deficient in fibrillin-2 are viable and display a defect due to 

altered bone morphogenetic protein (BMP-4) signalling (Carta et al. 2006). 

 

Vitronectin is a glycoprotein discovered in the circulation and ECM. Vitronectin 

is known to be enhancing cell adhesion and spreading. It also plays a critical 
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role in arterial wall remodelling by enhancing SMC migration as well as it 

involved in thrombosis formation (Robinson and Godfrey). In mice, vitronectin 

knockout models (Vn -/-) had unstable thrombi and greater numbers of emboli. 

Vessel occlusion was delayed, and repeated vessel re-opening occurred in 

knockout mice. In vitro, thrombin-induced aggregation was eliminated at a low 

concentration of thrombin in (Vn -/-) platelets (Reheman et al. 2005). 

 

Fibrinogen is a plasma protein with 340 kDa and it is transformed into fibrin 

during the blood clotting process. Studies have shown that when pig ECs were 

cultured on fibrinogen, elevated expression of the chemokines such as MCP-

1, PDGF-AB, and IL-8 were observed causing a two-fold increase in monocyte 

chemotactic activity. Increased blood antibodies against fibrinogen and 

vitronectin were observed in patients with Wegener’s granulomatosis (WG) 

and Churg-Strauss syndrome (CSS) (Maehnss et al. 2002). 

 

1.9.2 The influence of ECM vascular proteins 
 
It is well known that ECM components are strongly involved in vascular cells 

maintenance and vascular development. Subsequently, under different 

circumstances cellular interaction such as cell adhesion, migration, 

proliferation, phenotype, and tissue architecture are regulated by the ECM. 

The ECM is also vital for cell movement, polarization, and anchorage as well 

as providing fundamental signals to cells that can influence gene expression 

and cellular function. Previous studies were conducted to recognise the types 

of ECM proteins produced by SMCs and to compare their expression pattern 

with other known markers of SMC differentiation (Kelleher et al. 2004). 

Moreover, vascular cells utilise ECM receptors to recognise alteration in matrix 

stiffness and rigidity as well as configuration which occurs during tissue 

remodelling. This consequently induces intracellular signalling to regulate 

cellular processes including cell survival, proliferation, gene expression and 

differentiation (Xu and Shi 2014). Thus, more researchers have therefore 

investigated the potential benefits of the use of ECM constituents by culturing 

vascular cells on ECM matrix and extract the whole vessel to examine vascular 

cell behaviour, interaction, differentiation and maturation on this construct. 
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This allows research mimic in vivo the niche environment of the complex ECM 

composition and to investigate more about signals and cellular interactions.  

 

It has been demonstrated that culturing SMCs on basal laminae proteins such 

as collagen-IV, laminin, and perlecan reduced SMCs growth, promoted 

contractile gene expression, eliminated matrix calcification and decreased 

inflammatory gene expression in culture. However, culturing SMCs on 

interstitial matrix proteins including collagen-I, collagen-III, fibronectin, and 

osteopontin promoted SMC growth which was concomitant with increased 

ERK phosphorylation and activation of cell cycle regulators (Moiseeva 2001). 

Moreover, when integrins that attach to interstitial matrix proteins were 

inhibited, inhibition of SMC proliferation was observed due to the interaction 

with PDGF, epidermal growth factor (EGF), and bFGF (Mawatari et al. 2000). 

The in vivo studies limit the migration and neointima formation (Kappert et al. 

2001). Furthermore, through culturing SMCs on proteoglycans, polymerised 

collagen-I, elastin and collagen-IV inhibited SMC growth and induced a 

contractile phenotype. Moreover, it has been demonstrated that immobilisation 

of ECM proteins such as fibronectin, fibrinogen and fibrin on the polymer 

surface promotes SMCs proliferation (Bramfeldt and Vermette 2009). 

 

Using the whole complex of ECM matrix may promote vascular cells 

differentiation and function. Whole tissue vascular ECM can be extracted from 

xenogeneic and allogeneic decellularised tissues by removing cellular material 

while retaining the ECM component. The development of decellularised native 

tissues allowed the ability to utilise ECM proteins (such as collagen type I, III 

and IV, laminin, and fibronectin) that enhance cellular adhesion in the field of 

regenerative medicine. Studies conducted showed that ECM basement 

membrane proteins stimulate cellular differentiation, function and regenerative 

potential by invoking cellular signalling and cells integrins that respond to the 

ECM (Huleihel et al. 2016). Arginine-glycine- aspartic acid (RGD), is a peptide 

sequence found in ECM particularly in fibronectin, vitronectin, laminin, 

collagen I and IV, and these were demonstrated to have a high affinity for 

integrin-mediated cell attachment and spreading, functionality and tissue 

development. Additionally, the RGD sequence and SVVYGLR sequence co-
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immobilisation was utilised to promote ECs adhesion (Monchaux and Vermette 

2007). Moreover, ECM releases embedded growth factors, cytokines and 

chemokines, for example growth factors such as FGF, hepatocyte growth 

factor and VEGF which are present in their bioactive form within the ECM (W. 

Wang et al. 2016c). Furthermore, during ECM degradation, matricryptic 

peptides are released and this triggers biologic activity (Sicari et al. 2014). 

Furthermore, ECM controls, guides and directs stem cell differentiation due to 

growth factor retention and the distinct matrix compliance through 3 regulatory 

mechanisms of cellular functions; (a) The mechanical stimulation such as 

matrix stiffness. (b) an activation from soluble factors, and (c) an activation due 

to adhesion molecules such as integrins (Hoshiba et al. 2016) (Figure 1-16). 
Many studies have concluded that ECM enhanced stem cells differentiation, 

for example Cortiella et al. have found that decellularised lung ECM cultured 

with mESCs resulted in better cell survival and higher efficiencies of lung-

specific differentiation than those found in plate culture (Cortiella et al. 2010). 

In addition, ECM promotes angiogenesis which has a particular significance 

for regenerative medicine applications and this was discovered through using 

ECM derived from different organs such as lung (Cortiella et al. 2010), kidney 

(Bonandrini et al. 2014), vessel (Constantinescu et al. 2014) and small 

intestinal submucosa (W. Wang et al. 2016c). 

 

An in vivo study was conducted by Jones et al. which demonstrated that 

intercostal human decellularised artery seeded with mESCs (that were 

expressing pluripotency marker such as SSEA-1) showed a positive CD43 

cells (a haemopoietic progenitor) in the a haemopoietic progenitor in the intima 

between 2 and 4 weeks (20.9% vs 2.2%) after implantation in the SCID mouse. 

Moreover, after 4 weeks, there were no cells positive for SSEA-1. CD31 (ECs 

marker) were seen at week 2 in tunica intima, and the CD31 population of cells 

were significantly increased after 4 weeks. Furthermore, calponin and MHC 

(SMCs markers) positive population were seen on week 2 and they were 

significantly increased at week 4. Mac-1 positive cells were also observed at 

week 2 suggesting the presence of an immune response (Jones et al. 2014). 
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Another in vivo research experiment was done by Breuer et al. which showed 

that mESCs seeded in decellularised veins showed a significant reduction in 

intimal thickening (intimal hyperplasia) when compared to all the control 

groups (Breuer et al. 2014). Thoracic aorta from porcine were also 

decellularised followed by recellularising with rat multipotent mesenchymal 

stem cells (MSC), and this showed a clear indication that MSC seeded on 

decellularised grafts have adequate influence on construction of new blood 

vessels that further arrange and develop into branched microvascular network 

fully integrated with the host (Nowacki et al. 2015). Another group utilised the 

same stem cells to seed on a decellularised umbilical cord artery evidenced 

that neovascularisation formation detection after 4 weeks of transplantation as 

well as CD31 positive population were observed around the blood vessel like 

structures which was determined to be ECs. Moreover, these grafts 

Figure 1-15: The ECM can affect stem cell differentiation on ECM. 
There are three regulatory system that influence stem cell differentiation; (A) 
activation through SF receptor through GAG, (B) stimulation through ECM 
stiffness, (C) activation through adhesion molecules. GAG = 
glycosaminoglycan, SF= soluble factor, ECM = extracellular matrix. Image 
was generated using Servier Medical Art. 
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significantly increased survival rate of heart infraction rat model and they also 

improved their function (N. Li et al. 2017a). More recently, ECM hydrogel 

biomaterials were constructed from human and porcine decellularised aortic 

adventitia which further demonstrated the retention of angiogenesis-related 

factors and bioactive molecules (such as the molecules in FGF2 signalling) 

are efficient in influencing processes that are vital for angiogenesis as well as 

having an effect on cells of blood vessel lineages (Fercana et al. 2017). 

 

1.9.3 Organ decellularisation  
 
Organ decellularisation is a process where the cells and genetic material are 

removed whereas the complex ultrastructure of ECM is retained. Xenogeneic 

and allogeneic cellular antigens are identified as foreign by the host and this 

consequently triggers the immune response leading to tissue rejection. ECM 

components however, are generally conserved by species and are tolerated 

by xenogeneic recipients (Gilbert et al. 2006). The decellularisation process is 

mainly initiated by the lysis of the cell membrane using physical or ionic 

treatments, followed by separation of cellular material from ECM component 

using enzymatic treatments and cytoplasmic and nuclear material 

solubilisation using detergents. Finally, this is followed by the elimination of 

cellular material debris from the tissue. These steps can be combined with 

mechanical agitation or force to promote process efficacy. By the end of the 

decellularisation, all chemicals are washed away to avoid hot tissue response 

to these reagents. Decellularisation efficiency can then be evaluated according 

to a standardised criterion including the retention of ECM component by 

measuring GAG, collagen quantification and the total DNA level present in the 

tissue. An optimal decellularisation should maintain most of ECM proteins such 

as collagen I, collagen IV, laminin, fibronectin and sGAG which are important 

for cells development, proliferation, migration, adhesion and differentiation as 

it has been discussed in section 1.10.2. One of the most beneficial parameters 

to judge decellularisation efficiency is the level of DNA content. Previous 

research has shown that residual cellular material can affect the scaffolds 

cytocompatibility leading to an increase in apoptosis of seeded cells and a 

reduction in differentiation potential or function impairment. Even though the 
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cellular material cannot be completely removed by decellularisation, there is 

an acceptable level of cellular component that can be present in the tissue 

after decellularisation. According to Crapo et al., the amount of DNA that 

remains in the tissue after decellularisation should not exceed 50 ng/mg of dry 

tissue weight. Additionally, the fragments of residual DNA remaining should be 

less than 200 bp in length, and the invisibility of the nuclei should remain when 

the tissue is stained with a haematoxylin and eosin stain (H&E) (Crapo et al. 

2011). Some other groups have introduced cellular components that should 

be considered as a part of decellularised scaffold assessment such as α-

galactose (α-gal) epitopes and MHC proteins such as human leukocyte 

antigen (HLA) in humans (A. Gilpin and Yang 2017a). 

 

 Reagents and methods commonly used for decellularisation  
 
There is wide variation of reagents that have been utilised in decellularisation 

These reagents can be divided into chemical and biological agents and these 

can be combined with physical treatment. 

 
Chemical agents are listed below 
 

 Acids and bases  
 
Both acids and bases are used in decellularisation methods and they 

hydrolytically break down the biomolecules. The most common acids are 

Peracetic acid (PAA) and Acetic acid (AA). PAA has shown to be effective in 

removing nucleic acid, however, it negatively affects the mechanical properties 

of ECM while AA removes collagen thus it affects the overall mechanical 

strength of ECM, but it does not affect GAG. Bases such as such as NaOH 

have exhibited a high efficiency in the removal of DNA, however, it causes 

damage to collagen and sGAGs (Gilbert et al. 2006). 

 

 Detergents  
 
Detergents are commonly used in decellularisation methods and they can be 

classified into three subtypes: ionic, non-ionic and zwitterionic. They solubilise 

cell membranes and detach DNA from proteins, and they are therefere efficient 

in removing cellular component from the tissue. Sodium dodecyl sulfate (SDS) 
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is the most widely used ionic detergent. It has been shown to disrupt the native 

tissue structure, reducing GAG levels and damaging collagen integrity. 

Moreover, it damages ECM by disrupting protein–protein interactions, 

however SDS eliminating collagen from the tissue has not been shown. Non-

ionic agents such as Triton X-100 are some of the most commonly used non-

ionic detergents. It is found to disrupt only lipid–lipid and lipid–protein 

interactions. Moreover, Triton X-100 showed almost a complete removal of 

GAGs and a reduction of laminin and fibronectin content of the valve tissue. 

Zwitterionic detergents were shown to have both non-ionic and ionic 

detergents features such as 3-[(3cholamidopropyl)dimethylammonio]-1-pro- 

panesulfonate (CHAPS). It was shown to be harsher than non-ionic detergent 

on proteins. Tissue treated with CHAPS displayed normal collagen and elastin 

morphology, however, it significantly reduced the burst pressure of 

decellularised vessels (Anna Gilpin and Yang 2017b). 

 

 Hypotonic and hypertonic treatments  
 
There are many hypotonic solutions and the most frequently used is ddH2O. It 

causes lysis to the cells through osmotic processes and it usually maintains 

ECM proteins and the scaffold architecture. Hypertonic solutions such as 

concentrated NaCl separate DNA from ECM proteins. It is common for both to 

be used repeatedly in cycles to increase the osmotic effects of the tissues 

(Crapo et al. 2011). 

 

 Alcohols  
 
Alcohols are also used with the most commonly used alcohols being methanol, 

ethanol, isopropanol and glycerol and these cause cells dehydration leading 

to the lysis of the cells. They are effective in phospholipids removal, however 

their fixative features can damage ECM ultrastructure (Crapo et al. 2011). 

 

 Other solvents  
 
Other solvents are also used such as acetone which works in a similar way to 

alcohols and it is effective in removing lipid from tissue, however its fixative 
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feature may also damage ECM architecture. Tributyl phosphate (TBP) is an 

organic solvent which has been used on dense tissue such as tendons and 

has shown to be more effective than Triton X- 100 or SDS (Crapo et al. 2011).  

 
Biological agents are listed below 
 

 Enzymes  
 
Enzymes such as nucleases, trypsin, collagenase, lipase, dispose, 

thermolysin, and α-galactosidase are efficient in removing cell remnants in the 

tissue, however they are difficult to wash away from tissue after 

decellularisation. The most common enzymatic agent is trypsin which is a 

serine protease. Trypsin is reported to disrupt collagen and elastin while 

preserving GAG. It is also be found to affect the ECM ultrastructure (Gilbert et 

al. 2006). 

 

 Non-enzymes 
 
Other non-enzymes are known as chelating agents, such as 

ethylenediaminetetraacetic acid (EDTA) and ethylene glycol tetraacetic acid 

(EGTA). They dissociate the cells from ECM proteins by isolating metal ions 

such as Ca2+ and Mg2+ which are crucial for cell adhesion on collagen and 

fibronectin in the Arg–Gly–Asp receptor (Gilbert et al. 2006). 

 
Physical agents are summarised below 
 

 Temperature  
 
One of the most common techniques for regulating the temperature in 

experiments is the freeze-thaw technique and it is reported to be effective on 

lyses cells within tissues and organs, however further processing is needed in 

order to remove intracellular contents. Repeated freeze-thaw cycles can be 

used during decellularisation and ECM has not shown to be lost from the 

tissue. However, multiple freeze-thaw cycles in the process could produce a 

minor disruption of ECM ultrastructure. The freeze-thaw technique has been 

reported to retain the mechanical properties of the tissue (Kawecki et al. 2018). 
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 Force and pressure  
 
A mechanical removal of the cells using force and pressure can also be applied 

in the decellularisation of tissues and organs particularly with organs that have 

surface-inhabiting cells such as the urinary, bladder, small intestine and 

amnion, and cells can be efficiently detached by mechanical scrapping. This 

can be used with the help of enzymes, hypertonic saline, or chelating agents 

to aid the dissociation of cells from the underlying basement membrane. 

However, such methods can lead to the distribution of the ECM architecture 

and scaffold integrity. Hydrostatic pressure might be more efficient than 

detergents or enzymes for the removal of cells from tissues such as blood 

vessel and corneal tissues, although ice crystals formation can damage the 

ECM ultrastructure. To avoid ice crystals from forming, high temperatures 

could be applied, however, this leads to ECM damage (Kawecki et al. 2018). 

 

 Blood vessel decellularisation 
 
Many different vessels have been successfully decellularised including 

femoral arteries (S. Wilshaw et al. 2012a), internal thoracic arteries (Egorova 

et al. 2011), iliac veins (Olausson et al. 2012) pulmonary arteries (Hopkins et 

al. 2014), internal mammary artery (Kajbafzadeh et al. 2017), arteries of the 

hand dorsum (Porzionato et al. 2017), aortae (Clay Quint et al. 2012) and the 

most widely decellularised human tissue that has been used as source for 

vessels is the umbilical cord (Goktas et al. 2014). Most of decellularised 

vessels are achieving good outcomes in terms of structural and mechanical 

characteristics.  

 

Different methods have been used and adopted for human vessel 

decellularisation, however, the most common agents that has been utilised 

and deeply studied are CHAPS and SDS. Gui and his group have investigated 

the CHAPS in combination with SDS, EDTA, and NaCl. Grafts exhibit 

mechanical properties similar to native vessel with not much effect on scaffold 

ultrastructure. Moreover, their method preserved ECM protein such as 

collagen and elastin and were not significantly different before and after 

decellularisation. Grafts were also showed cytocompatibility when they were 



 141 

re-seeded with cells. Interestingly, they have achieved complete nuclear 

component removal and after decellularised vessel were incubated in EGM-2 

media overnight, they concluded that EGM-2 may be associated with cell 

removal as FBS has nucleases (Liqiong Gui et al. 2009). Rodriguez et al. and 

Chen et al. applied a similar method on umbilical cord by utilising SDS 

treatment, however, in the protocol by Chen et al., they flushed vessels with 

trypsin/EDTA prior to using SDS. Both showed intact fibres after 

decellularisation with no disruption in ECM ultrastructure as well as grafts 

maintained their mechanical strength which indicate the preservation of 

collagen and elastin. Moreover, both methods yielded cytocompatible grafts. 

Chen et al. also shown the absence of nuclei after decellularisation when H&E 

staining with was performed (S. Chen et al. 2013; Rodriguez et al. 2012).  

 

Mallis et al. also used two SDS based protocols. One group were treated with 

CHAPS buffer (CHAPS, NaCl and EDTA) followed by treatment with SDS 

buffer (SDS, NaCl and EDTA). Another group were treated with Hypotonic Tris 

buffer followed by treatment with SDS buffer. Final step for both groups was 

incubation in a nuclease solution (P. Mallis et al. 2014), (2) CHAPS buffer 

(CHAPS, NaCl and EDTA) followed by SDS buffer (SDS, NaCl and EDTA). Th 

final step was incubation in a-MEM with FBS (Panagiotis Mallis et al. 2018). 

Both methods exhibit good efficiency in cellular component removal as well as 

maintained ECM integrity with ECM proteins preservation and good 

cytocompatibility. None of the yielded scaffolds from this group were tested for 

their mechanical properties.  

 

One of the main reasons of using umbilical cords is the availability, thus, 

vessels are frequently been stored at freezer before used. Tuan-Mu et al. were 

therefore involved in evaluating the freezing effect on decellularisation and 

mechanical properties of stored vessels. The protocol utilized hypotonic SDS 

solution which and been prepared at three different concentration (0.1, 0.5, 

and 1% (w/v)). There was no significant difference between fresh and frozen 

samples in term of mechanical properties, however, decellularisation efficiency 

was significantly reduced due to the difficulty of removing remnant DNA from 
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the condensed matrix caused by freezing. Moreover, freezing with 15% DMSO 

alleviates pore formation (Tuan-Mu et al. 2014). 

 

Physical force has also been applied in the process of vessel decellularisation. 

A single freeze–thaw cycle was performed by Wilshaw et al. with incubation in 

Tris buffer and low concentration of SDS followed by treatment with 

DNase/RNase. Their results showed a preservation of ECM proteins as well 

as ECM ultrastructure. There was >97% of nuclei removal which indicates the 

high efficacy of DNA remnant removal. Also there was no significant difference 

in mechanical properties between native and decellularised grafts (S.-P. 

Wilshaw et al. 2012b). Schaner et al. applied high temperature during the 

process of decellularisation, they placed vessels in SDS solution at 37oC for 

15h followed by washing with PBS with frequent agitation. High efficiency in 

DNA residual removal was observed. In addition, good preservation of ECM 

and basement membrane ultrastructure was seen. Also ECM proteins were 

maintained as well as strength sufficient for vascular grafting (Schaner et al. 

2004)  

 

Detergents based decellularisation method have also been performed, for 

example, Jones et al., have facilitated SDS with agitation at the end of the 

decellularisation method, stem cells seeded followed by graft implantation into 

immunodeficiency mice, grafts supported cell migration and cells accumulated 

on the graft within 2 weeks of implantation. Also differentiation to ECs and 

SMCs lineage was observed (Jones et al. 2014). On the other hand, 

Kajbafzadeh et al. utilised a mixture of detergents including SDS and Triton X-

100, they showed that there was preservation of the ECM structure and 

mechanical integrity as well as the preservation of ECM proteins. SEM 

revealed the conservation of microarchitecture and ECM proteins such as 

elastin and collagen (Kajbafzadeh et al. 2017). Another group have employed 

sodium deoxycholic acid, SDS, and Triton-X100 at high temperature (37oC). 

Decellularised arteries had an intact basal membrane and the monolayer of 

ECs was not observed. In addition, the grafts had good compatibility, as 

numbers of cells increased, cells viability also increased (Meiring et al. 2017). 
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Gong et al. utilised low temperatures during the decellularisation process 

(4oC). Vessels were placed in SDS, Triton X-100 and sodium deoxycholate, 

ECM protein were preserved although fibres disturbance was observed in the 

intima. TEVG showed homogeneous fibrous morphology with no significant 

difference in mechanical properties and the structure of TEVG in the fibres was 

intact after 12 weeks of implantation. Moreover, vWF+ positive cells (ECs 

marker) and α-SMA+ positive cells (SMCs marker) were also demonstrated 

and this indicated a good cytocompatibility (Gong et al. 2016). 

 

Currently, there are commercially available products based on allogeneic 

pulmonary artery patches (MatrACELL; LifeNet Health, Inc, Virginia Beach, 

VA). Two clinical trials utilised these patches to reconstruct the right ventricular 

outflow tract (Lofland et al. 2012) and for congenital cardiac reconstruction 

(Hopkins et al. 2014). Both trials reported that there were no adverse events 

or failures observed from these products. Moreover, human acellular iliac or 

mammary artery have been also utilised for clinical trials. Decellularisation 

graft were generated using a mixture of Triton X-100 and tri-n-butyl phosphate 

(TNBP) followed by exposure to DNAse. Grafts showed the presence of ECM 

proteins as well as lacking visible nuclei. In addition, grafts were 

cytocompatible as these grafts displayed positive staining for ECs and SMC 

markers after recellularisation. These two grafts were implanted in paediatric 

patients to treat hepatic portal vein thrombosis (Olausson et al. 2014). 

 

 Protocols for Production of vECM Hydrogels  
 
The fist vECM hydrogel was derived by Fercana et al. from decellularised 

aortic tissue (Fercana et al. 2017). Their protocol was slightly adapted and 

modified from by Freytes et al. group who have created hydrogel from 

decellularised porcine bladder (Freytes et al. 2008). Decellularised aortic 

adventitia from human and porcine aorta were frozen down at -80oC overnight 

followed by lyopholisation and grounding to produce an ECM bio-scaffold 

powder for further enzymatic digestion. The vECM bio-scaffold powders were 

digested at a concentration of 20 mg/mL by stirring at 1600 rpm at room 

temperature for 24 hrs in a 0.01 N hydrochloric acid solution (pH 2) in 
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combination with 1 mg/mL pepsin from porcine gastric mucosa. Finally, the 

digested hydrogel was diluted to the desired final concentration and 

neutralised to a pH of 7.4 ± 0.2 in a solution of 10x PBS and 0.1 N NaOH. After 

24 hrs, the ECM digests were either freshly used for gelation kinetics assays 

or stored at −20°C for future use.  

 

  Motivation and the scope of the thesis 
 
CVD is a significant global healthcare challenge, which is considered the 

largest single cause of mortality, morbidity and disability in developed 

countries. Furthermore, is also known to be the most common cause of 

premature death in the modern word (Pagidipati and Gaziano 2013). 

 

After reviewing the literature, we have identified two main gaps: firstly, the 

current models of CVD, which are centred around animal models, do not 

emulate sufficient human translation and in vitro disease models are failing to 

meet the need for new efficacious drugs. HiPSCs lends a new hope of 

opportunity to formulate an in vitro model of CVD by focusing on the vascular 

endothelium. Secondary, the lack of suitable conduits is a limiting factor in the 

treatment of patients with CVD. Current approaches are promising but have 

yet to translate to clinical use. The major objectives of this research project 

were to investigate several and possible aspects of treating CVD and 

developing a CVD model. One of the current major limitations of in vivo studies 

that they are insufficiently mimic human translation. For example, in some drug 

testing experiments, animal models respond differently from human. 

Consequently, data collected cannot be adequately suitable for humans. 

 

1.10.1 General objectives and aims of the thesis  

§ To create a bank of pluripotent human and murine iPSCs. 

§ To generate functional endothelial cells (ECs), vascular smooth 

muscle cells (vSMCs) and Pericytes (PCs) by differentiated human 

and murine iPSCs. These differentiated cells can then be:  
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o Utilised to develop a CVD model for therapeutic approaches 

and drug discovery as they exhibit patients’ pathology. 

o Used as an unlimited source of patient specific cells that could 

be used to recellularise a tissue engineered vascular graft 

(TEVG) that would avoid issues of graft immune rejection 

encountered when using allogenic transplants. 

§ To develop an optimal decellularisation method to create acellular 

blood vessel scaffolds that can be: 

o Directly reseeded with patient specific hiPSC derived cells to 

generate a new vessel that is compatible with the cell donor. 

o Used to generate an ECM vascular gel (V-gel) that could be 

used to enhance the maturity of vascular cells differentiated 

from iPSCs. 

o  V-gel can also be fabricated by electrospinning or 3D printing 

either by itself or in combination with a synthetic polymer to 

enhance V-gel mechanical strength and to provide greater cell 

attachment, growth and proliferation to the synthetic polymer. 

§ To develop a porous aliphatic polyhedral oligomeric silsesquioxane 

poly(caprolactone- urea) urethane (POSS-PCLUU) scaffold to be used 

for bypass grafts 

§  To determine how different fabrication methods, affect the structure, 

bulk surface properties and cytocompatibility of POSS-PCLUU. 

§ To optimise a technique which is suitable for sterilisation of aliphatic 

POSS-PCLUU.  

§ To evaluate the cytocompatibility of POSS-PCLUU. 

§ To isolate endothelial progenitor cells (EPCs) from the peripheral 

blood of diabetic patients with cardiovascular complications that can 

be utilised to: 

o Design a cardiovascular disease (CVD) model. 

o Uncover new biomarkers that may be involved in the 

pathogenesis of CVD and progression of arthrosclerosis. 

o Investigate unclear aspects of the molecular mechanisms 

leading to arthrosclerosis. 

o Carry out drug discovery assays for CVD  
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2 Materials and Methods 
 



 147 

2.1 POSS-PCLUU characterisation  
 
The nanomaterial POSS-PCLUU was made inhouse at the Centre for 

Nanotechnology and Regenerative Medicine, Royal Free Hospital, London, 

UK. Was synthesised by Dr Arnold Darbyshire. 

 

  Synthesis and properties of aliphatic POSS-PCLUU 
 

 Synthesis of aliphatic POSS-PCLUU  
 
Trans-Cyclohexanechlorohydrinisobutyl-polyhedral oligomeric silsesquioxane 

(POSS) (nanocage) and dry polycaprolactone PCL diol (2000 mwt) were 

placed in a 250 ml reaction glass flask instigated with a mechanical stirrer and 

gas inlet. The mixture was heated up to 135°C to allow the POSS cage to 

dissolve into the polyol which was followed by cooling down to 90°C. 4, 4’ 

methylenebis (cyclohexylisocyanate) (HMDI) (Bayer Material Science, 

Leverkusen, Germany) was added to the polyol blend and then reacted, under 

nitrogen, at approximately 80°C for 120 minutes with a catalyst to form a pre-

polymer. Dry dimethylacetamide (DMAC) was added slowly to the pre-polymer 

to form a solution, and this was followed by cooling down the solution to 40°C. 

Chain extension of the pre-polymer was transmitted by the addition (in drops) 

of ethylenediamine (EDA) in dry DMAC. After completion of the chain 

extension, 1-butanol in dimethylacetamide was added to the polymer solution. 

All chemical and reagents were provided from (Sigma Aldrich Ltd, Gillingham, 

UK).  
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 Fabrication of phase separated/coagulated polymer  
 
Phase separated porous polymer foam was fabricated by the addition of 

powdered sodium bicarbonate particles with three different sizes: 40µm, 65µm 

and 105µm (Tata Chemicals) to a polymer solution at a concentration of 18% 

solids in dimethylacetamide (Sigma Aldrich Ltd, Gillingham, UK). The particles 

were added separately in a ratio of 30%, 40% and 50% (w/w) as well as 2% of 

Figure 2-1: A diagram of POSS-PCLUU synthesis. 
Chain extension reaction of the poly(ε-caprolactone) was added with POSS, 
followed by the addition of HMDI and EDA 
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Tween 20 (Sigma Aldrich Ltd, Gillingham, UK) (Table 2-1). The particles were 

then mixed in the polymer-solvent solution by a mixing/defoaming process in 

a THINKY 250-ARE (Intertronics, Kidlington, UK). Mixing was done at 2000 

rpm for 3 minutes and defoaming occurred at 1500 rpm for 2 minutes. The 

polymer-particles solution was then poured on to a stainless-steel mould that 

had been tapped from the edges with a thickness of 800µm. This was followed 

by immersing the mould in deionised water (dH2O) container at room 

temperature. Water was changed every 12 – 24 hours for up to 3 days to 

ensure complete DMAC removal.  

 

POSS-PCLUU % NaHCO3 % Tween 20 % Particles size µm 

100 0 0 N/A 

68 30 2 40 

68 30 2 65 

68 30 2 105 

58 40 2 40 

58 40 2 65 

58 40 2 105 

48 50 2 40 

48 50 2 65 

48 50 2 105 

Table 2-1: Coagulated polymer with NaHCO3 formulations used for the 
production of coagulated sheets. Values represent the percentage of the 
final (w/w %). POSS-PCLUU percentage is 18% solid in DMAC. 
 

 Mechanical strength (Tensile testing) 
 
Mechanical Testing was performed on samples cut into dog-bone shaped 

specimens (n=7) with a length of 10 mm and a width of 2 mm (in dimension) 

of coagulated sheets prepared by manually cutting with a sharp cutter and a 

mechanical press (Figure 2-2). The thickness of the specimens was measured 

using a digital micrometre at the three points at the top, middle and the bottom. 

Specimens were placed between (Instron 5565) grips. Stress-strain profiles 

were characterised using a uniaxial load testing machine (Instron 5565, UK) 

at an extension rate of 100 mm.min-1. Stress-strain curves of polymer samples, 
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tensile stress at present point, stress at 100%, 200%, 300%, 500% strain 

(MPa) and Young’s Modulus at tensile stress 0-5 mm, 5-10 mm, 10-20 mm 

were recorded. The strain at break and mode of failure was also recorded. The 

Young’s modulus, elongation at break and ultimate tensile strength (UTS were 

obtained. Initial Young’s modulus (from 0 to 25% strain) was calculated for 

comparison with other work and Youngs modulus over the entire strain range 

of the polymer was also calculated. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 Wettability measures (contact angle) 
 
Contact angle measurements on porous coagulated sheets were carried out 

by using in the captive bubble system of a DSA100W Drop Shape Analysis 

System under water (Krss, Bristol, UK). Small square samples were manually 

cut using scissors (Figure 2-3) and placed on an analysis stage before being 

placed in a small container filled with dH20. For each of the samples, three 

different bubbles were created separately. The angles between the bubbles 

and the basal line (samples) were measured from both sides (right and left) 

under water.  

Figure 2-2: Dog-bone shaped specimens 
and dimensions. 
Samples were cut manually with a sharp cutter 
and a mechanical press. All samples had the 
same dimensions. 
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 Porosity  
 
Round shaped samples (n=3) of casted (made in the oven instead of water) 

and coagulated sheets were prepared using a manual cutter by a mechanical 

press (Figure 2-4). The average thickness, diameter and weight were 

measured in micrometres for the three cast specimens to confirm the total 

density (ρ0) of POSS-PCLUU. For coagulated samples, the average thickness 

when wet, diameter when wet, weight when wet (ww) and weight after 45 

minutes drying at 65°C (wd) was measured. The total density (ρ) of coagulated 

samples were then determined by dividing wd by the volume of the samples 

when wet. The porosity of the sample was then calculated using the following 

equation:  

Porosity %= 1 −	% !!"& 	Χ	100.  
 

 Water permeability test (interconnected pores) 
 
Samples were cut at a size of 1 cm2 (Figure 2-3) which was followed by placing 

them individually in a cell and then sealing over a collection container. The 

system was connected to a 500 ml bag of Ringers solution (Baxter Co., 

Mississauga, Canada) pressurised via an Infu-Surg®pressure infuser (Ethox 

International, Buffalo, NY, USA). The water flow was applied under specific 

pressure of 16 kPa (120 mmHg) for two minutes. Subsequently, the water flow 

Figure 2-3: Sample dimensions prepared for 
contact angle and wettability. 
Samples were cut manually using scissors and 
samples were then placed on the stage for analysis. 
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through the specimens were collected and weighted. Water content, K, was 

calculated as follows; 

k=	 !
"	!"

 

Q = volume outflow rate (m3/s) 

A = cross-section area of the specimen (m) 

H = water head (m)  

L = height of the specimen (m) 

 

 Sterilisation 
 
Samples ware cut on a circular shape by biopsy punch (8mm) for cell seeding 

(Figure 2-4), squares using scissors for contact angle (Figure 2-3) and dog-

bone for tensile testing (Figure 2-2). All specimens were transferred in 

separate 50 ml conical tubes and all tubes were then filled up with 6% of 

Hydrogen peroxide (H2O2) (Sigma Aldrich Ltd, Gillingham, UK). Tubes were 

placed on the roller overnight at room temperature (RT). H2O2 was replaced 

with filtered denoised water (ddH2O) in sterile conditions and tubes were 

replaced back on the roller for 24 hours. Th ddH2O was changed with fresh 

ddH2O 3 times to remove any residual H2O2. Samples were stored in 50ml 

conical tubes (Corning®) in ddH2O at room temperature.  

 

 ATR-FTIR spectroscopy 
 
Samples of coagulated aliphatic POSS-PCLUU were cut (Figure 2-4) and 

placed in a drying oven until samples reached a constant weight to allow water 

removal. Infrared spectra of all cast and coagulated samples were taken on a 

FT/IR-4200 type A (Jasco) from 599.753 cm-1 to 4000.600 cm-1 in steps of 

0.964 cm-1. Five spectra were taken at different places across the surface of 

each side of a sample of polymer, giving a total of ten spectra for each polymer 

fabrication type. Important peaks in the spectra were identified by comparison 

to the spectra of non-biodegradable polymer developed at UCL, POSS-PCU, 

and the spectra of PCLUU. The spectra were then normalised by setting the 
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baseline absorption at 4000-3750 cm-1 to zero. These values were compared 

to investigate the effect of surface chemistry on the sterilisation method. 

 

 Scanning electron microscopy (SEM) 
 
Sterile and non-sterile scaffolds were prepared for imaging by scanning 

electron microscopy (SEM) by first cutting them into circles (Figure 2-4) 
followed by 24 hrs fixation at 4°C in a solution of 2% PFA, 1.5% glutaraldehyde 

, 2% 0.1M sodium cacodylate (all from Sigma Aldrich Ltd, Gillingham, UK) in 

dH2O at pH 7.3. Next the scaffolds were then washed twice by placing these 

scaffolds in 2% 0.1M sodium cacodylate for 30 minutes. The scaffolds were 

then were then placed in an alcohol series (30, 50, 70, 90 and 100% ethanol) 

for 15 minutes per step. The scaffolds were left overnight for freeze-dried. 

Dried scaffolds were affixed to chucks and SEM gold sputter coated with a 

Quorum Q150A S machine to prepare the scaffolds for imaging. Scaffolds 

were finally imaged using a ZEISS EVO HD45 Scanning Electron Microscope.  

 

  Polymer preparation for electrospinning  
 
POSS-PCLUU was diluted using Acetone and Tetrahydrofuran (THF) (Sigma 

Aldrich Ltd, Gillingham, UK) as solvents to acquire a different concentration of 

POSS-PCLUU. This was followed by adding X μl of acetone or THF to X g 

weight POSS-PCLUU, using the formula described below, and mixing it on a 

magnetic stirrer for 15 minutes at a temperature of 40°C or at room 

temperature to avoid bubbles in the mixture. 

Formula: (Weight of the polymer (g)) x  !"#!$#%&'%("#	(%)	"-	%.$	/"012$&3$4(&$	!"#!$#%&'%("#	(%)  ) - 

Polymer weight = Weight of solvent (g) 
To acquire the amount in volume of the solvents, the weight of the solvents 

was divided by their density (Acetone (0.791g/ml) / THF density (0.8892g/ml) 

/ POSS-PCLUU density (1.15g/ml). 

 

 POSS-PCLUU viscosity 
 
A polymer viscosity experiment was conducted to determine the relationship 

between the viscosity of the polymer and its ability to perform electrospinning. 
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For this experiment, a CVO 100 Rheometer (Bohlin & Malvern Instruments, 

UK) with a rotational viscometer was used. The test was performed at 25oC 

and at shear range of 0.007-100 sec- 1. The diameter of the upper plate was 

40 mm. Viscosity testing was performed with 1.5ml of liquid POSS-PCLUU 

(gap size of 150μm). 

 

 Fibers formation using electrospinning 
 
The electrospinning system utilised in this project was provided by Dr Wenhui 

Song’s laboratory. An electrospun nanofiber scaffold was fabricated using 

different concentrations of POSS-PCLUU (5,8,11,13,14,15 and 16%). This 

was followed by the electrospinning of POSS-PCLUU solution using a high 

voltage power supply (Spellman High Voltage, Hauppauge, NY, USA) at 

different voltages (15, 20, 25kV) and different distances between the needle 

tip and the fibers collector. The solution was delivered with a 5 mL 

polypropylene syringe through a 14.5-gauge blunt tip needle at different flow 

rates of 0.8-1.0-1.5-2.0mL/h using a syringe pump (Medfusion). Fibers were 

collected onto a stainless-steel plate (3.8 x3.8x0.6 cm3) at a different distance. 

The nanofiber scaffold was cut into circular pieces using a biopsy punch (8mm) 

followed by and they were then placed into a petri-dish containing dH2O to 

wash all the residue of the solvent. Water in the petri-dish was changed every 

day for 3 days to ensure complete removal of the solvent. 

 

 Characterisations of the electrospun POSS-PCLUU nanofiber 
scaffold 

 
Fibers were assessed morphologically. The electrospun POSS-PCLUU 

nanofibers scaffold were examined by microscopy and EVOS™ core 

Microscope (InvitrogenTM). The electrospun nanofibers were collected onto 

micro slides after 30 minutes of continuous electrospinning and before being 

electrospun onto the stainless-steel plate. 

 

2.1.2.3.1 Electrospun POSS-PCLUU nanofiber scaffold wettability 
 
As described in (section 2.1.1.4). 
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2.1.2.3.2 Electrospun POSS-PCLUU nanofiber scaffold porosity 
 
As described in (section 2.1.1.5). 
 

  Material cytocompatibility 
 

 Cell culture and seeding 
 
While the coagulated scaffold and electrospun nanofibers sheets were made, 

the human umbilical vein endothelial cells (HUVEC) and coronary endothelial 

cells (ECs) were expanded in T75 flasks in EGMTM-2 Endothelial Cell Growth 

Medium-2 BulletKitTM (Lonza). They were expanded by using basic cell culture. 

A T75 flask of HUVEC passage number 3 was donated from Prof Marilena 

Loizidou’s group. The media was changed every other day with fresh media. 

When HUVEC reached 80% confluence, cells, they were passaged. Old media 

was discarded from the flask and cells were washed with Phosphate-buffered 

saline (PBS) (GibcoTM) followed by adding 3 ml of 0.25% trypsin-EDTA (Sigma 

Aldrich Ltd, Gillingham, UK). The flasks were placed in the incubator at 37°C, 

(5% CO2) for 3 minutes and flasks were then checked for cell detachment 

under the light microscope. Once cells had detached, trypsin was neutralised 

with 6ml of EGMTM-2 media and the cell suspension was transferred to a 50ml 

conical tube. The tubes were centrifuged at 1200 rpm for 5 minutes and the 

cell pellet was retrieved and resuspended in 5ml of fresh EGMTM-2 media. 

Each ml of cell suspension was added to a new T75 flask then 9ml of EGMTM-

2 media was added to each flask. Flasks were incubated at 37°C, (5% CO2). 

 

Coagulated scaffolds and electrospun nanofiber sheets were cut using a 

biopsy punch at 8 mm with a thickness of 800µm (Figure 2-4). Samples were 

sterilised and were then placed into wells of a 96-well plate (one sample per 

well) and pre-conditioned with HUVEC growth medium overnight. Samples 

were then replaced in a new well of a 96-well plate. HUVEC were added in 

suspension of 20 x 104 cells/100µl on each well and then topped up with 

another 100 μl of growth medium with a daily medium change. On days 3, 6, 

9, 12 and 14, the metabolic activity was determined using Alamar Blue® 

(GibcoTM, ThermoFisher, Scientific, Paisley, UK) and the total DNA using a 

DNA Quantitation Kit, and a Fluorescence Assay (Sigma Aldrich Ltd, 
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Gillingham, UK) were analysed. Nitric oxide production (NO) using Griess 

Reagent Kit (GibcoTM, ThermoFisher, Scientific, Paisley, UK) was also 

evaluated on days 9, 12 and 14. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Metabolic activity 
 
The metabolic activity and the proliferation of cells were examined by the 

Alamar Blue® assay tested on days 3, 6, 9, 12 and 14. The Alamar Blue® 

reagent was prepared by diluting the reagent with growth media (1:10). On 

days 3, 6, 9,12 and 14, scaffolds were transferred into a new 96 well plate and 

200µl of Alamar Blue® reagent with media was added to each well on top of 

the scaffolds and incubated at 37°C (5% CO2) for 6 hours. The intracellular 

resazurin that accumulated in the cytoplasm of viable cells solubilised was 

measured using a culture medium. 200µl from each well was then transferred 

into a black 96 well plate and the absorbances were measured at 570 nm using 

a Microplate Reader (InvitrogenTM). Cell proliferation was assessed using the 

intensity of the red colour obtained, which was directly proportional to the level 

of metabolic activity for cell growth. 

 

 Total DNA 
 
The total DNA was measured using a DNA Quantification Kit, Fluorescence 

Assay (Sigma Aldrich Ltd, Gillingham, UK). On days 3, 6, 9,12 and 14, the 

Figure 2-4: The dimensions of samples 
prepared for cell seeding, SEM, FTIR 
and sterilisation. 
Samples were cut manually by physical 
pressure using an 8mm biopsy bunch. 
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media was removed, and scaffolds were washed with PBS twice. After the final 

wash, wells were filled with 200 µl of ddH2O and plates were placed into a -80 

°C freezer overnight. Plates were thawed and refrozen again for 10 to 15 

cycles of continuous freezing and thawing. DdH2O was collected and the total 

DNA assay was conducted according to the manufacturer’s instructions. The 

standard curve was initially prepared along with the tested samples. 50 µl of 

samples was transferred into a transparent 96 well plate/ per well. This was 

followed by adding 150 ml of 2 mg/ml bisBenzimide H 33258 Solution/ per well. 

The plate then was then read at an excitation of 360 nm and an emission of 

460 nm at RT.  

 

 NO production 
 
NO production was measured using a Griess Reagent kit for nitrite quantitation 

(InvitrogenTM). Media on top of the scaffold was collected on days 9,12 and 14. 

The Griess Assay was performed according to the manufacturer’s instructions. 

Initially, 20 µL of Griess Reagent, 150 µL of the nitrite-containing (sample) and 

130 µL of deionised water were prepared and 20 µL of Griess Reagent and 

280 µL of deionised water was prepared in another tube as control. The 

mixture was incubated for 30 minutes at room temperature. Then, 200 µl of 

the mixture was transferred into transparent 96 well plate/ per well. 

Absorbance readings using plate reader at wavelengths with a range between 

520–590 nm were used. 

 

 Scaffold immunostaining 
 
Scaffolds were fixed overnight using a 4% paraformaldehyde solution (PFA) 

(Sigma Aldrich Ltd, Gillingham, UK) overnight. The conjugated antibody anti-

ACTIN-FITC (GibcoTM, ThermoFisher, Scientific, Paisley, UK) was then added 

for 15 minutes and this was followed by adding 200μl of 2µg/mL DAPI (Sigma 

Aldrich Ltd, Gillingham, UK) for 15 minutes. Imaging of the cells on the scaffold 

were visualised by an EVOS™ FL Microscope (InvitrogenTM). 
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2.2 Murine Induced Pluripotent Stem Cells (miPSCs) 
culture and characterisation 

 
In the first part of this project, we utilised mouse induced pluripotent stem cells 

(miPSCs) called STG iPSCs (Stemgent) which were reprogrammed from 

Murine Dermal Fibroblast (mDF). MiPSCs were adapted to grow on feeders 

(inactivated Mouse Embryonic Fibroblast) (iMEF).  

 

  MiPSCs culture method  
 

 Mouse embryonic fibroblast isolation (MEF) 
 
13–14 days embryos were harvested from female mice by separating the 

embryos and cutting through the uterus in the regions between each embryo. 

The embryos were then removed as a result however they were sometimes 

pressed gently with forceps. Some of the embryos uterine tissue had to be cut 

away starting from the red area where placenta was located. The embryo was 

then gently pulled out from the yolk sac with forceps. After that, the embryos 

were then transferred to a new dish with PBS (3-4 embryos per dish) to wash 

away the blood. The heads of the embryos and red tissues were also removed 

from the embryos’ bodies and placed in new Petri dishes (Corning®). The rest 

of the embryos were sliced into small pieces with a size of 1–2 mm in 0.25% 

trypsin-EDTA using a scalpel and these were then incubated for 10 minutes at 

37 °C (5% CO2). Dishes were then removed from the incubator and the embryo 

pieces were moved up and down several times using a small pipet. Dishes 

were returned incubator for another 10 minutes and the contents of the dishes 

were then transferred to a 50 ml tube (one dish per one tube). 30 ml of MEF 

culture medium was added to the tubes which consisted of Dulbecco’s 

Modified Eagle’s Medium (DMEM) (GIBCO®), 10% Foetal Bovine Serum FBS 

(GIBCO®),1% glutaMAX™ (GIBCO®), 1% Minimum Essential Media (MEM) 

(GIBCO®), 1% Penicillin/ Streptomycin P/S (Life tech), and 1% Sodium 

Pyruvate (SP) (GIBCO®). Each tube was transferred into T175 flasks 

(Corning®) and flasks were then placed overnight in the incubator at 37 °C, 

(5% CO2). The old medium was then replaced on the following day and it was 

replaced with fresh medium and flasks were placed back in the incubator. 
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Flasks were observed every other day and medium was also changed at the 

same time. When the cells reached 70-80% confluency cells have Cells 

cryopreserved (4x106 or 5x106 cells per cryovial) in freezing media which 

consist of 10% DMSO and 90% FBS and stored in liquid nitrogen for future 

use. 

 

 MEF inactivation by mitomycin C  
 
Inactivated media consisting of MEF culture media with 1mg/ml of mitomycin 

C (Sigma Aldrich Ltd, Gillingham, UK) was also prepared. Firstly, a confluent 

flask of MEF T75 was placed in the hood. Culture media was removed and 

cells were washed once with PBS. 10 ml of fresh inactivated media was then 

added to the flasks and the flasks were incubated for 2 hours at 37°C, (5% 

CO2). Flasks were placed in the hood, inactivated media was discarded and 

cells were washed 4 times with PBS. 3 ml of trypsin EDTA was then added 

into the flasks and the flasks were then placed back into the incubator for 5 

minutes with gentle tapping of the flask halfway time of 5 minutes. Flasks were 

then checked under the microscope for the detaching of cells. Trypsin EDTA 

was normalised with MEF media and in a new sterile 15ml conical tube 

(Corning®), cell suspension was added into the tubes and MEF culture media 

was also added. The tubes were centrifuged for 5 minutes at 1200 rpm. The 

cell pellet was then suspended into fresh media and a cell count was 

conducted. Inactivated MEFs (iMEF) were prepared for miPSCs culture by 

culturing iMEFs in 3x106 for T25 flasks or 5x106 for T75 flasks. iMEFs were 

also cryopreserved (3x106 or 5x106 cells per cryovial) in freezing media which 

consisted of 10% DMSO and 90% FBS and these were stored in liquid nitrogen 

for future use.  

 

 MiPSCs thawing, culture, feeding and passaging on iMEF 
 
Mouse STG iPSCs (miPSCs) were cultured on mitotically inactivated mouse 

embryonic fibroblasts. Before 2 days of thawing miPSCs, one cryovial of iMEF 

3x106 cells was thawed in a T25 flask. After 2-3 days of culturing iMEF, 

miPSCs media (PSC) was prepared which consisted of 81% Knockout 

Dulbecco’s Modified Eagle’s Medium (Knockout DMEM) (GIBCO®), 15% FBS, 
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1% glutaMAX™ 1% MEM, 1% SP, 1% P/S, 0.05mM β-mercaptoethanol 

(Merck Millipore) , and leukemia inhibitory factor (LIF) (Merck Millipore). A vial 

of miPSCs was then taken out of liquid nitrogen and was thawed in a water 

bath at 37°C for less than two minutes with gentle shaking. The vial was 

sprayed with 70% ethanol and placed into the hood. One ml of miPSC media 

was added to the vial gradually to normalise DMSO then everything was 

transferred to new 15ml conical tubes. Another 2 ml was gradually added to 

the 15ml tubes and this was followed by another 4 ml and then another 2ml of 

the media. The tubes were then centrifuged at 1200 rpm for 5 minutes. The 

supernatant was discarded and the pellet was resuspended in 1 ml of fresh 

miPSC media, then another 5ml was added. IMEF flask was taken from the 

incubator and MEF media was discarded from the flask. Cell suspension of 

miPSCs was added on top of iMEF and the flask was placed back into the 

incubator. MiPSCs flasks were checked daily under the 10x magnification on 

an EVOSTM Core Microscope. When miPSCs colonies reached 80% 

confluency, miPSCs were passaged into a new iMEF flask or 0.1% gelatine 

flask. Upon splitting PSC, the media was discarded and flask were washed 

with PBS. MiPSCs colonies were detached using warm trypsin EDTA for 5 

minutes in an incubator followed by the normalisation of trypsin EDTA. The cell 

suspension was transferred into 15ml conical tubes followed by a 

centrifugation step for 5 minutes at 1200 rpm. The pellet was resuspended in 

3ml of PSC (at this stages miPSCs were a single cell suspension they are not 

colonies anymore), cells were counted as normal. Big cells were not counted 

as they were considered as IMEF, and only small cells were counted which 

were considered as putative miPSCs. 1x106 of miPSCs were then added to a 

fresh T25 flask of iMEF. 

 

 

 

 

 Passaging on gelatin  
 

2.2.1.4.1 Coating flasks with gelatin 
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500 ml of gelatine solution (Sigma Aldrich Ltd, Gillingham, UK) was made in 

dH2O at a concentration of 10% in a 500 ml glass bottle. The solution was then 

autoclaved for sterilisation and to allow gelatine to dissolve. 10% gelatine 

solution was then stored in the fridge at 4°C. For experimental use, the 10% 

Gelatine solution was diluted to the desired concentration in either ddH2O or 

PBS (to a final concentration of either 0.1%, 0.2% or 2%). Flasks was coated 

with 0.1% gelatine solution for miPSC passaging or plates at different 

concentrations of gelatine solution according to the experiment. Finally, 

flasks/plates were incubated at 37°C for 3-4h to allow sufficient time for coating 

before removing the gelatine solution and replacing it with PBS. Plates/flasks 

were either used immediately or stored in the fridge for up to one week. 

 

2.2.1.4.2 MiPSCs passaging on gelatine  
 
Flasks coated with 0.1% gelatine were taken out of the fridge to warm at RT.  

A similar method of passaging miPSCs was used as mentioned in (section 
2.2.1.3), however, in the last stage, the miPSCs were put on top of 0.1% 

gelatine flasks instead of in iMEF flasks. 

 

  MiPSCs characterisation 
 

 Immunostaining for pluripotency markers 
 
After passaging miPSCs 3-4 times on 0.1% gelatine to remove iMEF (section 
2.2.1.4.2 and 2.2.1.3), single cells of miPSCs was harvested (section 2.2.1.3).  
Following this step, 3X106 cells of miPSCs single cells were plated on repellent 

6 well plates (5X105 cells per well) (Greiner Bio-One) to allow cells to form EBs 

in suspension. 4 days old EBs grown in suspension were plated overnight in 

normal tissue culture plates (Corning®). EBs were then fixed overnight with 

4% PFA overnight at 4°C followed by 3 repeated washes for 5 minutes each 

with PBS. EBs cells were then incubated at RT with 0.25 % Triton X (Sigma 

Aldrich Ltd, Gillingham, UK) in PBS for one hour for permeabilisation, followed 

by 3 washes with PBS-T; 5 minutes each with PBS-T (PBS+0.17% Tween20) 

(Sigma Aldrich Ltd, Gillingham, UK). EBs were then blocked at room 

temperature for one hour with PBS-T + 1% BSA +10% serum (serum of the 
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species that secondary antibodies made in), followed by 3 washes with PBS-

T; for 5 minutes each. Antibodies were diluted PBS-T and added into the 

assigned wells. The antibodies pluripotency markers that were used were as 

followed: Mouse anti-Nanog IgG FITC conjugated at 1:200 dilution, Mouse 

anti-SSEA-1 IgG PE conjugated at 1:200. Rabbit anti-OCT3/4 IgG PE 

conjugated at 1:200.  Antibodies were incubated at room temperature for 2 

hours, then these antibodies were removed and followed by three washing 

with PBS-T was used to wash; 5 minutes. Finally, DAPI was added (1:1000) 

for 30 minutes at room temperature. DAPI was washed away and replaced 

with PBS and EBs staining was subsequently visualised using EVOSTM FL 

Microscope. All antibodies were provided from (eBioscience). 

 

 Immunostaining for three embryonic germ layer markers 
 
EB formation was conducted as described in (section 2.2.2.1), 14 EBs old 

grown in suspension were plated overnight and were fixed, blocked and 

permeabilised as described in (section 2.2.2.1). The primary antibodies were 

diluted in 0.25% Triton-X/PBS-T as follows: Mouse anti- Brachyury IgG (1:100) 

dilution, Mouse anti- CXCR4 IgG (1:100), Rabbit anti- β-Tubulin IgG at (1:100). 

All primary antibodies were incubated overnight at 4 °C, followed by three 

washes with PBS-T for 5 minutes for each wash. Secondary antibodies were 

diluted in 0.25% Triton-X/PBS-T and were added to their assigned wells as 

follows, Goat anti Mouse- PE (1:200), Mouse anti Rabbit- FITC (1:200) for one 

hour at room temperature. Antibodies were then removed and followed by 

three washes with PBS-T with each wash for 5 minutes. Finally, DAPI was 

added (1:1000) for 30 minutes at room temperature. DAPI was then washed 

away and replaced with PBS and cell staining was subsequently visualised 

using EVOSTM FL Microscope. 

 

  MiPSCs differentiation to desired cell lines  
 

 MiPSCs differentiation to ECs lineages  
 
Differentiation towards ECs lineage was carried out as described by Huang et 

al. (2010) (N. F. Huang et al. 2010), but with modifications. Differentiation 
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method 1 was used to generate ECs which started by passageing miPSCs on 

0.1% gelatine as described in (section 2.2.1.4.2 and 2.2.1.3). Single cells 

obtained as described in (section 2.2.1.3). The cell pellet was then 

resuspended in PSC medium with the exclusion of LIF that keeps miPSCs 

pluripotent. 3 x 106 cells were used to generate EBs as described in (section 
2.2.2.1). After 4 days, EBs were collected in suspension and were transferred 

to a 15ml conical tube. Then EBs were centrifuged at 259 x g for 3 minutes 

and resuspended in differentiation media 1 containing α-Minimum Eagle’s 

Medium MEM (Sigma Aldrich Ltd, Gillingham, UK), 10% FBS, 1% P/S , and 

0.05mM β-mercaptoethanol supplemented with 50ng/ml Vascular Endothelial 

Growth Factor (VEGF) (PeproTech) and 50ng/ml of Bone Morphogenetic 

Protein-4 (BMP-4) (PeproTech). The EBs suspension were plated in collagen 

IV-coated plates (10ug/ml) (Sigma Aldrich Ltd, Gillingham, UK) by distributing 

the EBs equally into each well. In the case of 4 days post differentiation 

medium 1, medium 1 was replaced with differentiation medium 2 which consist 

of differentiation media 1 without BMP-4. On day 20, single cells were obtained 

as described in (section 2.2.1.3) and cells were sorted for VE-cadherin+ using 

magnetic beads (eBioscience). Cells were re-plated on collagen IV-coated 

plates and grown in endothelial growth medium EGMTM-2MV. All functional 

assays were completed within 3 days.  

 

The second method that was used to create ECs (differentiation method 2) is 

similar to differentiation method 1 but the formation of EBs was in 

differentiation media 1 which consisted of MEM , 10% FBS, 1% P/S , and 

0.05mM β-mercaptoethanol supplemented with 50ng/ml VEGF and 50ng/ml of 

BMP-4 for 4 days. EBs were then collected and dissociated by firstly, 

collocation of EBs and centrifugation at 259 x g for 3 minutes. The supernatant 

was discarded and EBs were washed with PBS twice with centrifugation after 

each wash. PBS was discarded and replaced with trypsin EDTA for 7 minutes 

in an incubator. Physical force was applied to help with dissociation of EBs by 

pipetting up and down against the plates using a 1000µl tip pipet. Trypsin 

EDTA were normalised with PSC media with the exclusion of LIF. Cells were 

transferred into 15ml conical tubes and centrifuged at 1200 rpm for 5 minutes. 

Single cells were then sorted for FLK-1+ using magnetic beads. FLK-1+ cells 
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then re-plated on 10µg/ml collagen IV-coated plates in differentiation media 2. 

On day 20, single cells were obtained and were sorted for VE-cadherin+ using 

magnetic beads. Cells were re-plated on collagen IV-coated plates and cells 

were grown in endothelial growth medium EGMTM-2MV. All functional assays 

were completed within 3 days. 

 

2.2.3.1.1 Magnetic-activated cell sorting (MACS) 
 
Single cells were obtained as described in (section 2.2.1.3 and 2.2.3.1). Cells 

were then centrifuged and suspended in 4% of FBS in PBS MACS buffer. 

Following cell counting, the single cell suspension was prepared at a 

concentration of 1x107 cells/100 µL MACS buffer in 12 x 75 mm in 5 mL tubes 

(Falcon™). 0.125 µg of Anti-Mouse FLK-1+ (eBioscience) Biotin (on day 4) or 

0.125 µg of Anti-Mouse CD144 (VE-Cadherin) Biotin (on day 20) (eBioscience) 

was added to all tubes and mixed by pulse vortexing 5 times then tubes were 

incubated at room temperature for 10 minutes. Cells were washed by bringing 

the volume up to 4 mL with MACS buffer and then centrifuged at 300 x g for 5 

minutes. The supernatant was discarded and thoroughly suspended the pellet 

in MagniSort™ Streptavidin Positive Selection Beads (eBioscience) 40 µL of 

per tube and mixed again with vortexing. Cells were again incubated at room 

temperature for another 10 minutes. The volume was brought up to 2.5 mL 

with MACS buffer. Cells were then mixed by pipetting up and down 3 times 

with a P1000 pipette. Tubes were individually inserted into the magnet 

(eBioscience) and were incubated at room temperature for 5 minutes. The 

magnet was picked and in continuous motion and the supernatant was poured 

into a 15 ml conical tube, and these were the undesired (unbound) cells. Tubes 

were held inverted for 1 second and then returned to an upright orientation. 

Tubes were removed from the magnet with targeted cells in them. Cells were 

washed 3 times with MACS buffer with centrifugation after each wash. Cells 

were resuspended after the last wash in differentiation media 2. 

 

 

2.2.3.1.2 Phenotypical Investigations  
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Images were taken throughout differentiation on days 4, 8, 16 and 22 using 

EVOSTM Core Microscopy. In addition, cells were immunostained with the ECs 

key marker on days 4, 8,10 and 22. For immunostaining, cells were fixed, 

blocked and permeabilised as described in (section 2.2.2.1). The primary 

antibodies were diluted in PBS-T as follows; Mouse anti-CD31 (1:100) 

(Abcam) and Rabbit anti FLK-1 (1:100) (Abcam) and the protocol was 

continued as described in (section 2.2.2.2). Secondary antibodies were 

diluted as described in (section 2.2.2.2) and these were Mouse anti Rabbit- 

FITC (Abcam) and Goat anti Mouse- PE (Abcam). The protocol was continued 

as described in (section 2.2.2.2), however, Actin- FITC and Actin- Alexa Fluor 

594 (GibcoTM) were both added before DAPI for 15 minutes.  

 

2.2.3.1.3 MiPSCs derived ECs functionally test 
 

2.2.3.1.3.1  In vitro angiogenesis: Tube formation on gelled basement 
membrane extract 

 
The assessment of iPSC-derived ECs tube formation was carried out as 

described by Arnaoutova and Kleinman (2010). Cultrex Basement Membrane 

Extract (BM) (Trevigen) was thawed overnight at 4˚C and plated onto a 96-well 

plate at a loading volume of 50 µl per well and plates were kept on ice during 

this step. Plate was centrifuged at high speed at 4 °C for 10 minutes to remove 

bubbles created during the loading of the membrane on the plate. Pipette tips 

and the 96-well plate were also kept on ice to prevent unwanted gelling of the 

BM. The plate was then incubated at 37˚C for 30 minutes (allowing the gel to 

set). A single-cell suspension that was made from iPSC-derived ECs was 

obtained as described (section 2.2.1.3). The cells were counted and 

resuspended in EGMTM-2MV media, supplemented with 10ng/µl of VEGF 

before being plated onto the BM at a loading volume of 100µl, and the total 

cell count was approximately 30,000 cells. Tube formation was monitored 

using the EVOSTM Core after 3, 6, 16 and 24 hrs of seeding on BM. For 

Calcein, AM staining was done by preparing 2 µM of Calcein AM. Medium was 

aspirated and 100 µl of Calcein AM solution was added per well of 96-well 

plate followed by an incubation step for 15–30 minutes at 37 °C. Images were 

taken using EVOSTM FL. 
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2.2.3.1.3.2  Griess Reagent Kit, for nitrite quantitation 
 
NO production was measured using the Griess Reagent Kit (ThermoFisher 

Scientific). Media on top of the scaffold was collected on day 22. The Griess 

Assay was performed according to the manufacturer’s instructions. 

 

2.2.3.1.3.3  In vitro scratch assay  
 
In order to assess cell migration in vitro, a scratch was created in the layer of 

adherent cells, using a sterile small pipette tip (P1000). The size of the scratch 

was then assessed every 24 hrs for a total period of 72 hrs. Images were taken 

using EVOSTM Core Microscopy. 

 

 Differentiation towards vSMCs lineage 
 
Differentiation towards ECs linage was carried out as described in the protocol 

by Yamashita et al., 2000 but with some modifications. EBs were created as 

described in (section 2.2.2.1). EBs were created in media containing α-

Minimum Eagle’s Medium, 10% FBS, 1% P/S, and 0.05mM β-

mercaptoethanol supplemented with 50ng/ml Platelet-Derived Growth Factor 

BB (PDGF-BB) (PeproTech) and 50ng/ml BMP-4. After 4 days, EBs were 

dissociated as described in (section 2.2.3.1) and were sorted for FLK-1+ using 

magnetic beads. Sorted cells were re-plated on the collagen IV-coated plate 

and were grown in the same differentiation media without BMP-4.  

 

2.2.3.2.1 Phenotypical Investigations  
 
Images were taken throughout differentiation on days 4, 8, 14 and 20 using 

EVOSTM Core Microscopy. In addition, cells were immunostained with smooth 

muscle cells (SMCs) key marker on day 20. For immunostaining, cells were 

fixed, blocked and permeabilised as described in (section 2.2.2.1). The 

primary antibodies were diluted in PBS-T as follows; Rabbit anti-Calponin, 

Rabbit anti-Myosin (1:100) (Abcam), Goat anti-smooth muscle protein 22 α 

(SM22 α) (1:100) (Abcam) and Mouse α Smooth Muscle Actin (α SMA) (1:100) 

(Abcam) and the protocol was continued as described in (section 2.2.2.2). 
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Secondary antibodies were diluted as described in (section 2.2.2.2) Mouse 

anti Rabbit- FITC (1: 200) (Abcam), Goat anti Mouse- PE (1: 200) (Abcam), 

Mouse anti Goat- PE (1: 200) (Abcam) and Mouse anti Rabbit- Alexa Fluor 

594 (1: 200) (Abcam) This section of the protocol was continued as described 

in (section 2.2.2.2). 
 

2.2.3.2.2 MiPSCs derived vSMCs functionally test 
 
MiPSCs derived SMCs were seeded with mECs in a 1:1 ratio then In vitro 

angiogenesis was performed. Tube formation on gelled basement membrane 

extract was performed as described in (section 2.2.3.1.3). 
 

2.3 Human Induced Pluripotent Stem Cells (hiPSCs) 
culture and characterization 

 
Human induced pluripotent stem cells (hiPSCs) used in this project were 

purchased from Gibco™ (GibcoTM, ThermoFisher, Scientific, Paisley, UK). The 

cell line in question was generated using an episomal vector originally created 

from transfected cord blood derived CD34+ progenitors by episomal vectors 

of OCT4, SOX2, KLF4, MYC, NANOG, LIN28 and SV40T. HiPSCs were 

adapted for feeder free, serum-free culture conditions and were mainly 

passaged and sustained as colonies rather than as single cells unless single 

cells were required for specific experiments.  

 

  HiPSC Culture Methods  
 

 GeltrexTM preparation and plate coating 
 
HiPSCs were grown on a matrix gel composed of LDEV-Free GeltrexTM 

(GIBCO TM) diluted in DMEM-F12 (GIBCO TM), (1:100). DMEM-F12 is 

composed of Dulbecco's Modified Essential Medium (DMEM) (GIBCO TM) and 

Ham's F-12 Medium (GIBCO TM) (1:1). Firstly, GeltrexTM was aliquoted into 

1.7ml Eppendorf® tubes at 120 µl each and stored in a freezer at -20oC. Prior 

to coating, one aliquot was taken from the freezer and replaced in the fridge 

overnight to thaw. Next day, GeltrexTM aliquot was placed in an ice box with 6 

well plates (6wp). In sterile centrifuge tubes, the GeltrexTM solution was 
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prepared by diluting GeltrexTM in DMEM-F12 (1:100) then the tube was placed 

in an ice box. Finally, all plates were coated with the matrix by adding 1ml per 

well of 6wp, 700µl per well of 12wp, 500µl per well of 24wp and 500µl per one 

well of 4wp. Coated plates were incubated for 1 hour at 37°C then at RT for 30 

minutes for immediate use. Alternatively, coated plates were sealed with film 

and then stored at 4°C for one week maximum. Plates were placed at RT for 

at least 1 h before use. 

 

 Thawing hiPSCs  
 
HiPSC medium (Essential 8TM (E8) or equivalent medium) including TeSR™-

E8™ (STEMCELL Technologies) and StemMACS™ iPS-Brew XF (Miltenyi 

Biotec, Surrey, UK) was prepared by adding the appropriate supplements. The 

medium was then aliquoted into 50ml conical tubes and stored at -20°C in a 

freezer. Prior to thawing, one 50ml tube was replaced in the sterile cabinet at 

RT. GeltrexTM coated plates were also placed at RT for an hour to warm up. 

One cryogenic vial which contains of frozen hiPSCs colonies was taken from 

liquid nitrogen and thawed in a water bath for one minute. Cryogenic vial was 

sprayed with 70% ethanol and placed into a sterile cabinet. One ml of iPSCs 

media was added to cryogenic vial gradually then everything was transferred 

to 15ml conical tube. Another 2ml was gradually added to the 15ml tube and 

then another 4ml of media was added followed by another 2ml. Tube then was 

centrifuged at 1200 rpm for 5 minutes. While the tube was centrifuging, 

GeltrexTM in plates was replaced with one ml per one well of 6wp fresh iPSC 

media. Supernatant was discarded and the pellet was re-suspended in 1ml of 

fresh iPSC media, then another 5ml was also added. Suspensions of colonies 

were mixed carefully to not breaking the clumps as hiPSCs tend to grow in 

colonies. Following this, 1 ml of cell suspension was added to each well then 

placed on the plate in the incubator with 10μM ROCK inhibitor (Y-27632) 

(Tocris, Biotechne, Abingdon, UK) and this allowed colonies to attach 

overnight. 
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 Feeding and passaging hiPSCs as colonies  
 
6wps of hiPSCs were fed everyday with 2ml/well of E8 media. Old media was 

discarded by aspiration using a pipette gun from the corner of the well. Fresh 

media was added gently on the edge of the well to prevent disruption of the 

iPSCs colonies. iPSCs colonies were cultured until 70-80% confluent that was 

generally 4-5 days post thaw or passage and then passaged at a ratio of 1:6 

or used for experiment. 

To passage hiPSCs colonies, 50ml tube of E8 media and GeltrexTM coated 

plates were placed at RT for an hour to warm up. Old media was discarded 

and hiPSCs colonies were washed with 2ml/well of 1x PBS solution. PBS was 

discarded and replaced with 1mL of Versene (GIBCO TM). Versene was left at 

RT for 4 minutes and hiPSCs colonies were observed under the light 

microscope at 10x magnification for observation of indicators of colonies 

detachment. Once colonies start to curl up at the edges and holes began to 

appear, Versene was discarded and replaced with 1ml of fresh media. With P 

1000 pipette hiPSCs colonies were detached by pipetting around the well for 

4-5 times and this caused the colonies to break into smaller sizes. HiPSCs 

colonies were collected and transferred into a new 15mL conical tubes and 

diluted with E8 media. Colonies then were split into a 1:6 ratio onto a new 

GeltrexTM coated plate. The media was changed daily to maintain the 

pluripotency of the hiPSCs. HiPSCs colonies were incubated at 37 °C until 

they reached a 70%-80% confluency, before the differentiation protocol was 

initiated.  The media was changed daily to maintain the pluripotency of the 

hiPSCs. 

 

 Single Cells hiPSCs harvesting 
 
HiPSCs colonies, 50ml tube of E8 media and new GeltrexTM coated plates 

were placed at RT for an hour to warm up. HiPSCs plate was replaced from 

the incubator to the hood and the old media was discarded and hiPSCs 

colonies were washed with 2ml/well of 1x PBS solution. PBS was discarded 

and replaced with 1mL of TrypLETM (GIBCO TM) at RT for 3 minutes. Physical 

force was applied by pipetting up and down using a P1000 Gilson pipette to 

break hiPSCs colonies into single cells. The cells were observed under a light 
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microscope, once single cells were seen, 1ml of fresh E8 media was added 

into each well to neutralise the TrypLETM. The cell suspension was then 

transferred into 15ml conical tubes and the suspension centrifuged at 1200 

rpm for 5 minutes. The supernatant was discarded, and cell pellet was 

resuspended in the desired media.  

 

 Freezing hiPSCs  
 
Versene was added to hiPSCs colonies as described in (section 2.3.1.3). 
Once colonies started to curl up at the edges and holes began to appear, 

Versene was discarded and replaced with 1ml of freezing media (90% media 

+ 10% DMSO). With a P1000 Gilson pipette hiPSCs colonies were detached 

by pipetting around the well for 4-5 times in order to separate the colonies. 

Each ml that contained iPSCs colonies was added to a cryovial for 

cryopreservation. Cryovials were labelled with the cell line name, date and 

passage number then placed in a CoolCell® SV2 Stem Cell freezing container 

(Biocision), and the container was placed in a -80°C freezer for a maximum of 

3 days. Cryovials were then transferred to a liquid nitrogen freezer for longer 

term storage. 

 

  HiPSC characterisation  
 

 Flow Cytometry of hiPSC pluripotency marker  
 
HiPSCs were regularly evaluated for the expression of pluripotency markers 

by flow cytometric analysis. Staining was applied for nuclear markers including 

OCT4, NANOG and SOX2 and for cell surface markers including TRA1-60, 

TRA1-81 and SSEA-4. The antibodies used for the staining are summarised 

in Table 2-2. Firstly, for Surface markers; hiPSCs were harvested as single 

cells as described in (section 2.3.1.4). Cells were resuspended in FACS buffer 

(1x PBS + 10% filter sterilised FBS) and added in FACS tubes (one tube per 

antibody (≥ 500,000 cells), one tube for unstained control (no antibodies were 

added ≥ 500,000 cells) and one tube for each isotype matching the test 

antibodies (≥ 300,000 cells). Tubes were centrifuged and then resuspended in 

100μl FACS buffer. Primary antibodies were added at the concentrations listed 
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in Table 2.2 and incubated on ice for 30 minutes. 3 ml of FACS buffer was 

added to each tube followed by centrifugation at 1200 rpm for 5 minutes at 

4°C. Pellets were resuspended in 100 μl FACS buffer and secondary 

antibodies was added at the concentrations listed in Table 2.2 followed by an 

incubation step for 30 minutes on ice protected from light. 3ml of FACS buffer 

was added to each tube followed by centrifugation at 1200 rpm for 5 minutes 

at 4°C. Pellets were resuspended in 300 μl of FACS buffer and 100μl of 4% 

PFA was then added to fix cells. Tubes were stored at 4°C in the dark until 

they were ready to analyse on the flow cytometer. For nuclear markers; single 

cells were harvested, and cells were distributed as with the surface markers. 

After centrifugation, pellets were resuspended in 200μl of 100% molecular 

grade methanol and incubated at -20°C for 20 minutes for fixation. 3 ml of 

FACS buffer was added to each tube and this was followed by centrifugation 

at 1200 rpm for 5 minutes at 4°C. Pellets were resuspended in 100μl FACS 

buffer + 0.1% Triton X-100 and primary antibodies were added at the dilution 

listed in Table 2.2. Tubes were incubated for 1 hrs at RT. 3 ml of FACS buffer 

was added to each tube followed by centrifugation at 1200 rpm for 5 minutes 

at 4°C. Pellets of cells were resuspended in 100μl FACS buffer and secondary 

antibodies were added at the concentrations listed in Table 2.2. Tubes were 

incubated on ice and protected from light for 1h. 3ml of FACS buffer was added 

to each tube followed by centrifugation at 1200 rpm for 5 minutes at 4°C. The 

cell pellets were resuspended in 400 μl of FACS buffer and stored at 4°C in 

the dark until they were ready to analyse on the flow cytometer. Flow 

cytometric analysis was conducted using the BD LSRFortessa™ X-20 with BD 

FACS DIVA™ software. Results were processed using FlowJo® v10 software.  
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1o AB ISO Company CON 
µg/ml 2oAB Company CON 

µg/ml 
Rb~ 

OCT4 IgG 

C
ell Signaling 

Technologies 

1:200 dilution 

GaRb 

Vector Laboratories ltd 

7.5 

Rb~ 
SOX2 IgG GaRb 7.5 

Ms~ 
TRA1- 

60 
IgG GaRb 7.5 

Ms~ 
TRA1- 

81 
IgM HaMs 7.5 

Ms~ 
SSEA-4 IgG3 HaMs 7.5 

Ms 
Isotype IgM 

Invitrogen  

HaMs 7.5 

Rb 
Isotype IgG GaRb 7.5 

Ms 
Isotype IgG HaMs 7.5 

Table 2-2: Pluripotency marker antibodies used for Flow Cytometric 
analysis of hiPSCs. 
Surface and nuclear pluripotency marker antibodies are listed. Primary 
antibodies (1°) and secondary (2°) antibodies. Prefixed with the species of 
origin (Rb = rabbit, Ms = mouse, G = goat, H = horse). ~ = anti and a = anti. 
Isotype (Iso) of the 1° antibodies are listed. The concentration (con) used for 
each antibody is also listed.  
 

 Immunofluorescence staining of hiPSC pluripotency markers  
 
The cells were routinely evaluated by immunostaining for the expression of 

pluripotency markers (OCT4, NANOG, SOX2, TRA1-81, TRA1-60, SSEA4) to 

ensure that hiPSCs had maintained their pluripotency. HiPSCs were fixed, 

blocked and permeabilised as described in (section 2.2.2.1) and were stained 

as described in (section 2.2.2.2). Primary and secondary antibodies are listed 

in Table 2-3. 

 

 Mycoplasma testing of hiPSCs  
 
To check for any mycoplasma infections, the hiPSCs, MycoAlertTM 

Mycoplasma Detection Kit was used (Lonza, Cambridge, UK) according to the 

manufacturer’s instructions. Prior to using this kit, hiPSC colonies were grown 
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on GeltrexTM for 4 days and were then harvested for testing. The Tecan 

Infinite® M200 Pro plate reader was used to detect luminescence in this assay.  

 

1o AB ISO Company CON 
µg/ml 2oAB Company CON 

µg/ml 
Rb~ 

OCT4 IgG 

C
ell Signaling 

Technologies  

1:200 dilution 

HaRb 

Vector Laboratories Ltd  
7.5 

Rb~ 
SOX2 IgG HaRb 7.5 

Ms~ 
TRA1- 

60 
IgM HaRb 7.5 

Ms~ 
TRA1- 

81 
IgM HaMs 7.5 

Ms~ 
SSEA-4 IgG3 HaMs 7.5 

Ms 
Isotype IgG 

Invitrogen  
HaMs 7.5 

Rb 
Isotype IgG HaRb 7.5 

Ms 
Isotype IgM HaMs 7.5 

Table 2-3: Pluripotency marker antibodies used for Immunostaining 
analysis of hiPSCs. 
Surface and nuclear pluripotency marker antibodies are listed. Primary 
antibodies (1°) and secondary (2°) antibodies. Prefixed with the species of 
origin (Rb = rabbit, Ms = mouse, H = horse). ~ = anti and a = anti. Isotype (Iso) 
of the 1° antibodies are listed. The concentration (con) used for each antibody 
is also listed. 
 

 Three-germ-layer analysis of hiPSCs  
 
EBs were formed from hiPSCs as described in (section 2.2.2.1) in E8 media. 

On day 4, EBs were plated onto 96-well plates coated with GeltrexTM to allow 

random differentiation for 20 days in DMEM/F12 medium with 10% knockout 

serum replacement (GIBCO TM), 1% L-Glutamine (GibcoTM), 1% MEM, 1% 

Antibiotic-Antimycotic (GibcoTM) and 100μM 2-mercaptoethanol (GibcoTM). 

EBs were fed every other day. The cells were then stained using the 3-Germ 

Layer ICC Kit (InvitrogenTM) according to the manufacturer’s instructions. 

Images were collected from the EVOSTM FL microscope (InvitrogenTM). 
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 qPCR for hiPSCs 
 
HiPSCs were also frequently evaluated for any pluripotency nuclear markers 

including OCT3/4 and NANOG. 

 

2.3.2.5.1 Purification and Isolation of RNA 
 
HiPSCs were harvested as described in (section 2.3.1.4). Pellets of cells were 

either stored in a freezer at -80⁰C or they were used to undergo the RNA 

extraction process. RNA was isolated using the ReliaPrepTM RNA Miniprep 

System Kit (Promega, Southampton, UK) according to the manufacturer’s 

instructions.  

 

2.3.2.5.2 cDNA synthesis  
 
mRNA that had been isolated from a previous step were converted to cDNA 

using the High-Capacity cDNA Reverse Transcription Kit (Applied 

BiosystemsTM, ThermoFisher) following the manufacturer’s instructions.  

 

2.3.2.5.3 StepOnePlusTM Real-Time PCR 
 
With the synthesised cDNA, qPCR analysis was conducted using the iTaqTM 

Universal SYBR Green SuperMix qPCR Master Mix (Bio-Rad, Watford, UK) 

with the StepOnePlusTM Real-Time PCR System (Applied Biosystems). 

Primers were designed by Primer-Blast (NCBI) and purchased from Sigma-

Aldrich®. The primers that were used are summarised in Table 2.4. Ct values 

were detected automatically by the StepOnePlusTM software. Results were 

administered with Microsoft® Office Excel (Microsoft Corporation, 

Washington, USA) using the comparative ΔΔCt method by normalisation to a 

housekeeping control (GAPDH).  

 

Gene Sequence (5’-3’) TM 
(oC) Purpose 

OCT3/4 
F-TGCAGAAAGAACTCGAGCAA 60  

Nuclear 
pluripotency 

maker 
R-CCAAATAGAACCCCAGGAT 

NANOG F-CCTGTGATTTGTGGGCCTG 
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R-GACAGTCTCCGTGTGAGGCAT 
Nuclear 

pluripotency 
maker 

GAPDH F-CGACCACTTTGTCAAGCTCA Housekeeping 
gene R-AGGGGTCTACATGGCAACTG 

Table 2-4: Primers used for gene expression analysis for pluripotency 
key markers by qPCR. 
Forward (F) sequence and Reverse (R) primer sequence are recorded with 
their equivalent melting temperatures (Tm).  
 
 

2.4 Differentiation of hiPSCs into vascular lineages 
 

  Coating plates with collagen type IV  
 
Collagen Type IV (Sigma) was reconstituted to a concentration of 500µg/mL 

in 0.25% acetic acid. This was then dissolved for 2 hrs at 2-8°C, with 

occasional hand shaking the solution by hand during the time. Collagen Type 

IV was further diluted with PBS to a concentration of 10µg/ml. Collagen Type 

IV were added to tissue culture plates and incubated for either at 37°C for 2 

hrs or for immediate use. Coated plates were also sealed with film and stored 

at 4 °C for one week. Plates were rinsed with 70% ethanol and washed with 

PBS before use for sterilisation.   

 

  ECs and PCs Differentiation Protocols  
 
The protocol conducted by Kusuma et al. was followed with some 

modifications. HiPSCs were collected as described in (section 2.3.1.4) into a 

single cell suspension and were strained using a 40-μm mesh strainer. HiPSCs 

were plated onto collagen IV coated plates at a concentration of 5 × 104 

cells/cm2 in a differentiation medium 1 which was composed of a-MEM with 

10% FBS and 0.1 nM B-mercaptoethanol. On day 4, cells were sorted of FLK-

1+ described in (section 2.2.3.1.1) and re-plated in the same media for 2 more 

days onto collagen IV coated plates. During the first 6 days, the media was 

changed every day. On the sixth day, differentiated cells were isolated using 

TrypLe and subsequently filtered through a 40 µm mesh strainer. Filtered cells 

were then re-plated onto a new collagen type IV coated plate at a cell 

concentration of 1.25 x 104 cells/cm2. The cells were cultured for six days in a 
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differentiation medium 2 which contained endothelial cell growth media 

EGMTM-2BulletKitTM supplemented with 2% FBS, 50 ng/mL VEGF and 10 μM 

TGF-b inhibitor (SB431542) (Tocris). From the sixth day onwards, the medium 

was changed on alternative days. 

 

 ECs maturation 
 
On day 12, derived EVCs were collected as described in (section 2.3.1.4). 
Cells were sorted for VE-cadherin+ cells as described in (section 2.2.3.1.1). 
The sorted cells were then re-cultured for a further 10 days in EGMTM-

2BulletKitTM media supplemented with 50 ng/ml VEGF and 10 µM of 

SB431542. The culture medium was changed every other day. 

 

 PCs Maturation 
 
On day 12, derived EVCs were collected as described in (section 2.3.1.4) and 

re-plated on tissue culture-treated well plates in medium which consisted of 

DMEM and 10% FBS. After 2–3 hrs, any unattached cells were removed, and 

the medium was replaced. Cells were cultured for 10 days, with the medium 

changed every other day. 

 

  VSMCs differentiation  
 
To generate vSMCs, a protocol developed by Vo et al. was adopted with some 

modifications. HiPSCs were collected as described in (section 2.3.1.4) into 

single cells and were strained using a 40-μm mesh strainer. Single cells were 

re-plated onto collage type IV coated plates at a concentration of 5 x 104 cells 

in a differentiation medium 1 which was composed of a-MEM with 10% FBS 

and 0.1 nM β-mercaptoethanol. On day 4, cells were sorted of FLK-1+ 

described in (section 2.2.3.1.1) and re-plated in the same media for 2 more 

days onto collagen IV coated plates. During the first 6 days, the media was 

changed every day. On day 6, differentiated cells were isolated using TrypLe 

and subsequently filtered through a 40 µm mesh strainer. Filtered cells were 

then resuspended in a new differentiation media onto new collagen type IV 

coated plates at a cell concentration of 1.25 x 104 cells/cm2. The cells were 
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cultured for 10 days in a SmBM medium (Lonza) that was supplemented with 

PDGF-BB (10 ng/ml) (Peprotech) and TGF-β1 (1 ng/ml) (Peprotech). From the 

day 6 onwards, the medium was changed on alternative days.  

 

  Phenotypical Investigations  
 
All targeted cell lines including hiPSCs derived ECs, hiPSCs derived SMCs 

and hiPSCs derived PCs were monitored for their morphology and were 

imaged using light microscope during differentiation. Images was taken by 

EVOSTM Core Microscope (InvitrogenTM) with 10x, 20x and 40x lenses. 

 

  Immunostaining for differentiated hiPSCs key markers  
 
At desired time points, cells were fixed as described in (section 2.2.2.1) and 

cells were then washed with PBS and were stored at 4oC in 1% BSA for 

maximum of one week before proceeding with staining. Once cells were ready 

for staining, cells were blocked and permeabilised as described in (section 
2.2.2.1) and this was followed by staining for the key markers as described in 

(section 2.2.2.2). Primary and secondary antibodies are listed in Table 2-3. 

 

1o AB IS
O 

Compan
y 

CON 
µg/m

l 
2oAB Compan

y 
CON 
µg/m

l 
Purpose 

Rb~ 
VEGF IgG 

Abcam
 

1:100 dilution
 

HaR
b V

e
cto

r 
L

a
b

o
ra

to
rie

s 
L

td
 

7.5 
Endotheliu

m 
Rb~ 
vWF IgG 

HaR
b 

7.5 
Endotheliu

m 
G~ 

CD31 IgG HaG 7.5 
Endotheliu

m 
Rt~ 

VE-cad IgG GaRt Abcam 
1:20

0 
Endotheliu

m 
Rb~ 

Calponi
n 

IgG 
HaR

b Vector 
Laboratories 

Ltd 

7.5 
Vascular 
Smooth 
Muscle 

Rb~ 
Myosin IgG 

HaR
b 

7.5 
Vascular 
Smooth 
Muscle 

Ms~ 
aSMC 

Ig
M 

HaM
s 

7.5 
Vascular 
Smooth 
Muscle 
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G~ 
SM22 IgG HaG 7.5 

Vascular 
Smooth 
Muscle 

G~ 
NG2 IgG Therm

oFisher 
Scientific 

HaG 
1:20

0 
Vascular 
Pericytes 

G~ 
PDGFR-

b 
IgG HaG 

1:20
0 

Vascular 
Pericytes 

Ms 
Isotype IgG Invitrogen  

HaM
s 

7.5 Control 

Rb 
Isotype IgG 

HaR
b 

7.5 Control 

G 
Isotype IgG HaG 7.5 Control 

Ms 
Isotype 

Ig
M 

HaM
s 

7.5 Control 

Table 2-5: Key marker antibodies used for Immunostaining analysis of 
differentiated hiPSCs. 
Surface marker antibodies for hiPSCs derived ECs, hiPSCs derived SMCs and 
hiPSCs derived PCs are listed. Primary antibodies (1°) and secondary (2°) 
antibodies. Prefixed with the species of origin (Rb = rabbit, Ms = mouse, G = 
goat, H = horse). ~ = anti and a = anti. Isotypes (iso) of the 1° antibodies are 
listed. The concentration (con) used for each antibody is also listed. 
 
 

  HiPSCs derived ECs and hiPSCs derived SMCs qPCR  
 

 Purification and Isolation of RNA 
 
HiPSCs were harvested as described in (section 2.3.1.4) on days 4, 6, 12 and 

22 post differentiation. Cell pellets were either stored in freezers at -80⁰C or 

they were used to undergo the RNA extraction process. RNA was isolated 

using ReliaPrepTM RNA Miniprep System Kit (Promega, Southampton, UK) 

according to the manufacturer’s instructions.  

 

2.4.6.1.1 cDNA synthesis  
 
mRNA that been isolated from previous step were converted to cDNA using 

the High-Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM, 

ThermoFisher) and this was conducted following the instructions of the 

manufacturer.  
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2.4.6.1.2 StepOnePlusTM Real-Time PCR 
 
With the synthesised cDNA, qPCR analysis was conducted using the 

TaqMan™ Fast Advanced Master Mix (2x) (Applied BiosystemsTM, 

ThermoFisher Scientific) with the StepOnePlusTM Real-Time PCR System 

(Applied Biosystems). TaqMan® Assay (20x) primers were purchased from 

(ThermoFisher Scientific). 96-Well platform plates (ThermoFisher Scientific) 

were used which are compatible with StepOnePlusTM Real-Time PCR System. 

40 cycles were used with the melting points determined based on the primers 

(60°C). The primers that were used are summarised in Table 2.6 and the 

program were used is also below in Table 2.7. Ct values were detected 

automatically by the StepOnePlusTM software. Results were analysed with 

Microsoft® Office Excel (Microsoft Corporation, Washington, USA). The data 

was normalised to the housekeeping gene, b-actin (ACTB), and subsequently 

normalised to day 0 to obtain the fold change in gene expression (ΔΔCt 

method).  

 
Gene Cat no Anneal/Extend purpose 

ACTB Hs99999903_m1 

60
oC

 

Housekeeping 
gene 

NANOG Hs04399610_g1 
Pluripotency 

marker 
CD31 Hs01065282_m1 Endothelium 
eNOS Hs01574665_m1 Endothelium 
vWF Hs01109446_m1 Endothelium 

ACTA2 Hs00426835_g1 
Vascular 
Smooth 
Muscle 

CALD1 Hs00921982_m1 
Vascular 
Smooth 
Muscle 

Table 2-6: Primers used for gene expression analysis for targeted 
linages key markers by qPCR. 
Primers were used for hiPSCs derived ECs and hiPSCs derived SMCs are 
listed. Cat no = catalogue number. 
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Real-time PCR 

 
UNG 

incubation 

 
Polymerase 
activation 

 
PCR (40 cycles) 

Hold 

50 °C 

Hold 

95 °C 

Denature 

95 °C 

Anneal/Extend 

60 °C 

StepOnePlusTM 
Real-time PCR 

System 

 

2 min 

 

2 min 

 

1 sec 

 

20 sec 

Table 2-7: Run method was used in StepOnePlusTM Real-Time PCR 
System 
 

  HiPSCs derived ECs and hiPSCs derived SMCs 
 

 In vitro angiogenesis: Tube formation on gelled basement 
membrane extract 

 
HiPSCs were harvested as described in (section 2.3.1.4), and a tube 

formation assay was performed as described in (section 2.2.3.1.3.1) for 

hiPSCs derived ECs and as described in (section 2.2.3.2.2) for hiPSCs 

derived SMCs. 

 

 LDL uptake assay  
 
LDL uptake was performed using an LDL uptake assay kit (cell based) 

(Abcam) according to the manufacturer’s instructions.  

 

 Griess Reagent Kit, for nitrite quantitation 
 
This assay was performed as described in (section 2.2.3.1.3.2) 
 

 Contraction assay 
 

Carbachol (Merck Millipore) at concentration of (10−5M) was prepared in 

differentiation media. Plates was imaged using EVOSTM core microscope 

before adding Carbachol media and the area was marked using mark object. 

Old media was discarded then media with Carbachol was added and this was 
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followed by an incubation step for 30 minutes at 37oC. Marked areas were 

imaged using EVOSTM core microscope. 

 

2.5 Human vessel decellularisation  
 

  Source of vessel  
 
All vessels were used in this study were (renal vessels), kidneys that were 

unsuitable or unable for transplantation, were acquired from the Tissue Access 

for Patient Benefit (TAPB) biobank (UCL). Ethics for this study (NC2016.006) 

were approved by UCL Royal Free Ethical Review Board. Renal vessels 

(artery) were removed including the aorta once the kidneys were acquired. The 

renal artery and aorta were cleaned from any surrounding fats, followed by 

slicing using a sharp scalpel. Sliced samples were then prepared for further 

experiments. 

 

  Arteries decellularisation protocols  
 
Three different protocols were conducted to obtain the optimal retaining of 

ECM protein and optimal removal of nuclear material. 

 

 Decellularisation method 1 
 
The protocol by Quint et al. was followed with some modifications. Slices of 

vessels were the firstly placed into dH2O in petri-dishes for 4h. Slices were 

then placed in glass jar in decellularisation solution which contained 8 mM 

CHAPS (Sigma), 1 M NaCl (Sigma), and 25 mM EDTA (InvitrogenTM) in PBS. 

Slices were left in this solution for 1 h with a magnetic stirrer at 37 °C (hot 

plate). Slices were then washed in PBS three times for 10 minutes each. Slices 

of tissue were then placed in a second decellularisation solution which 

consisted of 1.8 mM sodium dodecyl sulfate (SDS) (Sigma-Aldrich), 1 M NaCl 

(Sigma-Aldrich), and 25 mM EDTA in PBS, for 1 h with a magnetic stirrer at 37 

°C and then rinsed in PBS three times for 30 mintes each. Slices were then 

stored in a fridge in ddH2O for a maximum time period of one week (C. Quint 

et al. 2011). 
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 Decellularisation method 2 
 
The protocol of Zhou et al. was followed with some modifications. Slices of 

vessels were the firstly placed into dH2O in petri-dishes for 4h. All vessels 

slices were transferred into 50 ml conical tubes and incubated with PBS 

consisting of 0.5% Triton X-100 (Sigma-Aldrich), 0.5% SDS and 0.5% sodium 

deoxycholate (SD) (Sigma-Aldrich) at 37°C for 96 hrs under continuous 

shaking (high speed). This solution was changed twice a day. Slices were then 

washed 3 times with dH2O for 30 minutes for each wash under continuous 

shaking and they were then stored at 4⁰C in ddH2O for a maximum time period 

of one week (J. Zhou et al. 2015). 

 

 Decellularisation method 3 
 
The protocol of Gong et al. was followed for this method with some 

modifications. Slices of vessels were firstly placed into dH2O in petri-dishes for 

4h. All vessels slices were transferred into 50 ml conical tubes and incubated 

with PBS consisting of 0.5% Triton X-100, 0.5% SDS and 0.5% SD at 4°C for 

96 hrs under continuous shaking (high speed). This solution was changed 

twice a day. Slices were then washed 3 times with dH2O for 30 minutes each 

under continuous shaking and stored at 4⁰C in ddH2O for a maximum time 

period of one week (Gong et al. 2016).  

 

  Enzymatic (nuclease) treatment of vessels slices 
 
After decellularisation, tissue was transferred into 50ml conical tubes and 0.1 

g/L-1 of RNase type I (Roche, Switzerland) was diluted in HBSS with 

Magnesium (Mg+) and Calcium (Ca+) (Invitrogen™) was added. DNase I also 

added in the same tube at a concentration of 2000 units/L-1 (Sigma-Aldrich). 

The tubes were incubated at 37°C either for 4h or overnight under continuous 

observation.  
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  Tissue immunofluorescence and 
immunohistochemistry  

 

 Tissue immunofluorescence 
 
Before staining, slices of tissues were prepared first for embedding followed 

by de-waxing. 

 

2.5.4.1.1 Tissues preparation, paraffin embedding and sectioning of 
Paraffin Blocks  

 
Native (none decellularised) and decellularised slices of vessels were fixed in 

4% PFA for 2 days at 4⁰C and then stored in 70% ethanol at 4⁰C. All slices 

were placed on the centre of the cassette (Sigma-Aldrich) and placed in a 

Thermo ScientificTM Citadel 2000 Tissue Processor (Thermo ScientificTM), 

which is an automatic tissue processor with a specific design. This processor 

has a circular, carousel arrangement of stationary reagents and a rotating 

head. Tissue cassettes were loaded into a basket on the rotating head where 

they were transferred sequentially around the series of reagent containers. It 

has 9- 10 reagent baths and 2-3 wax and ethanol positions.  

 

Slices of vessels were processed overnight to be ready for embedding. To 

embed samples, the wax compartment was firstly turned on before 2 hrs to 

allow wax to be melted and to form smooth wax. The cold plate was also turned 

on 30 minutes prior to place the hot wax so that it would cool down after 

embedding. The cassette lid was then discarded. A mould was chosen 

according to the size of the tissue. The mould was placed and then a small 

amount of wax was added in the mould from the paraffin reservoir. Using warm 

forceps, a slice of vessel was transferred into the centre of the mould. The 

cassette was placed on top of the tissue. The mould was then filled with wax 

and transferred onto the cold plate for one hour to allow the paraffin to solidify. 

Finally, the cassette-containing paraffin was removed from the mould with the 

tissue in it. 

 

For sectioning, the water bath was turned on 30 minutes prior to sectioning 

and all cassettes were placed in a freezer (-80°C) for 10 minutes before 
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sectioning. One cassette block was then placed into the microtome (Anglia 

Scientific, Ely, UK) and the blade was carefully aligned to the block and a few 

thin sections were cut to ensure the positioning was correct. The block was 

trimmed to expose the tissue surface to a level where a representative section 

could be cut, and trimming was at a thickness of 15 µm. Once the tissue was 

exposed, thickness was set at 8 µm and several sections were cut. All ribbons 

of sections were picked and placed in the water bath using forceps for 2 – 3 

minutes then they were picked on slides PolysineTM coated microscope slides 

(VWRTM, Leighton Buzzard, UK) and were placed onto a hot plate overnight at 

37°C to allow sections to dry. All slides were labelled with pencil to be ready 

for staining.  

 

2.5.4.1.2 De-waxing 
 
Before staining, all slides were de-waxed to remove the wax that was attached 

to the tissue from the previous step. For de-waxing, 6 containers were 

prepared, each container was filled with a specific chemical; 2 with Xylene 

(Sigma-Aldrich), one with 100% ethanol (Sigma-Aldrich), one with 90% 

ethanol, one with 70% ethanol and two with dH2O. All slides were placed into 

a slide rack, then the rack was inserted into the first container with Xylene for 

5 minutes. The rack was then transferred to the second container with Xylene 

for another 5 minutes. Next, the Xylene was drained from the slides using 

paper towels. This was followed by inserting the rack into 100% ethanol for 2 

minutes, then the 90% ethanol container for 2 minutes, then the 70% ethanol 

container for another 2 minutes. Finally, the slide rack was placed in dH2O for 

2 minutes. Then, the slides were either ready to be used for Haematoxylin and 

Eosin (H&E) staining, Alcian blue staining or immunofluorescence (IF) for 

extracellular matrix (ECM) markers. 

 

2.5.4.1.3 Immunofluorescence (IF) for extracellular matrix ECM 
 
Firstly, de-waxing was performed as described above, a slide box was lined 

with wet paper tissues and the slide was placed on top of wet tissues in a box. 

Then using a hydrophobic pen, a circle was drawn around the tissues that had 

been sectioned. Tissues were washed twice with PBS-T for 5 minutes each. 
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For permeabilisation, 0.25% of Triton-X was added for 10 minutes at RT 

followed by 3 repeated washes with PBS-T for 5 minutes each. Blocking buffer 

was added which consist of 5% BSA for 1 hr at RT and this was followed by 3 

repeated washes with PBS-T (5 minutes each). Primary antibodies have been 

diluted in 1% BSA in PBS-T and added overnight at 4 °C and the information 

on these primary antibodies are summarised in Table 2.8. Primary antibodies 

were removed followed by 3 repeated washes for 5 minutes each with PBS-T. 

Secondary antibodies were added summarized in Table 2.8 were diluted in 

1% BSA in PBS-T and added for 1 hr, and the box was closed to prevent light 

entry, and this was then washed 3 times with PBS-T for 5 minutes each at RT. 

DAPI (0.02%) was added for 30 minutes, followed by 2 washes with PBS-T for 

5 minutes each and then they were washed once with ddH2O. Finally, slides 

were mounted using a drop of DPX (Sigma-Aldrich) and tissues were covered 

by glass coverslips (VWRTM). 

 

1o AB ISO Company CON 
µg/ml 2oAB Company CON 

µg/ml 
Ms~ 

Collage I IgG2B R
&D

 

10 
H~ 

Ms594 Vector Laboratories Ltd  

7.5 

Rb~ 
Laminin IgG 10 

H~ 
Rb488 

7.5 

Rb~ 
Fibronectin IgG 10 

H~ 
Ms594 

7.5 

Ms~ 
Collage III IgG1 

Abcam
 

10 
H~ 

Ms488 
7.5 

Rb~ 
Elastin IgG 10 

H~ 
Rb488 

7.5 

Ms 
Isotype IgG 

Invitro
gen 

10 
H~ 

Ms594 
7.5 

Rb 
Isotype IgG 10 

H~ 
Rb488 

7.5 

Table 2-8: Vascular ECM markers antibodies used for Immunostaining 
analysis  
 

 Tissue immunohistochemistry 
 
Tissues were prepared, paraffin embedded and sectioned as described in 

(section 2.5.4.1.1) and this was followed by de-waxing as described in 

(section 2.5.4.1.2). 
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2.5.4.2.1 Haematoxylin and Eosin staining (H&E) 
 
H&E (Sigma-Aldrich) staining was performed on slides by washing 5 minutes 

in PBS, followed by a 5 minutes incubation period in haematoxylin (Mayer´s) 

with protection from light. Slides were washed with tap water from the other 

side of the tissues and then in PBS for 5 minutes. 5% Eosin staining was added 

for 30 seconds, next the slides were washed with tap water from the other side 

of the tissues and in PBS for 5 minutes. The dehydration steps were with 

absolute ethanol (Sigma-Aldrich) incubation twice for 2 minutes each, prior to 

clearance in xylene (Sigma-Aldrich) twice for 10 minutes each. Finally, slides 

were mounted with DPX mounting medium and covered with glass coverslips 

for histology. 

 

2.5.4.2.2 Alcian Blue 
 
Slides were treated with 3% acetic acid (Sigma-Aldrich) for 3 minutes which 

was followed by Alcian Blue staining (Sigma-Aldrich) for 30 minutes. Slides 

were washed with tap water and then for 5 minutes in dH2O prior to 

counterstaining with nuclear red for 5 minutes. Slides were washed in distilled 

water, twice in 95%, absolute ethanol and then in xylene for 1 minute. Finally, 

slides were mounted with DPX mounting medium and covered with glass 

coverslips. 

 

  Native and decellularised quantitative assays  
 

 Total DNA quantification  
 
Total DNA quantification was carried out by extracting total DNA from tissue 

samples using PureLink® Genomic DNA Kits according to the manufacturer’s 

instructions. The extracted DNA solution was then measured by a NanoDropTM 

Lite spectrophotometer (Thermo ScientificTM).  

 

 Blyscan Sulfated Glycosaminogycan quantification (sGAGs)  
 
Tissue slices was dried using a freeze-dryer system Modulyo® (Edwards 

Vacuum, Burgess Hill, UK) SGAG was quantified using a BlyscanTM 
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Glycosaminoglycan assay kit (Biocolor, Carrickfergus, UK) according to the 

manufacturer’s instructions.  

 

 Soluble Collagen quantification 
 
Collagen quantification was carried out on tissue samples using the SircolTM 

Soluble Collagen Assay kit (Biocolor) according to the manufacturer’s 

instructions.  

 

  Vessel-gel preparation and analysis (V-gel) 
 
The gel preparation and production protocols were based on a previous 

publication (Freytes et al. 2008). 

 

 Creation of lyophilized vessel vECM 
 
After decellularisation, vessel slices were frozen overnight at -80°C . Following 

this, the vessel slices were transferred to 50 ml conical tubes and a piece of 

cotton were tapped on top of each tube to cap them. All tubes were placed on 

a freeze-dry system overnight.  

 

 Tissue grinding  
 
The mortar was placed on dry ice with the vessel slices inside, the tissue was 

manually using a pestle, and liquid nitrogen was added to the tissue during 

grinding. This process was continued until the tissue had been ground into a 

homogeneous powder. 

 

 Sterilisation  
 
Sterilisation of the powder was conducted in a BSC sterile cabinet which 

contained a UV light. The powder was weighed and placed in Petri-dishes and 

these were then placed in a sterile cabinet. The cabinet was sealed and the 

UV light was turned on for 40 minutes.  
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To test for sterility, a sample of the powder was added to DMEM media with 

10% FBS in Petri-dish followed by placing dish in a 37oC incubator for 1 week 

and observed for bacterial growth by eye and by using a light microscopy 

(EVOS® XL Core).  

 

 Pepsin Digestion  
 
ECM powder was added at 10 mg/ml to 0.1 M HCl in a 15 ml centrifuge tube. 

The solution was mixed with a homogeniser (PolystronTM, Fischer Scientific) 

approximately 8 to 10 times at full speed for 30 seconds. During 

homogenisation, the tube was embedded in ice. Further mixing was performed 

by syringing and vortexing. Pepsin was added at 1 mg/ml and incubated for 72 

hr. The gel solution was then neutralised by the addition of 100 μl/ml (starting 

volume) of 0.1 M NaOH (Sigma-Aldrich®) and 111 μl/ml (starting volume) 10x 

PBS (GibcoTM) and diluted to 8 mg/ml by addition of 39 μl/ml (starting volume) 

1x PBS. The gel was then stored at -20°C until use. 

 

  Assessment of V-gel  
 

 Gel coating Assay  
 
The ability of the gels created in section 2.5.6 to coat was tested for both thick 

layer (high concentration of the gel) and thin layer (low concentration of the 

gel). For the thick layer testing, the gel at 8 mg/ml was plated out in 96 well 

plates at 75 μl/well. For the thin layer testing, the gels were diluted with 1x PBS 

to 10ng/ml and they were plated out on 24 wps at 200 μl/well. The plates were 

incubated overnight at 37°C and then checked by eye and through performing 

FTIR. 

 

 IPSC Growth and ECs on V-gel  
 
To test the ability of 8mg/ml of V-gel to support iPSC culture, HiPSCs were 

passaged on GeltrexTM coated 6 well plate following the standard protocol and 

on 8mg/ml of V-gel. The wells were fed daily with fresh E8 media and images 

were captured to investigate hiPSC attachment and growth with an EVOSTM 

XL Core microscope. 
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 V-gel toxicity  
 
20,000 cells per 12 well of ECs passage number 9 were plated on 10ng/ml V-

gel coated plate and TCP. HiPSCs were on passage number 29 and they were 

split on 8mg/ml V-gel coated plate and GeltrexTM coated plates on 6 well plate. 

Toxicity was conducted on day 3 and 7 using CellTox™ Green Cytotoxicity 

Assay (Promega) as per the instructions of the manufacturer. 

 

 iPSCs and ECs viability 
 
20,000 cells per 12 well of ECs passage number 9 were plated on 10ng/ml V-

gel coated plate and TCP. HiPSCs were passage number 29 and they were 

split on 8mg/ml V-gel coated plate and GeltrexTM coated plates on 6 well plate. 

Cells viability was performed on day 3 and 7 using an alarm blue assay as 

described in section 2.1.3.2 
 

2.6 Endothelial progenitor cells derivation from 
peripheral blood EPCs 

 

  Diabetic patients blood collection 
 
Blood samples were collected from >20 diabetic patients with cardiovascular 

complications at the Podiatry Clinic in Royal Free Hospital. The ethics for this 

study (NC2016.006) were approved by UCL Royal Free Ethical Review Board. 

Patients were informed of the project purpose and the objectives of the 

experiments. Patients aged between 65 to 89 were consented to donate 10ml 

of blood for the project. Blood was collected in light blue-top tubes (sodium 

citrate) which contained sodium citrate used as an anticoagulant (provided by 

Royal Free Hospital). 

 

  Healthy donors blood collection 
 
Blood samples were collected from 7 healthy individuals with a healthy family 

background at Royal Free Hospital at Division of Surgery and Interventional 

Science aged between 25 to 40. They had provided their consent to donate 10 
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ml of blood for the project. Blood was collected in light blue-top tubes (sodium 

citrate) which contained sodium citrate which was used as an anticoagulant. 

 

  EPCs isolation from peripheral blood (healthy and 
diabetic) 

 

 Classical method  
 
PBS warmed at RT for at least 1 hr. 10 mL of blood was transferred to 50 ml 

conical tube and diluted with 10 mL of PBS. The tubes were mixed by inverting 

them several times. In a new 50 mL conical tube, 15mL of gradient medium 

(InvitrogenTM) was added. A of layer 20 mL PBS-diluted blood was carefully 

added onto the 15 mL gradient medium in the 50 mL tube. The diluted blood 

was slowly added on the side of the tube without disturbing the gradient 

medium layer. The tube was slowly transferred into the centrifuge with the 

brake off and was spun down at 500 x g for 30 minutes at 18 °C. Some of the 

plasma on the top in the upper layer was gently discarded leaving the middle 

mononuclear cells (MNCs) layer. A p1000 tip pipette was carefully inserted to 

collect the middle layer that contains monocular cells (MNC) and the layer was 

transferred to a new 50 ml conical tube. The MNC layer was diluted into 3-4 

volumes of PBS and centrifuged with the beak on at 500 x g for 10 minutes at 

18 °C. Pellets were resuspended in 50 mL PBS, and centrifuged for 15 minutes 

at 200 x g. Pellets were then suspended in 6 mL EPC Derivation Medium that 

consisted of 80% EBM-2 basal medium (add EGMTM-2 SingleQuot-supplied 

(except supplied FBS and heparin) (Lonza). The medium was filtered using 

0.2μm (InvitrogenTM) then 20% of human serum (Sigma-Aldrich) was added to 

make the complete EPC Derivation Medium. MNCs were counted and 4x107 

MNCs were plated in T25 coated flasks with 50 μg/mL collagen type 1 

(InvitrogenTM) and the media was changed every other day. 

 

 SepMate™ tube 
 
Another method involved using a SepMate™ tube (STEMCELL Technologies) 

which contained an insert that provided a barrier between the density gradient 

medium and blood. 17 ml of density gradient medium was added into the 

SepMate™ tubes by carefully pipetting it through the central hole of the 
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SepMate™ insert. The top of the density gradient medium was above the 

insert. Blood was diluted as a sample with an equal volume of (PBS + 2% 

FBS), followed by gentle mixing. SepMate™ tubes were kept in a vertical way 

to add the diluted sample by pipetting it down the side of the tube. SepMate™ 

tubes were carefully transferred to the Centrifuge and spun at 1200 x g for 10 

minutes at room temperature, with the brake on. The top layer, which contains 

the enriched MNCs, was poured into a new 50 ml conical tube with holding the 

SepMate™ tube inverted for less than 2 seconds. MNCs layers from each tube 

were washed with PBS + 2% FBS twice. After the last wash, MNCs pellets 

were resuspended in 6 ml of EPC Derivation Medium and counted. MNCs 

were counted and 4x107 MNCs were plated T25 coated flasks with 50 μg/mL 

collagen type 1 media was changed every other day. 

 

  MNCs isolation, maintenance and transfection 
 

 MNCs isolation 
 
MNCs were isolated as described in (section 2.6.3.2). 
 

 MNCs maintenance 
 
After MNCs layer isolation, they were grown, maintained and passaged in 

suspension in PBMNC medium which was composed of: IMDM and Ham’s F-

12 (ratio 1:1) (GibcoTM), 1% of Insulin-Transferrin-Selenium-Ethanolamine 

(ITS-X) (Sigma-Aldrich), 1% of Chemically Defined Lipid Concentrate (CDL) 

(Sigma-Aldrich), 1% P/S (Sigma-Aldrich), 0.005% of L-ascorbic acid Sigma-

Aldrich), 0.5% of BSA (GibcoTM), 1-Thioglycerol 200 µM (Sigma-Aldrich), Stem 

Cell Factor SCF (100 ng/ml) (Peprotech), Interleukin-3 (IL-3) (10 ng/ml) 

(Peprotech), Erythropoietin EPO (2 U/ml) (Peprotech), Insulin-like Growth 

Factor IGF-1 (40 ng/ml) (Peprotech), Dexamethasone (1 µM) (Sigma-Aldrich) 

and holo-transferrin (100 µg/ml) (Sigma-Aldrich). Media was changed every 

other day.  
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 MNCs transfection 
 
Transfection was carried out using the Epi5TM 

Episomal iPSC Reprogramming 

Kit (InvitrogenTM).  

On Day one, medium from new Geltrex™ matrix-coated 6-well plates was 

aspirated and replaced with 2 mL of complete PBMC medium per well, PBMC 

medium was prepared as described in (section 2.6.4.2). Plates then were 

placed at 37°C until they were ready for use. Epi5™ vectors was thawed at 

37°C and placed on wet ice until they were ready for use. MNCs were 

harvested and by adding cells to a 15 ml conical tube per patient and were 

then counted, 200,000 of MNCs were transferred to 1.5 ml Eppendorf tube 

(InvitrogenTM) and centrifuged at 200 x g for 15 minutes RT. Meanwhile, 

nucleofector Solution was prepared for each reaction to be run and 4D-

Nucleofector™ System (Lonza) was reprogrammed for several samples, using 

a selected program (EO-115). After centrifugation, the supernatant was 

aspirated using a P200 pipette and each pellet was resuspended in 20 μl of 

the complete P3 NucleofectorTM Solution. To each tube, 2 μl of Epi5 

reprogramming vectors, 2 μl Epi5 p53 and EBNA Vectors were added and then 

gently mixed. The mix was transferred to 1 well of the 16 well Nucleocuvette™ 

strip and placed it in the 4DNucleofector™ X Unit. Nucleocuvette™ Vessel 

was placed with a closed lid into the retainer of the 4D-Nucleofector™ X Unit. 

After the completion of transfection, the Nucleocuvette™ removed the 

Nucleocuvette™ vessel from the retainer. Each sample was transferred to one 

well in the pre incubated 6 well plate with 2 μl Rock Inhibitor and the plate was 

incubated overnight. 

 

On day 1 post transfection, 1 mL of N2B27 medium was added to each well 

supplemented with 100 ng/mL bFGF and the plate was incubated overnight. 

N2B27 medium consist of DMEM/F12, 1% N-2 supplement (100x) (GibcoTM), 

2% B-27TM supplement (50x) (GibcoTM), 1% MEM (10mM), 1% of 0.2% 

GlutaMAXTM (100x), b-Marcapoethanol (50mM) and 1% basic FBF (10µg/ml). 

On day 2, 0.5–1 mL was aspirated from each well and replaced with 0.5–1 mL 

of N2B27 medium supplemented with 100 ng/mL bFGF every day until day 6 

post-transfection. On day 7, the medium was completely aspirated and 
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replaced with fresh 2 mL of N2B27 medium supplemented with 100 ng/mL 

bFGF. The medium was replaced with 2 mL fresh medium every 24 hrs until 

day 9 post-transfection. On day 9, N2B27 medium was aspirated and replaced 

with complete Essential 8™ Medium and the medium was changed every 24 

hrs. Plate was observed every other day using EVOSTM core microscope for 

the emergence of cell clumps which were indicative of transformed cells. 

Within 15 to 21 days post transfection, the iPSC colonies would grow to an 

appropriate size for transfer. 

 

2.7 General statistical analysis  

The data are presented as mean ± standard deviation. Results were analysed 

and plotted using GraphPad Prism and Excel. After data collection and 

analysis, data were first analysed using Shapiro-Wilk test to find out weather 

data were normally distributed or not. As our data were all normally distributed 

we followed that by either unpaired two tailed t-test when comparing two 

variables or one-way analysis of variance (ANOVA) when comparing more 

than two variables. Significance was calculated with a post-hoc Bonferroni test. 

*= P £ 0.05, **=P £ 0.01, ***=P £ 0.001 and ****=P £ 0.0001.  
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3 Optimisation of Murine and 
Human iPSC differentiation 
methods toward functional 

vascular cells 
 

 



 

3.1 Introduction 
 

3.1.1 The use of iPSCs in Cardiovascular disease (CVD) 
 
Cardiovascular disease (CVD) is a general medical term that describes 

conditions affecting blood vessels and the heart. DM is a well-known risk factor 

for atherosclerotic CVD, particularly for coronary heart disease (Reiner 2018). 

DM is an epidemic that affects close to 100 million patients worldwide; of which 

10% have type 1 diabetes, and 90% have type 2 diabetes. In addition, the 

absolute risk of CVD is at least two times greater in patients with diabetes than 

among patents without diabetes (Kolakalapudi and Omar 2015). There are 

many factors in diabetes that can mediate and directly accelerate 

atherosclerosis by influencing the function of endothelial cells, arterial smooth 

muscle cells, and macrophages in vessel walls (Pasterkamp 2013). 

 

In the last 10–15 years, evidence has shown the existence of vascular 

endothelial progenitor cells (EPCs). EPCs originate from the bone marrow and 

are present in both the bone marrow and peripheral blood (Kocher et al. 2001), 

and this was previously discussed in Chapter 7 (section 7.1 and 7.5). These 

cells are considered and have been proven to be pro-vasculogenic and pro-

angiogenic. Animal ischemic disease models such as myocardial infarct and 

atherosclerosis vein graft, showed the capacity of EPCs in the therapeutic 

neovascularisation, and re-endothelisation capability of atherosclerotic blood 

vessels (Campagnolo et al. 2010). Although EPCs offer a significant 

therapeutic potential, they have limited capacity in terms of their proliferative 

and trans-differentiation potential. In addition, EPCs have limited sources and 

cell number, and their proliferative capability decreases with increasing donors' 

age, and they are also profoundly affected by general donors' health (Steens 

et al. 2017). Furthermore, the extended in vitro expansion of EPCs impairs 

their plasticity, which can result in a functional decline (Janzen et al. 2006). 

Subsequently, finding a reliable source of cells remains an issue. In vitro 

differentiation of iPSCs towards vascular cells might be an alternative 

approach as they have similar characteristics as mature vascular cells at the 

genetic and functional levels (Klein 2018). Stem cell-based use for therapeutic 



 

vascular regeneration might offer broad potential in the treatment of 

cardiovascular ischemic diseases, which is still hugely represented in clinical 

needs. Due to the lack of pharmacological drug interventions to safely and 

locally induce angiogenesis in ischemic tissues, considerable efforts are 

determinedly directed towards new gene or cell-based therapies such as 

iPSCs (Kane et al. 2011). 

 

The successful differentiation of murine and human iPSCs into cardiovascular 

lineages has opened doors for potential applications in cell therapy for 

regenerative medicine. In addition, this provides great opportunities for 

regenerative medicine, drug screening, and disease modelling. Vascular 

regeneration via novel cell-based therapies is a promising strategy for treating 

cardiovascular diseases (M. Marchand et al. 2014a), in addition to finding a 

disease model that can mimic the native tissue to help discovering new 

pharmacological treatments. IPSCs have benefits over ESCs, which could 

raise some ethical issues due to destruction of the embryos (Hockemeyer and 

Jaenisch 2016). Many groups, as discussed in detail in Chapter 1, have 

successfully developed protocols to differentiate ECs only, ECs and vSMCs or 

ECs, vSMCs, and PCs. All have shown remarkable successes of vascular cell 

differentiation from iPSCs in which markers of key cell types are seen using 

different techniques (Beers et al. 2012; Choi et al. 2009; Harding et al. 2017; 

Orlova et al. 2014; Taura et al. 2009). Moreover, functional assays have also 

been shown, where differentiated cells behave similarly to native cells. 

 

Recently, many groups have explored the therapeutic efficacy of pluripotent 

stem cell-derived ECs, vSMCs, and PCs in pre-clinical models of 

cardiovascular disease. These cells were shown to enhance tissue perfusion, 

organ function, and angiogenesis (Z. Li et al. 2009; A. J. Rufaihah et al. 2011), 

and this was discussed in Chapter 1 (section 1.8.5). In these studies, the 

isolation of ECs were primarily based on surface markers such as KDR, CD31, 

von Willebrand factor (vWF), or CD144 (VE-cadherin) which may be 

expressed in other types of ECs (A. J. Rufaihah et al. 2013a). 

 



 

Several studies have investigated the therapeutic potential and capacity of 

iPSCs derived vascular cells. Lee et al., have used a non-invasive 

multimodality imaging technique to control autologous iPSC-ECs 

transplantation in a large animal model of cardiac delivery. Both the PET 

reporter gene and the MR iron oxide labelling approaches provided accurate 

localisation of cells. Furthermore, they have produced functional ECs from 

ciPSCs, and have shown therapeutic potential in murine models of hindlimb 

ischemia and myocardial infarction (A. S. Lee et al. 2011a). Another model 

was successfully achieved by Gu et al., by deriving piPSCs and differentiating 

them into iPSC-ECs, which have a similar morphology and function properties 

to the positive control. They also showed that piPSC-EC therapy improved 

proangiogenic and antiapoptotic cytokine production in vitro and in vivo, and 

this led to the promotion of cardiac function in ischemic injury models. Also, 

multimodality non-invasive imaging was used to control cell engraftment into 

the peri-infarct area in small and large-animal models of myocardial infarction 

(Gu et al. 2012). Templin et al., also showed for the first time the long-term 

survival and differentiation of hiPSCs in a preclinical pig model of myocardial 

infarction leading to neovascularisation induction. They have used NIS for 

long-term serial tracking of survival and engraftment (Templin et al. 2012).  

 

Currently, there are very limited studies that have addressed the role of iPSC 

derived vSMCs either in CVD development or treatment, particularly within 

humans. On the other hand, one study conducted on murine showed that 

murine iPSC derived vSMC sheet was constituted and used as an interposition 

implant in the vena cava, and this significantly reduced the risk of calcification 

and arterio-venous thrombosis (Dash et al. 2015). 

 

IPSC-ECs and iPSC-vSMCs were also utilised for re-cellularising TEVG for 

damage vessel replacement due to the ability to generate iPSCs from 

autologous fibroblasts and provide the advantage of bypassing immunogenic 

issues. One of the major tissue engineering challenges is finding unlimited 

autologous cell source to re-cellularise a vascular graft, however, iPSCs 

derived vascular cells offer a promising cell source. Thus, many groups have 

facilitated iPSCs derived vascular cells to enhance conduit compatibility and 



 

to induce neo tissue formation in the acute phase (Y.-C. Li et al. 2017b), and 

this was also discussed in Chapter 1 (section 1.8.4). 
 

Indeed, iPSC technology brings a new prospect for discovering novel 

therapeutic tools for cell therapies. However, the safety and effectiveness of 

iPSC derived cells for transplantation in disease remodelling should be 

carefully evaluated. One of the major safety issues is tumorigenicity, which 

may occur due to the use of viruses. Nonetheless, utilising new reprogrammed 

strategies with no exogenous DNA integration such as the use of miroRNA or 

small molecule compounds, could reduce the risk of tumour formation (Y.-C. 

Li et al. 2017b). 

 

3.1.2 Culture and Maintenance of Human Induced Pluripotent 
Stem Cells (iPSCs) 

 
IPSCs were first discovered by Yamanaka and Takahashi in humans. In 2007, 

Yamanaka and his colleagues introduced a cocktail of ‘stem cell factors’ into 

somatic adult cells, and they have successfully created embryonic like cells 

(K. Takahashi et al. 2007a), and this was discussed in Chapter 1 (section 
1.9.3). Moreover, they have also indicated the characteristics of healthy iPSCs, 

in addition to features that can be monitored in iPSCs. The table Table 3-1 

summarises feeder free conditions used for the iPSCs in this project, as 

discussed in Chapter 1 (section 1.9.1). IPSCs in this project were closely 

investigated for these features. It is essential to frequently examine iPSCs and 

their potentiality in the lab to ensure that they have the desired criteria for the 

success of downstream experiments, including differentiation protocols. 
 

Feature Target  
Morphology Cells: high nucleus/cytoplasm ratio 

Colonies: flat, defined borders, tightly packed 
cells 

Growth rate Colonies reach 80% confluence after 
passage at 1:4 – 1:10 after 4-5 days 

Surface marker protein 
expression 

Key: TRA1-60, TRA1-81, SSEA4. Others: 
SSEA3. Negative for: SSEA1 

Transcription factor 
expression 

Key: NANOG, OCT4, SOX2. Others: REX1, 
GDF3, FGF4, ESG1, DPPA2, hTERT 



 

Unmethylated gene 
promoters 

NANOG, OCT4, REX1 

Enzyme activity High telomerase, high alkaline phosphatase 
Embryoid body 

formation 
Contains cells from all three germ layers 

Teratoma formation Contains cells from all three germ layers 
Differentiation potential Can form target specialised cell types 

Karyotype Normal profile, free from mutations, 
replication etc 

Genetic/epigenetic 
profile 

Indistinguishable from hESCs 

Sterility Free from bacteria, fungi, mycoplasma, 
viruses 

Table 3-1: A summary of iPSCs features. 
These features are suitable for the feeder free conditions used for the hiPSC. 
  



 

3.2 Aims 
 
The aims of this chapter are; 
  

• To generate a store of miPSC that can be used for experiments. The 

golden goal was to maintain their pluripotency capability and general 

health, and this was evaluated by: appropriate morphology and growth 

capability; expression of the key pluripotency markers, including 

nuclear transcription factors, and surface protein and their ability to 

differentiate to the three embryonic germ layers. 

• To examine whether adding growth factors (GF) at the beginning of the 

differentiation protocol to differentiate the murine iPSCs (miPSCs) cell 

line known as (STGiPSCs) would; 

o Create more committed MiPSCs derived vascular endothelial 

cells (vECs) that can be used to model CVD  

o Generate a differentiation protocol to differentiate miPSCs 

towards functional vECs and vascular smooth muscle cells 

(vSMCs) that can then be adopted to differentiate human 

episomal iPSCs (hiPSCs) 

• To produce a bank of hiPSC in order to use them for experiments which 

sustain their pluripotency capacity and general health, and this was 

evaluated by: appropriate morphology and growth capability; 

expression of the key pluripotency markers including nuclear 

transcription factors and surface protein; their capacity to differentiate 

to the three embryonic germ layers; and the absence of pathogenic 

contamination.  

• To differentiate episomal hiPSCs to functional hiPSC derived vECs, 

hiPSC derived vSMCs and pericytes (PCs) which can be used: 

o To seed vascular graft (POSS-PCLUU) that have been 

generated from previous experiments (Chapter 5) 
o To develop a CVD model which could help to understand 

atherosclerosis progression as its mechanism is still unknown. In 

addition, this might help to establish new pharmacological 

treatments. 

 



 

3.3 Experimental design  
 

Two approaches were carried out in order to derive vECs from miPSCs. Both 

protocols were very similar; however, differentiation method 2 involved the 

early addition of GF during EBs formation, and the protocols are summarised 

in Figure 3-1. The protocol used for miPSCs derived vSMC, is summarised in 

Figure 3-2. We then moved on to hiPSCs; hiPSCS derived vECs protocol is 

summarised in Figure 3-3 while the protocol used for hiPSCs derived vSMCs 

is summarised in Figure 3-4. 

Figure 3-1: Systematic diagram showing two different differentiation 
protocols for differentiating murine iPSCs to ECs. 
A) EBs have been created in miPSCs media without LIF and then have been 
plated on day 4 in differentiation media 1 which has VEGF (50ng/ml) and BMP-
4 (50ng/ml). On day 8, media was completely replaced with differentiation 
media 2 which only had VEGF (50ng/ml). On day 20, cells were sorted for 
CD31+ and re-plated in differentiation media 2 for maturation and expansion 
of miPSC derived ECs. B) EBs have been created in differentiation media 1 
then on 4 EBs plated in differentiation media 2. On day 6, EBs were sorted for 
FLK-1+ and re-plated in differentiation media 1, and on day 8 media completely 
changed to differentiation media 2. On day 20, cells were sorted for CD31+ 
and re-plated in differentiation media 2. At the end of differentiation; method 1 
and method 2 all functional essays were done. Images were acquired from 
EVOSTM FL Microscope with 10x lens magnification as shown. Scale bars 
represent 400 μm (10x).LIF= Leukemia inhibitory factor; BMP-4= bone 
morphogenetic protein 4; VEGF= vascular endothelial growth factor. 

A

diagram showing two different differentiation methods for EC-
like 

MiPSCs Media
LIF-

D6

D6

MiPSCs

D4D0 D22D8

Sorted CD31+

EBs formation

Differentiation 
Media 1

Differentiation 
Media 2

D20

MiPSCs

D4D0 D22D8

D20

Sorted FLK-
1+

Sorted CD31+

EBs formation

Differentiation 
Media 1

Differentiation 
Media 2

B

EC-like cells

EC-like cells

10x

10x

10x

10x

VEFG+BMP-4

VEFG+BMP-4

VEFG

VEFG



 

  
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 3-3: Systematic diagram showing the differentiation protocol for 
differentiating human iPSCs to ECs and PCs. 
HiPSCs were collected and plated onto collagen IV coated plates in 
differentiation medium 1. Cells were sorted for KDR+ on day 4 and re-plated on 
differentiation medium 1 on collagen type IV-coated plates. On day 6, cells 
were collected and plated on collagen type IV-coated plates in ECs 
differentiation medium for ECs differentiation or on tissue culture plate in PCs 
differentiation medium for PCs differentiation. 

Figure 3-2:Systematic diagram showing the differentiation protocol for 
differentiating murine iPSCs to vSMCs. 
EBs were created in differentiation media 1 which has PDGF-BB (10ng/ml) 
and BMP-4 (50ng/ml), then on day 4, EBs were plated in differentiation media 
1. On day 6, EBs were sorted for FLK-1+ and re-plated in differentiation 
media 1, and on day 8 media was completely changed to differentiation 
media 2 which has PDGF-BB (10ng/ml). At the end of differentiation method 
all functional essays were carried out. Images were acquired from EVOSTM 
FL Microscope with 10x lens magnification as shown. Scale bars represent 
400μm (10x). 
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Figure 3-4: Systematic diagram showing the differentiation protocol for 
differentiating human iPSCs to vSMCs. 
HiPSCs were collected and plated onto collagen IV coated plates in 
differentiation medium 1. Cells were sorted for KDR+ on day 4 and re-plated on 
differentiation medium 1 on collagen type IV-coated plates. On day 6, cells were 
collected and plated on collagen type IV-coated plates in SMCs differentiation 
medium. 
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3.4 Results  
 
In this chapter, we started with expanding and characterising miPSC and 

hiPSCs cell lines to ensure that they have sustained their pluripotency, 

differentiation capacity, growth, and general health. Using both cell lines, we 

aimed to improve and build on current published protocols for the 

differentiation of miPSCs, and hiPSCs towards functional vECs, vSMCs, and 

PCs. 

 

3.4.1 Murine iPSCs 
 
Initially, we have utilised miPSCs as the first step to our goal to produce 

functional vECs and vSMCs from iPSCs. 

 

3.4.1.1 Evaluation of miPSCs 
 
The first step was to expand miPSC and characterise them for downstream 

experiments. In order to do that, miPSCs were grown on a layer known as the 

inactivated mouse embryonic fibroblast (iMEF), also known as a feeder. 

Feeders are commonly used as they secrete embryonic growth factors which 

help to maintain miPSCs pluripotency. Before starting the experiment, we 

passaged miPSCs on 0.1% gelatine instead of iMEF to remove iMEF from 

miPSCs colonies. The removal of iMEF, and the purity of miPSCs colonies 

were crucial for downstream experiments. Figure 3-5 showed the morphology 

of miPSCs colonies grown on iMEF and 0.1% gelatine. MiPSCs colonies in 

both conditions looked undifferentiated as colonies were intact, dense, and 

well defined with bright edges. However, miPSCs colonies grown on iMEF 

exhibited different morphology from those on 0.1% gelatine. When miPSCs 

were grown on iMEF, colonies would tend to have a circular shape (Figure 
3-5A), whereas, on gelatine colonies had edges with spikes (Figure 3-5B) that 

indicated their direct contact with the flasks. MiPSCs on iMEF or 0.1% gelatine 

were grown on either T25 or T75 depending on the size required for the 

experiment. 



 

 

 

 

 

It is essential to check for miPSCs pluripotency potential frequently as it affects 

the experiment downstream. Subsequently, we firstly evaluated miPSCs for 

pluripotency by the ability to form embryoid bodies (EBs). EBs are three-

dimensional aggregates of pluripotent stem cells (PSCs), PSCs within EBs 

undergo spontaneous differentiation and cell specification along the three 

germ lineages endoderm, ectoderm, and mesoderm. PSCs form EBs when 

they grow in suspension as single cells; the ability to form these aggregates is 

one of the characteristics of the pluripotent cells. As shown in Figure 3-6A, 

miPSCs were able to form EBs suggesting the maintenance of their 

pluripotency. One of the other aspects that we also tested was alkaline 

phosphatase (AP) presence. AP has been correlated with stem cells’ 

potentiality of differentiation, and it is usually highly expressed in pluripotent 

cells. Thus, we also stained for AP to evaluate the expression of AP. MiPSCs 

were grown on 0.1% gelatine fixed, and stained for AP, immunostaining and 

light microscopy revealed the positive expression of AP (Figure 3-6A). 
 

We went further to examine the expression of the key pluripotency markers by 

performing immunostaining for transcription factors, including Oct 3/4 and 

NANOG, and surface markers, including SSEA-1 on 4 days old EBs. 4 days 

old EBs were plated on 0.1% gelatine and then fixed, followed by staining for 

Figure 3-5: Light Microscopy Images of miPSC growing on iMEF and 
0.1% gelatine. 
A) Undifferentiated miPSCs colonies growing on top of iMEF mainly have a 
circular shape and distinct bright edges. B) Undifferentiated iPSCs colonies 
growing and passaged on top of 0.1% gelatine have bright edges and spiky 
edges. Images were acquired from EVOSTM Core Microscope with 10x lens 
magnification as shown. Scale bars represent 400 μm (10x). 
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the key markers. Immunostaining showed that EBs at 4 days were expressing 

both  

 

 
transcription factors Oct 3/4 and NANOG, and surface marker SSEA-1, which 

further confirm their pluripotency capacity (Figure 3-6B). One landmark 

pluripotent feature is the capability to differentiate into the three embryonic 

germ layers (endoderm, mesoderm, and ectoderm). Therefore, it was vital to 

test miPSCs for differentiation capacity. 14-day old miPSCs EBs were fixed 

then plated on 0.1% gelatine followed by staining for three germline key 

markers; Brachyury which an endodermal marker; CXCR4, a mesodermal 

marker, and Beta-tubulin which is an ectodermal marker. A positive 

immunostaining expression was observed for all three embryonic germ layers 

Figure 3-6: MiPSCs derived 4 days old EBs pluripotency 
characterisation. 
A) MiPSCs cells were grown on repellent plate to form EBs aggregations, 2 
days and 4 days EBs on the right side respectively, and AP staining, showing 
that the activity of AP is strongly expressed in 4 days EB on the left side. B) 
4 days EBs were plated for overnight then fixed and stained for pluripotency 
markers; DAPI in blue, SSEA-1 and Oct 3/4 in red and NANOG in green, all 
markers were expressed. Images were acquired from EVOSTM Microscope 
with 10x, 20x and 40x lens magnification as shown. Scale bars represent 400 
μm (10x), 200 µm (20x) and 100 µm (40x) for the light microscope. EVOSTM 
FL Microscope with 10x and 20x lens magnification as shown. Scale bars 
represent 400 μm (10x), 200 μm (20x). 
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indicating their capability capacity and full potentiality to differentiate to the 

three germlines (Figure 3-7A,B and C). At this stage, we also evaluated the 

expression of the key surface marker (CD31) of the vECs lineage and the 

expression of the surface key marker (Myosin) for the lineage of vSMCs. The 

results obtained from immunostaining showed the absence of mature vascular 

vECs and vSMCs key surface markers as expected (Error! Reference source n

ot found.D). 
 

 
 
 
 
 

 
 

A

C

B
DAPI Brachyury

DAPI  Brachyury

DAPI CXCR4 

DAPI CXCR4

Β-Tubulin

DAPI Β-Tubulin

D
DAPI

MAYOSIN DAPI CD31 MYOSIN

CD31

10x

10x

10x

10x

10x

20x

20x 20x

10x10x

10x

10x

10x

DAPI

Figure 3-7: Three germ layer immunofluorescence analysis of miPSCs. 
14 days old EBs were plated overnight, then fixed and stained for three germ 
layer markers. A) Expression of endodermal marker Brachyury in red, B) 
Mesodermal marker CXCR4 in red and C) Ectodermal Beta-tubulin in green. D) 
showing that at the same time point there was no expression of fully mature 
vascular cells markers including CD31 for mature vascular ECs in red and 
MAYOSIN for vascular vSMCs cells in green. Images were acquired from 
EVOSTM FL Microscope with10x lens magnification as shown. Scale bars 
represent 400 μm (10x).  
 



 

3.4.1.2 MiPSCs differentiation towards miPSCs derived vEC cells 
 
After passaging miPSCs colonies for 3 to 4 times on 0.1% gelatine to remove 

iMEF from miPSCs colonies, single cells were obtained from miPSCs colonies 

and plated on low attachment plates (in suspension) to form EBs. EBs 

formation was the first step toward vECs differentiation, and this was carried 

out without the addition of GF during EBs formation and this will be referred to 

as differentiation method 1, or with the addition of GF with the combination 

with cell sorting on day 6. This will be referred to as differentiation method 
2, Experimental design (section 3.3, Figure 3-1). Aggregations of EBs and 

differentiated cells were optically monitored during the period of differentiation 

and images were taken on day 4, day 8, day 16, and day 22 which was the 

last day for both differentiation methods using EVOS light microscopy. In 

differentiation method 1, on day 4 EBs looked round with different sizes and 

this was expected. At this stage, EBs were plated on gelatine coated plates, 

and on day 8 post differentiation, confluency was approximately 50% and EBs 

were fully stuck on the plates. Cells had migrated from the EBs to the outside 

and they had cubic shape similar to endothelial progenitor cells (EPC) (Figure 
3-8A). On day 16 post differentiation, confluency was increased to 

approximately 90%, and at this stage EBs still can be observed, although, they 

had grown in size and more detached cells were detected from the original EB 

(Figure 3-8A). On day 20, cells were sorted for CD31+ and re-plated on 

gelatine plates. On day 22, no EBs were observed, instead, we saw cells had 

spindle shape with confluency around 80%-90% (Figure 3-8A) as it was 

expected. In differentiation method 2, EBs on day 4 also looked round with 

different sizes as it was expected, EBs were then plated for 2 days. On day 6, 

EBs were disassociated and sorted for Flk-1+ followed by re-plating cells on 

gelatine coated plate. Fewer cells were seen on day 8 post differentiation 

compared to day 8 in differentiation method 1, confluency was dropped from 

40% to approximately 10% (Figure 3-8). EBs were seen as expected; cells 

had a cupid shape similar to EPCs (Figure 3-8B). On day 16, confluency was 

increased to 70%, and cells had developed the spindle shape as well as cells  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-8: Light microscopic images were taken throughout miPSC 
differentiation to miPSCs derived ECs. 
A) Images were taken during differentiation method 1, at day 4 when they were 
EBs, day 8 after 4 days of plating EBs on gelatine plates, cells were growing 
out, day 16 after 8 days of plating EBs on gelatine coated plates and day 22 
after 2 days of CD31+ sorting. B) Images were taken during differentiation 
method 2, at day 4 once they were EBs, day 8 after 4 days of sorting for FLK-
1+ and plated on gelatin coated plates, day 16 after 8 days of sorting for FLK-
1+ and plated on gelatin coated plates and day 22 after 2 day of CD31+ sorting. 
Images were acquired from EVOSTM Microscope with 10x, lens magnification 
as shown. Scale bars represent 400 μm (10x). n=3. 



 

 

Figure 3-9: MiPSCs derived ECs using differentiation method 1, 
immunostaining analysis. 
A) First stage of differentiation, (4 days) EBs expression for FLK-1 in green, 
DAPI in blue. B) Day 8 post differentiation showed the expression for FLK-1 
in green, DAPI in blue. C) Day 10 post differentiation showed the expression 
for FLK-1 in green, Actin in red and DAPI in blue. CD31 in red, Actin in green 
and DAPI in blue.  D) Day 22 post differentiation expression for FLK-1 and 
Actin green, CD31 in red last stage of differentiation. Images were acquired 
from EVOSTM FL Microscope with10x and 20x lens magnification as shown. 
Scale bars represent 400 μm (10x) and 200 µm (20x). n=3. 
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Figure 3-10: MiPSCs derived ECs using differentiation method 2, 
immunostaining analysis. 
A) The first stage of differentiation, (4 days) EBs expression for FLK-1 in 
green, DAPI in blue. B) Day 8 post differentiation showed the expression for 
FLK-1 in green, DAPI in blue. C) Day 10 post differentiation showed the 
expression for FLK-1 in green, ACTIN in red and DAPI in blue. CD31 in red, 
Actin in green and DAPI in blue.  D) Day 22 post differentiation showed the 
expression for FLK-1 and Actin green, CD31 in red at last stage of 
differentiation. Images were acquired from EVOSTM FL Microscope with10x 
and 20x lens magnification as shown. Scale bars represent 400 μm (10x) and 
200 µm (20x). n=3. 



 

maintained the same morphology until day 22 with confluency around 80%-

90% (Figure 3-8B). 
 

To ensure that differentiated cells were expressing the key markers at the right 

time, we conducted immunostaining on day 4, day 8, day 10, and day 22. At 

each time point, cells were fixed and stained for vECs key markers. As 

expected, on day 4, EBs were clearly expressing FLK-1, which is an early 

mesodermal marker and this indicated a mesodermal specification, which was 

very encouraging. On day 4, FLK-1 was expressed in both differentiation 

methods (Figure 3-9A and Figure 3-10A). In addition, FLK-1 expression was 

observed on day 8 and continued to be expressed until day 22 (Figure 3-9D 

and Figure 3-10D), which was an indicator for the expression sustainability in 

both differentiation methods, however, on day 8 we noted that the brightness 

was more intense in cells derived from differentiation method 2 (Figure 3-9B 
and Figure 3-10B).  
 

In both differentiation methods, the expression of vECs markers (CD31 and 

FLK-1) were observed, which suggested their maturity (Figure 3-9D and 
Figure 3-10D). We also simultaneously stained for CD31 and FLK-1 in 

Figure 3-11: Murine coronary endothelial cells markers as positive 
control to our differentiated ECs. 
They are expressing the key EC markers DAPI in blue, C31 in red and FLK-1 
in green. Images were acquired from EVOSTM FL Microscope with 20x lens 
magnification as shown. Scale bars represent 200 µm (20x). 



 

Moreover, judging by the brightness of immunostaining, CD31 was highly 

expressed on day 10 as expected in both differentiation methods, which was 

an indicator for vECs commitment specification (Figure 3-9C and Figure 
3-10C), although, some cells did not express CD31 in cells derived from 

differentiation method 1 (Figure 3-9C) (see arrow) (Figure 3-9C). Moreover, 

cells sustained CD31 expression until day 22, which was promising. At the last 

time point of commercially acquired line murine coronary ECs (mECs) as a 

positive control to compare with our miPSCs derived vECs. The mECs were 

positively expressed, and their expression was comparable with our miPSCs 

derived vECs. 
 

3.4.1.2.1 MiPSCs derived vECs functionality 
 
Evaluating miPSCs derived vECs for the expression of the key markers at the 

right time is fundamental. However, the evaluation of miPSCs derived vECs 

Figure 3-12:Tube formation assay post exposure with VEGF. 
A) EC-like from differentiation method 1, tubes formed after 16 hours. B) EC-
like from differentiation method 1, tubes formed after 3h. C) The positive 
control showed the event of tube formation started after 3 hours of post 
angiogenic factor exposure (see the arrows). Images were acquired from 
EVOSTM Microscope with 10x, lens magnification as shown. Scale bars 
represent 400 μm (10x).n=3. 
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functionality is also crucial. For future use of miPSCs derived vECs, such as 

the use for clinical trials, miPSCs derived vECs must behave like native cells. 

Therefore, we further investigated the ability to form tubes in vitro by 

performing tube formation assay.  

 

 

 

 

 

 

 

Figure 3-13: Dynamics of the behaviour of miPSC derived ECs after 
plating on a basement membrane. 
A) Tube formation after 16h and 24h of angiogenic factor exposure form 
miPSC derived ECs differentiated using differentiation method 1. B) Tube 
formation after 16h and 24h of angiogenic factor exposure form miPSC derived 
ECs differentiated using differentiation method 2.  C) Tubes were fixed and 
stained for Calcein after 24h of angiogenic factor exposure form miPSC 
derived ECs differentiated using differentiation method 2. Images were 
acquired from EVOSTM Microscope with 4x, lens magnification as shown. 
Scale bars represent 1 mm (4x). And from EVOSTM FL Microscope with 10x 
lens magnification as shown. Scale bars represent 400 μm (10x). n=3. 
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In vitro endothelial tube formation assay is widely used as a model for studying 

vECs differentiation and maturation. This assay was carried out by seeding 

miPSCs derived vECs on 90µl of the basement membrane in one wall of 96 

well plates, and in the presence of angiogenic agents such as VEGF or basic 

FGF.  

 

Figure 3-12 demonstrated that miPSCs-derived vECs from differentiation 

method 1 showed tube formation after 16 hours (Figure 3-12A), whereas, 

miPSCs-derived vECs from differentiation method 2 showed tube formation 

after 3 hours post 10ng/ml VEGF exposure (Figure 3-12B). Comparing with 

mECs positive control, tubular structure events were observed after 3 hours, 

at the same time as miPSCs-derived vECs from differentiation method 2 

(Figure 3-12B and C). By inspecting the whole 96 well to see the whole 

architecture of the tubes, it was clearly shown that the number of tubes formed 

by miPSC derived vECs from differentiation method 1 (Figure 3-13A) were 

fewer than the tubes formed by miPSC derived vECs from differentiation 

method 2 after 16 hours (Figure 3-13B). We further stained tubes for Calcein 

for better observation and this was conducted by fixing and Calcein staining 

for tubes formed by miPSC derived vECs from differentiation method 2, 

followed by imaging using a fluorescent microscope with a 485 nm excitation 

filter (Figure 3-13C). Furthermore, the number of tubes were quantified after 

24h from both methods. The miPSC derived vECs from differentiation method 

2 formed significantly higher number of tubes 55.33 ± 6.642 than method 1 

(30.33 ± 7.242) (p£0.05) (Figure 3-14). 



 

 

 

When an injury occurs in the vessel, vECs repopulate and migrate into the 

injured area to remodel a new vessel and to heal the damaged area. Thus, cell 

migration was also assessed using in vitro scratch assay. During an in vitro 

scratch assay, a small scratch was created with a small tip in a confluent 

miPSCs derived vECs from both differentiation methods. This assay simulates 

ECs repair and migration to close the scratch resulting from injury. Images 

were taken, and cell migration was assessed on day 1, day 2, and day 3 of 

post injury creation for miPSC derived vECs from both differentiation methods 

(Figure 3-15). Judging by light microscope, miPSCs derived vEC from 

differentiation method 1 (Figure 3-15A) showed reduced cell migration rate 

than miPSCs derived vEC from differentiation method 2 (Figure 3-15B). 
Although the scratch was not fully closed in both methods, it was almost closed 

in miPSCs derived vEC from differentiation method 2, which indicated higher 

proliferation and migration in response to injury than miPSCs derived vEC from 

differentiation method 1 (see the red circles) (Figure 3-15C and D). 

Figure 3-14: Tube number quantification using ImageJ. 
Number of networks formed after 24h of angiogenesis factor exposure 
showed there was a significant difference in the number of tubes formed 
between miPSC derived ECs from method 1 and method 2 P£ 0.05. Unpaired 
t-test was performed in PRISM software was used to determine significance. 
*=P £ 0.05. mean± standard deviation. n=3.  
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In a healthy vessel, vasodilation agents are produced by the endothelium such 

as nitric oxide (NO) to regulate vascular tone. NO production is considered 

indicative of the function and the health of vECs. Thus, NO production was 

evaluated by measuring the nitrite content that was produced by miPSCs 

derived vECs from both differentiation methods. This was done by performing 

Griess assay. The miPSCs derived vECs generated from differentiation 

Figure 3-15: In vitro scratch assay for cell migration after injury. 
A) After 1 day, 2 days and 3 days of creating scratch in 6 well plates, miPSCs 
derived EC from differentiation method 1, showed lower rate of migration. B) 
After 1 day, 2 days and 3 days of creating scratch in 6 well plates, miPSCs 
derived EC from differentiation method 1 showed lower rate of migration. C) 
MiPSCs derived EC from differentiation method 1 at 20x. D) miPSCs derived 
EC from differentiation method 2 at 20x. Images were acquired from EVOSTM 
Microscope with 4x and 20x lens magnification as shown. Scale bars 
represent 1 mm (4x) and 200 µm (20). n=3.  
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method 1 produced significantly lower nitrite content than miPSCs derived 

vECs generated from differentiation method 2 (p£ 0.0001). Moreover, both 

were significantly lower than mECs (positive control) (p£ 0.0001) (Figure 
3-16). 
 

Another protocol was also performed to differentiate vECs, which is similar to 

the Experimental design (section 4.3, Figure 3-1B) method, however, with 

lower concentrations of VEGF only (10ng/ml). A lower concentration of VEGF 

was added to the differentiation medium 1 and 2 (10ng/ml). Another difference 

was that we did not sort of FLK-1+ on day 4. This method was assessed by 

immunostaining for CD31 and VE-cadherin as well as tube formation assay. 

Immunostaining analysis showed a very weak signal for both CD31 and VE-

cadherin, suggesting their expression was very low (Figure 3-17A). 
Functionality assay was also conducted, and it revealed fewer tube formation 

in vitro after induction with an angiogenesis factor (Figure 3-17B) compared 

to the other two methods (Figure 3-12) and (Figure 3-13).  

Figure 3-16: Nitrite content measures using Griess Assay. 
Both miPSCs derived vECs generated from differentiation method 1 and 2 
showed higher production of nitrite compare to negative control (fibroblast), 
however, miPSCs derived vECs generated from differentiation method 2 
produced significantly higher nitrite content than method 1. One-way 
ANOVA followed by a post hoc Bonferroni analysis in PRISM software was 
used to determine significance. ****=P £ 0.0001. mean± standard deviation, 
n=3. 
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Interestingly, we also noted beating cells in culture, suggesting the existence 

of cardiomyocyte cells, which may interfere with vECs differentiation (video 1). 
 

3.4.1.3 MiPSCs differentiation toward vSMCs 
 
The first stage of vSMC differentiation was to form EBs in repellent plates to 

allow miPSCs to aggregates for 4 days. On day 6, EBs were sorted for FLK-

1+ and replated on gelatine coated plates as shown in the Experimental 
design (section 4.3, Figure 3-2). We monitored and observed cells 

morphology throughout differentiation and images were taken on day 4, day 8, 

day 14 and day 20 using EVOS light microscopy, and day 14 was the last 

stage of the differentiation method. The first stage was EBs formation, where 

the miPSCs could form aggregates. On 4 days, EBs looked round with different 

Figure 3-17: MiPSCs derived ECs using differentiation method 2 with 
low concentration of 10ng/ml VEGF and without early sorting for FLK-
1+, immunostaining analysis and functional assay. 
A) Immunostaining analysis for CD31 and VE-cadherin (CD144) showing a 
weak brightness for both ECs markers. B) Tube formation assays in vitro 
when cells were exposed to angiogenesis factor and then cells were fixed 
and stained for Calcein, which had a few tubes as shown. Images were 
acquired from EVOSTM FL Microscope with 10x lens magnification as 
shown Scale bars represent 400 μm (10x). n=3 
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sizes as it was expected. At the same stage EBs were sorted for FLK-1, which 

is an early mesodermal marker. Early differentiated cells looked cubic, 

however, they developed an elongated shape by day 14 and they sustained 

the same shape to day 20 (Figure 3-18). On day 8, the confluency reached 

90% to 95%, thus, derived vSMCs were passaged on day 9. Derived vSMCs 

dramatically grew and reached a confluency of approximately 80% on day 14. 

Derived vSMCs were passaged again on day 14, which was the last stage of 

differentiation. We expanded and maintained derived vSMCs in differentiation 

media and on day 20 they reached a confluency of around 95% (Figure 3-18). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-18: Light microscopic images were taken throughout iPSC 
differentiation into vSMCs. 
Cells were microscopically monitored on day 4, day 6, day 14 and day 20 to 
show morphological changes during differentiation. Images were acquired 
from EVOSTM Microscope with 10x, lens magnification as shown. Scale bars 
represent 400 μm (10x). n=3.  



 

 

 
Above morphology, we wanted to further investigate the expression of vSMC 

key markers. Therefore, on day 14, miPSCs derived vSMC were fixed and 

stained for aSMA, Calponin, Myosin and SM22. Looking at images obtained 

Figure 3-19: MiPSCs derived vSMCs, immunofluorescence 
characterisation for SMCs key markers.  
MiPSCs derived SMCs were fixed and stained for vSMCs key markers. They 
had positive expression for DAPI in blue, Calponin green Myosin, α SMA and 
SM22 in red on day 14 which is the end differentiation point. Images were 
acquired from EVOSTM FL Microscope with 20x lens magnification as shown. 
Scale bars represent 200 µm (20x). n=3. 
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from immunofluorescent microscopy in Figure 3-19, there was an indication 

the presence of vSMCs key markers, including aSMA, Calponin, Myosin and 

SM22 at the end of the differentiation method, and these markers were highly 

expressed by day 14 (Figure 3-19). 
 

3.4.1.3.1 MiPSCs derived vSMCs functionality 
 
In top of having miPSCs derived vSMCs expressing the right key markers for 

vSMCs, we also wanted to test the functionality of miPSCs derived vSMCs by 

preforming tube assay formation where miPSCs derived vSMCs form tube in 

vitro when they exposed to angiogenesis factors (VEGF). This was performed 

by seeding miPSCs derived vSMCs with mECs positive control in a 1:1 ratio. 

The main cell types in native vessel are vECs and vSMCs, and functionally, 

they are both responsible for vessel function and tone. Thus, native SMCs 

should be able to incorporate with native vECs to form tube in vitro. In Figure 
4-20, miPSCs derived vSMCs had the ability to form tube when they were 

seeded with mECs in vitro and this suggests that they are not only expressing 

the right markers but they are also function as native vSMCs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-20: MiPSC derived SMCs functionality assay. 
The ability of miPSCs-SMCs to from tubes in vitro with mECs collaboration 
after 24h of angiogenesis factor (10ng/ml of VEGF) exposure on the top of 
the basal membrane. Images were acquired from EVOSTM Microscope with 
10x, lens magnification as shown. Scale bars represent 400 μm (10x). n=3. 



 

3.4.2 Human iPSCs (hiPSCs) 
 

Having vECs and vSMCs derived from the miPSCs line, we moved to hiPSCs 

not only because they are more physiologically relevant, but also because they 

could be utilised for therapeutic applications in regenerative medicine and are 

more applicable for human translation. 

 

3.4.2.1 Assessment of episomal hiPSCs 
 
The first stage was to acquire a bank of human episomal iPSCs to use for 

future downstream experiments. HiPSCs were cultured, passaged, and 

maintained in feeder-free conditions, whereas, miPSCs were maintained on 

feeder dependent conditions. HiPSCs were adherent colonies, and they were 

grown on a matrix called GeltrexTM on 6 well plates in Essential 8 media or 

equivalent. In healthy conditions, colonies had a flat and uniformed 

morphology with well-defined, bright and spiky borders. Cells were tight, 

dense, and had a high ratio of nucleus to the cytoplasm (Figure 3-21A). When 

colonies were in this healthy condition and reached approximately 80% 

confluency, they were either used for experiments, passaged, or frozen down 

and kept in liquid nitrogen for future experiments (Figure 3-21B). Occasionally, 

hiPSC colonies underwent spontaneous differentiation by showing overgrowth 

in culture and a change in the morphological appearance of the cells/colonies 

(Figure 3-21C and D). When hiPSC colonies were in this state, they were not 

suitable for experimental use because this would have affected the 

differentiation outcome, thus they were discarded. This is because 

spontaneous differentiation would result in a different population of cell types. 

Each cell type produces its own growth factors, which could eventually 

interfere with the progression of targeted lineage.  



 

 

 

It is vital to check pluripotency nuclear and surface markers to ensure the 

maintenance of potentiality. Flow cytometry was performed, and its analysis 

revealed that hiPSCs highly expressed the key pluripotency marker proteins 

(Figure 3-22B). This included the surface markers: Tra1-60 (99.8%+); Tra1-

81 (86.2%+), SSEA4+ (100%+), and transcription factors (nuclear markers): 

Oct4+ (96.7%); Nanog (98%+) and Sox2 (99.3%+) compared with isotypes 

control. Isotypes were also preformed to have proper gating for pluripotency 

marker proteins (Figure 3-22A).  

Figure 3-21: Light microscopy pictures of human iPSC cultured under 
feeder-free conditions. 
A) A healthy colony after 7 days of thawing from liquid nitrogen. B) Healthy 
colonies at approximately 80% confluency, ready to be used for experiments. 
C) Colonies underwent spontaneous differentiation as they changed 
appearance. D) Highly overgrown and differentiating colonies and morphology 
had changed dramatically compared to healthy colonies. Images were acquired 
from EVOSTM Core Microscope with a 4x or 10x lens magnification as indicated. 
Scale bars represent 1mm (4x), and 400μm (10x).  



 

 
 

 
 
 

 
 

Immunostaining was also carried out not only to confirm hiPSC pluripotency 

but to have a visual localisation of pluripotency nuclear and surface markers. 

Analyses of immunostaining showed the high expression of nuclear markers  

including OCT3/4, NANOG and SOX2 and surface markers including TRA-1-

60, TRA-1-81, and SSEA-4, which further confirmed the flow cytometry result 

of co-expression of OCT4, and TRA1-60 proteins was also observed in the 

analysis (Figure 3-23). 
 

A

B

Figure 3-22: Pluripotency nuclear and surface markers analysis using 
flow cytometry of hiPSC. 
A) Histograms of isotype staining for cell surface in red and nuclear in blue for 
pluripotency markers to allow proper negative gating. B) Histograms for 
surface in red and nuclear in blue. Y axis = cell count. Data was acquired 
using a BD LSRFortessaTM X-20 with BD FACSDIVATM software. Results 
were then further analysed using FlowJo® v10 software. 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 

 

Figure 3-23: Immunofluorescence analysis of hiPSCs surface and 
nuclear pluripotency markers. 
A) Nuclear marker OCT3/4 in red and DAPI in blue. B) Nuclear marker 
NANOG in green. C) Nuclear marker SOX2. D) Surface marker TAR-1-80 in 
red. E) Surface marker SSEA-4 in red. F) Surface marker TRA-1-60 in red, 
Nuclear marker OCT3/4 in green and DAPI in blue. G) Isotype controls for 
nuclear markers (Rabbit Isotype) and surface markers (Mouse Isotype). The 
magnification used in each image is indicated. Images were acquired with an 
EVOSTM FL Microscope with 20x lens magnification as indicated. Scale bars 
200μm (20x). 



 

Gene Passage 16 Passage 24 
CT Mean DCTC CT Mean DCTC 

OCT3/4 17.4 1.5 24.9 4.9 
NANOG 22.1 5.7 23.6 4.0 

 
Table 3-2: Pluripotency gene expression analysis using qPCR for 
hiPSCs.  
Two different passages were tested for transcription factors expression 
(OCT3/4 and NANOG). The table shows the expression of both transcription 
factors. CT value is the number of qPCR cycles until the desired expression is 
detectable. DCTC value is relative expression that has been normalised to the 
housekeeping gene ACTB.  
 

 

 

Gene expression analysis using quantitative polymerase chain reaction 

(qPCR) for nuclear markers NANOG and OCT4 by qPCR also showed clear 

expression of nuclear markers. A definitive amplification was observed in each 

Figure 3-24: Three embynioc germ layer immunofluorescence analysis 
of hiPSCs. 
A primitive hepatocytes marker, Alpha-fetoprotein (AFP) in green 
(endoderm); a cardiovascular marker, smooth muscle actin (SMA) in red 
(mesoderm) and neurons beta-III tubulin (TUJ1) in magenta (ectoderm). DAPI 
is in blue. Images were acquired from EVOSTM FL Microscope with 10x lens 
magnification. Scale bars represent 400μm.  



 

gene at two separate passages in different times during the differentiation 

experiments (Table 3-2).  
 

One of the fundamental characteristics of pluripotent cells is the capacity to 

differentiate to the three embryonic germ layers (endoderm, mesoderm, and 

ectoderm). In order to confirm their differentiation capability, we firstly allowed 

hiPSCs to undergo spontaneous and random differentiation. This was carried 

out by formation of EBs and growing them in suspension in DMEM/F12 media 

for 17-20 days. HiPSCs were then plated, fixed, and stained for alpha-

fetoprotein (AFP), which is an endodermal marker, smooth muscle actin (SMA) 

which is a mesodermal marker, and beta-II tubulin TUJ1 which is an 

ectodermal marker. Positive staining of all three germs layers was observed. 

In addition, co-localisation expression was not seen when AFP and TUJ1 were 

co-stained (Figure 3-24). 
 

 

Cytogenetic analysis was gone by Gibco® confirming the normal karyotyping 

for hiPSCs (Figure 3-25). Contamination that can be extended to culture is 

Figure 3-25: Karyotype analysis of hiPSCs. 
Karyotyping analysis was conducted on twenty G-banded metaphase cells from 
those originally provided Gibco® hiPSC Line. All twenty cells showed a normal 
female karyotype.  



 

mycoplasma contamination, which affects hiPSC general health and 

potentiality. Thus, mycoplasma contamination was tested and hiPSCs were 

mycoplasma contamination free and showed that hiPSCs were free from 

mycoplasma contamination (Figure 3-26).  
 
 
 
 

 

3.4.2.2 Human iPSCs differentiation to functional vECs and vPCs  
 
A systemic diagram showed an overview of the steps involved in differentiation 

methods for both vECs and vPCs mentioned in (Experimental design 
section, Figure 3-3). When healthy hiPSCs reached 80% confluency (Figure 
3-21D), they were collected and re-plated on Collagen IV coated plates at a 

concentration of 5 × 104 cells/cm2 in a media consisting of a-MEM 

supplemented with 10% FBS and 0.1 mM β-mercaptoethanol (β-ME) for 4 

days. On day 4, differentiated cells were collected and sorted for kinase insert 

domain receptor positive (KDR) and re-plated on Collagen IV coated plates in 

the same media for two more days. On day 6, differentiated cells were 

collected and passed through a 40-μm mesh strainer, and re-plated at a 

concentration of 1.25 × 104 cells/cm2 on collagen type IV-coated plates in 

EGMTM -2 MV BulletKitTM media supplemented with 2% FBS, 50 ng/mL of 

VEGF and 10 μM of SB431542 for another 6 days. At this stage, the vECs and 

vPCs took different maturation directions.  

Figure 3-26:  Mycoplasma outcome of hiPSCs. 
Mycoplasma contamination of hiPSCs were examined by the presence of 
mycoplasma infection with Lonza MycoAlert™ Mycoplasma Detection Kit. The 
ratio of read 2 and read 1 was below 0.9 suggesting that there was no 
contamination of mycoplasma. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-27: Morphological progress of hiPSCs differentiated towards an 
ECs linage grown on collagen type IV layer. 
Morphological analysis shows cells differentiating towards an ECs lineage. 
Morphological appearance from day 0 when they were hiPSCs colonies to day 
22 (the last stage of differentiation). Images were taken using EVOS XL Core 
Images were acquired from EVOSTM Core Microscope with a 4x, 10x or 20x 
lens magnification as indicated. Scale bars represent 1mm (4x), 400μm (10x) 
and 200µm (20x). n=2 
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Figure 3-28: Morphological progress of hiPSCs differentiated towards a 
PCs lineage grown on collagen type IV then on tissue culture plates. 
Morphological analysis shows cells differentiating towards an PCs linage. 
Morphological appearance from day 0 when they were hiPSCs colonies to 
day 22 (the last stage of differentiation). Images were taken using EVOS XL 
Core Images were acquired from EVOSTM Core Microscope with a 4x, 10x or 
20x lens magnification as indicated. Scale bars represent 1mm (4x), 400μm 
(10x) and 200µm (20x). n=2 
 



 

For vECs maturation, vECs were sorted for VE-cadherin+ and re-plated on 

collagen IV-coated plates in EGMTM -2 MV BulletKitTM media supplemented 

with 2% FBS, 50 ng/mL of VEGF and 10 μM of TGF-beta inhibitor (SB431542). 

While for PC maturation, PCs on day 12 were re-plated in tissue culture plates 

in DMEM media supplemented with 10% PBS and after 2-3 hours, unattached 

cell were discarded (Figure 3-3). During differentiation, images were taken on 

day 1, day 6 day 12, day 17, and day 22 to visualise the morphological changes 

on cells during transition from hiPSCs to either hiPSCs derived vECs or 

hiPSCs derived vPCs. Morphological changes are shown in Figure 3-27 for 

vECs differentiation and in Figure 3-28 for PCs. Day 0 of differentiation 

represented hiPSCs colonies at 80% confluency, whereas, day 22 

represented the end stage of the differentiation protocol. It was also noted that 

there was a massive loss of cells for differentiated hiPSCs derived PCs when 

they were re-plated on tissue culture plates. This might be due to the removal 

of unattached cells after 2-3 hours of re-plating. Early in the differentiation 

protocol on day 6, differentiated vECs resembled a single cell morphology with 

a round morphology at approximately 50% confluency (Figure 3-27). By day 

12, there was a significant increase in cell confluency, and the morphology 

changed to develop a more spindle-like structure with interconnected cell-

adhesions (Figure 3-27). By day 17 and day 22 confluency reached about 

70%, and cell-adhesion colonies were very clear (Figure 3-27). 
 

For PC differentiation cells were considerably confluent on day 6 and day 12 

(>80%) (Figure 3-28). Nevertheless, by day 17, cell confluency was 

significantly reduced to approximately 15-20% (Figure 3-28). On day 22, the 

cell number was extremely sparse, and confluency was <10%. Morphology of 

the cells until day 12 was mostly spindle-like with elongated extensions, 

approaching early vascular cells appearance. By day 22, the cells had a broad-

flat morphology with constant slender projections represented on day 12 

(Figure 3-28). However, only very few cells (<10%) were observed; this 

morphology is typical for arteriolar-PCs. On day 22, most differentiated cells 

had a typical appearance that were small and oval (Figure 3-28). 
 



 

 
 
 
 
 
 

 

Figure 3-29: Immunostaining characterisation of hiPSCs derived ECs. 
HiPSCs-ECs were expressing all ECs markers by 22 days post differentiation 
as well as they lost the expression of pluripotency markers (OCT3/4 and 
NANOG) at this stage. vWF, CD31, VEGF and NANOG are in red, VE-CAD 
and OCT3/4 are in green. Rabbit IgG isotype and Mouse IgG isotype were 
used as negative control, no signal was seen. The magnification used in each 
image is indicated. Images were acquired with an EVOSTM FL Microscope 
with 10x and 20x lens magnification as indicated. Scale bars represent 400µm 
(10x) and 200μm (20x). n=3. 



 

For successful iPSCs differentiation, derived cells must express the right 

markers by the end stage of differentiation. Thus, hiPSCs derived vECs were 

evaluated for the expression of vECs key markers. In order to confirm the 

presence of ECs, we carried out an immunostaining test for CD31, VE-

cadherin VEGF, and vWF. Isotype negative controls were also used to exclude 

any false positive signal. Immunofluorescence staining showed spatially 

appropriate expression of markers of mature vECs (Figure 3-29). The 

presence of all vECs key markers by day 22 suggested that the hiPSCs were 

successfully driven towards a functional vEC-lineage (Figure 3-29). In 

addition, there was no signal detected in the isotype controls, suggesting the 

elimination of a false positive signal. Also, by day 22, we stained for 

pluripotency markers, including OCT3/4 and NANOG and this also determined 

the absence of pluripotency markers (Figure 3-29).  
 

Figure 3-30: Immunostaining characterisation of the positive control 
HUVEC. 
HUVEC were used as a positive control showing the expression of CD31 in 
red, VE-cadherin in green and vWF in red. Images were acquired with an 
EVOSTM FL Microscope with 10x and 20x lens magnification as indicated. 
Scale bars represent 400µm (10x) and 200μm (20x). n=3 



 

In parallel with staining hiPSCs derived vECs, Human Umbilical Vein 

Endothelial cells (HUVEC) were also stained for CD31, VE-cadherin, and vWF 

as a positive control. Immunostaining showed that hiPSCs derived ECs had a 

similar pattern to HUVEC in terms of the expression intensity of the key marker, 

including CD31, VE-cadherin, and vWF and their localisation (Figure 3-30).  
 

Figure 3-31: Immunostaining characterization of hiPSCs derived PCs. 
HiPSCs-PCs were expressing PCs marker after 22 days post differentiation as 
well as they lost the expression of pluripotency markers (OCT3/4 and NANOG) 
at this stage. PDGFRβ, NG2 and NANOG are in red, and OCT3/4 are in green. 
The mouse IgG isotype was used as negative control; no signal was seen. The 
magnification used in each image is indicated. Images were acquired with an 
EVOSTM FL Microscope with 10x lens magnification as indicated. Scale bars 
represent 400µm (10x). n=2.  



 

Although hiPSCs derived PCs had the typical arteriolar-PCs appearance 

(small and oval) on day 22 (Figure 3-28). 
 

We also wanted to further confirm their identity and specifications towards PCs 

lineage. Thus, we carried out an immunostaining test for PDGFRβGN2 and 

GN2. Immunostaining analysis revealed that PDGFRβ and GN2 were highly 

expressed compared to isotype control. At the same stage, no expression was 

observed for pluripotency markers, including OCT3/4 and NANOG. Moreover, 

no signal was seen in the isotype control. (Figure 3-31). 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 

 
Figure 3-32: Comparative Gene Expression Analysis of EC Markers from 
day 0 to day 22 including the pluripotency marker NANOG. 
Gene expression of 3 key genes related to ECs was assessed by qPCR for 
hiPSCs derived ECs. Samples of RNA was extracted during the differentiation 
at day 0, day 4, day 12 and day 22 followed by cDNA synthesis followed by 
qPCR. All data are presented as ΔΔCт versus ACTB as a housekeeping 
control and undifferentiated hiPSCs with the mean ± standard error in the 
mean. EXCEL software was used to determine significance * = P £0.05 and 
**= P £0.01. Data representative of n=3. 
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To look deeper into the development and maturity of vECs, quantitative 

polymerase chain reaction (qPCR) analysis was used to evaluate and to 

provide quantitative data for the expression of genes critical to the 

development and the maturity of vECs and to compare NANOG expression 

downregulation to vECs upregulation of key markers. NANOG is a pluripotent 

stem cell marker that is expected to decrease in expression throughout the 

differentiation protocol. As hiPSCs specify into a mesodermal vascular 

lineage, they lose their pluripotency capacity. As anticipated, there was a 

significant downregulation of the pluripotency marker, NANOG, on day 12 

(p<0.01) and day 22 (p<0.01) as the hiPSCs developed to the vECs lineage 

(Figure 3-32). Differentiation towards an EC lineage was expected to result in 

the upregulation of vEC-specific markers. vWF was significantly increased in 

relative gene expression at day 22 compared to day 0 (p<0.05) (Figure 3-32). 
There was an upregulation of CD31 expression, a specific vEC marker, on day 

12 from day 0. The increased expression of CD31 by the end of the protocol 

at day 22 was very significant (p<0.01) (Figure 3-32). eNOS3 showed 

upregulation on day 4 and then dropped on day 6 and 12. However, by day 

22, eNOS3 was significantly upregulated (p<0.05) compared to day 0 (Figure 
3-32). 
 

3.4.2.2.1 HiPSCs derived vECs functionality assays 
 
To investigate if vECs also showed in vivo-like functional properties, we 

undertook a tube formation assay. Native and healthy vECs from capillary-like 

structures in vitro in response to angiogenic factors, such as VEGF or b-FGF, 

within preconditioned media. Tube formation should have rapidly occurred 

from 4h to 24h; then the tubes would undergo apoptosis after 24h. During this 

process, vECs dynamically align to form tubular, lumen containing structures. 

Physiologically, this function is induced in response to trauma, inflammation or 

endothelial dysfunction.  

 

In order to do that, hiPSCs derived vECs were seeded on BM in the presence 

of angiogenesis factors. The positive control for this study was HUVEC. Tube 

formation were imaged after 3h, 6h, 9h, and 16h (Figure 3-33) and 24h 



 

(Figure 3-34). HiPSCs derived vECs tube structures were observed after 6h 

of angiogenesis factor exposure (Figure 3-33A), while tubes were detected in 

HUVEC after 3h of exposure (Figure 3-34B). This may indicate that HUVEC 

responded faster to VEGF than hiPSCs derived vECs. By 9h, we observed 

robust tube structure formation in both HUVEC and hiPSCs derived ECs. By  

 

 

24h, both HUVEC and hiPSCs derived vECs formed a network that covers the  

whole well (Figure 3-34). We also further characterised tube structures by 

quantifying the number of tubes formed and by measuring the length and width 

of the tubes as these parameters reflected vECs health and potentiality to form 

vessels. 

 

There was no significant difference between the number of tubes formed by 

HUVEC (105.7 ± 7.172) and hiPSCs derived vECs (96.00 ± 11.37) (p = 0.511) 

(Figure 3-35). In addition, the data revealed that there was no significant 

difference between the length of tubes formed by HUVEC (0.44 ± 0.026 mm) 

and hiPSCs derived vECs (0.407 ± 0.026 mm) (p = 0.347) (Figure 3-35). 

Figure 3-33: Dynamics of the behaviour of HUVECs and hiPSCs derived 
vECs after plating on a basement membrane basis after 3h to 12h. 
A) HiPSCs derived vECs self-arrangement to tubes after 3h where no tubes 
were seen, however, tubes were seen after 6h and after 16 h onwards, hiPSCs 
derived vECs were able to form a network on top of the basement membrane. 
B) HUVECs were used as positive control, tubes were formed and observed 
after 3h of exposure to angiogenesis factor and onwards. HUVEC also formed 
network on top of the basement membrane. Images were taken using EVOS 
XL Core. Images were acquired from EVOSTM Core Microscope with a 10x lens 
magnification as indicated. Scale bars represent 400μm (10x). n=3  
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Furthermore, we determined from data analysis that hiPSCs derived vECs 

(0.075 ± 0.0086 mm) tube structures had similar width to HUVEC (0.057 ± 

0.0041 mm) (p = 0.077) (Figure 3-35). These results suggesting that hiPSCs 

derived vECs had the same capacity as the HUVEC positive control in terms 

of in vitro tube structure formation. 

 

 

 

 

 
 
  

Figure 3-34: Dynamics of the behaviour of HUVECs and hiPSCs derived 
ECs after plating on a basement membrane basis after 24h 
A) HiPSCs derived ECs self-arrangement to tubes after 24h at 4x and 10x 
magnifications, tubes also were fixed and stained for DAPI which a nuclear 
stain is. B) The self-arrangement of HUVEC to tubes after 24h at 4x and 10x 
magnifications, tubes also were fixed and stained for DAPI, which is a nuclear 
stain. Images were taken using EVOS XL Core Images were acquired from 
EVOSTM Core Microscope with a 4x or 10x lens magnification as indicated. 
Scale bars represent 1mm (4x) and 400μm (10x) and EVOSTM FL Microscope 
with 10x lens magnification as indicated. Scale bars represent 400µm (10x). 
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Another functional assay that was conducted was the Low-Density-Lipoprotein 

(LDL) uptake assay. LDL is the main cholesterol transporter in the blood and 

is taken up by cells through endocytosis via the apoB-100-LDL receptor. 

Functional arterial ECs are responsible for the uptake of LDL into the vessel 

wall (Loregger et al. 2017). Thus, LDL uptake has been regularly used as a 

functional assay for vECs. 

 

HiPSCs derived vECs were fixed and stained for LDL and a positive red signal 

were seen which indicates the ability of hiPSCs derived vECs to uptake LDL. 

HUVEC was also used as a positive control for LDL, LDL expression was 

comparable to LDL uptake from HUVEC samples (Figure 3-36). 

Figure 3-35: Tube formation and characterisation of HUVEC and hiPSCs 
derived ECs. 
A) This illustrates that there was no significant difference between number of 
tubes formed after exposure of angiogenesis factors P>0.05. B) Analysis also 
determined that the length of tube formed and this was not significant between 
HUVEC and hiPSCs derived ECs P>0.05. C) The tube width also showed that 
there was no significant difference between HUVEC and hiPSCs derived ECs. 
An unpaired t-test was performed using PRISM software to determine 
significance. The number of tubes, length and width of the tubes was 
determined using ImageJ. ns= not significant. mean± standard deviation. n=3. 
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Nitric oxide (NO) production that produced by native healthy vECs was also 

evaluated as it is one of the main molecules that is responsible for vasodilation. 

Results revealed that there was a significant difference between hiPSCs 

derived vECs and HUVEC in terms of NO production (p £ 0.0001), while there 

was no significant difference between hiPSCs derived vECs and mouse 

endothelial cells mECs (p > 0.05) (Figure 3-37). 
 

Figure 3-37: Nitrite content measured using the Griess Assay. 
Both HiPSCs derived vECs and HUVEC showed a similar concentration of 
nitrite content secreted in the media and there was a significant difference 
between hiPSCs derived vECs and HUVEC in NO production. However, there 
was no significant difference in nitrite content between hiPSCs derived vECs 
and mECs. A one-way ANOVA followed by a post hoc Bonferroni analysis in 
PRISM software was used to determine significance. ****=P £ 0.0001. mean± 
standard deviation, n=5 
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Figure 3-36: HiPSC derived ECs immunostaining for LDL uptake. 
LDL uptake assay of hiPSCs derived ECs and HUVEC shows positive signal 
. Images were acquired with an EVOSTM FL Microscope with 10x lens 
magnification as indicated. Scale bars represent 400µm (10x). 
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3.4.2.3 Human iPSCs differentiation to functional vSMCs  
 
A systemic diagram showed an overview of hiPSCs differentiation toward 

vSMC as mentioned in Experimental design (section 3.3, Figure 3-4). When 

hiPSCs achieved 80% confluency (Figure 3-21D), they were collected and re-

plated on Collagen IV coated plates at a concentration of 5 × 104 cells/cm2 in 

media which consisted of a-MEM supplemented with 10% FBS and 0.1 mM β-

mercaptoethanol for 4 days. On day 4, cells were collected and sorted for KDR 

and re-plated on Collagen IV coated plates in the same media for 2 more days. 

On day 6, cells were collected again and passed through a 40-μm mesh 

strainer, and re-plated at a concentration of 1.25 × 104 cells/cm2 on collagen 

type IV-coated plates in SmBMTM media supplemented with PDGF-BB (50 

ng/ml) and TGF-β1 (1 ng/ml) for 6 days. During differentiation, images were 

taken on day 1, day 6, day 12, day 17 and day 22 for morphological 

assessment and changes during the transition from hiPSCs to vSMCs-like 

cells. Morphological changes are shown on Figure 3-38. 

 

On day 6, cells were highly confluent (approximately 70%) and were growing 

both as single cells and as colonies (Figure 3-38). By day 12, the confluency 

was the same, and hiPSC-vSMCs developed an epithelioid/rhomboidal-like 

morphology. Cells had irregular edges with defined central nuclei (Figure 
3-38). By day 22, hiPSC-vSMCs showed a heterogenous morphological 

pattern. Some of the differentiated cells (roughly 55%) retained their earlier 

epithelioid structure; whereas, other cells had an elongated, spindle-like 

structure with a proliferative phenotype (Figure 3-38). The heterogeneity of 

vSMCs in our study was relatively typical of these cells cultured in-vitro. The 

heterogeneous morphology of vSMC on day 22 was projected as vSMC 

develop from different origins from primary mesenchymohemangioblasts. 

 
For successful iPSC differentiation, derived cells must express the right 

markers; thus, hiPSCs derived vSMCs were evaluated by immunostaining for 

Calopnin, SM22, αSMC, and Myosin expression.  

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-38: Morphological progression of hiPSCs differentiated towards 
an SMCs lineage grown on collagen type IV. 
Morphological analysis shows cells differentiating towards a SMC lineage. 
Morphological appearance from day 0 when they were hiPSCs colonies to day 
22 the last stage of differentiation. Images were taken using EVOS XL Core 
Images were acquired from EVOSTM Core Microscope with a 4x, 10x or 20x 
lens magnification as indicated. Scale bars represent 1mm (4x), 400μm (10x) 
and 200µm (20x). 
 



 

It is worth mentioning that the mechanisms of vSMC specification phenotype 

remains unclear. There are limited studies that define the spatial patterning of 

vSMC-specific markers during embryogenesis. However, some of the vSMC-

markers that have been studied, including Calponin, Myosin, SM22α, and α-

SMA, have been widely used to confirm the presence of vSMCs. Early 

expression of Calponin has been used to distinguish vSMCs and 

cardiomyocytes; thus, we decided to perform immunostaining for Calponin on 

day 4 (Figure 3-39) and day 6 (Figure 3-40). And SM22α on day 4 (Figure 
3-39) to distinguish vSMCs from cardiac and skeletal SMCs. 

 

 
 
 
 
 

Figure 3-39: Immunostaining characterisation of hiPSC derived vSMCs 
on day 4 for Calpinin and SM22α. 
HiPSC derived vSMCs that were expressing Calponin (in red) and SM22α (in 
green) by day 4 post differentiation. The magnification used in each image is 
indicated. Images were acquired with an EVOSTM FL Microscope with 10x and 
20x lens magnification as indicated. Scale bars represent 200μm (20x). 
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A clear expression of Calponin was observed by day 4 (Figure 3-39) and 6 

(Figure 3-40), suggesting the specification to vSMC, whereas no signal was 

observed in isotype control (Figure 3-40). Also, a strong positive signal was 

observed by immunostaining for SM22α by day 4 (Figure 3-39). Myosin is 

expressed only in smooth muscle cell lineage; although not restricted to 

vSMCs. SM22α and α-SMA are expressed in cardiac, skeletal and vSMCs 

during development, however, all these markers become restricted to vSMCs 

in late embryogenesis. Therefore, we looked at Calponin, Myosin, SM22α, and 

α-SMA on day 22 post differentiation (Figure 3-41). 
 

 

20x 20x
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Rabbit Isotype 

DAPI CALPONINCALPONIN

Figure 3-40: Immunostaining characterisation of hiPSC derived SMCs 
on day 6. 
HiPSC derived vSMCs expressing Calponin are in red by day 6 post 
differentiation. Rabbit IgG isotype was used as negative control, and no 
signal was seen. The magnification scope used in each image is indicated. 
Images were acquired with an EVOSTM FL Microscope with 10x and 20x lens 
magnification as indicated. Scale bars 400µm (10x) and 200μm (20x). 
 



 

 

 

 

 

 

 

  

Figure 3-41:Immunostaining characterisation of hiPSC derived vSMCs 
on day 6 for Calponin. 
HiPSC derived vSMCs that were expressing Calponin (in red) by day 6 post 
differentiation. The magnification used in each image is indicated. Images were 
acquired with an EVOSTM FL Microscope with 10x and 20x lens magnification 
as indicated. Scale bars represent 400µm (10x) and 200μm (20x). 
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We also observed clearly the appearance of Calponin, Myosin, SM22α and α-

SMA. We also observed an explicit expression of Calponin, Myosin, SM22α, 

and α-SMA, Calponin has sustained expression by day 22, which was 

encouraging (Figure 3-41). Isotype negative controls were also used to 

exclude any false positive signals. In addition, there were no signal in isotypes 

suggesting the elimination of false-positive signals. Also, pluripotency markers 

including OCT3/4 and NANOG were not seen to be expressed at the same 

stage (Figure 3-41). 
 

Gene expression analysis using qPCR was also conducted to quantify the 

level of vSMCs markers present in hiPSCs derived vSMCs at each time point. 

The qPCR technique also confirmed the presence of SMCs markers 

expression and ACTA2 and CALD1 were significantly increased from day 0 to 

day 22. There was a significant reduction of NANOG on day 6 (p<0.01) and 

again on day 12, and day 22 (p<0.01) as the hiPSCs developed to vSMC 

lineage. ACTA2 encodes α-SMA, α-SMA specifies developing vSMC and is 

relatively specific for fully matured vSMCs in comparison to other muscle cell 

types such as cardiomyocytes or skeletal muscle. CALD1 encodes caldesmon, 

a thin actin-filament constituent, which forms part of the developing vSMC 

cytoskeletal network. ACTA2 was significantly upregulated on day 4 (p<0.05), 

day 6 (p<0.01), day 12 (p<0.01) and day 22 (p<0.01) compared to day 0. 

Similarly, a very significant increase in CALD1 expression throughout the 

differentiation protocol. By day 22, there was a 4000-fold increase in CALD1 

(p<0.01).22 (Figure 3-42). 
 
 
 
  



 

 
 
 

 
 
 

 
 
 
 
 
 

 

 

3.4.2.3.1 HiPSCs derived vSMCs functionality assays 
 
We next investigated derived vSMCs functionality by the ability of hiPSC-

vSMCs to form 3D vascular networks by co-culturing hiPSC-vSMCs with either 

HUVEC or the hiPSC-vECs derived in this study. The assay was done by co-

seeding hiPSCs derived vSMCs and hiPSC-vECs or HUVEC in a 1:1 ratio into 

BM with the presence of angiogenesis factors. Tube formation was imaged 

after 9h, 16h and 24h of angiogenesis exposure. A full network formation 

across the well was demonstrated after 9h of VGEF exposure in both 

conditions, suggesting the ability of hiPSC derived vSMCs to be apart in tube 

structures formation (Figure 3-43). 

Figure 3-42: Comparative Gene Expression Analysis of SMC Markers 
from day 0 to day 22 including the pluripotency marker NANOG. 
Gene expression of 2 key genes related to SMCs was assessed by qPCR for 
hiPSCs derived vSMCs. Samples of RNA was extracted during the 
differentiation on day 0, day 4, day 12 and day 22 followed by cDNA synthesis, 
and this was followed by qPCR All data are presented as ΔΔCт versus ACTB 
as housekeeping control and undifferentiated hiPSCs with the mean ± 
standard error of the mean. EXCEL software was used to determine 
significance of which **** = P £0.0001. Data representative of n=3. 
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Figure 3-43: Dynamics of the behaviour of hiPSCs derived vSMCs plated 
on a basement membrane after 9h to 16h and 24h.  
HiPSCs derived SMCs self-arrangement to tubes. HiPSCs derived SMCs were 
seeded either with HUVECs or hiPSC derived vECs, and tubes were seen 
after 9h and onwards to after 24h. The networks were formed on top of the 
basement membrane and covered the whole well. Images were acquired from 
EVOSTM Core Microscope with a 10x lens magnification as indicated. Scale 
bars represent 400μm (10x).  
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A full network formation across the well was demonstrated after 9h of VGEF 

exposure in both conditions, suggesting the ability of hiPSC derived vSMCs to 

be apart in tube structures formation. Also, an increase in tube structures 

formation was seen after 24h of VGEF exposure (Figure 3-43). 
 

Usually, tubes undergo apoptosis leading to tube detachment from the matrix 

and breaking after 24h. However, in our study, the networks, that were 

interestingly formed by co-seeding with hiPSCs derived vSMCs, were stable 

and sustained up to 48h in comparison with tubes formed only by hiPSCs 

derived vSMCs. This indicated the vital role of hiPSCs derived vSMCs was 

supporting and maintaining the tube structures (Figure 3-44). 
 
 

 

The primary function of vSMCs is to contract and relax within the middle layer 

of the blood vessel wall to maintain its integrity and tone. Thus, we wanted to 

examine the ability of this layer to contract under preconditioned induction. 

That was conducted by exposing hiPSCs derived vSMCs to carbachol, which 

stimulates contraction. HiPSCs derived vSMCs displayed contraction after 30 

minutes of carbachol (10-5 M) exposure, suggesting their functionality (Figure 
3-45). 
 
 

Figure 3-44: HiPSC derived vSMCs tube formation after 48h of 
angiogenesis induction. 
The tubes were degraded after 30h of angiogenesis exposure in tubes form 
with only hiPSCs derived ECs whereas tubes formed with either HUVEC or 
hiPSCs derived ECs in combination with hiPSCs derived vSMCs cells were 
stable for 48h after angiogenesis exposure. Images were acquired from 
EVOSTM Core Microscope with a 10x lens magnification as indicated. Scale 
bars represent 400μm (10x) 
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Figure 3-45: HiPSCs derived SMCs contraction assay in response of 
carbachol. 
A) HiPSCs derived SMCs in a relaxed condition before they have been 
subjected to carbachol, cells looked spread and flat and whereas B) they 
contracted after 30 minutes of carbachol exposure. Images were acquired 
from EVOSTM Core Microscope with a 10x and 20x lens magnification as 
indicated. Scale bars represent 400μm (10x) and 200µm (20x). 
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3.5 Discussion  
 

3.5.1 The need behind the CVD model and its potential 
 
CVD is still one of the leading death causes in the developed world (Gaziano 

et al. 2010) Among them, T1DM patients have a 2- to 10-fold increased risk of 

death due to CVD compared to healthy populations. Moreover, T2DM patients 

have more than 2-fold increased risk for CVD death compared with patients 

without T2DM (Pambianco et al. 2006). A healthy arterial wall is constituted of 

three main layers; the tunica intima, tunica media, and tunica adventitia, and 

the tunica intima is the inner monolayer where ECs are lined (endothelium). 

The endothelium has an essential role in acting as a protective lining between 

the lumen and sub-endothelial procoagulant proteins. Any damage in the 

endothelium subject underlying proteins such as including vWF and 

glycoproteins that promote the coagulation process leading to the 

development of thrombosis (atherosclerosis), eventually leads to arterial 

disease progression. 

 

There are various mechanisms involved in atherosclerosis progression. These 

include impairment of vECs and vSMCs functions, all mechanisms were 

discussed Chapter 1 (Section 1.4 and 1.5) (Bornfeldt and Tabas 2011). It is 

believed that vSMCs change their phenotype from a differentiated to a 

dedifferentiated state in response to endothelial dysfunction which results in 

an excessive deposition of ECM and subsequently the progression of 

atherosclerosis (Nakaya et al. 2009). Given the importance of atherosclerosis 

in the progression of CVD, several studies have tried to mimic disease models 

focused on this pathogenic pathway in order to model CVD (Nakaya et al. 

2009; Pendse et al. 2009). Nevertheless, the current disease models have 

mainly focused on animal models, which do not sufficiently mimic human 

translation. HiPSCs offer a new opportunity to formulate an in-vitro model of 

CVD by focusing on the vascular main cell types (vECs and vSMCs). An 

essential requirement for such a model to be successful is in vitro derivation 

of vascular cells that involved in vascular tone maintenance. Derived vascular 

cells also can offer unlimited cell source that can be utilised in the field of tissue 



 

engineering. For example, derived vascular cells can be seeded on a synthetic 

scaffold for a bypass graft for patients that do not have an autologous vessel 

to replace the diseased vessel. In Chapter 5, the development and 

characterisation of a synthetic scaffold known as POSS-PCLUU, specifically 

for bypass graft application was described. 

 

In this chapter, we have developed novel methods to differentiate murine and 

human iPSCs from functional vECs, vSMCs, and PCs. These vECs, vSMCs, 

and PCs derived cells can then be utilised to develop a cardiovascular disease 

model for diabetic patients, and this can be a benefit to expand researches 

understanding of atherosclerosis progression as its mechanism is still poorly 

known. This might also help to establish new pharmacological treatments. 

 

3.5.2 The choice of miPSCs and hiPSCs 
 
Embryos are the original source of pluripotent cells that can be isolated from 

inner cell mass of the blastocyst (a stage in embryogenesis), and these 

pluripotent cells called embryonic stem cells (ESC). ESCs have a high 

potential to develop to any cell types in the human body, and they have been 

successfully used in many applications, including vascular cell differentiation 

(Reubinoff et al. 2000). However, the use of these cells will require embryo 

distraction, and that raises many ethical issues. Besides, immunogenicity of 

ESC can lead to allograft rejection, which causes severe issues. Therefore, 

murine and human iPSCs have been elected as the starting material for the 

production of vascular cells as they have similar potentially as ESCs. 

Moreover, since iPSC derived cells can be transplanted into patients in future, 

their greatest utility lies in their ability to potentially be used to model disease, 

by virtue of the fact that iPSC can be derived from individual patients and may 

display some phenotypic and functional aspects of their disease pathology. 

Furthermore, iPSCs can be derived from patients at any age, from any ethnic 

background, for patients with or without genetic disorders and they can also 

be genetically modified in vitro to study the certain genetic diseases (Shi et al. 

2017). 

 



 

It is vital to closely check, monitor, and investigate iPSCs potential before each 

experiment to ensure the maintenance of their pluripotency and differentiation 

potential. The ability to form three-dimensional structures (EBs) in the absence 

of pluripotency factors, reflects their pluripotent cell capacity. These 

aggregates induce spontaneous differentiation, and they usually express 

multilineage markers from endodermal, ectodermal, and mesodermal 

embryonic origins (Kurosawa 2007).  

 

3.5.2.1 Murine miPSCs 
 
MiPSCs were also evaluated for the capability to form EBs; they successfully 

generated EBs when they were grown in suspension on repellent plates 

(Figure 3-6A). Alkaline phosphatase is one of the traditional markers of 

pluripotent cells and it is highly expressed in pluripotent cells, and it is 

associated with the differentiation potential. This is based on the fact that ICM 

is highly positive for AP activity, compared to trophoblast cells at the blastocyst 

stage (Štefková et al. 2015). Thus, we have investigated AP expression on 

miPSCs colonies which revealed that miPSCs were highly positive for AP 

activity (Figure 3-6A). In addition, EBs on day 4 were shown to have positive 

immunostaining for key pluripotency markers including Oct3/4, SSEA1, SOX2, 

and NANOG (Figure 3-6B). Moreover, 14 days miPSCs derived EBs were 

also characterised for their capability to differentiate to the three embryonic 

germ layers, and it was evidenced by immunostaining that 14 days miPSCs 

derived EBs expressed primitive germ layer’s key markers including, C-X-C 

chemokine receptor type 4 CXCR4 (endoderm), Brachyury (mesoderm), and 

b-Tubulin (ectoderm) (Figure 3-7). Furthermore, miPSCs colonies were also 

examined for their phenotypic morphology on feeders and 0.1% gelatine where 

they exhibited the typical morphology of undifferentiated colonies (Figure 3-5). 
 

3.5.2.2 Human iPSCs 
 
Episomal hiPSCs exhibited all the characteristics of undifferentiated, healthy, 

and the potentiality of those in standard pluripotent cells. HiPSCs were 

characterised for the expression of the pluripotency markers including Oct3/4, 

SSEA-4, TRA-1-60, and TRA-1-81, which appeared to be highly expressed 



 

(Figure 3-23). HiPSCs had a karyotypically normal genetic profile and their 

epigenetic profile was indistinguishable from hESCs (Burridge et al. 2011) 

(Figure 3-25) .Their differentiation potential was also confirmed by staining for 

the three germ layers key markers, Alpha-fetoprotein (AFP) (endoderm), 

Alpha-smooth muscle actin (aSMA) (mesoderm), and beta-III tubulin (TUJ1) 

(ectoderm), and the expression of these markers suggested their potential to 

develop to the three embryonic germ layer (Figure 3-24). they were sterile and 

free from pathogens (Figure 3-25). 
 

The hiPSCs were cultured in feeder-free conditions on top of Geltrax®. Xeno-

free Essential 8 medium by Gibco® or equal formulations used for hiPSCs 

culture. This system permitted hiPSCs to grow in condition without exposure 

to animal cells such as iMEF and OP9, which could affect downstream 

experiments. Moreover, the morphology of hiPSCs were monitored daily 

throughout this project to ensure the normal and healthy appearance before 

experiments. When they reached 80% confluency with a healthy morphology, 

they were used for experiments (Figure 3-21B). These cells were discarded 

when they were overgrown or underwent spontaneous differentiation (Figure 
3-21C and D). In addition, flow cytometry and qPCR were done periodically. 

Flow cytometry determined that the expression of surface and nuclear markers 

was between 96% to 100% (Figure 3-22). The qPCR results also confirmed 

their pluripotency (Table 3-2). 
 

3.5.3 Protocol selection and miPSCs differentiation toward 
(ECs) 

 

Many protocols have been published for vEC differentiation from miPSCs. 

Protocols are varied in terms of their length (from 14 days to 32 days), growth 

factors (GF) that have been used to induce differentiation, and differentiation 

outcome. After reviewing the literature, there are generally three primary 

methods that could be used to derive vEC from miPSCs. The first method was 

three-dimensional differentiation, which involved EBs formation as the first 

stage of differentiation, by allowing spontaneous differentiation into the three 

germ layers: ectoderm, endoderm, and mesoderm. The mesoderm lineage is 



 

the targeted lineage in our study, which gives rise to both haematopoietic and 

vascular cells. It has also been found the vEC self-organise into vascular 

structures within the EB (Yoder 2015). The second method was co-culturing 

with stromal cell types to induce vEC lineage from the mesoderm. For 

example, murine calvarial mesenchymal cells known as OP9 cells are 

commonly used to promote differentiation to vEC lineage. Finally, the third 

method was two-dimensional differentiation, which was commonly done by 

differentiating miPSCs on coated plates such as matrigel, fibronectin, gelatine 

or other proteins. Indeed, all three methods involve the use of GFs, GF 

inhibitors, or small molecules to enhance differentiation toward vECs. 

 

The initial interest in studying EBs differentiation potential was to create a 

three-dimensional structure that is an embryo-like structure which gives cells 

their natural environment (replicating embryogenesis). All protocols involved 

late cell sorting during differentiation for vEC surface markers, including CD31 

or CD144. Hence, Yamashita and his colleagues demonstrated that vECs 

could be derived from FLK-1+ positive cells; a primitive precursor for 

mesodermal lineage (Yamashita et al. 2000). We wanted to incorporate early 

FLK-1+ sorting and utilise that in our modified protocol so we followed the 

protocol of Huang et al. with some modifications which included the 

incorporation of early cell sorting for FLK-1+, as well as adding GF during EBs 

formation (Figure 3-1).  
 

3.5.3.1 MiPSC differentiation toward vEC lineage; differentiation 
method 1 vs differentiation method 2 used in this study 

 
Both differentiation methods started with EBs formation, EBs were formed 

equivalently in both differentiation methods (size and number) (Figure 3-8). 
Despite EBs being mixed and contributed per well in equal levels, it was 

unavoidable that some wells received significantly more EBs than other wells. 

As a result, there was major variability in the density of EBs between wells. 

This issue affected the replicability and synchronisation of differentiation 

between wells. EBs formation is a critical stage that affects the differentiation 

outcome, which depended on the size and density of EBs within one well. For 



 

example, it was found that culturing EBs at high densities induced 

differentiation into cardiomyocytes (M. Y. Lee et al. 2011b; Sakurai et al. 2006).  

 
We monitored cells appearance changes under light microscopy. On day 8 

post differentiation, cells looked very dense in differentiation method 1, while, 

a few cells were seen in some wells (although this was not in all wells) in 

differentiation method 2, and this was expected as on day 6, cells were sorted 

for FLK-1+ in differentiation method which caused cell loss (Figure 3-8). 
However, by the end of the differentiation protocols, there was no notable 

morphological differences numerically and morphologically between miPSC 

derived vECs derived from both differentiation methods (Figure 3-8). 
 

It is also worth mentioning that in the low VEGF differentiation protocol, we 

have observed beating cells between days 8 and 12 post differentiation, which 

suggested the presence of cardiomyocytes (video 1). This had a negative 

impact on ECs differentiation as cardiomyocytes secreted their own cytokines, 

which interfered with vECs development and specification. Thus, we observed 

a very weak expression of CD31 and CD144 (Figure 3-17) as well as fewer 

tube formations in comparison with differentiation method 1 and 2 (Figure 
3-13, Figure 3-17 and Figure 3-9). This finding was contrary to our 

expectations as Rufaihah et al.,  found that low VGEF concentrations have 

promoted venous vECs cells differentiation, and no beating cells were 

observed (A. J. Rufaihah et al. 2013a). Our results could be explained due to 

the EBs formation method. EBs were generated by randomly allowing miPSCs 

to form as aggregates in suspension. EBs were noticeably varied in size and 

shape (Figure 3-8). The lack of homogeneity could have perhaps hugely 

affected EBs differentiation towards the targeted cell line (Pettinato et al. 

2014).  

 

Moreover, Hwang’s group demonstrated that EBs larger than 450μm were 

more likely to differentiate to cardiogenesis, whereas smaller EBs 

(approximately 150μm) induced vECs differentiation (Hwang et al. 2009). 

Furthermore, core necrosis of large EBs was also detected in low VEGF 

media, and this might be due to the interruption of mass nutrient transfer (Van 



 

Winkle et al. 2012). Subsequently in our study, and in the low VEGF 

differentiation protocol, the core of large EBs may perhaps have been affected 

due to the lack of VEGF transmission as the core of these EBs were not directly 

exposed to the media with VEGF (Figure 3-46). This could suggest that low 

VEGF levels were just adequate to induce EBs outer layers to vECs lineage. 

Furthermore, this led to the observation of beating cells (video 1). Herein 

where early sorting would benefit the development towards vECs lineage as 

EBs would be dissociated at the early mesodermal specification and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

re-plated as a single monolayer (two-dimension). In another separate study, 

we conducted spontaneous differentiation by allowing EBs to grow in culture 

for approximately 23-25 days without the use of GFs and Leukemia inhibitory 

factor (LIF); LIF is a differentiation inhibitor, and it maintains the pluripotency. 

Figure 3-46: Embryoid Body (EBs) were formed by self-aggregation in 
suspension. 
MiPSCs were plated in low adherent plate allowing self-aggregation in the 
absence of LIF. The variation in sizes is clearly demonstrated. Lage EBs had 
denser core than small EBs. Image was acquired from EVOSTM Core 
Microscope with a 10x lens magnification as indicated. Scale bars represent 
400μm (10x). 
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We observed beating cells similar to those in low VEGF conditions (video 2). 
Beating cells are indicative of miPSCs tendency to differentiate to cardiac 

lineage when there was no growth factors or cytokines towards specific 

lineages being used. EBs formation remains as one of the fundamental 

techniques to induce differentiation for many cell types as it mimics the 

structure of the developing embryo. Indeed, adjusting the size of EBs to form 

homogenous EBs could improve differentiation efficacy. This could be 

achieved by using other techniques for EBs formation such as hanging drops 

where sizes of EBs can be uniformed and controlled by varying the number of 

cells. Hanging drop culture is also another widely used EB formation induction 

method (Xiang Wang and Yang 2008). Another technique that could be utilised 

to form homogeneous EBs is microwell, which is highly accurate technique, 

EBs size and shape can be controlled, resulting in reproducibly produced 

homogeneous EBs (Spelke et al. 2011). 

 
Our vECs differentiation modified protocols were developed from Huang et al., 

which included an in vivo study for the ischemic hindlimb. They published a 

novel technique where they prolonged differentiation time from 2 weeks to 3 

weeks. With their protocol, they increased vEC yield by 20% - 40% compared 

to other protocols (N. F. Huang et al. 2009). FLK-1+ was expressed on day 4 

in both differentiation methods (Figure 3-9 and Figure 3-10). On day 8, based 

on light intensity and brightness of immunostaining, there was higher FLK-1+ 

expression in vECs derived from differentiation method 2 compared to those 

from differentiation method 1 (Figure 3-9 and Figure 3-10). This result was 

promising because it suggested that there were more differentiated cells 

committed to mesodermal and vECs lineages. On day 10, immunostaining 

showed there was no notable difference in CD31 expression in terms of 

brightness in both differentiation methods; however, we noted some areas 

where derived vEC did not express CD31 in differentiation method 1 (see 

arrows) (Figure 3-9C), suggesting the variation in developmental stages. FLK-

1 and CD31 were highly expressed in both differentiation methods by day 22, 

suggesting the full maturation and vECs lineage specification. Huang et al., 

also observed positive expression of CD144 and vWF by day 21, and they also 

observed that more than 97% of derived vECs were expressing CD144 signal 



 

(N. F. Huang et al. 2009). A very weak CD31 and CD144 was observed in low 

VEGF differentiation method. This indicated that 10ngml of VEGF was 

insufficient to promote CD31 and CD144 expression, which consequently 

insufficient to promote vECs lineage.  

 

Functionally, miPSCs derived vECs from differentiation method 1 and 2 were 

assessed. In vitro tube formation is one of the most widely used protocol to 

test the functionality of vECs. This technique facilitates the response of 

autonomous vECs for self-organisation into tubes when they were seeded on 

a BM in the presence of the appropriate growth factors, including VEGF and 

basic FGF (Arnaoutova and Kleinman 2010). MiPSCs derived vECs from both 

methods were able to form tube structures (Figure 3-12 and Figure 3-13). 

After 3h of seeding onto EBs, miPSCs derived vECs began to rearrange 

themselves to form three-dimensional capillary-like vessels in differentiation 

method 2, whereas, in differentiation method 1, tubes were detected after 16h. 

This was observed through comparing differentiation methods 1 and 2 to the 

tubes in mECs (positive control). Tube formation was observed in both mECs 

and vECs derived from method 2 after 3h. While miPSC derived ECs from 

method 1 exhibited tube formation after 16h, light microscopy showed that the 

number of tubes formed from miPSCs derived vECs from differentiation 

method 1 was significantly lower than tubes observed from differentiation 

method 2 (Figure 3-13). Moreover, tube quantification was conducted using 

ImageJ suggested that the number of tubes formed by miPSCs derived vECs 

using differentiation method 1 was significantly lower than tubes formed by 

miPSCs derived vECs using differentiation method 2 (Figure 3-14). This 

suggested that differentiation method 2 produced more committed endothelial 

lineage. In the low VEGF differentiation condition, significantly less tubes were 

observed compared with those from differentiation method 1 and 2 (Figure 
3-17). This finding may suggest that miPSCs derived vECs from differentiation 

method 2 had the same capability as mECs, while miPSCs derived vECs from 

differentiation method 1 had less capability than both groups of cells. Tube-

like structures were observed in our study and were similar to Huang et al. and 

their results also indicated tubes structure formation and they further 



 

characterised derived vECs for LDL uptake, which determined to be positive 

(N. F. Huang et al. 2009). 

 

The in vitro scratch assay is another functional assay which was relatively 

easy to produce and a low-cost and well-developed method to measure cell 

migration in vitro. The initial step involved the creation of “a scratch” in a cell 

monolayer, followed by capturing images at the beginning and at regular 

intervals during cell migration to close the scratch (Liang et al. 2007). This 

scratch simulated the vECs repair system following acute denudation resulting 

from injury. Both miPSC derived vECs from differentiation method 1 and 2 

showed migration to the scratch (Figure 3-15). However, miPSCs derived 

vECs from differentiation method 2 exhibited more cell migration into the 

scratch after three days (see red circle) (Figure 3-15). The created scratch 

was not fully closed by neither of miPSC-vECs over three days in which the 

images were taken, but this may be due to the large size of the scratch, the tip 

used to create the scratch resulted in a large gap which required a longer 

period to heal. The scratch should have been created using either a sterile 

razor blade or a finer pipette tip. Cellular migration development was 

undoubtedly seen in both differentiation methods and, given adequate time, 

the scratch would have fully closed.  

 

A healthy and functional endothelium produces NO, which plays a crucial role 

in vascular homeostasis. NO is synthesised within endothelial cells during the 

conversion of L-arginine to L-citrulline by endothelial nitric oxide synthase 

(eNOS) (Sena et al. 2013). In our study, we investigated the production of NO 

which reflects the functionality of derived vECs. MiPSCs derived vECs from 

differentiation method 2 displayed significantly higher levels of NO than 

miPSCs derived vECs from differentiation method 1 (Figure 3-16) (p£0.0001). 

Although miPSC-vECs from differentiation method 2 had a higher NO 

production, their production was significantly lower than mECs (p£0.0001). 

However, overall miPSC-vECs from differentiation method 2 performed better 

and showed higher potential than ones from differentiation method 1. In Huang 



 

et al., study, they also evidenced the expression of eNOS by performing 

immunostaining (N. F. Huang et al. 2009). 

 

3.5.3.1.1 The role of VEGF and BMPs 
 
It has been mentioned previously that early supplement of GFs (VEGF and 

BMP-4) were incorporated in differentiation method 2, and this is due to their 

vital role in the specification of vECs during embryogenesis. 

 

3.5.3.1.1.1  Vascular endothelial growth factors (VEGF) 
 

There are five members of VEGF, which are VEGF-A, VEGF-B, VEGF-C, 

VEGF-D, and placenta growth factor (PIGF). VEGFs that have been identified 

in humans exists in multiple isoforms, and they range between 121 to 206 

amino acid residues in length. VEGF-A interacts with specific tyrosine kinase 

receptors, VEGF- R1, also known as Flt-1 (Fms-like tyrosine kinase-1) in 

murine cells and VEGF-R2, also known as KDR (Kinase insert domain 

receptor) in human cells. In addition, VEGF-A binds with high affinity to the 

semaphorin co-receptor, neuropilin-1 (NP1), in a complex that has shown to 

enhance VEGF binding to VEGF-R2. Both neuropilin co-receptors (NP1 and 

NP2) are transmembrane non-protein tyrosine kinase co-receptors, which are 

required for yolk sac developmental and angiogenesis (Kane et al. 2011). 

VEGF-A is shown to regulate both vasculogenesis, the development of blood 

vessels from precursor cells during early embryogenesis, and angiogenesis 

and the development of new blood vessels from pre-existing vessels. 

Additionally, it promotes ECs differentiation, proliferation, migration, and 

enhances ECs adhesion to primitive vascular structures. 

 

Moreover, Peter et al. have found that VEGF knockout mice exhibited severe 

impairments in vascular development and these mice died prematurely at mid-

gestation (Peter et al. 1996). VEGF-R2 is the primary receptor in ECs for 

VEGF, and it plays a fundamental role in ECs development as it has been 

demonstrated by Shalaby et al. in 1997. They also demonstrated that cells 

lacking Flk1 are unable to reach the right location to generate blood islands, 



 

proposing a theory that Flk1 is involved in the movement of cells from the 

posterior primitive streak to the yolk sac and, perhaps, to the intraembryonic 

sites of early haematopoiesis (Fouad Shalaby et al. 1997) . VEGF-R2−/− 

mouse embryos, which died at E8.5–9.5 due to early severe deficiency in the 

development of haematopoietic and ECs due to a failure in blood island 

formation (Fouad et al. 1995). 

 

3.5.3.1.1.2  Bone morphogenetic proteins (BMPs) 
 

The BMPs are transforming growth b related. BMPs are categorised into 

distinct groups; BMP-2 and BMP-4 are highly homologous, and another 

subgroup is composed of BMP-5, BMP-6, BMP-7 (or OP-1), and BMP-8 (or 

OP-2). Although the appellation of the BMPs indicates that they are involved 

in bone development, BMPs are pleiotropic growth factors that play a role in 

the growth and differentiation of various organs. For example, it has been 

shown that BMPs enhance angiogenesis (Deckers et al. 2002). BMP4 also 

induces ventral mesoderm, inhibits the induction of dorsal mesoderm, and also 

suppresses dorsoanterior development of embryos, suggesting that it is a 

ventralising factor. There is evidence to suggest that short term exposure of 

BMP4 to hESCs induced early mesodermal lineage. In addition, it has been 

demonstrated that the members of the BMP family regulate the proliferation 

and differentiation of primitive human haematopoietic stem cells. Moreover, it 

has been found that the high concentration of BMP4 increases haematopoietic 

stem cell survival from hESCs, however, low concentrations of BMP4 induce 

differentiation and proliferation of these stem cells (P. Zhang et al. 2008). 

Goldman et al. have shown that following BMP4 exposure, functional ECs 

were identified at earlier stages than the other conditions where there was no 

BMP4 boost, suggesting that BMP4 accelerates the specification of ECs 

during differentiation. BMP4 also enhanced and increased the number of ECs 

and accelerated the reduction of OCT3/4 expression during EB differentiation 

(Goldman et al. 2009). 

 



 

3.5.4 Protocol selection and miPSCs differentiation toward 
(VSMCs) 

 
Our previous findings suggested the importance of early sorting of FLK-1+ in 

combination with adding GFs during EBs formation, resulted in more functional 

miPSCs derived vECs. Consequently, it was decided that the same protocol 

for vSMCs differentiation would be followed. We followed Yamashita et al., 

with some modifications. This protocol  was chosen based on the length of 

time that this protocol takes, which is 14 days and shows over 95% of positive 

to aSMCs (Yamashita et al. 2000). We incorporated some GFs including 

PDGF-BB (10ng/ml) and BMP-4 (50ng/ml) during the formation of EBs (Figure 
3-2). Differentiation towards vSMCs was monitored in terms of the displayed 

morphology using light microscope on days 4, 8, 14, and 20, and cells looked 

healthy, dense, and packed (Figure 3-18). By day 14, miPSCs derived vSMCs 

were able to highly express all vSMCs markers including SM22, αSMA, 

Calponin, and Myosin (Figure 3-19). Our results were in line with those found 

from Yamashita et al., and they also determined that the administration of 

PDGF-BB to FlK-1+ cells in two-dimensional culture resulted in a selective 

induction of SMA+ cells with spindle-like shapes resembling vSMC, and the 

reduction of Flk-1+ expression in contrast. In addition, positive expression was 

observed for SM22, αSMA, calponin, and Myosin (Yamashita et al. 2000). 

 

SM22, αSMA and Calponin markers can be expressed in pericytes and other 

muscle cell types such as muscle cells and cardiomyocytes, however Myosin 

seemed to only be expressed in vascular SMCs (vSMCs) (Owens et al. 2004). 

Having found the expression of the right markers, we also evaluated the 

functionality of miPSCs derived vSMCs by their ability to calibrate with mECs 

in a 1:1 ratio. It has been observed that the tubes formed by co-culturing 

miPSCs derived vSMCs and mECs were bigger and longer (Figure 4-20) than 

the tubes that had been formed by only mECs (Figure 3-12) and miPSCs 

derived vECs (Figure 3-13). That was in line with Vo and his colleague's 

observation and this occurs as miPSCs derived vSMCs stabilised mECs in 

vitro through cytokine interactions between them, which caused a physical re-



 

organisation, by wrapping mECs in the centre, providing a supportive layer for 

network development (Vo et al. 2010).  

 

 

3.5.5 Protocol selection and hiPSCs differentiation toward 
(ECs) 

 
The protocol was chosen based on the high yield of CD31+ positive cells which 

was more than 90%. Therefore, we followed the protocol of Kusuma et al. with 

some modifications. We incorporated early sorting for FLK-1+ on day 4 post 

differentiation. The idea behind early sorting is to eliminate cells that did not 

express FLK-1 at that stage. 

 

In this current study, we further developed our earlier protocol to differentiate 

hiPSCs into vascular hiPSCs derived vECs using a monolayer differentiation 

protocol (Kusuma et al. 2013). Looking at hiPSCs morphological transition, 

hiPSCs have dramatically changed from hiPSCs down to vECs specifications; 

from showing intact colonies to spindle-like structure with interconnected cell-

adhesions and this was expected as the phenotype of cells were becoming 

more like those of native vECs (Figure 3-27). Immunostaining results 

confirmed the expression of all ECs key markers for ECs by day 22 including 

CD31, VE-CAD, VEGF and vWF (Figure 3-29). It has been demonstrated that 

fully differentiated, and mature vECs should express all key vECs markers, 

including CD31, VE-CAD, VEGF, eNOS, and vWF (Harding et al. 2017; 

Nickoloff 1993; A. J. Rufaihah et al. 2013a; Yoder 2015).  

 

We incorporated hiPSC pluripotency markers staining, including OCT4/3 and 

NANOG which showed negative expression, suggesting the elimination of the 

pluripotent cells (Figure 3-29). HUVEC staining was also combined in our 

study as a positive control, which revealed an indistinguishable expression and 

functionality from miPSCs derived vECs that we generated in the lab (Figure 
3-30). The qPCR findings were also confirmed using the immunostaining 

results. There was evidence to suggest that the positive expression of CD31 

highlighted the development of vECs. Moreover, there was significant 



 

upregulation of eNOS3 and vWF expression by day 22, which further 

suggested vECs commitment (Figure 3-32). This was similar to earlier studies, 

where they evidenced a 99% and 96.8% of iPSC derived vECs to express 

CD31 and vWF, respectively (Harding et al. 2017; Yoder 2015).  

 

CD31 is also known as platelet endothelial cell adhesion molecule-1 (PECAM-

1) and it is the most widely used marker of vECs differentiation. Although CD31 

is expressed in undifferentiated embryonic stem cells in low levels, as 

differentiation progresses, expression becomes restricted to endothelial cells 

and differentiated haemopoietic cells from vascular islands (Nickoloff 1993). 

CD31 is localised at intercellular junctions in vECs, and this plays an vital role 

in vECs adhesion (Imhof and Dunon 1995). As expected, expression was seen 

in mature vECs on day 22 (Figure 3-29). On day 12, CD31 expression was 

observed using qPCR and its expression showed continuous upregulation until 

the last stage of differentiation on day 22 (Figure 3-32). One of CD31 spatial 

function is that they are localised in the peripheral cell-cell borders of vascular 

vECs, and they function to monitor the inflammatory response, facilitating the 

extravasation of monocytes and neutrophils, and this makes CD31 crucial for 

fully functioned ECs (Redick and Bautch 1999).  

 

Many groups have recognised and used vWF as an vEC marker during 

differentiation from hiPSCs (Abdul Jalil Rufaihah et al. 2013b). In our study, 

vWF was shown to be expressed on day 12, and it was significantly increased 

by day 22 (Figure 3-32), and immunostaining also confirmed vWF expression 

on day 22 (Figure 3-29). Von Willebrand factor (vWF) is a protein that secreted 

by vECs when platelet inactivation is initiated during haemostasis (Starke et 

al. 2011). Moreover, it plays a critical role in the adhesion of vECs to the basal 

lamina (Starke et al. 2011). Even though the level of vWF expression reflects 

insight into specific vEC differentiation, the expression profile of vWF can be 

varied between different vascular subtypes (Page et al. 1992). For example, 

vWF has reduced expression on the venous side of vessels compared to the 

arterial side, and vWF expression is also lower in the adult endocardium 

compared to larger vessels (Page et al. 1992). The use of the vWF expression 

profile to track specific vEC differentiation subtypes might be applied in the 



 

future to direct vessel development of distinct sizes, types, and phenotypes to 

fit vascular tissue engineering purposes.  

 

Endothelial nitric oxide synthase 3 (eNOS3) has the same marker value as 

CD31 and vWF, and these have been reported collectively in literature. eNOS3 

is primarily responsible for the generation of NO in the vascular endothelium. 

NO plays a crucial role in providing the vascular lining with anti-thrombotic 

properties. It also a vasodilator agent that initiates vascular relaxation through 

vSMCs (Fish and Marsden 2006). In our study, qPCR confirmed the 

expression of eNOS3, and it was significantly upregulated on day 22 (Figure 
3-32). In-situ hybridisation studies using cRNA probes have previously shown 

that eNOS mRNA transcripts are exclusive to the vascular vECs (Chan et al. 

2004) 

 

Vascular endothelial growth factor (VEGF) is a widely known protein, 

recognised to have a vital role in angiogenesis, especially during pathological 

repair after injury. VEGF is suggested to have a significant role in vEC 

specification and functionalisation. Our immunofluorescence studies showed 

robust VEGF expression on day 22 (Figure 3-29). Many studies have 

highlighted the importance of VEGF for the induction of vECs differentiation 

from pluripotent cells (Nourse et al. 2010). VEGF also has a primary influence 

on the expression profile of the other vEC markers, including CD31, vWF and 

VE-Cad (Nourse et al. 2010). Subsequently, in our study, the differentiation 

media was supplemented with VEGF from day 6 to promote the development 

of vECs lineage. Such evidence, in combination with our results, shows the 

necessity for VEGF to induce not only vEC development and specification but 

it also allows adequate proliferation and yield of vECs, permitting other 

application such as a cell source towards revascularisation a tissue-

engineered graft. 

 

We also noted that by the time vECs markers expression increased, 

pluripotency marker NANOG decreased. This suggests that there is 

progression and commitment in the ECs lineages, and these cells 

simultaneously lose their potentiality of pluripotency (Figure 3-32). 



 

3.5.5.1 HiPSCs derived vECs functionality  
 
The other question we wanted to address was whether these hiPSCs derived 

vECs were functionally viable. The in vitro tubulogenesis is one of the 

hallmarks of ECs therefore, we had set up an experiment where hiPSC derived 

vECs were seeded on the BM with the exposure of angiogenesis factors such 

as VEGF (10ng/ml) and bFGF. HiPSCs derived vECs dynamically rearranged 

themselves after 6h, and this was the same with HUVEC (Figure 3-33). Both 

hiPSCs derived ECs and HUVEC showed a robust increase in tube structures 

as determined after 24h of exposure to VEGF (Figure 3-43). Visually, the 

number, the width and the length of the tubes were comparable between 

hiPSCs derived vECs and HUVEC (Figure 3-33 and Figure 3-34). 
Furthermore, the number of tubes formed was quantified, and the length and 

width of the tubes were measured after 24h of angiogenesis factor exposure. 

HiPSCs derived vECs showed the same capability and responded dynamically 

as those with HUVEC (Figure 3-35). These results suggested that our 

optimised protocol derived vECs had a similar capacity to those with HUVEC. 

 

Acetylated-low density lipoprotein (Ac-LDL) is taken up by macrophages and 

vECs through the scavenger cell pathway of LDL metabolism. A study was 

conducted by Voyta et al. which showed that when vECs were incubated with 

10 mg/ml Dil-Ac-LDL, capillary and aortic ECs exhibited a strong fluorescent 

intensity whereas a slight fluorescent intensity of retinal pericytes and smooth 

muscle cells was shown (Voyta et al. 1984). We have tested hiPSCs derived 

vECs that we generated in the lab for LDL uptake and bright red fluorescence 

was observed (Figure 3-36). The intensity of light for hiPSCs derived vECs 

was indistinguishable from the intensity of HUVEC (positive control). Our 

results were in consistent with other studies (X. Liu et al. 2016; Voyta et al. 

1984). 

 
vECs produce a soluble gas known as nitric oxide (NO) which is one of the 

hallmarks of vECs. It is constantly and abundantly synthesised through the 

action of calcium-calmodulin-dependent enzyme nitric oxide synthase (NOS). 

This molecule has a wide range of biological functions including its role in 

maintaining vascular homeostasis. The impairment or decreased secretion of 



 

NO results in serious pathological complications in the equilibrium of vECs, 

which eventually leads to arterial diseases, including cardiovascular disease. 

Therefore, numerous therapies have explored the possibility of reversing vECs 

dysfunction by enriching the secretion of NO from the endothelium (K. Chen 

et al. 2008a; Tousoulis et al. 2012). To confirm the function of hiPSCs derived 

vECs, NO production was investigated. HiPSCs derived vECs produced 

significantly higher levels of NO than HUVEC (Figure 3-37). This was perhaps 

due to different vECs subtype; HUVEC is originally from veins, whereas, 

hiPSCs derived vECs that were generated in our lab were arterial ECs. NO is 

responsible for vSMCs relaxation which causes vasodilatation (Ignarro et al. 

1987). The tunica media (contains vSMCs and elastic fibres) is thinner and 

less developed in veins than arteries, indicting higher production of NO in 

thicker media. Moreover, veins are less fixable (ability to expand), less strong 

and produce a lower blood pressure when functioning. Furthermore, the 

primary stimulus for NOS-mediated NO production is vascular shear stress, 

and this is reduced in veins than arteries (Sidebotham and Le Grice 2007). A 

study that was conducted by Morgan et al. demonstrated that in healthy 

individuals, nitrite levels are higher in arterial blood compared to venous blood 

(Morgan et al. 2010).  

 

3.5.6 Protocol selection and hiPSCs differentiation towards 
vPCs 

 
The same method as vECs differentiation was followed (Figure 3-3). However, 

on day 12, PCs were re-plated on tissue culture plate in different media from 

vECs. The same method as vECs differentiation was followed (Figure 3 3). 

However, on day 12, PCs were re-plated on a tissue culture plate in different 

media. We followed the protocol of Kusuma et al. with some modification. We 

incorporated early sorting for FLK-1+ on day 4 post differentiation. The idea 

behind early sorting was to omit cells that did not express FLK-1 at that stage. 

 

In the current study, we built on our earlier protocol to differentiate hiPSCs into 

vascular PCs like using a monolayer differentiation protocol (Kusuma et al. 

2013). The morphology of hiPSCs was dramatically changed from hiPSCs 



 

from intact colonies intact to PC-like, showing small and oval shapes.  This 

was expected, as cells started to be more like arteriolar-PCs (Figure 3-28). On 

day 17, few cells were seen, and this was due to the removal of the non-

adherent cells after 2h of re-plating on tissue culture plates. HiPSCs derived 

PCs did not show a high level of proliferation, and this might be due to their 

contractile nature. PCs are distinguished by the co-expression of sulfatide or 

nerve/glial antigen-2 (NG2), and platelet-derived growth factor receptor-b 

(PDGFR-b) (Ribatti et al. 2011). Immunostaining analysis revealed positive co-

expression of both PDGFR- b and NG2 (Figure 3-31). Unfortunately, due to a 

shortage of primers, qPCR was not performed. Moreover, due to the low yield 

of hiPSCs derived PCs, functional assays were not performed. 

 

3.5.7 Protocol selection and hiPSCs differentiation towards 
vSMCs 

 
The protocol was chosen based on the potential high yield of vSMCs markers 

positive cells > 98%, therefore, we followed the protocol established by Vo et 

al. with some modification. We incorporated early sorting for FLK-1+ on day 4 

post differentiation. The idea behind early sorting was to eliminate cells that 

did not express FLK-1 by that stage. 

 

In this current study, we built on our earlier protocol to differentiate hiPSCs into 

vSMC like cells using a monolayer differentiation protocol (Vo et al. 2010). 

VSMCs are responsible for sustaining the vascular tone, as well as regulating 

the luminal diameter of arterial vessels. On day 6 and in post differentiation, 

cells were grown in a certain growth factor medium including, TGF-β and 

PDGF-BB to promote vSMC lineage. TGF-β has been shown previously to 

induce differentiation of vSMC from a neural crest stem cell line (J. S. Chen 

and Lechleider 2004). VSMCs have a heterogeneous embryonic origin; the 

most regular precursors for their derivation are poorly defined. The other 

source for vSMC is the neural crest, which describes a migratory cell 

population from the developing lateral neural tube (A. Wang et al. 2012). Some 

studies have demonstrated the vital role of TGF-β, and its intermediator 

pathways in vSMC development from cells of the neural crest (J. S. Chen and 



 

Lechleider 2004). Experiments using knockout Endoglin and Smad5 (signals 

downstream to TGF-β) resulted in an impairment in secondary angiogenesis 

due to a defect in SMC development and proliferation (Mancini et al. 2009). 

The other growth factor used in our study was PDGF-BB. PDGF-BB is a 

fundamental modulator in early vascular cells, and it is highly expressed by 

developing vECs (Rolny et al. 2006). PDGF-BB is also involved in PCs and in 

the proliferation and recruitment of vSMCs. 

 

HiPSCs morphology was dramatically changed from hiPSCs colonies to 

hiPSCs derived vSMCs cells and that was expected as cells started to be more 

like native SMCs, which were large and flat in morphology (Figure 3-38). 
Mature vSMCs express a wide range of markers, most of which are associated 

with the contractile function of vSMCs. Some of these markers are exclusive 

to SMCs, including Myosin and caldesmon (Owens et al. 2004). Other markers 

include Calponin, SM22α, aSMA. A big challenge in understanding 

differentiation of the SMCs is that they can exhibit a wide range of various 

phenotypes at different stages of development. Furthermore, even in adult 

organisms, the SMCs are not terminally differentiated, and they have the ability 

to changes their phenotype in response to changes in the local environment 

(Owens et al. 2004). 

 

In our study, qPCR revealed that the expression of ACTA2 (which encodes 

aSMA) and CALD1 (which encodes Caldesmon) were significantly 

upregulated by the end of the differentiation protocol (day 22) (Figure 3-42). 
However, the pluripotency marker was significantly downregulated (Figure 
3-42). This is indicative of the commitment of vSMCs lineages. 

Immunostaining analysis has also confirmed the expression of vSMCs key 

markers, including Calponin, SM22α, aSMA, and Myosin (Figure 3-41). These 

results were indicative of the commitment of vSMCs lineages.  

 
That basic contractile structure of vSMCs constitutes of Actin and Myosin 

filaments. One of the main contractile tools is aSMA. Throughout the arterial 

system, aSMA is ubiquitously expressed. It has been found by linkage analysis 

studies that a mutation in the ACTA2 gene is associated with vascular 



 

diseases, including strokes as well as premature coronary artery disease. 

Moreover, this mutation might also promote SMCs proliferation, which leads 

to occlusive vascular diseases (D. C. Guo et al. 2009). In our study, 

immunostaining analysis showed positive expression of aSMA (Figure 3-41), 
and the expression was also confirmed by qPCR, which showed a significant 

increase of ACTA2 expression by day 22 (Figure 3-42). 
 
The contractile protein Caldesmon is also described to be specific to SMCs. 

Caldesmon is believed to generate a composite with calmodulin, tropomyosin, 

and actin, promoting cellular contraction (Jiang et al. 2010). Early studies have 

demonstrated that Caldesmon expression and its phosphorylation products 

are fundamental for vSMC actin cytoskeleton stability and motility (C. L. Wang 

2008). These studies evidenced the successful vSMCs derivation in our study 

as we showed the expression of crucial markers that are fundamental at early 

vSMC specifications (Calponin and SM22a. 

 

In our study, we showed that vSMCs had positively expressed Calponin and 

Smooth Muscle Protein 22 (SM22α). In early studies, the focus was on 

Calponin as a marker of vSMC identity (Latif et al. 2015). Moreover, it had 

been shown that Calponin was expressed in SMC in early embryogenesis; 

nevertheless, further studies have indicated that Calponin was also expressed 

in developing cardiac tubes (Miano and Olson 1996). This indicated that in the 

early developmental stages, both cardiac muscle and vSMC share the same 

regulative Calponin gene signalling. Thus, studies have used multiple 

combinations of SMC markers to identify vSMCs, as we have done in our 

study. Simultaneously, SM22α appears to be expressed in the very early 

stages of vSMCs development at embryogenesis stage of avian while both 

Calponin and SM22α markers are not expressed in early developing skeletal 

muscle (J. C. Zhang et al. 2001). Moreover, SM22α mRNA has been identified 

in the dorsal aorta of the mouse embryo as early as embryonic day 9.5 (E9.5). 

However, SM22α is also expressed in embryonic cardiac and skeletal muscle 

in at the mid-gestation (L. Li et al. 1996). On the other hand, the delayed 

sequential expression of Actin and Myosin filament composition, including 

desmin, tropomyosin and filamin is communal between vSMC and skeletal 



 

muscle and thus suggesting that the early expression of Calponin and SM22 

α distinguishes vSMC from skeletal and cardiac muscle tissue (Duband et al. 

1993). In our study, vSMC immunofluorescent analysis demonstrated the early 

expression of Calponin on day 4 (Figure 3-39 and 6 Figure 3-41) and SM22α 

on day 4 (Figure 3-39), these data were consistent with a cell line that is 

specific towards vSMC . 

 

We also observed that by the time vSMCs markers were increasing, the level 

of the pluripotency marker NANOG was also decreasing. This is evidence to 

suggest the progression and the commitment to vSMCs lineages, while losing 

the potentiality of pluripotency (Figure 3-42). 
 

3.5.7.1 HiPSCs derived vSMCs functionality  
 
One of the aims of this study was to generate functional cells that can be used 

clinically for human translation in the future, therefore, functional assays were 

performed to confirm the potential of hiPSCs derived vSMCs to support the 

developing vessel dynamically. Tube formation was performed by co-culturing 

hiPSCs derived vSMCs with either HUVEC or hiPSCs derived ECs using a 1:1 

ratio. The hiPSCs derived vSMCs showed integral behaviour by undergoing 

full association with tube formation for both HUVEC and hiPSCs derived vECs. 

In early vascular development, vSMCs and mural cells are recruited around 

EPCs by wrapping these cells in the inner layer through cytokine interactions 

that have been produced by EPCs (Jain 2003). Reflecting that in our study, 

hiPSCs derived vSMCs rearrangement into tubes with HUVEC and hiPSCs 

derived vECs, suggested the cytokine interactions that attracted hiPSCs 

derived vSMCs to dynamically assemble themselves with HUVEC and hiPSCs 

derived vECs to form a tube structure (Figure 3-43). Moreover, the tube was 

sustained for up to 48h when hiPSCs derived vECs and HUVEC were co-

cultured with hiPSCs derived vSMCs, whereas hiPSCs derived vECs tubes 

without hiPSCs derived vSMCs co-culturing underwent apoptosis starting after 

24h (Figure 3-44). This indicated the vital role of vSMCs in maintaining and 

stabilising tubes. During the recruitment of vSMCs and mural cells in 

developing vessels due to cytokine interactions, vSMCs start to wrap the inner 



 

lining of EPC and initiate the deposition of their own ECM and the secretion of 

cytokines which results in the maturation and stabilisation of the newly formed 

vessel (Caspi et al. 2007; Jain 2003). Our in vitro long term tube stabilisation 

results were also confirmed by other groups when they co-cultured 

differentiated SMCs with EPCs (Au et al. 2008; Melero-Martin et al. 2008). 

Heydarkhan-Hagvall et al. have shown that an in-vitro co-culture of vSMCs 

and vECs results in a significant upregulation of VEGF and TGF-β secretion. 

VEGF and TGF-β are vital in the proliferation of vECs and neo-angiogenesis 

during development (Heydarkhan-Hagvall et al. 2003).  

 

VSMCs are hosted in the middle layer of the vessel wall (tunica media) which 

is composed of elastic fibres. VSMCs are responsible for the dynamic 

contraction and relaxation of the vessel, allowing the regulation of the vascular 

tone. Moreover, they are responsible for adjusting blood vessel physiological 

loads to sustain blood pressure and perfusion (Greif 2013). Thus, the 

contraction assay was performed. The hiPSCs derived vSMCs showed 

reduction in size after 30 minutes of carbachol (10-5M) exposure (Figure 3-45), 
suggesting a contraction event. Consequently, our data proposed that 

phenotypical and functional vSMCs were successfully derived. 

 

3.5.7.2 HiPSCs derived vSMCs generation challenge  
 
The vSMC markers in our study included a combination of Calponin, SM2α, α-

SMC, Myosin and Caldesmon. Many of these markers are proteins involved in 

the contractile function of vSMCs but are also expressed during the 

development of other muscle subtypes including cardiomyocytes and skeletal 

muscle. Although Calponin and SM22 α are more specific to vSMC, these 

markers are later expressed in visceral smooth muscle. Currently, there is no 

single or group of vSMC specific markers which can absolutely help specify 

vSMCs. The desired approach is to specify vSMC with as many known 

expressed markers as possible. In conjunction, functional contractile assays 

can help to further add evidence to intended vSMC differentiation. In addition, 

vSMCs act in conjunction with vECs to form functional vessels. In our study, 

tubular structures formation assay has highlighted the importance of vSMC in 



 

complimenting vECs function and tube network stabilisation (Figure 3-43) and 

(Figure 3-44). One of vSMCs functions are the ability to form tubes in 

conjunction with vECs, and to provide stability and maturation to the 

developing tubes (Jain 2003) unlike cardiomyocytes and skeletal muscle. 

Consequently, vSMCs could be identified from other muscle subtypes based 

on functionality. Following from this, vSMC may be specified by detecting the 

complimentary interaction with vECs during tube formation by either pre-

staining vSMCs or through histological analysis. 

 

3.6 Summary  
 
To conclude, we were able to successfully create a bank of miPSCs and 

hiPSCs, which sustained their pluripotency potential and differentiation 

capacity. The early supplement of GFs (VEGF and BMP-4) during 

differentiation produced more committed miPSC derived vECs than a late 

supplement, although, both protocols showed a successful generation of 

functional miPSC-vECs. Moreover, murine vSMCs that were able to function 

as native vSMCs were successfully derived. Furthermore, modified protocols 

for human vECs and vSMCs derivation were successfully applied and they 

produced functionally viable hiPCS-vEC and hiPSC-vSMC. 

 

Further functional and maturity cells could be achieved from hiPSCs by 

substituting collagen IV; matrix used for promoting hiPSCs towards ECs and 

vSMCs, with the specific niche environment of the human blood vessel ECM. 

In Chapter 4, we investigated the effect of the ECM niche on the differentiation 

of hiPSCs into vECs, vSMCs and PCs using decellularised human blood 

vessel derived ECM gel.  

 

  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4 Creation of a Decellularised, 
Human- vessel, ECM Gel for 

ECs and vSMCs differentiation 
 
 



 

4.1 Introduction 
 
Decellularisation is the process where cellular and genetic materials are 

removed while the complex structure of the extracellular matrix (ECM) are 

retained (Guruswamy Damodaran and Vermette 2018). ECM is secreted by 

cells, and this plays an essential role in supporting the tissue or organ 

mechanically, as well as roles in cell migration, attachment, differentiation, and 

cellular function (Vorotnikova et al. 2010). Various tissues and organs have 

been effectively decellularised and have been used for research and 

commercial purposes. There are many different decellularisation techniques 

that have been described to date which utilise physical, chemical and/or 

enzymatic methods (Guruswamy Damodaran and Vermette 2018) and  these 

have been outlined in Chapter 1 (section 1.11.3 and section 1.11.3.2). 
 

A multitude of organs that have been effectively decellularised such as blood 

vessels (C. Quint et al. 2011), heart valves (Reimer et al. 2015), kidneys (J. J. 

Song et al. 2013), lungs (S. E. Gilpin et al. 2014), hearts (Robertson et al. 

2014), bladders (Schultheiss et al. 2005) and many others. An increased 

interest has been given towards decellularised ECM because it promotes 

differentiation towards the desired lineage and for having a structure, and 

features similar to natural tissue such as stiffness and nano topography (Saha 

et al. 2008). It has been shown that nano topography can regulate the 

differentiation of stem cells into various lineages such as neurons (Moe et al. 

2012) and muscles (J. M. Dang and Leong 2007). The ECM can also affect 

stem cells differentiation by regulating cell function, and this has been 

discussed in Chapter 1 (section 1.11.2, Figure 1.16). 
 
A successful decellularisation method has to meet two criteria, firstly, the 

removal of most genetic material in the organ and secondly, prevention of the 

loss of ECM ultrastructure and its proteins (Kimmel et al. 2010). Many organs 

have successfully decellularised, and their ECMs have been used as a 

potential scaffold that can mimic in-vivo environment, for example, with their 

material stiffness, biochemical component, topography and surface chemistry 

(Guruswamy Damodaran and Vermette 2018).  



 

ECM mostly consists of two main classes of macromolecules; proteoglycans 

(PGs) and fibrous proteins. Proteoglycans are formed of glycosaminoglycans 

(GAGs) covalently attached to the core proteins, and fibrous proteins are 

mainly referred to collagen, elastin, fibronectin, and laminin (Frantz et al. 

2010). In addition, it is rich with non-matrix molecules such as growth factors 

and other signalling molecules (B. Brown et al. 2006). 

 

Many studies have shown that the ECM induces and promotes stem cell 

differentiation (Barkan et al. 2010; Nagase et al. 2006; Nelson and Bissell 

2006). However, most ECs and vSMCs differentiation protocols only utilise one 

component of ECM proteins such as collagen IV, gelatine, MatrigelTM and 

fibronectin to induce differentiation towards ECs and SMCs lineages (Ge et al. 

2012; Kusuma et al. 2013; Abdul Jalil Rufaihah et al. 2013b; Vo et al. 2010; L. 

Wang et al. 2016b). This is because these matrixes encourage hiPSCs 

differentiation to mesodermal lineage as mesoderm is the germ layer that 

derives both ECs and vSMCs. The use of an ECM gel matrix may generate 

more mature ECs and vSMCs, and in order to test that, V-gel formation is 

required as the initial step. There is only one group that has previously created 

a vascular gel from human and porcine aorta (Fercana et al. 2017), however, 

the ECM gel has also been derived from other organs including the bladder 

(Freytes et al. 2008), the kidney (Nagao et al. 2016), the small intestinal 

submucosa (W. Wang et al. 2016c) and the liver (Ijima et al. 2018). 
  



 

4.2 Aim and hypothesis  
 

 Aims 
 

• To optimise an accurate vessel decellularisation method that gives us 

minimal residual cellular content while maintaining the ECM proteins. 

Decellularised blood vessels can then be: 

o Utilised as an intact scaffold or can be fabricated for a vascular 

bypass graft. 

o Or for the approach that we took in this chapter, to create a 

vascular ECM gel (V-gel) that is viable for cellular work to 

enhance iPSC differentiation towards functional ECs, vSMCs 

and PCs differentiation that was evaluated in Chapter 3.  

• To obtain a preliminary result of cell culture on a V-gel. 

 

 Hypothesis 
 

We hypothesised that V-gel would improve hiPSC differentiation towards 

vascular lineages and derive cells that are more committed to vascular 

lineages. 

  



 

4.3 Experimental design 
 
Experimental design used herein is summarised in Figure 4-1 to show the 

ultimate aim of Chapter 4 and to give an overview of the steps taken in this 

chapter. Tissue samples were collected from the RFH biobank followed by 

cleaning renal blood vessels from fat and surrounding unwanted tissues. Three 

different decellularisation methods were evaluated by characterising 

decellularised ECM for DNA, sGAG and collagen contents, and this was 

followed by V-gel generation and coating on plates. Finally, hiPSCs and EPCs 

were tested on the V-gel. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 4-1: Systematic illustration of the experimental design for this 
chapter. 
Renal vessels were collected from the RFH biobank, this was followed by 
removing the excess fat from the vessels. Vessels were then subjected to 3 
different decellularisation protocols followed by characterisation of 
decellularised vessels. Only vessels from the optimal decellularisation method 
were lyophilised and was digested to form v-ECM gel formation using two 
methods. The gel is then solidified on plate and cells were seeded on v-ECM 
coated plates and this was followed by the evaluation of cell viability. 



 

4.4 Results 
 
In this chapter, we sought to design and optimise a complete process for the 

creation of a vessel ECM gel (V-gel) from human blood vessels to use it for 

hiPSC differentiation to vascular ECs and smooth MSCs. In the first step 

towards this goal, we initially sought to establish a suitable method for vessel 

decellularisation that removes most of the nuclear material while maintaining 

ECM proteins. 

 

 Optimisation of decellularisation methods 
 
The decellularisation protocol is considered optimal when it removes most 

cellular material while preventing the loss of most of the ECM proteins. 

Additionally, there should be no visible nuclei when the tissue is stained with 

H&E (Crapo et al. 2011). ECM proteins, including collagen and GAGs provide 

crucial niche signals and support stem cells developing and maturation toward 

targeted cells. Before going to decellularisation, we wanted to investigate the 

structure and the presence of nuclei in the native vessel (non decellularised) 

and in order to do that, we stained for Haematoxylin and Eosin (H&E). H&E is 

a basic stain which is commonly used, and it stains acidophilic structure pink 

which is usually present in the cytoplasm of cells in the tissue, and basophilic 

structure which includes the nucleus, and parts of the cytoplasm that contain 

RNA in the tissue. Figure 4-2A shows the three layers of the vessel (tunica 

intima, tunica media, and tunica adventitia), and all layers are intact with dense 

fibres. The tunica intima appeared as a continues monolayer and intact layer 

as it is expected. Nuclei were also present within the tissue and these were in 

purple, whereas the rest of the tissue was in pink. We also confirmed the 

presence of GAGs and nuclei by staining using alcian blue. It stains for sulfated 

and carboxylated sialomucins (glycoproteins) and these would usually be in 

blue and the nuclei in pink. Figure 4-2B illustrats the presence of nuclei in pink 

and this was also further confirmed H&E staining. The tunica intima is intact 

and continues as well as other layers, including tunica media and tunica 

adventitia. Furthermore, the native vessel showed the presence of 

glycoproteins in the tunica media and the tunica adventitia (Figure 4-2B). After 



 

having an overview of non-decellularised vessel architecture, we moved on to 

investigate three decellularisation methods. Initially, we started with the 

protocol established by Quint et al. (2011) with some modifications, and this 

will be referred to as the decellularisation method 1. Decellularisation 

method 1 steps are summarised in Figure 4-3. After decellularisation method 

1 was conducted (Figure 4-3), the decellularised vessels underwent H&E 

staining in order to confirm nuclear material removal and the structure of the 

human blood vessel. 

 

 

Figure 4-2: Native human blood vessel immunohistochemistry. 
A) H&E showing the nuclei in blue and the three layers of a human blood 
vessel which are the tunica intima (the inner layer) then the tunica media (the 
middle layer) and the outer layer which is the tunica adventitia. Nuclei are in 
purple whereas the rest of the tissue is in pink, all layers are intact and the 
fibres seemed not disturbed. Also, the tunica intima appears as a continuous 
monolayer. B) Alcian blue shows the glycoproteins in the tunica media and 
the tunica adventitia in blue and nuclei in pink (same as H&E staining). All 
layers are intact and tunica intima appears as a continuous monolayer. 
Images were collected with an EVOSTM Core microscope with a 20x or 40x 
lens magnification as indicated. Scale bars represent 200 μm (20x), 100 μm 
(40x). 



 

H&E staining showed complete removal of the tunica intima and the human 

blood vessel structure was still intact, which suggested the presence of 

collagen and elastin fibres as they give the vessel its strength and shape. 

However, many nuclei were observed in the tunica media and the tunica 

adventitia (see arrows) (Figure 4-4). We went further and quantified the level 

of DNA content in the vessels for pre and post decellularisation, and the total  

Figure 4-3: Schematic illustration of decellularisation method 1. 
Vessel was cut and underwent lysis with dH2O for 4h followed by treatment 
with 8 mM CHAPS (w/w), 1 M NaCl (w/w) and 25 mM EDTA (v/v) in PBS for 
1h at 37oC on a hot plate with continuous stirring using a magnetic stirrer. 
Vessel slices were washed once with PBS and treated with a second 
solution which consisted of 1.8 mM SDS (w/v), 1 M NaCl (w/w) and 25 mM 
EDTA (v/v) in PBS for 1h at 37oC on a hot plate with continuous stirring 
using a magnetic stirrer. Vessel slices were washed once with PBS and 
treated with DNase and RNase for either 4h or overnight. Finally, 
decellularisation protocol was assessed by measuring the nuclear material 
and ECM protein content. 

Rinsed three times for 30 mintes each

DNase and RNase for 4h or 24h

1.8 mM SDS, 1 M NaCl and 25 mM EDTA in PBS

For 1h with magnetic stirrer at 37 °C (hot plate)

8 mM CHAPS, 1 M NaCl and 25 mM EDTA in PBS
For 1h with magnetic stirrer at 37 °C (hot plate)

Deionised water (H2O) for 4h

Vessels were cleaned from fat and were cut 
into small pieces (around 1cm) 



 

DNA analyses showed that there was no significant reduction on DNA level 

between pre 

 

decellularisation (native) (229.3 ± 7.795, n=4) and post decellularisation 

(decellularised) (218.4 ± 8.791, n=4), the P value was (P >0.05) (Figure 4-5). 
Nuclei visualisation and the high content of DNA in decellularised vessels 

encouraged us to modify decellularisation method 1 by increasing the 

treatment with DNase and RNase from 4h to overnight. After treating 

decellularised human blood vessel slices with overnight treatment of DNase 

and RNase (this was done on a roller at 37oC with agitation in between), we 

performed H&E staining in order to investigate cellular material 

disappearance. Nuclei were also observed in the tunica media, and the tunica 

adventitia (see arrows), although, there was complete removal of the tunica 

intima (Figure 4-6A). 
 

 
There was also an area where the tissue was damaged and disturbed (see red 

circle), however, it seemed that tissue maintained its overall structure (Figure 
4-6A). Alcian Blue staining was also performed to investigate the retention of 

glycoproteins; the images showed that glycoproteins were present in the 

Figure 4-4: Histology of decellularised human blood vessel using H&E 
of method 1 after 4h treatment with DNase and RNase. 
Decellularised vessel slices were still intact and the structure was maintained 
however, a lot of nuclei were observed in the tunica media and the tunica 
adventitia (see arrows). Images were collected with an EVOSTM Core 
microscope with a 20x or 40x lens magnification as indicated. Scale bars 
represent 200 μm (20x), 100 μm (40x). 



 

vessel in post decellularisation (Figure 4-6B). Also, it confirmed the H&E result 

with regards to the presence of nuclei in pink (see the arrow) (Figure 4-6B). 
 

 
Decellularisation method 1 was omitted from the study due to the high level of 

DNA content after decellularisation. 

 

Another decellularisation method has also been applied to determine the best 

combination to remove residual DNA with the preservation of ECM proteins, 

and this will be referred to as decellularisation method 2 which was initially 

from the protocol of Zhou et al. with some modifications as summarised in 

Figure 4-7. After decellularisation method 2 was conducted, we assessed 

human blood vessel slices for the level of DNA content, and soluble collagen 

and GAGs were also quantified post 4h and overnight DNase and RNase 

treatment, and these results were compared to non-decellularised vessels 

(native). We started with H&E staining, and the decellularised vessel appeared 

to maintain its human blood vessel structure as well as full removal of the 

tunica intima, and no nuclei were observed in the tunica adventitia or in the 

Figure 4-5: Total residual DNA quantification in human vessel pre and 
post decellularisation (ng/mg of dry tissue) after 4h treatment with 
DNAse and RNAse. 
The total DNA content was quantified by dry tissue weight from papain 
extracts. There was no significant difference in the total DNA of native and 
decellularised vessels P > 0.05. Data (n=4) is presented as the mean ± 
standard deviation in the mean. Data were analysed using a t-test with PRISM 
software. The significance was calculated with post-hoc Bonferroni test. ns = 
not significant.  
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outer tissue of the tunica media. However, nuclei were seen in the centre of 

the tunica media in purple (see arrows) (Figure 4-8) and this suggested the  

 

 
inefficiency of method 2 when blood vessels were treated with DNase and 

RNase for 4h. Thus, overnight treatment with DNase and RNase was 

proposed to eliminate residual cellular components. Decellularised human 

blood vessel slices were treated with DNase and RNase for overnight at 37oC 

with continuous shaking (in high speed to apply physical force) followed by the 

assessment of nuclei presence using H&E staining. After overnight treatment, 

Figure 4-6: Histology of decellularised vessel using H&E of method 1 
after overnight treatment with DNase and RNase. 
A) H&E staining shows that there was a complete removal of the tunica 
intima, and the tissue overall seemed to be intact, however, there are areas 
where this was ripped (see red circle). Nuclei were also observed in the 
tunica media and the tunica adventitia (in purple). B) Alcian Blue staining 
also showed a complete removal of the tunica intima, however, nuclei were 
also observed in the tunica media and the tunica adventitia (in pink). 
Glycoproteins were preserved which appear blue in the images. Images 
were collected with an EVOSTM Core microscope with a 20x or 40x lens 
magnification as indicated. Scale bars represent 200 μm (20x), 100 μm 
(40x). 



 

no nuclei were observed in the tunica media; moreover, complete removal of 

the tunica intima was determined (Figure 4-9). Nevertheless, a lot of damage 

to the tissue was also observed, fibers were disconnected and ripped, and total 

destruction of human blood vessel microstructure (Figure 4-9).  
 

 

 

 

 

  
Figure 4-7: Schematic illustration of decellularisation method 2. 
Vessel was cut and underwent lysis with dH2O for 4h followed by 
treatment with 0.5% Triton X-100 (v/v), 0.5% SDS (w/v) and 0.5% SD 
(w/v) in PBS at 37°C for 96h under continuous shaking (high speed). 
Vessel slices were washed once with PBS and treated with DNase and 
RNase for either 4h or overnight. Finally, decellularisation protocol was 
assessed by measuring the nuclear material and ECM protein content. 



 

 
 
 
 
 
 
 
 
 
 
 
 

 

  

Figure 4-8: Histology of decellularised human blood vessel using H&E 
of method 2 after 4h treatment with DNase and RNase. 
Tissue was intact and the vessel structure was maintained, however, nuclei 
were observed only in the centre of the tunica media (in purple). Images were 
collected with an EVOSTM Core microscope with a 10x, 20x or 40x lens 
magnification as indicated. Scale bars represent 400 µm (10x), 200 μm (20x), 
100 μm (40x). 



 

 
 
 
 
 
 
 
 
 
 
 
 

 
Maintaining human blood vessel structure after decellularisation might be not 

necessary as our goal is to create a gel from decellularised blood vessels, and 

the most important factor was that the decellularised vessel retained most of 

the collagen and GAGs when compared to native vessels. Therefore, further 

investigations were conducted to quantify total DNA, collagen, and GAGs after 

4h and overnight of DNase and RNase treatment. Total DNA content 

quantification showed that there was a significate reduction of total DNA 

between native vessels (229.25 ± 15.6) and vessels treated with DNase and 

RNase for 4h (72.445 ± 20.2) and the P value is (P £ 0.0001). Moreover, total 

DNA level was further reduced to 32.8 ± 18.9 when vessels were treated with 

Figure 4-9: Histology of decellularised human blood vessel using H&E 
of method 2 after  overnight treatment with DNase and RNase. 
There was no observation of nuclei in the centre of tunica media as well as full 
removal of the tunica intima. However, the tissue structure was destroyed, and 
fibres were disconnected. Images were collected with an EVOSTM Core 
microscope with a 10x, 20x or 40x lens magnification as indicated. Scale bars 
represent 400 µm (10x), 200 μm (20x), 100 μm (40x). 



 

 

DNase and RNase overnight (P £ 0.0001). There was also a significant 

reduction of total DNA between decellularised human blood vessels treated 

with DNase and RNase for 4h and decellularised human blood vessels treated 

with DNase and RNase overnight (P £ 0.05) (Figure 4-10). The GAGs 

quantification results showed that there was no significant reduction of GAGs 

content between native vessels (38.75 ± 5.9) and decellularised human blood 

vessels treated DNase and RNase for 4h (26.5 ± 2.98) (P > 0.05). However, 

there was a significant difference between native vessels (38.75 ± 5.9) and 

decellularised human blood treated with DNase and RNase overnight (11.22 

± 5.04) (P £ 0.0001). Also, there was a significant reduction of GAGs content 

for the treatment with DNase and RNase for 4h (26.5 ± 2.98) compared with 

Figure 4-10: Total residual DNA quantification in human vessel pre and 
post decellularisation after 4h and overnight of DNase and RNase 
treatment using decellularisation method 2 (ng/mg of dry tissue). 
There was a significant reduction of total DNA between native and 
decellularised human blood vessel treated with DNase and RNase for 4h as 
well as a significant decrease of total DNA content between native and 
decellularised human blood vessel treated with DNase and RNase overnight. 
There was also a significant reduction between decellularised human blood 
vessel treated with DNase and RNase for 4h and decellularised human blood 
vessel treated DNase and RNase overnight. Data (n=4) are presented as the 
mean ± standard deviation. Data were analysed using a one-way ANOVA with 
PRISM software. Significance was calculated with a post-hoc Bonferroni test. 
*= P £ 0.05, **=P £ 0.01, ***=P £ 0.001 and ****=P £ 0.0001  
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the treatment with DNase and RNase overnight (11.22 ± 5.04) (P £ 0.05) 

(Figure 4-11). 
 

 

Soluble collagen quantification also showed that there was no significant 

decrease in collagen levels between native vessels (2.05 ± 0.34) and 

decellularised human blood vessels treated with DNase and RNase for 4h 

(1.62 ± 0.41) (P > 0.05). The level of collagen was further reduced (0.85 ± 

0.23) when the decellularised human blood vessels were treated with DNase 

and RNase overnight (P £ 0.01). Furthermore, there was a significant reduction 

in collagen levels between the decellularised human blood vessels treated with 

DNase and RNase for 4h (1.62 ± 0.41) and the decellularised human blood 

Figure 4-11: GAG quantification in human vessel pre and post 
decellularisation after 4h and overnight of DNase and RNase treatment  
using decellularisation method 2 (ng/mg of dry tissue). 
There was no significant reduction in GAGs content between native and 
decellularised human blood vessels treated DNase and RNase for 4h while 
there was significant difference between native and decellularised human 
blood vessels treated DNase and RNase for overnight. However, there was a 
significant reduction of sGAGs content between native and decellularised 
human blood vessels treated when DNase and RNase for overnight. A 
significant decrease of sGAGs content between decellularised human blood 
vessels treated with DNase and RNase for 4h and decellularised human 
blood vessels treated when DNase and RNase for overnight. Data (n=4) is 
presented as the mean ± standard deviation in the mean. Data were analysed 
by one-way ANOVA with PRISM software. Significance calculated with post-
hoc Bonferroni test. ns = not significant, *= P £ 0.05, **=P £ 0.01, ***=P £ 
0.001 and ****=P £ 0.0001.  
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vessels treated with DNase and RNase overnight (0.85 ± 0.23) (P £ 0.05) 

(Figure 4-12). 
 

 

Due to the significant reduction in collagen and GAGs, a new decellularisation 

protocol was attempted, and this decellularisation method was from Gong et 

al. with some modifications, and this will be referred to as decellularisation 

method 3. We have followed the same previous steps. After conducting 

decellularisation method 3, we performed H&E staining after 4h and overnight 

DNase and RNase treatment. Decellularisation method 3 is summarised in 

Figure 4-13. H&E was performed firstly after DNase and RNase treatment for 

Figure 4-12: Collagen quantification in human vessel pre and post 
decellularisation after 4h and overnight of DNase and RNase treatment 
using decellularisation method 2 (ng/mg of dry tissue). 
There was no significant reduction in collagen levels between native and 
decellularised human blood vessels treated when DNase and RNase for 4h 
while there was a significant reduction between native and decellularised 
human blood vessels treated with DNase and RNase overnight. However, 
there was a significant reduction of collagen level between native and 
decellularised human blood vessels treated with DNase and RNase overnight. 
A significant decrease of collagen level was observed between the 
decellularised human blood vessels treated with DNase and RNase for 4h and 
decellularised human blood vessels treated in DNase and RNase overnight. 
Data (n=4) is presented as the mean ± standard deviation in the mean. Data 
were analysed by one-way ANOVA with PRISM software. Significance 
calculated with post-hoc Bonferroni test. ns= not significant, *= P £ 0.05, **=P 
£ 0.01, ***=P £ 0.001 and ****=P £ 0.0001.  
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4h. Light microscopy analysis showed that method 3 nicely maintained human 

blood vessel structure, moreover, decellularised  

 

 

 

 

 

human blood vessel layers were intact with full tunica intima removal. Although 

there were no nuclei observed in the tunica adventitia and in the outer side of 

the tunica media layer, nuclei were observed in the core of tunica media see 

arrows in (Figure 4-14). Due to this result, overnight treatment with DNase and 

RNase with continuous shacking (in high speed to apply physical force) at 4°C 

Figure 4-13: Schematic illustration of decellularisation method 3. 
Vessel was cut and underwent lysis with dH2O for 4h followed by treatment 
with 0.5% Triton X-100 (v/v), 0.5% SDS (w/v) and 0.5% SD (w/v) in PBS at 4°C 
for 96h under continuous shaking (high speed). Vessel slices were washed 
once with PBS and treated with DNase and RNase for either 4h or overnight. 
Finally, decellularisation protocol was assessed by measuring the nuclear 
material and ECM protein content. 



 

was applied followed by H&E staining. The analysis of the H&E staining 

images demonstrated that the decellularised human blood vessel structure 

was intact with no destruction of the ultrastructure; additionally fibers were not 

disrupted (Figure 4-15). There was full removal of the tunica intima while the 

other layers were still intact. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

No observation of nuclei was found throughout the tissue (Figure 4-15). These 

results were encouraging; thus, we further investigated and quantified the 

content of total DNA, soluble collagen, and GAGs. Total DNA analysis 

demonstrated that total DNA level was significantly reduced to (78.07 ± 14.4) 

Figure 4-14: Histology of decellularised human blood vessel using 
H&E of method 3 after 4h treatment with DNase and RNase. 
The tissue was intact and the decellularised human blood vessel structure 
was maintained, however nuclei were observed in only in the centre of tunica 
media (in purple). The tunica intima was fully removed from the 
decellularised human blood vessel shown. Images were collected with an 
EVOSTM Core microscope with a 10x, 20x or 40x lens magnification as 
indicated. Scale bars represent 400 µm (10x), 200 μm (20x), 100 μm (40x). 
 



 

after 4h treatment with DNase and RNase compared to the native vessels 

(229.25 ± 15.59) and the P value is (P £ 0.0001). There was also a significant 

reduction in DNA content between native vessels and decellularised human 

blood vessels treated with DNase and RNase overnight (27.15 ± 15.02) and 

the P value is (P £ 0.0001). In addition, a significant reduction was determined 

between decellularised human blood vessels treated with DNase and RNase 

for 4h and decellularised human blood vessels treated with DNase and RNase 

overnight (P value is P £ 0.01) (Figure 4-16). 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4-15: Histology of decellularised human blood vessel using H&E 
of method 3 after  overnight treatment with DNase and RNase. 
Tissue was intact and decellularised human blood vessel structure was 
maintained, no nuclei were observed throughout the tissue. Fibres were not 
disturbed, and all present layers were intact. The tunica intima was fully 
removed from the decellularised human blood vessel. Images were collected 
with an EVOSTM Core microscope with a 10x, 20x or 40x lens magnification 
as indicated. Scale bars represent 400 µm (10x), 200 μm (20x), 100 μm (40x). 
 



 

GAGs content also was quantified and its analysis showed that GAGs content 

was maintained before and after decellularisation in both conditions (DNase 

and RNase for 4h and DNase and RNase overnight) which indicated that there 

was no loss of GAGs in the ECM. Native vessels had 38.75 ± 5.96 of the GAGs 

content, while the decellularised human blood vessels treated with DNase and 

RNase for 4h had 29.275 ± 3.85 of the GAGs content and decellularised 

human blood vessels treated with DNase and RNase overnight had 30.75 ± 

4.71 of the GAGs content (P > 0.05) (Figure 4-17). 

 
Collagen levels were also measured, and the results showed that there was 

no significant differences between the native vessels (2.05 ± 0.34), 

decellularised human blood vessels treated with DNase and RNase for 4h (1.8 

± 0.52) and decellularised human blood vessels treated with DNase and 

Figure 4-16: Total residual DNA quantification in human vessel pre and 
post decellularisation after 4h and overnight treatment of DNase and 
RNase (ng/mg of dry tissue) using decellularisation method 3. 
This shows that there was a significant reduction of the total DNA between 
native vessels and decellularised human blood vessels treated DNase and 
RNase for 4h as well as a significant decrease of total DNA content between 
native vessels and decellularised human blood vessels treated with DNase 
and RNase overnight. There was also a significant reduction between 
decellularised human blood vessels treated with DNase and RNase for 4h 
and decellularised human blood vessels treated with DNase and RNase 
overnight. Data (n=4) are presented as the mean ± standard deviation. Data 
were analysed using a  one-way ANOVA with PRISM software. Significance 
calculated with a post-hoc Bonferroni test. *= P £ 0.05, **=P £ 0.01, ***=P £ 
0.001 and ****=P £ 0.0001. 
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RNase overnight (1.5 ± 0.37) (P > 0.05) (Figure 4-18). This data analysed 

from decellularisation method 3 suggested that this protocol was highly 

successful at the removal of cellular components (no visible nuclei as H&E  

 

 

showed) while preserving a high proportion of ECM proteins (no significant 

reduction) in GAGs and collagen). A pilot comparison was also conducted in 

the total DNA, GAGs and collagen contents between decellularisation method 

2 and 3 after treating with DNase and RNase overnight (Figure 4-19). 
 
Therefore, we continued with decellularisation method 3, and we further 

investigated other important proteins, including laminin, fibronectin, elastin, 

collagen I, and collagen III. The crucial role of these proteins and how they are 

involved in cell adhesion, proliferation, and attachment has already been 

discussed in Chapter 1 (section 1.10.1). In order to evaluate the presence of 

Figure 4-17: GAGs quantification in human vessel pre and post 
decellularisation after 4h and overnight treatment of DNase and RNase  
using decellularisation method 3 (ng/mg of dry tissue). 
There was no significant reduction in GAGs content between native vessels, 
decellularised human blood vessels treated with DNase and RNase for 4h 
and decellularised human blood vessels treated DNase and RNase overnight 
(P > 0.05). Data (n=4) is presented as the mean ± standard deviation. Data 
were analysed using a one-way ANOVA with PRISM software. Significance 
was calculated using a post-hoc Bonferroni test. ns = no significant. 
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these proteins, further qualitative information was obtained by performing 

immunostaining of laminin, fibronectin, elastin, collagen I and collagen III post 

and pre decellularisation using method 3 (Figure 4-20).  

 

Immunostaining showed that all proteins were present in the native human 

blood vessel (Figure 4-20A); additionally, bright staining was clearly seen 

which indicated the preservation of ECM proteins post decellularisation 

(Figure 4-20B). Relevant isotype staining showed some background signal 

staining artifacts when the mouse isotype was used; however, the brightness 

indicated the presence of nonspecific signaling and it was not similar to 

targeted protein staining (Figure 4-20C). 
 

Figure 4-18: Collagen quantification in human vessel pre and post 
decellularisation after 4h and overnight treatment of DNase and RNase 
using decellularisation method 3 (ng/mg of dry tissue) 
There was no significant reduction in collagen level between native vessels 
and decellularised human blood vessels treated with DNase and RNase for 
4h. There was also no significant reduction between native and decellularised 
human blood vessels treated with DNase and RNase overnight (P > 0.05). 
Data (n=4) are presented as the mean ± standard deviation. Data were 
analysed using a one-way ANOVA with PRISM software. Significance was 
calculated with a post-hoc Bonferroni test. ns = not significant. 
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Figure 4-19: Comparative analysis of total DNA (ng/mg of dry tissue), GAGs (ug/mg of dry tissue) and collagen level 
(ug/mg of wet tissue) between native and overnight treatment of DNase and RNase after method 2 and 3. 
A) There was a significant reduction in the total DNA between native vessels and methods 2,3 and no significant difference in 
the levels of DNA between methods 2 and 3. B) GAGs level was significantly decreased from native vessels to method 2 also 
between method 3 and method 2. However, there was no significant difference in GAGs level between native vessels and method 
3. C) Collagen level was significantly reduced from native vessels to method 2 whereas there was no significant reduction 
between native vessels and method 3. There was also significant decrease in collagen level between method 3 and 2. Data 
(n=4) are presented as the mean ± standard deviation. Data were analysed using a one-way ANOVA with PRISM software. 
Significance was calculated with a post-hoc Bonferroni test. ns = not significant, *= P £ 0.05, **=P £ 0.01, ***=P £ 0.001 and 
****=P £ 0.0001. 
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Figure 4-20: Immunofluorescence Staining of ECM Markers in human 

blood vessel pre and post decellularisation using method 3. 

A) Native human blood vessel expressed ECM proteins including Laminin, 
Fibronectin, Elastin, Collagen I and Collagen IIII. Collagen III, Laminin and 
Elastin are in green whereas Collagen I and Fibronectin Laminin are in red. 
B) Decellularised human blood vessels using method 3 showed the presence 
of ECM proteins including Laminin, Fibronectin, Elastin Collagen I and 
Collagen III. Collagen III, Laminin and Elastin are in green whereas Collagen 
I and Fibronectin Laminin are in red. C) Isotype control. (n=4) An EVOSTM FL 
Microscope with 10x lens magnification was used to collect the images. 
Scale bars represent 400 μm (10x). 



 

 Creation of a decellularised human blood vessel 
derived ECM Gel (V-gel) 

 

 V-gel Synthesis and Characterisation 
 
Having an optimised decellularisation method to produce a decellularised 

vessel scaffold led us to the next step, which was to develop a method to 

produce a high-quality ECM gel (V-gel) from these scaffolds. Synthesised V-

gel was required to be consistently created from different batches, to be easy 

to handle as a liquid, to ideally be transparent, to allow visualisation of cells 

cultured within or on the V-gel, to be able to set and coat plates, and to stay 

stable for several weeks when kept at 37oC with cell culture media. The results 

of the V-gel production method are shown in Figure 4-21. 

 

The first step towards the creation of V-gel was to produce a lyophilised 

powder from the decellularised scaffolds. This involved firstly freezing the 

decellularised vessel pieces in a –80oC freezer which was followed by freeze-

drying (lyophilisation) of the decellularised vessel pieces to remove all water 

content from them for overnight before next pulverising the samples using a 

pulveriser. This is followed by manually grinding the tissue pieces using a 

pestle and mortar in liquid nitrogen to generate a finer powder from the initial 

pulverised powder (Figure 4-23 A, B, C and D).  

 

The next aim was to use V-gel for cell culture and hiPSCs differentiation to 

vascular lineages. To enable this to be performed, a key requirement for the 

use of the gel in tissue culture was that it must be sterile. Thus, sterilisation of 

the powder was conducted next. This was carried out in a biosafety cabinet 

containing a UV light for overnight sterilisation. A sample of the sterilised 

powder was then taken and added to EGMTM-2 Endothelial Cell Growth 

Medium-2 BulletKitTM and then placed in a 37oC incubator. After 1 week, no 

sign of contamination was observed suggesting the powder had been 

adequately sterilised (Figure 4-22). 

 

 



 

 

 
 

 
 

 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4-22: ECM powder sterility test. 

ECM powder and Pepsin was sterilised under UV light for overnight. Then a 
sample was taken and added in culture media followed by one-week 
incubation. No signs of bacterial or fungal contamination was observed. Which 
indicate that the UV light for overnight was sufficient for sterilisation.  

Figure 4-21: Schematic diagram of V-gel production. 

Firstly, ECM powder was added to 15ml tubes with HCL followed by mixing. 
Then Pepsin was added followed by further mixing. ECM gel was then put in 
glass bottle which includes a magnetic stirrer. The gel was stirred for 72h. 
Finally, V-gel was formed at a concentration of 10mg/ml. The V-gel was 
neutralised and diluted at either a concentration of 0.8mg/ml to coat plate or 
hiPSCs culture or a concentration of 10ng/ml for EPCs culture. Neutra= 
neutralisation, diges= digestion and h= hours. 
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After having the sterilised ECM powder, V-gel was created by homogenising 

10mg of ECM powder with 0.01M HCL followed by adding 1mg/ml of Pepsin 

and the mixture was further homogenised (Figure 4-23E). Pepsin digestion 

was done in glass bottle with magnetic stirrer for 72h (Figure 4-23G). Finally, 

the V-gel was neutralised and divided into 1.7 ml Eppendorf® tubes at 1 ml 

per tube to be ready for use or to be frozen to be used at a later date (Figure 

4-23H). 

 

Having created the V-gel, we wanted to investigate the ability of generated V-

gel to coat plates at different concentrations of 0.8mg/ml and 10ng/ml. The 

concentration of 0.8mg/ml was demonstrated by Thomas Dalliston (a fellow 

 PhD student in the Boyd laboratory) when he found that this concentration  

Figure 4-23: Images of V-gel production, A-H represent the steps in 

order. 

A) Vessel pieces after freezing at -80oC and freeze drying. Then B) vessel 
pieces were put in the pulveriser on dry ice. Followed by C) where the lid was 
placed, rolled and hammered using a hammer. Then D) Power formed from 
previous step was further crushed using a pestle and mortar. Followed by E) 

ECM powder was added to 0.01M HCL and homogenised for few minutes 
then Pepsin was added and further homogenised in box of ice. F) An image 
of V-gel before stirring then G) V-gel was added in glass bottle with magnetic 
stirrer for 72h. H) Final V-gel solution formed from decellularised vessel 
scaffolds. h= hours. 
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Figure 4-24: ATR-FTIR absorption spectrum. 

ATR-FTIR absorption spectrum of TCP, concentrations of the V-gel 
(0.8mg/ml and 10ng/ml) with peaks associated with important bond 
vibrations indicated. Showing completely different absorption peaks 
between TCP, 0.8mg/ml and 10ng/m. TCP= tissue culture plate.  

TCP 

0.8mg/ml 

10ng/ml 



 

 
 
 
 

 

supported hiPSC colonies attachment on kidney ECM gel (unpublished work). 

10ng/ml concentration was attempted because it was the same concentration 

that had been used for ECs differentiation on collagen IV (Chapter 3). We 

compared V-gel coated plates to a standard tissue culture plate (TCP) which 

are widely used for cell culture and which are treated for optimal cell 

attachment.  

 

We examined the ability of V-gel to coat the plate by performing the ATR-FTIR 

absorption spectrum to check functional groups differences between the TCP 

and V-gel coated plate at a concentration of 0.8mg/ml and 10ng/ml (Figure 

4-24). Overly peaks of the three different coating concentrations was also 

conducted using ATR-FTIR to observe the height of the peaks and the 

wavelength absorption differences between peaks (Figure 4-25) the peaks 

were not identical which indicated that TCP, and the 0.8mg/ml and 10ng/ml 

concentrations had different functional groups, although, 0.8mg/ml and 

10ng/ml were closer to each other than TCP in terms of their height of peaks 

TCP 

0.8mg/ml 
10ng/ml 

Figure 4-25: ATR-FTIR absorption spectrum overlay. 

ATR-FTIR absorption spectrum of TCP, 0.8mg/ml and 10ng/ml with peaks 
associated with important bond vibrations showing completely different 
absorption peaks between TCP, 0.8mg/ml and 10ng/m. TCP= tissue culture 
plate.  
 



 

and presence. This indicated that there was a different coating; therefore, each 

group displayed a different pattern. By the naked eye, we have also noted that 

coating was thicker in some areas than others across the same well which 

suggested that there was uneven coating throughout the well/s and this may 

affect the accuracy and replicability of the experiment and results. 

 

 The impact of Optimised V-gel on hiPSCs and EPCs culture 
 
Having successfully coated plates with V-gel, we next aimed to investigate the 

optimised V-gel's toxicity on cells as it is crucial that the matrix is not harmful 

and does not produce factors that may be toxic to the cells. We chose EPCs 

as they have similar characteristics to vascular ECs. Therefore, a toxicity 

assay was performed on day 3 and day 7 post culture of EPCs on 10ng/ml of 

V-gel, and the toxicity level was compared to EPCs that were only grown on 

TCP. Ideally, the toxicity dye can only penetrate when the integrity of cell 

membrane is impaired, which then enables the dye to bind to the cell’s DNA 

leading to the production of green fluorescence that can also be seen by the 

naked eye. In this toxicity assay, fluorescence intensity is proportional to the 

number of dead cells that are not viable. We have also quantified fluorescence 

intensity by reading the fluorescence using a plate reader. There was no 

colorimetric change observed after performing toxicity assay (Figure 4-34B); 

moreover, there was no significant difference between TCP (3.33 ± 0.88) and 

10ng/ml of V-gel (2.33 ± 0.88) (P value, P = 0.4676) (Figure 4-26A) on day 3. 

We have also quantified the fluorescence intensity on day 7. There was no 

colorimetric change that was observed after performing the toxicity assay, 

moreover, there was no significant difference between TCP (3.33± 1.45) and 

10ng/ml of V-gel (4.33 ± 1.45) (P = 0.65) (Figure 4-26B). 

 

We then moved forward and cultured hiPSCs on the V-gel. HiPSCs were 

passaged onto 0.8mg/ml of V-gel coated wells in E8 stem cell media to assess 

the ability of the gel to maintain stem cell growth. As hiPSCs are well-known 

for being sensitive to their culture conditions, successful attachment and 

growth suggest a good quality gel. Figure 4-27A and B showed the 

morphological differences between hiPSC colonies which were grown on the 



 

commercially available cell matrix GeltrexTM and 0.8mg/ml of theV-gel. 

Colonies that were grown on GeltrexTM showed typical morphology of hiPSC 

colonies with high density and circular intact colonies with bright and spiky 

edges where individual cells can be observed (Figure 4-27A). On the other 

hand, colonies that were grown on 0.8mg/ml V-gel had different shapes with 

 

 

 

less dense colonies where single cells can be observed, which may be an 

indication of differentiation; additionally, cells started to detach from colonies 

(see arrows) (Figure 4-27B). On day 8, metabolic activity was carried out to 

investigate hiPSCs viability on V-gel compared to TCP. Metabolic activity 

showed a significant increase in metabolic activity in hiPSCs grown on V-gel 

(148.2 ± 4.63) versus those cultured on GeltrexTM (128.1 ± 2.15, P = 0.017) 

(Figure 4-28). Tubular structures were observed on day 12 post culture on 

0.8mg/ml V-gel; these tubes had a 3D structure; thus, it was difficult to focus 

when higher magnification was used (Figure 4-29). 

 

0

2

4

6

8 ns

Fl
uo

re
sc

en
ce

 (R
FU

)

Fl
uo

re
sc

en
ce

 (R
FU

)

0

2

4

6
ns

A B0

50

100

150

200

TCP
V-gel

ns

Figure 4-26: Toxicity assay evaluation on 10ng/ml V-gel. 

A) On day 3 of plating EPCs and B) On day 7 showed there was no significant 
difference between TCP and V-gel on both day 3 and day 7, P > 0.05. Data 
are presented as the mean ± standard deviation. Data were analysed by T-
test with PRISM software. Significance was calculated with a post-hoc 
Bonferroni test. ns = not significant, EPCs= endothelia progenitor cells, TCP= 
tissue culture plate. 



 

 

Figure 4-27: Light microscopy images of hiPSC passaged onto V-gel at 

concentration of 0.8mg/ml on day 2, 4, 6, and 8. 

A) HiPSCs colonies passaged on GeltrexTM at day 2, 4, 6, and 8. Colonies 
looked healthy and pluripotent hiPSC colonies intact with high density single 
cells were undetectable. Whereas, B) Colonies were successfully attached 
and they looked healthy, however, they looked differentiated on day 4 as 
colonies were not intact and the individual cells can be observed. Also, single 
cells were observed (see arrows). Images were collected with an EVOSTM 
Core microscope with a 10x, lens magnification as indicated. Scale bars 
represent 400 µm (10x). D= day. 
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Figure 4-29: Light microscopy images of hiPSCs passaged onto V-gel 

at concentration of 0.8mg/ml on day 11 and 15. 

HiPSCs colonies exhibited a dynamic movement and formed tubular 
structure on day 12 and 15, moreover these structures generated another 
tubular structure from the main tube by day 15 (see circles). Images were 
collected with an EVOSTM Core microscope with a 10x, and 20x lens 
magnification as indicated. Scale bars represent 400 µm (10x) and 200 µm 
(20x). D= day. 
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Figure 4-28: HiPSCs variability on GeltrexTM and 0.8mg/ml V-gel on 

day 8. 

Measuring the metabolic activity showed that there was a significant 
difference between the metabolic activity in hiPSCs grown GeltrexTM and V-
gel on day 8 (P > 0.05). Data is presented as the mean ± standard deviation. 
Data are analysed using a T-test with PRISM software. Significance was 
calculated with a post-hoc Bonferroni test.  
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Interestingly, the tubular structures generated following culture of hiPSCs on 

the V-gel generated finer tubes by day 15 as shown in Figure 4-29, in the top 

left image, as well as sprouting, was noted on day 15, (see circles) in the 

bottom left image of Figure 4-29. However, we also noted that some hiPSCs 

colonies did not display tubular structures although they were at the same 

stage as the ones which exhibited tube formation (Figure 4-30). Moreover, 

these colonies did not display the normal morphology of hiPSCs either. 

However, they exhibited similar morphology to vascular cells (Figure 4-30). 

More interestingly, we also noticed in another well that some hiPSCs colonies 

that were grown on 0.8mg/ml V-gel for 15 days had similar normal morphology 

to hiPSCs; however, these colonies lost the dense appearance and had 

distinguishable single cells within the colonies (Figure 4-31).  

 

 

 

 

 

 

 
 

 

 

 

 

Figure 4-30: Light microscopy images of hiPSCs passaged onto V-gel 

at concentration of 0.8mg/ml on day 15. 

HiPSC colony on day 15 post culture on 0.8mg/ml of V-gel revealed 
complete loose cells of normal hiPSC morphology and did not exhibit any 
tubular structures. Images were collected with an EVOSTM Core microscope 
with a 20x lens magnification as indicated. Scale bars represent 200 µm 
(20x). D= day. 
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Figure 4-31: Light microscopy images of hiPSCs passaged onto V-gel 

at concentration of 0.8mg/ml on day 15. 

HiPSC colony on day 15 post culture on 0.8mg/ml of V-gel revealed a similar 
morphology to normal hiPSC morphology and did not exhibit any tubular 
structures. Images were collected with an EVOSTM Core microscope with a 
10x lens magnification as indicated. Scale bars represent 400 µm (10x). D= 
day. 
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Figure 4-32: : Light microscopy images of hiPSCs passaged onto V-

gel at concentration of 0.8mg/ml on day 20. 

A tubular structure was observed, and no generation of finer tubes or 
sprouting were seen. Images were collected with an EVOSTM Core 
microscope with a 10x lens magnification as indicated. Scale bars represent 
400 µm (10x). D= day. 



 

Tubular structures were also seen on hiPSCs colonies that had been grown 

on 0.8mg/ml V-gel for 20 days, however, we did not observe any daughter 

tubes formation or sprouting from the original tube (Figure 4-32). 

 

In parallel to the previous experiment, we also wanted to investigate the impact 

that optimised 10ng/ml of V-gel has on EPCs and this was carried out using 

Alamar Blue which also depends on the fluorescence intensity. Alamar Blue is 

used as an oxidation-reduction indicator which undergoes colorimetric change 

in response to cellular metabolic activity. The reduction of Alamar Blue dye by 

cells, produces resorufin that is pink and highly fluorescent, and the 

fluorescence intensity is proportional to the number of living and viable cells. 

 

 

 

 

 

 

 

Figure 4-33: EPCs variability on TCP and 10ng/ml V-gel on day 3 

A) Images of EPCs grown only on TCP and V-gel, EPCs looked healthy and 
there were no distinguishable differences between both. B) Metabolic activity 
measurement showed that there was no significant difference between TCP 
and V-gel on day 3 (P > 0.05). Images were collected with an EVOSTM Core 
microscope with a 10x lens magnification as indicated. Scale bars represent 
400 µm (10x). Data is presented as the mean ± standard deviation. Data were 
analysed using a T-test with PRISM software. Significance was calculated 
with a post-hoc Bonferroni test. ns = not significant, EPCs= endothelia 
progenitor cells, TCP= tissue culture plate, D= day. 
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On day 3 of plating EPCs on TCP and 10ng/ml of V-gel, images were taken by 

light microscopy EPCs had normal healthy morphology on 10ng/ml of V-gel 

and no morphological differences were noted between TCP and 10ng/ml of V-

gel (Figure 4-33A). Cell viability analyses revealed that EPCs were 

metabolically active on 10ng/ml of V-gel and there was no significant difference 

in the metabolic activity of EPCs on TCP (158.4 ± 9.30) and in 10ng/ml of V-

gel. Cell viability analyses revealed that EPCs were metabolically active on 

10ng/ml of V-gel and there was no significant difference in the metabolic 

activity of EPCs on TCP (158.4 ± 9.30) and also in 10ng/ml of V-gel (170.2 ± 

5.75) (P = 0.30) (Figure 4-33B). 
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Figure 4-34: Plate images for the colorimetric change on day 7. 

A) Alamar Blue reagent colour had changed from blue to pink, B) Toxicity 
dye did not show any colour transition. 



 

 

 

 

 

 

 

 

 

On day 7 post plating EPCs on TCP and 10ng/ml of V-gel, Alamar Blue reagent 

showed complete colour transition from the Alamar Blue reagent (Resazurin 

in blue) to resorufin in pink (Figure 4-34A). However, the toxicity assay 

showed that there was no visual colorimetric change noted (green colour) 

(Figure 4-34B). At the same day, images also were taken by light microscopy 

showed that EPCs had a normal healthy morphology on 10ng/ml of V-gel and 

no morphological differences were noted between TCP and 10ng/ml of V-gel 

(Figure 4-35A). Nevertheless, metabolic activity on day 7 was significantly 

higher in EPCs plated on 10ng/ml of V-gel (318.3 ± 4.86) than on TCP (301.7 

Figure 4-35: EPCs variability on TCP and 10ng/ml V-gel on day 7 

Images of EPCs grown only on TCP and V-gel, EPCs looked healthy and 
there were no distinguishable differences between both. B) Metabolic activity 
showed a significant difference between TCP and V-gel on day 7 (P £ 0.01). 
Images were collected with an EVOSTM Core microscope with a 10x lens 
magnification as indicated. Scale bars represent 400 µm (10x). Data are 
presented as the mean ± standard deviation. Data was analysed using a T-
test with PRISM software. Significance was calculated with a post-hoc 
Bonferroni test. ns = not significant, **P £ 0.01. EPCs= endothelial progenitor 
cells, TCP= tissue culture plate,  
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± 1.75) (P value, P = 0.009). We also imaged plate before and after incubation 

with Alamar Blue reagent and toxicity dye to confirm the colorimetric change 

on day 7. 

 

  



 

4.5 Discussion 
 
The ultimate goal of decellularisation is to remove all native cells and genetic 

materials such as DNA from the tissue while preserving the extra-cellular 

matrix components (ECM) such as proteins like collagen, laminin, fibronectin 

together with mucopolysaccharides like glycosaminoglycans and growth 

factors. Decellularised ECM can be obtained by a mixture of physical, 

chemical, and enzymatic approaches (A. Gilpin and Yang 2017a). The 

decellularisation process commonly starts with the lysis of the cell membrane 

by either ionic solutions or physical treatments. This is followed by the use of 

enzymatic treatments which are used to separate cellular components from 

the ECM, followed by the solubilisation of cytoplasmic and nuclear cellular 

components by detergents. Lastly, there is a cellular component elimination 

step from the ECM by using DNase and RNase reagents. All these steps can 

be combined with mechanical agitation to increase their efficiency. After 

decellularisation, it is necessary to remove all remaining chemicals from 

decellularised tissue to avoid subsequent application interference (Gilbert et 

al. 2006).  

 

Creating the gel from decellularised ECM and utilising this gel to facilitate 

differentiation has more advantages over commercially available ECM extracts 

like Matrigel, GeltrexTM or one of ECM proteins such as (collagen, laminin, 

fibronectin and vitronectin). This is because commercially available ECMs are 

not designed to support differentiation towards the mesodermal lineage as 

they are not specific to ECs and vSMCs. Furthermore, they lack growth factors 

and cytokines that promote differentiation toward the desired lineage. 

Nowadays, commercially available Collagen IV (extracted from either humans 

or other species) has been successfully used to push and promote stem cells 

differentiation to ECs and vSMCs. However, it would be more beneficial to 

have the whole ECM complex to make stem cells more committed to ECs and 

SMCs. 

 

 

 



 

 The choice of decellularisation  
 
To evaluate the technique efficiency of decellularisation, decellularised ECM 

has to have a specific criterion. Firstly, the decellularised ECM must have less 

than 50 ng double-stranded DNA (dsDNA) per mg of dry weight of ECM. 

Secondly, decellularised ECM must not have visible nuclear material when the 

decellularised ECM is stained with H&E. Thirdly, the decellularisation 

technique should not remove most of the structural proteins such as collagen, 

fibronectin, and laminin and glycosaminoglycans (GAGs) from the 

decellularised ECM (A. Gilpin and Yang 2017a). The first step was to 

characterise decellularised ECM and evaluate remnant nuclear material along 

with the ECM protein. Therefore, three decellularisation methods were 

assessed, and this resulted in an optimised method (decellularisation method 

3) which we proceeded with to generate the V-gel (Figure 4-13) while, the 

other methods (decellularisation method 1 and 2) were omitted from our study 

(Figure 4-3 and Figure 4-7).  

 

Decellularisation method 1 was investigated by Quint et al., where they used 

a combination of non-enzymatic agents, zwitterionic detergents, chelating 

agents, and anionic detergents. Although Quint et al., have demonstrated a 

significant reduction in total DNA quantification, we have observed a high level 

of DNA content, and there was no significant reduction in DNA level between 

native and decellularised ECM (Figure 4-5). Moreover, histology analysis 

including H&E staining determined the absence of nuclei in the study 

conducted by Quint et al. On the other hand, in our study, nuclei were detected 

in both H&E staining and alcian blue staining after 4h treatment with DNase 

and RNase in the sub tunica intima and media layers (Figure 4-4). Longer 

treatment with DNase and RNase overnight did not adequately remove the 

nuclei as they were still present in decellularised tissue and were seen after 

H&E staining (Figure 4-6A), and this was further confirmed with alcian blue 

staining (Figure 4-6B). Considering all these results suggested that 

decellularisation method 1 was inefficient and unsuccessful in creating a truly 

optimal decellularised vessel scaffold. Thus, further modifications would need 

to be investigated to improve this, or another decellularisation method must be 



 

found to meet tissue decellularisation requirements. The contrary results of the 

study by Quint et al., may perhaps be due to the differences in vessel nature 

and source, Quint et al., utilised a porcine vessel which may have interacted 

differently to human blood vessels. In addition, the wall thickness and nature 

of the vessel would largely affect the decellularisation efficacy. In the study by 

Quint et al., the average wall thickness was 442 µm, whereas the normal 

average thickness of human blood vessel is 500 µm (Leertouwer et al. 1999). 

In decellularisation method 1, zwitterionic detergents such as 3-[(3-

cholamidopropyl) dimethylammo- nio]-1-propanesulfonate (CHAPS) was used 

and this showed effective cell removal from thinner and softer tissues such as 

those in the lungs (Petersen et al. 2010). CHAPS was also ineffective for the 

decellularisation of thicker tissues, even when used in combination with other 

detergents such as SDS (L. Gui et al. 2010). It should be mentioned that 

decellularisation method 1 caused tissue damage and the vessel 

microstructure was not maintained (Figure 4-6A). This may be due to using 

anionic detergents such as SDS and a magnetic stirrer. SDS is a harsh 

detergent that can alter the structural protein such as collagen as well as 

causes the loss of collagen integrity (Gilbert et al. 2006). Furthermore, 

treatment with SDS notably reduce GAGs and VEGF, and this was shown in 

studies from Uygun et al., (Uygun et al. 2010). Subsequently, decellularisation 

method 1 was omitted from our study because this protocol did not meet the 

decellularisation standard criteria (Crapo et al. 2011).  

 

In decellularisation methods 2 and 3, the same combination of ionic, non-ionic 

and chelating detergents were used. Moreover, decellularisation methods 2 

and 3 had the same agents at the same concentrations. The key differences 

between decellularisation method 2 and 3 were the use of freeze-thaw cycles 

as the first stage in decellularisation method 3. Also, in decellularisation 

method 2, we utilised a physical agent (temperature) to increase the efficiency 

of DNA removal. Although results showed a significant reduction in total DNA 

content using both decellularisation methods 2 and 3, and after treating with 

DNase and RNase for 4h, the levels of DNA content were still above the 

standardised level of DNA (Figure 4-10 and Figure 4-16). H&E also confirmed 

these results as there were visible nuclear material still remaining within the 



 

decellularised ECM in the tunica media after using both decellularisation 

methods 2 and 3 and this indicated a good preservation of tissue architecture 

(Figure 4-8) and (Figure 4-14). Having visible nuclei after treatment with 

DNase and RNase for 4h motivated us to more prolonged treatment with 

DNase and RNase overnight with continuous shaking in order to reduce total 

DNA content. Both methods 2 and 3 achieved the target which is below 

50ng/mg (dry tissue) (Figure 4-10 and Figure 4-16). Moreover, no nuclear 

materials were observed when the decellularised ECM was stained with H&E 

which further confirmed the total DNA quantification results (Figure 4-9 and 

Figure 4-15). More extended treatment with DNase and RNase overnight 

provided the expected results, which led to a considerable reduction in DNA. 

Looking at the vessel microstructure of decellularised vessel after using 

decellularisation method 2, the tissue was completely destroyed after the 

overnight treatment with DNase and RNase (Figure 4-8), although, the 

structure was maintained after 4h (Figure 4-9). This indicated that 

decellularisation method 2 was insufficiently gentle and led to collagen and 

elastin fibres destruction. The destruction of the vessel microstructure is 

directly related to collagen and elastin fibres as they give the vessel its 

structure and mechanical strength (Brooke et al. 2003), and this  confirmed 

our results as destroyed decellularised vessels had a significantly lower 

content of collagen (Figure 4-12) and lower GAGs content (Figure 4-11). The 

findings suggested that decellularisation method 2 led to tissue fragility and 

prevented decellularised vessels from tolerating overnight treatment with 

DNase and RNase with continuous shaking. Although mechanical force such 

as shaking was effectively used to remove nuclei from tissue, it has also been 

noted that it led to direct damage of decellularised ECM and causing ECM 

proteins removal (Moore et al. 1996) and this could be another reason for the 

tissue microstructure disturbance.  

 

Moreover, the physical treatment (temperature) that was applied in 

decellularisation method 2 (as the protocol was done at 37°C) might also 

cause a disturbance of ECM. Mu, C. et al. have demonstrated that the collagen 

triple helix content was slowly reduced with temperatures below 35oC; 

however, it dramatically decreased at a higher temperature of 37oC. They also 



 

have suggested that the main transition occurs from the defibrillation first and 

this is then followed by the denaturation of collagen. The three chains of 

collagen are twisted in a left-handed helix and thrown into a right-handed triple 

superhelix dominantly stabilised by periodic hydrogen bonds. Moreover, the 

triple-helices are associated laterally and longitudinally to form fibrils via 

covalent cross-links. As the cross-links increase, the thermal stability of the 

collagen increases. A thermal denaturation usually results in the breaking of 

hydrogen bonds and it promotes the unfolding of the triple helix (Mu et al. 

2007). Protein fibres are held together and stabilised by hydrogen bonds that 

maintain protein coils and recoil when the protein is strained. However, the 

temperatures can permanently break the hydrogen bonds, which may cause a 

permanent loss in the protein shape. Lengths and strengths of hydrogen bonds 

are extremely sensitive to temperature. Increased temperature lead to 

weakened hydrogen bonds due to the decrease of the internal energy of the 

hydrogen bonds (Dougherty 1998). Thus, it might be possible that 

decellularisation method 2 caused fibres unfolding due to constant and 

continuous exposure of 37OC for 4 days. 

 

It was very promising that decellularisation method 3 maintained the tissue 

microstructure after overnight treatment with DNase and RNase which 

indicated that this method was sufficiently gentle so as to not damage and 

remove the collagen and elastin from the scaffold ECM. Total DNA and H&E 

findings after overnight treatment with DNase were very encouraging 

therefore, we further investigated GAGs and collagen contents after using 

decellularisation methods 2 and 3 after 4h and overnight treatment with DNase 

and RNase. 

 

GAGs are polysaccharide molecules that provide the extracellular matrix with 

additional physical properties. In addition, GAGs are vital molecules of the 

arterial wall. In the arterial wall, most GAGs are discovered in their 

proteoglycan (PG) form that are covalently attached to a protein core 

(Karangelis et al. 2010). The sulfate groups in PGs provide a stable negative 

charge that has an important effect on the partition of ions, spatial osmotic 



 

gradients, and the hydration volume of the fibrillar mesh. ECM works as a 

biological sieve that allows specific macromolecules to react with GAGs to 

regulate various mechanisms, such as cell proliferation, adhesion, motility, and 

blood coagulation (A. D. Theocharis et al. 2006). Glycosaminoglycans such as 

chondroitin sulfate (CS) were found in the arterial GAGs and are strictly related 

to the localisation of a molecule and its structural characteristics therefore 

playing an important role in ECM organisation. Moreover, it modulates many  

cellular mechanisms through its interaction with a variety of molecules, for 

example, growth factors, cytokines, chemokines, adhesion molecules, and 

lipoproteins (Karangelis et al. 2010). 

 

The collagen molecule is composed of three polypeptide strands, called alpha 

chains. Each chain possesses the conformation of a left-handed helix 

(Roelofsen et al. 1981). Collagen also provides essential functions in blood 

vessels. Collagen is a protein which makes up the walls of the veins, arteries, 

and capillaries of the body. This gives the vessel strength, structure, and 

flexibility. In addition, it plays a critical role in morphogenesis and growth 

(Ponticos et al. 2004). Collagen function was discussed in Chapter 1 (section 

1.10.1.1 and 1.10.2). 

 

Given the importance of sGAGs and collagen in the vessel wall, it was 

promising to quantify the sGAGs and collagen levels after 4h treatment and 

overnight treatment with DNase and RNase. The findings showed that sGAGs 

and collagen contents were not significantly reduced after using 

decellularisation method 2 following the 4h treatment with DNase and RNase 

(Figure 4-11 and Figure 4-12). However, there was a significant reduction of 

their content after overnight treatment of DNase and RNase (Figure 4-11 and 

Figure 4-12). On the other hand, in decellularisation method 3, sGAGs and 

collagen content were maintained after 4h and overnight treatment with DNase 

and RNase (Figure 4-17 and Figure 4-18). Collagen quantification results 

after using decellularisation methods 2 and 3 and overnight treatment with 

DNase and RNase was correlated to what we have observed in the H&E 

results. The destruction of decellularised microstructure seen in H&E after 

using decellularisation method 2 after overnight treatment with DNase and 



 

RNase was associated with a dramatic reduction of collagen. This confirmed 

that collagen fibres are essential for vascular wall structure. Moreover, the 

sharp reduction in sGAGs was 71% compared to the native vessel, while, the 

reduction in collagen was equivalent to 58% compared to the native vessel. It 

is unsurprising to see a lower preservation level of sGAG than of collagen, as 

sGAG are much more easily detached from the ECM during the 

decellularisation process (Gilbert et al. 2006). 

 

A pilot comparison between decellularisation method 2 and 3 was next 

conducted. The results also showed that there was a significant reduction in 

sGAGs and collagen content between method 2 and 3 (Figure 4-19). We have 

continued with decellularisation method 3 as it was optimal and met 

decellularisation standardised criteria. Further investigation was carried out to 

evaluate the presence of other essential ECM proteins including laminin, 

fibronectin, and elastin. Laminin has multiple functions that play a vital role in 

cell adhesion, differentiation, migration, and phenotype maintenance, and they 

also provide resistance to apoptosis. Moreover, it influences cell function by 

inducing various signalling pathways throughout cell membrane receptors 

(Domogatskaya et al. 2012). Elastin provides mechanical integrity to tissues, 

as well as also having critical functions in the regulation of cell behaviour and 

it may help to modulate coagulation (Wise et al. 2009). Fibronectin is generally 

expressed in embryos and in adult tissue. It commonly regulates a wide range 

of cellular and matrix related functions that play critical roles during 

development, including cell adhesion, migration, growth, differentiation, and 

tissue repair (Kumra et al. 2018). The presence of collagen IV, collagen I, 

laminins, elastin and fibronectin were also tested in our study using 

fluorescence immunostaining (Figure 4-20). Judging by the immunostaining 

intensity, there is no much loss of vital ECM proteins by decellularisation 

method 3 after overnight treatment with DNase and RNase. Therefore, method 

3 was chosen as an optimal decellularisation method to create the vascular 

ECM gel. 

 

 

 



 

 Creation of the decellularised human vessel ECM-Gel 
 
Alongside the optimisation of the decellularisation method, we set out to devise 

a method for the creation of a suitable gel from the decellularised scaffolds (V-

gel). We wanted to create a gel that could be used as a direct substitute for 

collagen IV that was used in Chapter 3 in the vascular cell differentiation 

protocol with the aim of enhancing and promoting the development, maturity, 

and functionality of stem cell derived vascular cells. This was postulated to be 

due to exposure to an environment closely mimicking the in vivo vascular 

niche. Accordingly, the optimal V-gel was required with the ability to generate 

a coated layer on the plate and remain stable in this form at standard culture 

conditions, for at least 22 days to match our differentiation protocol that was 

used in Chapter 3 for hiPSCs differentiation towards vascular cells. It could 

also be longer to permit the use of extended experiments such as disease 

modelling investigations.  

 

After having decellularised vessels ECM slices ready to be processed, slices 

were first left overnight in EGMTM-2 medium followed by washing with PBS. 

The idea behind medium overnight incubation was that the medium contains 

FBS, and nucleases in the serum play a vital role in degrading the residual 

DNA/RNA after cell lysis (L. Gui et al. 2010). Water was removed from the 

decellularised vessels of the ECM by lyophilisation which were then 

subsequently ground into powder using a pulveriser followed by manual 

smashing using a pestle and mortar and liquid nitrogen to generate a finer 

powder from the initial powder (Figure 4-21 and Figure 4-23). The ultimate 

goal of this chapter was to test the feasibility of utilising the V-gel for cell culture 

and to promote hiPSCs differentiation. Thus, it was fundamental to evaluate 

the sterility of generated lyophilised powder to avoid any contamination in the 

downstream experiments. We chose to use UV sterilisation to do this. After an 

overnight period in the presence of a UV light, the V-gel demonstrated no signs 

of infection after one week of incubating the sterilised powder with media at 

37oC which indicated that this UV light treatment was sufficient to sterilise the 

lyophilised vascular ECM powder (Figure 4-22).  

 



 

It was also vital to generate a smooth V-gel that did not contain clumps or 

undigested pieces of tissue to ensure even coating across the tissue culture 

plates for downstream experimentation. Consequently, the lyophilised powder 

was firstly homogenised with HCL and then pepsin was added followed by 

further homogenising. The first attempt to do this created a V-gel which was 

divided into 1.7 ml Eppendorf® tubes followed by placing tubes on a shaker at 

high speed for 27h. However, we noted that the generated V-gel was 

improperly digested as we observed tiny pieces of the powder still present 

(data not shown). An alternative was needed to generate a better quality V-gel 

thus, we replaced the use of the shaker with magnetic mechanical stirring, 

which effectively improved the gel quality and generated a smoother gel 

(Figure 4-21). That was an unsurprising result as magnetic stirring is more 

effective when simultaneous agitation is required. It also provided a more 

consistent rate of stirring which is essential when mixing takes place over a 

long period of time (Buie 2011).  

 

The ability to coat a tissue culture plate is one of the key features we required 

in our V-gel. Thus, plates were coated overnight with either 0.8mg/ml of V-gel 

for hiPSCs culture, this concentration was optimised by Thomas Dalliston 

using a renal tissue ECM gel (unpublished work) or 10ng/ml of V-gel for EPCs 

culture. FTIR spectrum was then carried out to test the ability of V-gel to coat 

plates. FTIR covers a wide range of chemical and organic compounds. When 

a sample is exposed to the radiation, some radiation is absorbed by the sample 

and some passes through (is transmitted). The consequent signal at the 

detector is a spectrum indicating a molecular ‘fingerprint’ of the sample which 

then appear as peaks known as absorption peaks and that represents the 

sample components (Peak 2013). The V-gel coated plate was then dried 

entirely, and FTIR spectrum was performed. Absorption peaks were compared 

with TCP. The TCP we used is the standard, and the commonly used plates 

are made of virgin polystyrene and their surfaces are characterised to be 

hydrophilic and negatively charged, and they are composed of 9-17% oxygen 

atoms. TCP surface composition has been optimised for cell attachment and 

growth. Furthermore, they have been tested for their attribute of cell 

attachment and growth utilising an attachment- dependent mammalian cell line 



 

in serum supplemented media. Wettability was also tested to ensure the 

presence of a hydrophilic surface (Figure 4-24). Figure 4-25 shows the 

difference in absorption peaks which indicated the difference in components 

present on the coated plates compared to TCP. This may suggest that the V-

gel has successfully coated the plate, although, we noted uneven coating 

across the well. This might be because of V-gel over polymerisation in some 

areas within the well due to the long coating time of V-gel at 37oC. This should 

be further investigated to enable consistency and replicability of the 

experiment and the results. As mentioned earlier, we aimed to drive ECs and 

SMCs from hiPSCs by applying the same differentiation method that had been 

performed in Chapter 3 on V-gel coated plates instead of collagen IV. 

Moreover, this would be beneficial when utilising the V-gel for cell culture or 

disease modelling. Therefore, it was vital to investigate V-gel toxicity on 

hiPSCs and EPCs to ensure that the V-gel would not cause cell death or 

impairment. A dye-based toxicity assay was carried out on day 3 and day 7 of 

plating EPCs on V-gel coated plate at a concentration of 10ng/ml, and then 

results were compared to standard TCP. Figure 4-33B and Figure 4-35B 

showed that there was no significant difference between V-gel and TCP on 

both day 3 and day 7 which indicated that the V-gel did not cause harmful 

effects on EPCs at a single or short-term exposure. Having optimised V-gel 

that successfully coated the plates and ensuring that it was completely safe 

and not toxic to EPCs, we could move to the next step to examine iPSCs and 

EPCs morphology and viability on the V-gel. 

 

 The impact of optimised V-gel on hiPSCs and EPCs culture 
 
We first started with passaging hiPSCs on 0.8mg/ml V-gel coated plate and 

GeltrexTM (as a control for morphological changes). HiPSCs grown on 

0.8mg/ml V-gel were monitored for 20 days by taking images using light 

microscopy and daily feeding with essential 8™ medium (E8). E8 is a xeno-

free and feeder-free medium specially formulated for the growth and 

expansion of hiPSCs. In addition, it has an optimised formulation and growth 

factor levels to help ensure maximum cell health, pluripotency, and growth, 

with minimal variability. HiPSCs grown on 0.8mg/ml V-gel coated plate had 



 

distinguishable morphology from hiPSCs grown on GeltrexTM coated plate 

(Figure 4-27). HiPSCs grown on GeltrexTM coated plate had normal and 

colonies displaying healthy round shapes; additionally, colonies were intact, 

dense and had a flat appearance with well-defined borders while cells were 

tightly-packed and had a high ratio of nucleus to the cytoplasm from day 2 to 

day 8 (Figure 4-27A). On day 2 of post-plating hiPSCs grown on 0.8mg/ml V-

gel coated plate, colonies had a similar morphology as hiPSCs grown on 

GeltrexTM, however, hiPSCs changed their morphology on day 4 as cells were 

not tightly-packed where individual cells were recognisable from neighbouring 

cells. In addition, colonies formed different shapes and cell detachment from 

the colonies was detected from day 6 (Figure 4-27B). All these morphological 

events could be indicative of differentiation occurrence. Ideally, in healthy 

hiPSCs expansion, colonies usually maintain their morphology when they are 

fed daily with E8 or an equivalent medium and grown on a matrix that supports 

their growth and pluripotency. However, we have seen different patterns when 

hiPSCs were grown on 0.8mg/ml V-gel coated plate, although they were fed 

daily with E8 medium. Cell viability assessment on day 8 showed that hiPSCs 

grown on GeltrexTM had significantly lower metabolic activity than hiPSCs 

grown on 0.8mg/ml V-gel coated plate (P = 0.017) (Figure 4-28). This was 

maybe not because that hiPSCs grown on V-gel coated plate had higher 

metabolic activity but could be due to hiPSCs grown on the V-gel coated plate 

having more colonies/cells per well. HiPSCs passaging was carried out as 

clusters rather than as single cells, and these clusters were varied in size. 

Clusters passaging was found to improve cell viability, and survival and single-

cell suspension of hiPSCs needed an extra supplement such as Rho-

associated protein kinase (ROCK) inhibitors to enhance cell survival (Beers et 

al. 2012). Thus, even distribution of cells/or clusters between wells (coated 

with V-gel or GeltrexTM) was unachievable. Subsequently, it was very difficult 

to judge whether V-gel improved metabolic activity or not. 

 

On day 12 post passaging hiPSCs on the V-gel coated plate, tubular structures 

were observed (Figure 4-29) which may have indicated full maturation and 

development towards vascular cells. Moreover, on day 15, the tubular 

structure formed finer tubes (Figure 4-29), which may be an indication of 



 

angiogenic events. At the same time point, we also observed cells/colonies 

that have completely lost their hiPSCs morphology as they did not have well-

defined borders and cells were not tightly packed. This might suggest either 

the development towards vascular cells that have not been fully matured yet 

or it could be due to cells developing into other vascular cells that are present 

in the vascular wall such as the pericytes or fibroblasts (Figure 4-30). We have 

also seen colonies that had defined borders while cells were not tightly-

packed, which might suggest the presence of early differentiation stages 

(Figure 4-31). As discussed in Chapter 1 (section 1.10.2), tissue-specific 

ECM provides the microenvironmental niche from which the cells are derived 

and supports cell growth and differentiation in vitro. In addition, the ECM offers 

an optimal environment condition for cells and provides cells with growth 

factors such as transforming growth factor-beta (TGF-ß), basic fibroblast 

growth factor (b-FGF), hepatocyte growth factor (HGF) and vascular 

endothelial growth factor (VEGF), cytokines, collagen, fibronectin, laminin, and 

glycosaminoglycans and all of these molecules are important for regulating 

cellular behavior and functions (D. Zhang et al. 2017). It seemed that hiPSCs 

grown on V-gel had different developmental and maturation stages towards 

vascular cells, and this could be due to an uneven coating of the V-gel across 

the plates. Thus, some hiPSC colonies were exposed to higher concentrations 

of ECM growth factors, cytokines, and macromolecules due to a thicker 

coating layer of V-gel. Moreover, it should be noted that ECM growth factors 

and proteins are rapidly degraded or washed away in culture conditions after 

the culture medium is changed (D. Zhang et al. 2017) and this suggested that 

a thinner coating of V-gel would disappear faster than a thick coating. 

Therefore, it might be that hiPSCs colonies which were grown on a thicker V-

gel coating and may have experienced more prolonged exposure of ECM 

growth factors, cytokines, and macromolecules. 

 

It is well known that the mechanical stimulation such as matrix stiffness 

regulates stem cells fate by binding to and contracting against the ECM. ECM 

stiffness is further found to be independent of protein tethering and porosity 

influences of stem cell differentiation (Engler et al. 2006). Interestingly, 

research was conducted by Byfield et al. where they addressed EC 



 

morphology, actin intensity, and cellular stiffness on different matrixes that 

have varied stiffness. They demonstrated that ECs exhibited different 

morphologies in response to substrate stiffness. In addition, in stiffer gels, ECs 

exhibited more distinct stress fibers and showed more considerable staining 

for actin. They clearly suggested evidence that the matrix substrate stiffness 

regulates EC stiffness, although the range of stiffnesses that ECs respond to 

vary significantly in different environments (Byfield et al. 2009). On reflection 

and in relation to this current study, the seemingly uncontrolled differentiation 

that we observed could be due to the uneven V-gel coating, which in turn 

exposed the hiPSC colonies to differing V-gel stiffnesses. However, these 

preliminary data require further experiments in order to determine whether this 

is a valid conclusion.  

 

Many studies have investigated decellularised ECM-based hydrogels for in 

vivo and in vitro utility in different organ systems. For example, recent 

investigation of ECM hydrogels for central nervous system applications has 

assessed different ECM source tissues to direct stem cells of the apical papilla 

spinal cord (SCAP) differentiation. SCAP exhibited a strong positive 

proliferation response to spinal cord ECM, and strong expression of neural 

markers was also determined. However. SCAP did not exhibit neuronal 

differentiation markers in response to dentine ECM. Neuronal lineage markers 

were also seen by SCAP when cultured with bone ECM. These results 

suggested the influence of ECM mechanical properties and active biomolecule 

stimulus on stem cell behaviour (Viswanath et al. 2017). Another study has 

demonstrated that human neural stem cells embedded within porcine brain 

and urinary bladder ECM supported the de novo tissue remodelling in animals’ 

brain after transplantation (Bible et al. 2012).  

 

Ungerleider et al. have showed the effectiveness of an injectable 

decellularised porcine skeletal muscle and human umbilical cord-derived 

ECMs. These matrixes improved tissue perfusion in a rat hindlimb ischemia. 

Moreover, significant differences in muscle remodelling at a chronic time point 

was observed indicating the utility of tissue-specific ECM therapy. 

Furthermore, they promoted arteriogenesis and skeletal muscle progenitor cell 



 

recruitment, blood vessel and muscle tissue development, cell survival 

(Ungerleider et al. 2016). Stem cells and primary cells have also been 

embedded within lung (Pouliot et al. 2016), liver (J. S. Lee et al. 2014a), and 

adipose (Kim et al. 2016) ECMs and have also shown an improvement in 

tissue remodelling outcome. These studies highlighted the potential use of 

ECM hydrogels for a variety of clinical applications, which showed great 

promise. The combination of in vitro and in vivo studies aimed to closely 

understand mechanical properties and influence of ECM gels on cell behaviour 

and tissue remodelling. The creation of ECM gels may advance clinical utility. 

 

For cell culture use, we also investigated the morphology and metabolic 

activity of EPCs cultured on V-gel for 3 days and 7 days compared with EPCs 

that were grown on TCP for the same periods. An equivalent number of EPCs 

were plated onto either 10ng/ml of V-gel or TCP (non-coated plate as a 

control). We did not observe any morphological differences between EPCs 

grown on V-gel or those cultured on TCP at either time point (Figure 4-33A 

and Figure 4-35A). Although there was no significant difference in metabolic 

activity between EPCs grown on V-gel and TCP on day 3 (P = 0.30) (Figure 

4-33B), there was a significant difference on day 7 (P = 0.009) (Figure 4-35B). 

This result was unsurprising as it has been discussed in detail in Chapter 1 

(section 1.10.2) and many studies have also demonstrated and suggested the 

vital role that ECM proteins play in enhancing cell function, biological activity, 

adhesion and proliferation (Bramfeldt and Vermette 2009; Mawatari et al. 

2000; Moiseeva 2001). 

 

4.6 Summary 
 
To conclude, we have adopted a decellularisation method to decellularised 

human blood vessels that retained the majority of the ECM proteins in vessels 

whilst removing most of the DNA material. We next used the decellularised 

vessels to generate a vascular ECM gel (V-gel). Although we did not get the 

opportunity to adequately demonstrate that the V-gel could enhance iPSCs 

differentiation towards vascular cells and we did not reach the ultimate goal for 

this chapter, V-gel was successfully generated from human blood vessels that 



 

matched the criteria we desired. We observed the formation of vessel-like 

tubes from hiPSC cultured on V-gel which suggested that vascular 

differentiation had occurred, albeit in an uncontrolled manner which could be 

attributed to an uneven V-gel plate coating. Thus, the coating technique must 

be improved to ensure equal coating throughout all plates. The V-gel also 

promoted metabolic activity for EPCs. 
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5.1 Introduction 
 
Cardiovascular disease (CVD) is documented to be the leading cause of 

mortality around the world (Sanchez et al. 2018). The World Health 

Organization (WHO) predicted an increase in mortality from 16.7 in 2002 to 

23.3 million deaths resulting from CVD by 2030 (Mathers and Loncar 2006). 

Current evaluations suggest that CVDs are directly responsible for around 4 

million deaths in Europe each year, causing around 45% of all deaths (Timmis 

et al. 2018b). In addition, CVD occurs as a result of various reasons including 

lifestyle, genetics, aging, and diabetes, and its prevalence is anticipated to 

reach 160 million people annually by 2020 (Ounpuu et al. 2000). 

Atherosclerosis is the most common disease among CVDs, and it is described 

as the narrowing of blood vessels due to the build-up of an atherosclerotic 

plaque on vessel walls causing stiffening of the arterial wall, with resulting 

obstruction of the vessels and the progression of ischaemic injury 

 

Despite the advances in the medical therapy of CVD, the number of vascular 

interventions, including bypass grafting and angioplasty, with or without 

stenting, has increased in recent years to replace or treat the defective vessel. 

Coronary artery bypass grafting (CABG) is still the most commonly performed 

cardiac surgery procedure worldwide representing the annual incidence of 

nearly 200,000 (Melly et al. 2018). Ideally, the gold standard is using the native 

vessel to replace the diseased vessel, including the saphenous vein, the 

internal mammary artery, or the radial artery. However, 30% of patients do not 

have suitable vessels due to previous surgery, or unavailability of healthy 

vessels to be used to replace the diseased vessel. In addition, 50% to 70% of 

the cases had conduit failure by 10 years following implantation, and this is 

due to mechanical mismatch (G et al. 2015). Due to limitations of the current 

therapeutic approaches and the complexity of the native vessel walls, the need 

of designing a scaffold has increased to address and resolve the issue for 

patients who do not have native vessels for replacement, particularly patients 

over the age of 65 years, who are less likely to have sufficient vessels for use 

as a conduit (Kumar et al. 2011). Currently, there are commercially available 

alternatives to autologous arteries such as expanded polytetrafluoroethylene 



 

(e-PTFE), Dacron, and woven or knitted polyethylene terephthalate (PET) 

fibres. These synthetic materials have been successfully used as a graft to 

replace medium (6-10 mm) to a large diameter (>10 mm). However, their 

efficacy is minimal when they are used for small diameter vessels (<6 mm). 

Larger vessels are less resistant and contain higher flows than smaller 

vessels, where low blood flow and high shear make the synthetic grafts more 

vulnerable to thrombus formation and intimal hyperplasia (Loh and Choong 

2013). Therefore, there is a clinical need for better blood vessel substitutes, as 

current surgical procedures are limited by the availability of suitable autologous 

vessels and suboptimal behaviour of synthetic grafts in small calibre arterial 

graft (<5 mm) applications. Herein, where TEVG takes a vital place to find an 

alternative to those patients. 

 

There are standardised criteria for successful tissue-engineered vascular 

graft, TEVG, which needs to be biocompatible, non-thrombogenic, enhance 

cell proliferation, and have sufficient mechanical strength to tolerate pulsatile 

flow. Besides, TEVG must bio-mimic the in vivo physiological properties of 

blood vessels, including compliance, tensile strength, and burst strength (S. Li 

and Henry 2011). Biodegradable synthetic materials are widely investigated 

and used to construct vascular conduit. Moreover, utilising biodegradable 

synthetic materials as 3D structure scaffolds in combination with cells is one 

of the most common approaches of tissue engineering in regenerative 

medicine to develop a functional vascular graft (Ravi and Chaikof 2010). 

Ideally, researchers want to ensure that as the scaffold degrades, ECM, 

produced by the cells, replaces and remodels the new vascular graft, and that 

remains a big challenge. The advantage of synthetic materials is that they are 

bioresorbable materials and when they degrade they leave behind no 

prosthetic, inflammatory or immunogenic materials to stimulate persistent 

foreign body reactions (Xue and Greisler 2003). Furthermore, biodegradable 

synthetic polymers are controllable in terms of their microstructure, strength, 

and degradation rate (Kumar et al. 2011). 

 

Incorporation of nanoparticles within a material may enhance the properties of 

synthetic polymers because the nanoparticles endow the material with a 



 

nanostructure that mimics the native vasculature, consequently enhancing the 

mechanical and biological performance of the material (S. J. Lee et al. 2007). 

Overall, these materials that contain nanoparticles have exhibited a reduction 

in thrombogenicity, whereas improving mechanical strength (Kannan et al. 

2006). Kannan and colleagues demonstrated that nanocomposite materials 

display heparin-like behaviour at the blood material interface (Kannan et al. 

2006). Moreover, the polymer displayed a higher degree of compliance match 

to natural arteries compared with ePTFE and Dacron (standard synthetic 

materials) (Ravi and Chaikof 2010). Another group has facilitated the strength 

and flexibility of carbon nanotubes as fillers to improve base polymer 

properties (Endo et al. 2005).  

 

Using different fabrication methods to generate the three-dimensional 

structure of a vascular graft also has a vital impact on the material biological 

properties because the fabrication method can promote survival, migration, 

and proliferation capability of seeded cells. Besides, some groups 

demonstrated its effectiveness on gene expression and cells phenotype 

(Tsang and Bhatia 2004). In vivo, innate cells adhere to the ECM which 

controls their morphological appearance and permits the transportation of 

nutrients and waste through a porous structure. Tissue-engineered scaffolds 

are focused on mimicking native mesh. However, there are loads of 

parameters that can be modified to form the porous 3D structure such as the 

number of pores, pore shape pore orientation, pore diameter, inter pore 

connections, and pore wall surface morphologies (for example if they are 

fibrous or not). A large number of different fabrication methods are used to 

generate a porous 3D structure; however, there is no consensus on which is 

the best method of fabrication or the optimal parameters for the scaffolds to 

have ideal cell behaviour. In addition, the fabrication method can affect the 

graft’s mechanical strength (Loh and Choong 2013).  

 

5.1.1 Interest in phase- inversion with porogen leaching 
 
Phase- inversion with porogen leaching is a technique that has been widely 

used to fabricate scaffolds for tissue engineering applications. A porogen can 



 

be a salt or sugar depending on the desired pore size. Usually porogen 

particles are mixed with a liquid polymer required for fabrication. The mixture 

is then poured into a mould with a known thickness. A polymer solution is then 

cast in the oven or coagulated in a container filled with water. In casted 

condition, heat causes the evaporation of the solvent, the salt/sugar crystals 

are leached away using water to form the pores of the scaffold. While in the 

case of the coagulation method, the solvent is washed by changing water for 

multiple days and salt/sugar crystals are leached away in the water. The 

process is easy to conduct. The pore size can be controlled by the size of the 

salt/sugar crystals and the porosity can also be adjusted by the salt or 

sugar/polymer ratio. On the other hand, certain critical variables such as pore 

shape and inter-pore openings cannot be controlled. Several studies have 

used this technique as their fabrication method (Lu et al. 2000; P. X. Ma and 

Langer 1999). 

 

This approach also known as coagulation with sodium bicarbonate porogen 

(NaHCO3) leaching and this was chosen to be used in our study because of 

three significant factors: firstly, to apply a simple, relatively easy and scalable 

method where pore size and porosity can be adjusted and controlled. 

Secondly, the lack of access to more other developed fabrication methods. 

Finally, this technique was previously used in our laboratory to generate non-

biodegradable pours POSS-PCU vascular scaffold, which has now progressed 

to GMP testing before clinical trials. This technique is also known as phase- 

inversion with porogen leaching, which has been widely used to fabricate 

scaffolds for tissue engineering applications. Porogen is mainly referring to salt 

or sugar depending on desirable pore size. 

 

5.1.2 Electrospinning 
 
Electrospinning is technique that allows the formation of sub-micron and 

micro/nano sized diameter fibres from polymer solutions and may be applied 

to synthetic or natural polymers (Kenry and Lim 2013). It widely considered as 

nanomaterials with excessive potential applications. One of the most 

remarkable features of nanofibers is their exceptionally high surface area-to-



 

volume ratio and high porosity, making them a robust and attractive fabrication 

method for many advanced applications (Kenry and Lim 2017). 

Electrospinning was first introduced in early 1930s to fabricate industrial 

nonwoven fabric products and since then, electrospinning has been 

reinvigorated over the past decade to be applied on biodegradable polymers 

macromolecules into fibrous matrix with varied fibre diameter at micrometre or 

nanometer scales for tissue engineering scaffolds (Peter X. Ma 2004) (Figure 

5-1). 

 

Ideally, a liquid solution (polymer) is pumped through a syringe to the tip of the 

needle which is faced with a collector. Pumping rate can be set according to 

polymer properties. A high voltage is created between the tip of the needle and 

the collector, when the electric field strength overwhelms the surface tension 

of the droplet, a polymer solution jet is formed, and polymer jet is pulled 

towards the collector. When a sufficient high voltage is applied to a liquid 

droplet, the body of the liquid becomes charged, and electrostatic repulsion 

counteracts the surface tension and the droplet is stretched. At a critical point, 

a stream of liquid erupts from the surface. This point of eruption is known as 

the Taylor cone. Solvent evaporates during polymer jet transmission from the 

needle tip to the collector leaving only the nonwoven polymer fabric (Greiner 

and Wendorff 2007). The physical properties of the electrospun fibres are 

largely dependent on multiple parameters, such as polymer properties 

(conductivity, viscosity, elasticity, and surface tension), environmental factors 

(temperature and humidity), and technical variants (needle diameter size, tip 

to collector distance, voltage, and flow rate) (Kenry and Lim 2017). 

Electrospinning has been successfully applied to natural polymer 

(Hassanzadeh et al. 2013) and to synthetic polymer (Behrens et al. 2014).  

 

Electrospinning has been utilised to generate nanofibers with a diameter range 

of several micrometres to 100 nanometres or less for multiple tissue 

applications. Fibre structures generated by electrospinning offers great 

support to cell adhesion, proliferation, and guide cellular behaviour as 

nanofibers mimic native ECM. In addition, this method allows the ability to 

control scaffold composition, structure, and mechanical properties. 



 

Furthermore, three-dimensional electrospun nanofiber scaffolds with high 

porosity and interconnectivity provide a favourable environment for cells (Dahl 

et al. 2007). 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 

5.1.3 Cell seeding 
 
All fabrication approaches of TEVGs have focussed on creating a graft that 

can support cell attachment and growth. A variety of cell types have been 

used, most commonly endothelial cells (ECs), smooth muscle cells (SMCs), 

and fibroblast cells for seeding a graft (Niu et al. 2014). One of the most 

common issues with using a synthetic material is the formation of thrombosis 

that always leads to graft failure. However,  this risk can be reduced by seeding 

Collector

Voltage

Bump

Syringe 

Polymer 

Taylor cone 

Zone of transition from 
liquid to solid

Convective flowohmic flow

Figure 5-1: Schematic diagram of set up of electrospinning apparatus. 

A polymer solution is enforced through a needle using a syringe pump. The 
needle is attached to a high voltage DC supply, which applies a charge of a 
specific polarity into the polymer solution. If the electrostatic force generated 
by the repulsion of similar charges is adequate to overcome the surface 
tension of the polymer solution, the Taylor cone is formed, and a fibre jet is 
released from its apex. While the fibres jet is moving toward the collector it 
undergoes a chaotic whipping instability. The fibre jet is then accumulating on 
the collector as a sheet that can be picked later on. Images created using 
Servier Medical Art.  



 

the graft with ECs, which are a vital regulator of vascular wound healing, 

chronic inflammation, and progression of atherosclerosis as well as ECs block 

exposure of vWF, consequently, block primary haemostasis (Bajpai and 

Andreadis 2012). Cell delivery on TEVG (cell seeding) considered the first 

approach used to re-reendothelise tissue-engineered scaffolds (L'Heureux et 

al. 2007). This can be achieved by seeding ECs on TEVGs in the lumen 

allowing the generation and growth of a monolayer of EC, followed by placing 

the seeded graft into a bioreactor before implantation (A. H. Huang and 

Niklason 2014). Several elements may influence cell seeding efficiency and 

the outcome of the seeded cells on the TEVGs surface such as culture 

conditions (gas concentration and nutrients provided in the culture medium) 

and if there are any mechanical stimuli involved (Seifu et al. 2013). Seeding 

can be divided into two main types, passive seeding, and dynamic seeding. 

Passive seeding is when cells are seeded on the graft, seeded graft then is 

incubated at static condition, and it is relatively simple and quite easy to 

replicate. On the other hand, dynamic seeding is when cells are seeded using 

a perfusion system allowing the cells to form a monolayer under dynamic 

conditions (A. H. Huang and Niklason 2014). 

 

5.1.4 Polyhedral oligomeric silsesquioxane poly 
(caprolactone urea urethane) 

 
The novel nanocomposite material polyhedral oligomeric silsesquioxane poly 

(caprolactone urea urethane) (POSS-PCLUU), is a relatively new 

nanocomposite material with distinctive properties (Figure 5-2). Moreover, it 

is a hybrid where polymer are produced by combination of POSS nanocage 

into backbone of PCL diisocyanate and diamine. POSS-PCLUU is a highly 

biocompatible, versatile biodegradable, viscoelastic, easy to process and has 

strong mechanical properties that also encourages cell adhesion and 

proliferation (Xia et al. 2016). 

 

 



 

 

5.1.4.1 Polyhedral oligomeric silsesquioxane (POSS) 
 
Among the variety of nanoscale fillers, polyhedral oligomeric silsesquioxanes 

(POSS) nanoparticles are considered as one of the most interesting nanofillers 

that have been used in the preparation of nanocomposites. POSS is a closed 

caged, cubic form and has a cage-like shape which is shown in blue (Figure 

5-2) and it has been utilised to enhance biodegradable polymers due to its 

features including low density, good functionality, and monodisperse size. 

Moreover, to promote thermal and mechanical properties of polymers. A POSS 

nanocage could be easily combined into any polymer molecules by grafting, 

blending or copolymerisation, as well as by the radiative method. Chimerically, 

POSS (R8Si8O12) is composed of 8 inorganic silica-like nucleus and 8 organic 

groups with a diameter of approximately 15Ao (Figure 5-2). Commonly, one or 

more of the organic groups are reactive. Silica-oxygen core surrounded by the 

Figure 5-2: POSS Modified Polycaprolactone aliphatic urea-urethane 

(POSS-PCLUU).  

Composed of a hard segment (HS) of a diisocyanate, a low molecular weight 
chain extender and a soft segment (SS) of a hydroxy- or amine-terminated 
polyol. In corporation of POSS a closed caged, cubic form of these 
silsesquioxanes with n=8 shown in blue.  



 

organic groups of POSS usually have a linear or cyclo-aliphatic structure, 

which leads to POSS cage hydrophobicity (Haddad and Lichtenhan 1996). 

Many studies have validated the improvement in the properties of polymers 

thermal and oxidation resistance, cell attachment, mechanical properties, 

surface hardening, as well as reduced flammability when POSS is 

incorporated (Cobos et al. 2018). 

 

5.1.4.2 Poly(ɛ-caprolactone)  
 
PCL is a completely biodegradable, non-toxic and biocompatible polymer. It 

was discussed in detail in Chapter 1 (section 1.7.1.2.2.3). 

  



 

5.2 Aims and hypotheses 
 
Herein we set out in this chapter to examine the mechanical properties of 

POSS-PCLUU and other material properties including wettability, water 

permeability, porosity after fabricating with phase-inversion. We also 

evaluated EC proliferation and function post fabricating with phase-inversion 

and electrospinning. 

 

There are two hypotheses: 

• Incorporation of POSS (nanocage) with PCL may enhance mechanical 

strength and support cell growth. 

• POSS-PCLUU electrospun nanofibers will improve cell adhesion, 

proliferation and growth 

 

In order to investigate these hypotheses, we examined the following aims: 

• To characterise aliphatic POSS-PCLUU specifically using phase-

inversion (also known as coagulation)/porogen leaching as a 

fabrication technique to test mechanical strength and biological 

properties. 

• Optimisation of POSS-PCLUU electrospinning parameters to develop 

a mesh that enhances cell proliferation. 

• To optimise a sterilisation method that could be potentially used for 

aliphatic POSS-PCLUU disinfection. 

• To develop a TEVG which mimics native vessel in having similar 

mechanical strength as well as supporting cell adhesion, proliferation 

and growth. 

  



 

5.3 Experimental design for POSS-PCLUU fabrication 
methods 

 
Two fabrication techniques were used to construct TEVG. The first technique 

was coagulation using porogen leaching, and conditions are summarised 

in Figure 5-3. In this technique, we utilised 3 porogen sizes (40µm, 65µm, and 

105µm) with 3 different porogen percentages (30%, 40%, and 50%). Having 

constructed coagulated sheets, the next step was to evaluate mechanical 

characterisation using tensile test, material wettability using contact angel, 

water permeability, and material cytocompatibility by performing metabolic 

activity assay, total DNA and nitric oxide production.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-3: Systematic illustration of experimental design for 

coagulated sheets.  
Three different concentrations of NaHCO3 (30%, 40% and 50%) were used 
to make coagulated sheets. Each sheet was made using 3 different porogen 
size 40µm, 50µm and 105µm. Sheets were washed several times with dH2O. 
After couple of days washes sheet were cut according to corresponding test. 
All sheets were characterised for mechanical properties, permeability, 
wettability and cytocompatibility. 



 

The second method was electrospinning, and it is summarised in Figure 5-4. 

POSS-PCLUU was diluted at different concentrations using different solvents 

including, acetone or etrahydrofuran (THF). Different conditions were 

attempted such as the use of temperature and magnetic stirrer. After adopting 

electrospinning parameters, produced nanofibers were assessed using light 

microscopy, and nanofibers cytocompatibility by performing metabolic activity 

assay, total DNA and nitric oxide production. 

 

 

  

Figure 5-4: Systematic illustration for electrospun fibre optimisation. 

9 different dilution of POSS-PCLUU were attempted. POSS-PCLUU was 
either diluted in acetone or THF. Once POSS-PCLUU is diluted, it either go 
directly for electrospinning or heated with continues staring using magnetic 
starrier. POSS-PCLUU fibres then were then assessed under a light 
microscope. When the optimal electrospinning parameters were obtained, 
electrospun sheets were cut and tested for wettability and cytocompatibility. 
THF= tetrahydrofuran. 



 

5.4 Results  
 

5.4.1 Characterisation of coagulated aliphatic POSS-PCLUU  
 
The mechanical properties of coagulated aliphatic POSS-PCLUU was 

investigated using uniaxial ultimate tensile strength that measures the 

maximum stress and strain that a material can tolerate while being stretched 

before breaking. In addition, measuring the Young’s Modulus, a measurement 

that describes the elastic properties of a solid material undergoing tension 

which eventually gives an information about material stiffness (C. Lee et al. 

2008a). The principle of tensile testing is to place a specimen of a material 

between two fixtures called grips (Figure 5-5), which hold the specimen. The 

specimen has known dimensions, length, and width. Once the specimen is 

loaded, a force applies by pulling the gripped specimen at opposite directions 

until breaking point (Figure 5-5), then the force will automatically stop. 

Measurements were obtained using an Instron 5565 system.  

 
 

 

 

 

Grip

SpecimenForce direction

Figure 5-5: Instron 5565 system used in this study. 

Once the sample loaded and clamped with the grips, stress is then applied 
until the sample breaks. Only samples that have been torn in the central 
region were included in the study, otherwise, samples were excluded. Image 
was taken by iPhone camera. 



 

Before preforming tensile testing, coagulated POSS-PCLUU sheets were 

prepared at 3 different percentages 30%, 40%, and 50% using different 

porogen sizes 40μm, 65μm, and 105μm (Table 5-1). 

 

Please note that throughout this chapter, I will refer to NaHCO3 as porogen 

(P). 0% porogen means we did not use any NaHCO3 during sheets formation. 

30% porogen means sheets were made with 30% of NaHCO3. 40% porogen 

means sheets were made with 40% of NaHCO3. 50% porogen means sheets 

were made with 50% of NaHCO3. Whereas, 40P means sheets were made 

using porogen size 40µm in diameter, 65P means sheets were made using 

porogen size 65µm in diameter, and 105P means sheets were made using 

porogen size 105µm in diameter. For example, 30% 40P means sheets were 

made with 30% of porogen using porogen size 40µm in diameter. 0% of 

porogen was used to determine the effect of 30% of porogen in diameters of 

(40P,65P and 50P), 40% of porogen in diameters of (40P,65P and 50P), and 

Porogen 

concentration in 

POSS-PCLUU (%) 

Porogen size (P) Code 

No porogen used  0% 

30% 

40µm 

30% 40P 

40% 40% 40P 

50% 50% 40P 

30% 

65µm 

30% 65P 

40% 40% 65P 

50% 50% 65P 

30% 

105µm 

30% 105P 

40% 40% 109P 

50% 50% 105P 

Table 5-1: Key to the different experimental preparations of coagulated 

aliphatic POSS-PCLUU within this study.  
Three different concentrations of NaHCO3 were used to construct POSS-
PCLUU sheets (30%, 40% and 50%). Each concentration was constructed 
using different porogen sizes (40µm, 65µm and 105µm). 0% represent the 
condition where porogen was not used. 



 

50% of porogen in diameters of (40P,65Pand 50P). In Table 5-1 we 

summarise all conditions that been investigated with corresponding codes. 

 

Porogen Manufactural sizes used in the study were 40μm, 65μm, and 105μm; 

however, it should be noted that the porogen sizes were varied within the same 

size of the porogen. Therefore, porogen sizes were imaged by Scanning 

electron microscopy (SEM) and the average diameter of each size of porogen 

was measured to find out the actual diameter sizes. The 65µm and 105μm 

have a planar crystalline morphology whereas the 40μm have a random 

orientation of crystalline protrusions indicative of recrystallisation (Figure 

5-6A). It appeared that the actual diameters were markedly higher than the 

manufacturer's diameter in each of porogen that was used to fabricate POSS-

PCLUU. The actual diameter for 40μm was 59.12±8.3μm, 65μm was 

86.475±9.2μm, and 105μm was 115.82±11.92μm. Therefore, all porogen sizes 

were ground and sieved before using them to make 30%, 40%, and 50% 

coagulated aliphatic POSS-PCLUU sheets (Figure 5-6B). 

 

The next step toward performing tensile testing was to cut sheets after having 

all our sheet conditions ready to evaluate. In order to perform tensile testing, 

and load specimens into Instron 5565, specimens were required to be cut in 

to a dog bone shape. To standardised specimens, all specimens from all 

conditions were manually cut using a moulding cutter at 10mm in length and 

2mm in width as is shown in Figure 5-7. This was carried out by placing the 

sheet on the stage of the cutter followed by pressing the handle down which 

caused the mould to compress the sheet on the stage causing the sheet to be  

enough to cut (Figure 5-7). This process required force and the mould was not 

sharp cutting. the sheets easily, thus, specimens were re-measured after 

cutting. 

 
We wanted to confirm the measurements of all specimens to eliminate sample 

variation. The confirmation of the measurements was taken directly prior to 

tensile testing to ensure that there were no specimen variabilities affecting 

results including ultimate tensile strength, break at strain and Young’s 

Modulus. The thickness, length, and width of each specimen were accurately 



 

measured. Results of specimen thickness showed that there was no significant 

difference between all specimens in all condition (P ³0.05). 

  

 

 

 

 

 

 

 

 
Samples were in the range between 0.799±0.09mm to 0.85±0.04mm (Figure 

5-8A). In addition, length and width of specimens were identical as they all had 

10mm in length and 2mm in width (Figure 5-8B and C).  

 

Next step was to perform tensile testing on specimens to evaluate the 

mechanical strength of nine conditions including the control (0% of porogen). 

This was done to particularly investigate ultimate tensile strength, maximum 

strain at break point and Young’s Modulus. 

 

Figure 5-6: Actual porogen diameter sizes for 40μm, 65μm and 105μm. 

A) Scanning electron microscopy (SEM) of NaHCO3 particles used in the 
fabrication of coagulated POSS-PCLUU at magnifications of 200X. B) The 
actual particle diameter of NaHCO3 as measured by image analysis of SEM 
images versus the manufacturer stated median particle diameters. One-way 
ANOVA followed post hoc Bonferroni analysis in PRISM software was used 
to determine significance. *= P £ 0.05, **=P £ 0.01, ***=P £ 0.001 and ****=P 
£ 0.0001. n=4 

40 µm 

65 µm 

10
5 µ

m 
0

50

100

150

**
***

**

Manufacturer NaHCO3 diameter 
(μm) 

A
ct

ua
l N

aH
C

O
3

di
am

et
er

 (μ
m

)

A

B

40 μm 105 μm65 μm

40 µm 
65 µm 
105 µm 



 

 

 

 

 

 

 

Ultimate tensile strength (UTS) results analysis showed that the highest tensile 

strength was at 0% of porogen, and 50% 105P scored the lowest tensile 

strength. Getting in details, a significant decrease in mechanical strength was 

found between 0% of porogen, and all other conditions except 30% 40P 

(Figure 5-9A). P values were P£ 0.0001 between 0% (2.58±0.20 MPa) and 

the other conditions, including 30% 105P (w/w) (1.63±0.28 MPa), 40% 65P 

(w/w) (1.66±0.20 MPa), 40% 105P(w/w)  

Figure 5-7: Manual cutter used for cutting POSS-PCLUU sheets 

Manual cutter was used to cut specimens in a shape of dog bone before 
loading in into Instron 5565 to test tensile strength. The mould 
measurements were 10mm in length and 2mm in width. Image was taken 
by iPhone camera. 
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(1.40±0.091MPa), 50% 40P (w/w) (1.81±0.37 MPa), 50% 65P (w/w) 

(1.55±0.35MPa), and 50% 105P (w/w) (1.20±0.22 MPa). Moreover, p £ 0.01 

between 0% of porogen and the following conditions; 30% 65P (w/w) 

(1.92±0.32 MPa) and 40% 40P (w/w) (1.97±0.22MPa). However, there was no 

difference between 0% and 30% 40P (w/w) (2.18±0.36 MPa) (P > 0.05). It 

seemed that there was a significant drop in ultimate tensile strength within the 

same percentage of porogen when 105μm porogen size was used. At 30% of 

Figure 5-8: Samples standardising criteria. 
A) Samples thickness was measured using manual and digital measuring tool 
one sample was measured at a time, and it shows there was no significant 
difference in sample thickness. B) Represent samples length after cutting the 
samples using manual cutter, samples were measured after cutting and 
results show there was no significant different in samples length P>0.05. C) 
Represent samples width after cutting them using manual cutter, samples 
were measured after cutting and result shows there was no significant 
different in samples width (P>0.05), mean± standard deviation. One-way 
ANOVA followed by post hoc Bonferroni analysis in PRISM software was 
used to determine significance. ns= not significant. 40P,65P 105P= porogen 
diameter of 40μm, 65μm and 105μm. n=7. 
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porogen, UTS was significantly dropped from (2.18±0.36 MPa) at 30% 40P 

(w/w) condition to (1.63±0.28 MPa) at 30% 105P (w/w). At 40% of porogen, 

UTS also dropped from (1.97±0.22MPa) at 40% 40P (w/w) condition to 

(1.40±0.091MPa) at 40% 105P (w/w) condition. At 50% of porogen, ultimate 

tensile strength also dropped from (1.81±0.37 MPa) at 50% 40P (w/w) 

condition to (1.20±0.22 MPa) at 50% 105P (w/w) condition (Figure 5-9A). 

 

POSS-PCLUU strain at break for all conditions was then evaluated. The strain 

is the ratio between changed length and original length just before the 

breakage of the test specimen. It is related to the ability of a plastic specimen 

to resist changes of shape without cracking (Djafari Petroudy 2017). This is 

highley important for constructing a vascular graft as TEVG should adopt high 

blood flow and expands without cracking. Thus, POSS-PCLUU has to be 

further investigated to evaluate its strain, also known as elongation at break or 

fracture strain. The ultimate strain was also determined using Instron 5565. 

 

The highest elongation at break was again at 0% of porogen (706.69±12.30 

%) also 0% was significantly higher that all the other nine conditions (p £ 

0.0001). On the other hand, the lowest strain was again at 50% 105P (w/w) 

(542.05±48.59 %). 50% 105P (w/w) elongation at break was significantly lower 

than following conditions 30% 40P (w/w) (606.36±26.028 %), 30% 65P (w/w) 

(603.58±24.86 %), 30% 105P (w/w) (611.76±19.14 %), 40% 40P(w/w) 

(606.36±26.028 %), 40% 65P(w/w) (609.3±24.22 %), 40% 105P (w/w) 

611.76±14.93%, 50% 40P (w/w) (612.08±19.45 %), 50% 65P(w/w) 

(604.56±19.35 %) and 50% 105P (w/w) (542.057143±48.59 %) (Figure 5-9B). 



 

 

 

 

  

Figure 5-9: Ultimate tensile strength testing using an Instron 5565 for 

aliphatic POSS-PCLUU. 
A) Maximum stress of coagulated aliphatic POSS-PCLUU for 10 conditions 
which are 0% no porogen added, 30%, 40% and 50% (w/w) of NaHCO3 with 
3 different porogens diameters 40μm ,65μm and 105μm. B) Maximum strain 
coagulated aliphatic POSS-PCLUU for 10 conditions which are 0% no porogen 
was added, 30% 40% and 50% (w/w) of NaHCO3 with 3 different porogens 
diameters of 40μm ,65μm and 105μm. C) Young’s modulus coagulated 
aliphatic POSS-PCLUU for 10 conditions which are 0% no porogen was 
added, 30% , 40% and 50% (w/w) of NaHCO3 with 3 different porogens 
diameters 40μm ,65μm and 105μm. D) Representative plots of Youngs 
modulus against strain for aliphatic POSS- PCLUU; mean± standard 
deviation. One-way ANOVA followed by post hoc Bonferroni analysis in 
PRISM software was used to determine significance. *= P £ 0.05, **=P £ 0.01, 
***=P £ 0.001 and ****=P £ 0.0001. 40P,65P 105P= porogen diameter of 
40μm, 65μm and 105μm. n=7, 
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Young's modulus is a fundamental material property. Due to its influence on 

the strain of material under tension, it is calculated by the ratio of stress value 

to its corresponding strain value. It represents the relative stiffness of a 

material, which is measured by the slope of the elastic region of a stress and 

strain graph. We have also determined Young’s modulus by calculating the 

linear slope under the stress-strain curves that were obtained from Instron 

5565. Analyses revealed that the highest Young’s modulus was at 0% of 

porogen (0.44±0.014 MPa) and it was also significantly higher than all 9 

conditions P value (P £ 0.0001). The lowest Young’s modulus was at 50% 

105P (w/w) (0.151±0.0178 MPa) and it was significantly lower than all other 

conditions (P £ 0.001) (Figure 5-9C).  

 
 

Figure 5-10 representative plots of Young’s modulus curve for aliphatic POSS- 

PCLUU. These graphs were drawn by calculating of the stress-strain data from 

the tensile testing on an Instron 5565. Each graph represents only one sample 

per one condition.  

 

Figure 5-10: Representative plots of Youngs modulus graps for 

aliphatic POSS- PCLUU. 
These graphs were drawn by calculating the slope of the stress-strain data 
from the tensile testing on an Instron 5565. Each graph represents only one 
sample per one condition. Analysis was done on Excel. 



 

It is worth mentioning that only specimens that had been torn from the centre 

were included in our study to ensure that the breakage was due to tensile 

tension only. However, breakage occurring at the edges of the specimens was 

deemed due to the loading at the clamps/grips, and these specimens were 

excluded. 

 

0% coagulated POSS- PCLUU sheet condition is porous in nature, even 

without adding any porogen; thus, fabricating POSS- PCLUU with porogen 

leaching will generate higher porosity percentage than 0% condition. 

Therefore, porosity was investigated for all 10 conditions. It seemed that there 

was a trend of increasing from 0% to 50% (w/w) (Figure 5-11A). A significant 

increase between 0% (47.33±6.42%) and 30% 40P, 65P 105P (w/w) with 

(71.33±6.35 %, 71.66±6.65 % and 71.166±5.85 % respectively) (p £ 0.05). 

Also, porosity increased dramatically between 0% and 40% 40P, 65P and 

105P with 93.3±12.46 %, 95.5±6.61 % and 95.83±6.78 % respectively) (p £ 

0.0001). Moreover, porosity percentage was significantly greater in 50% 40P 

(140.3±9.55 %), 65P (152.3±7.29 %) and 105P (152.96±6.54 %) (w/w) than 

0% (p £ 0.0001). There was no significant difference in porosity between 

different porogen diameters within the same percentage of porogen (Figure 

5-11A).  

 

Water permeability was also tested to check the inter-pores connection by 

determining the amount of water going through coagulated aliphatic POSS- 

PCLUU sheets in set time under pressure of 120 mmHg. Prior to water 

permeability testing coagulated aliphatic POSS-PCLUU sheets were cut into 

1cm2 squares. Results of permeability showed the same pattern as porosity. It 

revealed that water permeability dramatically increased from 0% (3.575±0.42) 

to 50% 40P, 65P and 105P (w/w) with (8.4±0.08, 8.8±0.14 and 9.05±0.12 

respectively) (p £ 0.0001). There was no significant difference between 

different porogen sizes within the same percentage of NaCOH3. Moreover, 

water flow through was significantly higher in 40% 40P, 65P and 105P (w/w) 

with (6.27±0.17, 6.8±0.08 and 6.8±0.14) than 30% 40P, 65P and 105P(w/w) 

with (4.65±0.19, 4.55±0.40 and 4.62±0.27 respectively) (Figure 5-11B). 



 

 
 

 

Coagulated POSS-PCLUU were tested for wettability using contact angle to 

determine whether the coagulated POSS-PCLUU were hydrophilic or 

hydrophobic. Wettability has a considerable impact on cell attachments and 

proliferation, thus, it was evaluated. Coagulated POSS-PCLUU sheets were 

cut into squares before testing coagulated POSS-PCLUU wettability. That was 

carried out using a drop shape analyser system; the captive bubble software 

was used to measure the angle between the basal line and water droplet while 

the coagulated POSS-PCLUU sheet was under the water. Depending on the 

degree of the angle, coagulated POSS-PCLUU wettability was determined. 

Generally, if the angle is < 90o the material is considered hydrophilic and vice 

versa if the angle is > 90o material is considered hydrophobic (Figure 5-12B). 

Results obtained showed that there was no significant difference seen 

between all 10 conditions. Angle degree was between 48.31±12.49o to 

Figure 5-11: Properties of aliphatic POSS-PCLUU. 
A) Average porosity percentage for all 10 conditions from 0% to 50% (w/w) 
including different porogen sizes 40P, 65P and 105P and this was done by 
determining weight when it was wet, weight after drying and polymer density. 
B) Water permeability for all 10 conditions from 0% to 50% (w/w) including 
different porogen sizes 40P, 65P and 105P and this was done under pressure 
of 120 mmHg; mean± standard deviation. One-way ANOVA followed by post 
hoc Bonferroni analysis in PRISM software was used to determine significance. 
*= P £ 0.05, **=P £ 0.01, ***=P £ 0.001 and ****=P £ 0.0001. ns= not significant. 
40P,65P 105P= porogen diameter of 40μm, 65μm and 105μm. Porosity n=3 
and water permeability n=4. 
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55.136±9.94o (Figure 5-12A). A representative image of the droplet was taken 

during the test, illustrating the droplet and the base line (Figure 5-12C). 

 

 
 
 
 

 
 
 
 
 

 
 

 
 

 
 

 
 

 
 

 

 
  

Figure 5-12: Coagulated POSS-PCLUU wettability characterisation. 
A) the average angle degree formed between the basal line and the droplet 
of water. The angle was measured using captive bubble assay and it shows 
that there was no significant difference between all 10 conditions (P>0.05). 
B) A systematic diagram showing (I) Water droplet on a hydrophilic surface 
that formed a low internal contact angle (<90°). (II) Superhydrophobic non-
wetting surfaces that formed a droplet with a high internal contact angle 
>90° (Raghunath et al. 2007). C) A live image was taken during material 
testing from contact angle machine; mean± standard deviation. The test was 
done using drop shape analyser system. One-way ANOVA followed by post 
hoc Bonferroni analysis in PRISM software was used to determine 
significance. ns= not significant. 40P, 65P 105P= porogen diameter of 
40μm, 65μm and 105μm. n=11 
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5.4.1.1 The choice of sterilisation agent 
 
In order to test coagulated POSS-PCLUU cytocompatibility, sheets must be 

sterilised to avoid contamination. Coagulated POSS-PCLUU were cut into 

small disks using an 8mm biopsy punch in preparation for sterilisation. Initially, 

two sterilisation method were used; however, none of the sterilisation 

techniques maintained coagulated POSS-PCLUU sheets integrity. 70% of 

ethanol was to the first method of sterilisation, but it caused softening and disks 

stuck to each other. The other method was autoclaving, and this caused disks 

to melt (Figure 5-13). Hydrogen peroxide (H2O2) was chosen as an antiseptic 

agent to sterilise coagulated POSS-PCLUU prior to cytocompatibility 

examination. The effect of H2O2 was investigated coagulated POSS-PCLUU 

by testing the mechanical strength, samples wettability, sample length, sample 

width, sample thickness. Scanning electron microscopy (SEM) and ATR-FTIR 

spectroscopy were also performed.  

 

Firstly, the ultimate tensile strength was examined to investigate whether or 

not H2O2 negatively affected the mechanical strength of POSS-PCLUU. UTS 

showed there was no significant difference between samples before and after 

H2O2 sterilisation. Post sterilisation UTS scored 2.18±0.36 MPa at 30% 40P 

(w/w) condition, 1.92±0.32 MPa at 30% 65P (w/w) condition and scored 

1.63±0.28 MPa at 30% 105P condition. On the other hand, after sterilisation, 

UST scored (2.15±0.36 MPa) 30% 40P (w/w) condition, (1.89±0.32 MPa) at 

30% 65P (w/w) condition and (1.694±0.29 MPa) at 30% 105P (w/w) condition 

(p> 0.05) (Figure 5-14A).  

 

The maximum strain was also determined before and after H2O2. Data analysis 

revealed that there was also no significant difference in maximum elongation 

at the break point between 30% (w/w) 40P, 65P 105P before sterilisation and 

after sterilisation (P> 0.05) (Figure 5-14B). In addition, Young’s modulus was 

also obtained by calculating the area under stress-strain curve, our data 

analysis showed that there was no significant between 30% (w/w) 40P 

(0.29±0.064 MPa), 65P (0.28±0.046 MPa) and (0.26±0.054 MPa) before 

sterilisation and 30% (w/w) 40P (0.29±0.05 MPa), 65P (0.28±0.04 MPa) and 



 

105P (0.26±0.05 MPa) respectively after sterilisation (P> 0.05) (Figure 

5-14C). 

 

 

 
 

 
 

 
 

 
 

 

 

Coagulated POSS-PCLUU wettability was also tested by performing captive 

bubble software in drop shape analyser system that measures the angle 

between the droplet and basal line. Results showed there was no significant 

difference between before and after H2O2 (P>0.05) (Figure 5-15A). Live 

images were also taken during performing of captive before (Figure 5-15B) 

and after (Figure 5-15C) showing there is no difference in droplet shape in 

both conditions. 

 

We have further investigated sample length (Figure 4-16B), sample width 

(Figure 4-16C) and sample thickness (Figure 4-16A) before and after H2O2 to 

Figure 5-13: 70% ethanol and autoclaving sterilisation methods. 
Each Petri dish contains one condition of fabricated POSS-PCLUU with 
NaHCO3 30% (w/w) 40P,65P and 105P, 40% (w/w) 40P, 65P and 105P and 
50% (w/w) 40P, 65P and 105P. A) When discs were sterilised with 70% of 
ethanol for 10 minutes, the started to stick to each other. B) When disks 
were sterilised by autoclaving they melted. Images were taken by iPhone 
camera. 

10 min in 
70% Ethanol

autoclave
Samples 
melted

A

B



 

check any morphological appearance changes that may have occurred due to 

the H2O2 sterilisation. Data analysis revealed that there was no significant 

difference between before and after H2O2 (P>0.05) (Figure 4-16). 

 
 

 
 

 
 
 
 
 
 
 
 
 

 
 
 

 

 

Figure 5-14: Ultimate tensile strength testing using an Instron 5565 for 

aliphatic POSS-PCLUU before and after H2O2. 
A) Maximum stress of coagulated aliphatic POSS-PCLUU for 30%(w/w) of 
NaHCO3 with 3 different porogens diameters 40μm ,65μm and 105μm before 
and after H2O2. B) Maximum strain coagulated aliphatic POSS-PCLUU for 
30% (w/w) of NaHCO3 with 3 different porogens diameters 40μm ,65μm and 
105μm before and after H2O2. C) Young’s modulus coagulated aliphatic 
POSS-PCLUU for 30% (w/w) of NaHCO3 with 3 different porogens diameters 
40μm ,65μm and 105μm; mean± standard deviation. One-way ANOVA 
followed by post hoc Bonferroni analysis in PRISM software was used to 
determine significance. ns = not significant. 40P, 65P 105P= porogen 
diameter of 40μm, 65 μm and 105 μm before H2O2 and 40P*,65P* 105P*= 
porogen diameter of 40μm, 65μm and 105μm after H2O2.n=7 
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ATR-FTIR spectrum was performed to investigate essential functional groups 

of coagulated POSS-PCLUU to confirm that each peak represents one 

functional group. If there is a change in peaks height before and after H2O2, it 

means there was a change in the essential functional group. The result 

showed that all peaks of coagulated POSS-PCLUU were maintained their 

height before and after H2O2 and the two lines were almost identical (Figure 

5-17). 

POSS-PCLUU has methylene (- CH2) asymmetric/symmetric stretching peaks 

at 2930 cm1 (peak 12) and 2864 cm1 (peak 11); a methylene bending peak at 

1453 cm1 (peak 7) and (CH2)n rocking peak, associated with long aliphatic 

chains, at 733 cm1 (peak 1). Two peaks related to the secondary aliphatic 

amine bonds in the urea-urethane were identified: a N-H stretching vibration 

at 3356 cm1 (peak 13) and a N-H bending vibration at 1557 cm1 (peak 8). The 

highest peak in the spectrum, at 1726 cm1 (peak 10), is related to the carbonyl 

bond stretch vibration for saturated aliphatic esters. There is another peak 

related to a carbonyl stretch that can be found at 1635 cm1 (peak 9), which 

suggests a secondary amide bond which can be found in urea or urethane 

functional groups. Peaks at 1234 cm1 (peak 6) and 1162 cm1 (peak 5) are 

associated with C-O-C asymmetric and symmetric bond stretching, 

respectively, in ester functional groups. The peak at 1099 cm1 (peak 4) is from 

Si-O-Si bond stretching in the POSS functional group (Socrates 2001). Finally, 

peaks at 1042 cm1 (peak 3) and 962 cm1 (peak 2) are from C-C cyclohexane 

ring vibrations (Coatesa and Meyers et al 2000). All the absorption peaks are 

listed in Table 5-2.  

 

  



 

 
 

 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 5-15: Coagulated POSS-PCLUU wettability characterisation before 

and after H2O2. 
A) The average angle degree formed between the basal line and the droplet of 
water. The angle was measured using captive bubble assay and it shows that 
there was no significant difference between samples before and after H2O2 
P>0.05. B) live image was taken during material testing from contact angle 
machine before H2O2. C) live image was taken during material testing from 
contact angle machine after H2O2; mean± standard deviation. Test was done 
using drop shape analyser system. One-way ANOVA followed by post hoc 
Bonferroni analysis in PRISM software was used to determine significance. ns= 
not significant. 40P,65P 105P= porogen diameter of 40μm, 65μm and 105μm 
before H2O2 and 40P*,65P* 105P*= porogen diameter of 40μm, 65μm and 
105Pμm after H2O2. n=7, n=11 
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Figure 5-16: Samples morphological appearance before and after H2O2. 
A) Samples thickness was measured using manual and digital measuring tool 
one sample was measured at a time, and it shows there was no significant 
difference in samples thickness before and after H2O2. B) Representative 
samples length after cutting the samples using manual cutter, samples were 
measured after cutting and result shows there was no significant different in 
samples length P>0.05 after H2O2. C) Representative samples width after 
cutting the samples using manual cutter, samples were measured after cutting 
and result shows there is no significant different in samples width (P>0.05) 
before and after H2O2. D) Image of samples before and after H2O2. Mean± 
standard deviation. One-way ANOVA followed by post hoc Bonferroni analysis 
in PRISM software was used to determine significance. ns= not significant. 
40P,65P 105P= porogen diameter of 40μm, 65μm and 105μm before H2O2 
and 40P*,65P* 105P*= porogen diameter of 40μm, 65μm and 105Pμm after 
H2O2. n=7. 
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To gain more detailed insight into the physical changes of H2O2 effect on 

coagulated POSS-PCLUU, SEM images of coagulated POSS-PCLUU were 

acquired before and after H2O2, this revealed an irregular, bumpy morphology 

and this structure was maintained after H2O2. Images exhibited similarities 

between both samples before and after H2O2 (Figure 5-18) and (Figure 5-19). 

The cross-sectional gross morphology of the samples showed irregular and 

circular morphology of pours before and after H2O2 (Figure 5-19). 

 
 
 
 
 

 
 
 
 
 
 
  

Figure 5-17: ATR-FTIR absorption spectrum. 
ATR-FTIR absorption spectrum of aliphatic POSS-PCLUU with peaks 
associated with important bond vibrations indicated. The descriptions of these 
peaks are represented in Table 3-1. Blue is before H2O2 and Red is after H2O2. 
samples were taken on a FT/IR-4200 type A. 



 

 

Peak 

number 

Wavenumb

er (cm−1) 

Mode Bond 

type 

Description 

1 733 Rocking (CH2)n (CH2 )n methylene 

rocking of a long 
aliphatic chain 

2 962 Ring 
vibration 

C-C C-C cyclohexane ring 
vibration 

3 1042 Ring 
vibration 

C-C C-C cyclohexane ring 
vibration 

4 1099 Stretching Si-O-Si POSS Si-O-Si bond 
stretch 

5 1162 Stretching C-O-Cs Ester C-O-C symmetric 
bond stretch 

6 1234 Stretching C-O-Ca Ester C-O-C asymmetric 
bond stretch 

7 1453 Bend C-H C-H methylene bend 

8 1557 Bend N-Hb Secondary amine N-H 
bend 

9 1635 Stretching C=Oa Secondary amide 
carbonyl stretch 

10 1726 Stretching C=Oe Saturated aliphatic ester 
carbonyl stretch 

11 2864 Symmetric 
stretching 

C-Hs C-H methylene 
symmetric stretch 

12 2930 Symmetric 
stretching 

C-Ha C-H methylene 
symmetric stretch 

13 3356 Stretching N-Hs Secondary amine N-H 
stretch 

Table 5-2: Assignment of FTIR absorption peaks shown in Figure 5-17 to 

bonds based on comparison with known spectra. 



 

 
  

Figure 5-18: SEM images for coagulated POSS-PCLUU samples before 

and after H2O2. 
A) SEM images of coagulated POSS-PCLUU samples before H2O2, samples 
were fixed, dried and coated with gold, samples were then imaged from outer 
layer of sheet at different magnifications 1.00K X, 200X and 500X. B) SEM 
images of coagulated POSS-PCLUU samples after H2O2, samples were fixed, 
dried and coated with gold, samples were then imaged from outer layer of 
sheet at different magnifications 1.00K X, 500X and 200X. Images were 
collected with ZEISS EVO HD45 Scanning Electron Microscope.n=3 
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Figure 5-19: SEM images for coagulated POSS-PCLUU samples before 

and after H2O2. 
Top row is SEM images of coagulated POSS-PCLUU samples before and after 
H2O2, samples were fixed, dried and coated with gold, samples were then 
imaged from inner layer of sheet at magnification of 1.00K X. Bottom row is a 
cross section SEM images of coagulated POSS-PCLUU samples before and 
after H2O2, samples were fixed, dried and coated with gold, samples were then 
imaged at magnification of 200X. Images were collected with ZEISS EVO 
HD45 Scanning Electron Microscope. n=3 
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5.4.1.2 Coagulated POSS-PCLUU cytocompatibility  
 
Three conditions were omitted from the study 50% of NaHCO3 (w/w) 40P, 65P 

and 105P because they were highly permeable, and their ultimate tensile 

strength similar or lower than native tensile strength. Therefore, these 

conditions are not suitable for TEVG. 

 

It is vital to investigate material cytocompatibility because one of the ultimate 

aims of tissue engineering is to develop a material that can promote cell 

growth, proliferation, attachment, and function. Prior to ECs seeding, 

coagulated POSS-PCLUU sheets were cut into circular discs at 8mm size. 

Some of these disks were per conditioned with EGMTM-2 Endothelial Cell 

Growth Medium-2 BulletKitTM for an overnight while others were left in PBS to 

explore the effect of preconditioning with media. 

 

After overnight pre-conditioning with media, the media was discarded and 

20,000 of ECs were seeded with fresh media for all discs. In parallel other 

discs that had been kept in PBS were also seeded with the same number of 

ECs. Total DNA assay was performed 6 days post-seeding to quantify the level 

of DNA which was directly related to cells' existence. DAPI stain was also 

performed to visualise cells present on the disc's surface. DAPI stain showed 

remarkably more cells on disc's surface that had been pre-conditioned with 

media for overnight (Figure 6-20A). Total DNA quantified in pre-conditioned 

disks with media for overnight showed a significantly higher level of DNA 

(2.75±0.22 µg/ml) vs (0.20±0.11 µg/ml) (P £ 0.0001). This indicated that pre-

condition disks with media for overnight had a huge impact on cell attachment 

(Figure 6-20B). ECs preferred to attach on coagulated POSS-PCLUU disks 

when they were filled with media. That was expected as proteins in the media 

will attract cells to adhere on coagulated POSS-PCLUU sheets.  

 

Next step was to evaluate 30% of porogen (w/w) 40P, 65P and 105P and 40% 

of porogen (w/w) 40P, 65P and 105P cell attachment as cell preferable 

environment was determined. Conditions were tested for DAPI stain to check 

ECs attachment on POSS-PCLUU disks. Also cell metabolic activity was  



 

 

 

 
 
 
 
 
 
 
 
 
 

 

tested for all remaining conditions using Alamar Blue assay that may give an 

indication about cell viability. We added Alamar Blue reagent for either 4 hours 

or 7 hours. DAPI stain clearly showed lower ECs attachment on the surface of 

POSS-PCLUU disks at 40% (w/w) condition than 30% (w/w) condition (Figure 

5-21A).  

Figure 5-20: The effect of pre-conditioning with media vs without on 

ECs attachment on POSS-PCLUU discs. 
A) Seeded coagulated POSS-PCLUU disks were fixed and stained for DAPI 
on 6 days post seeding showed lower number of ECs attached on not pre-
conditioned disks with media. Whereas, pre conditioned disks with media 
exhibited higher number of ECs attached on the disks. disks were fixed with 
4% PFA before DAPI stain. Images were collected from fluorescence EVOS. 
B) Total DNA quantification on coagulated POSS-PCLUU disks showing that 
there was a significantly higher total DNA in per conditioned with media than 
not pre-conditioned with media. Mean± standard deviation. T-test in PRISM 
software was used to determine significance. ****=P £ 0.0001; n=3 
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Figure 5-21: 30% NaHCO3 (w/w) VS 40% NaHCO3 (w/w) total DNA. 
A) DAPI stain for ECs, 3 days post seeding on coagulated POSS-PCLUU 
discs showing that higher cell number on the surface of 30% (w/w) 40P on the 
left than 40% 40P on the right. Discs were fixed with 4% PFA before DAPI 
stain. Images were collected from fluorescence EVOS. B) Metabolic activity 
shows a detection of activity after 4h of adding Alamar Blue reagent and it is 
notably higher at 30% (w/w) 40P, 65P and 105P than 40% (w/w) 40P, 65P 
and 105P. After 7h of adding Alamar Blue reagent, activity showing no 
differences between both conditions. C) Metabolic activity showing a 
significant increase in metabolic activity at 40% (w/w) 40P, 65P and 105P 
between 4h incubation with Alamar Blue reagent and 7h incubation with 
Alamar Blue reagent. Mean± standard deviation. One-way ANOVA followed 
by post hoc Bonferroni analysis in PRISM software was used to determine 
significance. *= P £ 0.05, **=P £ 0.01, ***=P £ 0.001 and ****=P £ 0.0001. 
40P, 65P 105P= porogen diameter of 40μm, 65μm and 105μm. AB= Alamar 
Blue. n=3 
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Metabolic activity was performed on 30% (w/w) 40P, 65P and 105P% and 40% 

(w/w) 40P, 65P and 105P%. Metabolic activity was significantly higher at 30% 

(w/w) 40P (59.65±7.31), 65P (59.65±7.73) and 105P (53.62±10.66) conditions 

than at 40% (w/w) 40P 17.63±2.61), 65P (19.98±5.29) and 105P (15.84±5.69) 

conditions (p £ 0.0001) after 4 hours incubation with Alamar Blue reagent. 

However, there was not significant difference between 30% (w/w) 40P, 65P 

and 105P conditions and 40% (w/w) 40P, 65P and 105P% conditions after 7h 

incubation with Alamar Blue reagent (p >0.05) (Figure 5-21B). ECs metabolic 

activity was dramatically increased in 40% (w/w) 40P, 65P and 105%P 

conditions after 7h incubation with Alamar Blue reagent, it increased to 

46.32±6.019, 48.38±5.27 and 41.98±10.01 respectively (Figure 5-21C). 

These results may suggest that ECs may penetrated into the discs in 40% 

(w/w) 40P, 65P and 105P% conditions and did not form layer on the surface. 

Therefore, Alamar Blue reagent needed more time to penetrate to detect cells 

activity. Consequently, 40% (w/w) 40P, 65P and 105P% conditions were 

omitted from the study. 

 

Cytocompatibility of 30% (w/w) 40P, 65P and 105P% were further examined 

for longer period (14 days). During that period ECs were investigated for 

metabolic activity, total DNA and nitric oxide production (NO) were measured 

at different time points (days 4, - 6, - 9, - 12 and 14). ECs were grown on tissue 

culture plates used as 2D positive control. Total DNA was significantly increase 

from day 3 30% (w/w) 40P (0.51±0.10 µg/ml), 65P (0.5±0.10 µg/ml) and 

105P% (0.49±0.08 µg/ml) to day 12 30% (w/w) 40P (9.16±0.94 µg/ml), 65P 

(9.03±0.92 µg/ml) and 105%P (8.43±1.32 µg/ml). Total DNA showed no 

increase from day 12 to day 14 (p>0.05). An increase was shown from day 3 

to day 6 (p £ 0.05), from day 6 to day 9 (p £ 0.01) and from day 9 to day 12 P 

value (p £ 0.0001). 2D positive control was significantly higher than 30% (w/w) 

40P, 65P and 105P% at all time points (p£0.05) (Figure 5-22A). Metabolic 

activity was also measured and cells showed dramatic increase of activity from 

day 3 30% (w/w) 40P (59.65±7.31), 65P (59.65±7.73) and 105P (53.62±10.66) 

to day 12 30% (w/w) 40P (153.93±9.20), 65P (153.93±7.81) and 105P 



 

(145.23±14.04). Also, a significant increase was shown from day 3 to day 6 (P 

£ 0.0001), from day 6 to day 9 (P £ 0.0001) and from day 9 to 12 (p £ 0.001). 

 

 
 

 
 
 
 
 
 

 
 
 

 
 

 

 

 

Figure 5-22: Coagulated POSS-PCLUU cytocompatibility for 14 days. 
A) Total DNA shows a sharp increase from day 3 to day 12 (P £ 0.0001), 
however, from day 12 to day 14 cells did not show an increase in total DNA 
level (P>0.05). Total DNA was quantified using DNA Quantitation Kit, 
Fluorescence Assay. Fluorescence was read in the fluorescent plate reader. 
B) Alamar Blue assay showing a dramatic increase in metabolic activity from 
day 3 to day 12 (P £ 0.001), then a significant drop of the activity from day 12 
to day 14 (P£ 0.0001).C) NO production shows a significant increase of its 
production from day 9 to day 12 followed by a significant drop from day 12 to 
day14. NO production was quantified using Griess Assay Kit. Images were 
collected by Fluorescence microscopy. Mean± standard deviation. One-way 
ANOVA followed by post hoc Bonferroni analysis in PRISM software was 
used to determine significance. *= P £ 0.05, **=P £ 0.01, ***P £ 0.001 and 
****=P £ 0.0001. ns=not significant; 40P,65P 105P= porogen diameter of 
40μm, 65μm and 105μm. C- = negative control. n=3 
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Interestingly, metabolic activity was dramatically dropped from day 12 to day 

14 (P£ 0.0001). 2D positive control was significantly higher than 30% (w/w) 

40P, 65P and 105P at all time points (p£ 0.0001) (Figure 5-22B). NO is one 

of the most important molecules for blood vessel health, and it is produced by 

ECs. It is considered as a vasodilator which relaxes the inner muscles of blood 

vessels, causing the vessels to vasodilate. In this study NO production was 

examined, and an indicator of ECs functionality (Y. Zhao et al. 2015).  

 

A significant increase of NO production was observed from day 9 30% (w/w) 

40P (0.42±0.16 µM), 65P (0.34±0.21 µM), and 105%P 0.40±0.17 µM) to day 

12 30% (w/w) 40P (0.89±0.10 µM), 65P (0.963±0.11 µM), and 105P% 

(0.80±0.10 µM) (p £ 0.05). Surprisingly, NO production was significantly 

decreased from day 12 to day 14 (P £ 0.05). 2D positive control was 

significantly higher than 30% (w/w) 40P, 65P and 105P at all time point P value 

(P £ 0.0001) (Figure 5-22C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Coagulated POSS-PCLUU 
with cells 

2D positive control

Figure 5-23: Coagulated POSS-PCLUU seeded with ECs on day 12. 
Showing that media has completely gone yellow after a few hours of 
changing media, whereas, 2D positive control still has the red colour media. 
Image was taken by iPhone camera. 



 

Red colour media consists of phenol red, which is a pH indicator dye that 

exhibits a gradual transition from red to yellow. (Figure 5-23) showed that 

almost a complete transition to the colour after a few hours from changing 

media on day 12. This indicated that acidity increases quickly in the media. 

 

5.4.2 Optimisation electrospinning parameters to generate 
fibres of POSS-PCLUU  

 
In order to electrospin POSS-PCLUU, multiple electrospinning parameters 

were attempted to create distinct, straight fibres without droplets, twirls, and or 

beads events. One of the significant material properties that strongly affects 

the ability to electrospin is viscosity. Thus, we wanted to investigate POSS-

PCLUU viscosity using Bohlin instrument. Viscosity was carried out at a shear 

rate of 100/s, POSS-PCLUU viscosity was around 7.01 Pas (Figure 5-24).  
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Figure 5-24: Viscosity of POSS-PCLUU. 

Illustrating the viscosity against shear rate. It seemed that viscosity decreases 
with an increase of shear rate. At zero rate of shear viscosity, it is about 14.07 
Pas. This was done using Bohlin instrument.  



 

100 shear rate/s was chosen because it is represents the normal shear rate in 

the needle during extruding, and the typical shear rate for extruding is 100/s. 

Taking this further, and with knowing that Dimethylacetamide (DMAC) 

 

solvent that dissolve POSS-PCLUU) has relatively high evaporation point 

(165.1°C) we have decided to dilute POSS-PCLUU in more volatile solvent 

such as Acetone or Tetrahydrofuran (THF). It was extremely challenging to 

obtain fibres from POSS-PCLUU. In order to form fibres, many parameters 

were attempted that been summarised in experimental design (section 5.3). 

 

The optimal condition for generating nanofibers from POSS-PCLUU was 6:1 

ratio of POSS-PCLUU and THF which made 16% POSS-PCLUU. 16% of 

POSS-PCLUU was electrospun at flowrate of 0.8ml/h, voltage 15-20KV with 

24cm distance between the needle tip and nanofiber collector. These 

parameters yielded nanofibers that match the standard criteria (Figure 5-25). 

Figure 5-25: Nanofibers generated from electrospinning 
A) Optical light microscope images were taken from EVOS at different 
magnification (X10, X20 and X40). These fibres were generated with 16% of 
POSS-PCLUU at flowrate of 0.8ml/h, voltage 15-20KV with 24cm distance 
after 30 minutes of electrospinning, then on glass slide then directly examined 
under light microscope. B) SEM images of POSS-PCLUU nanofibers, 
samples were fixed, dried and coated with gold, samples were then imaged at 
magnification of 1.00K X, 500X and 200X. The average fibres diameter is 506 
nm. Images were collected with ZEISS EVO HD45 Scanning Electron 
Microscope. 

1.00 K X500 X200 X

100 µmx40

A

B
x10 400 µm 200 µmx20

550 nm

475 nm



 

Nanofibers were collected on a glass slide and wiped with 70% ethanol. These 

fibres formed after 30 minutes of continuous electrospinning (Figure 5-25A). 

See Appendix to see nanofibers created from other parameters. SEM is 

preformed to have a closer look at the nanofibers and their diameters. To 

prepare samples for SEM, we electrospun 16% of POSS-PCLUU for 5-6 hours 

continuously. SEM revealed that the average fibres diameter was 506 nm 

(Figure 5-25B). 16% of POSS-PCLUU formed homogenous fibres that were 

of a similar size to native ECM. Unfortunately, due to SEM default, we were 

not able to look at the distance between nanofibers, to investigate porosity.  

 

5.4.2.1 POSS-PCLUU nanofibers cytocompatibility  
 
POSS-PCLUU nanofibers cytocompatibility was investigated for 14 days post 

cell seeding. Total DNA, metabolic activity, and NO production were examined 

at day 3, day 6, day 12 and day 14. Total DNA showed a dramatical increase 

from day 3 (1.36 ±0.37 µg/ml) to day 12 (15.46±2.13 µg/ml) P value (p £ 

0.0001). Moreover, total DNA showed a significant increase from day 3 to day 

6 (p £ 0.05), from day 6 to day 9 (p £ 0.01) and from day 9 to day 12 (p £ 

0.0001). However, total DNA did not show an increase between day 12 to 14 

(p>0.05). Most importantly, there was no significant difference between total 

DNA on nanofibers and 2D positive control at day 3, day 6, day 9, and day 12. 

However, a significant increase was observed at day 14 between cells on 

nanofibers (15.46±2.13 µg/ml) and 2D positive control (31.43±1.89 µg/ml) 

(Figure 5-26A). Metabolic activity showed a sharp increase between day 3 

(112.84±10.51) and day 12 (255.26±8.90). Also, a significant increase was 

observed between day 3 and day 6 (p £ 0.0001), between day 6 to day 9 (p £ 

0.0001) and between day 9 to day 12 (p £ 0.0001). Surprisingly, metabolic 

activity sharply dropped from day 12 (255.26±8.90) to day 14 (233.86±6.02) (p 

£ 0.0001). There was no significant difference in metabolic activity between 

2D positive control and nanofibers at day 3, day 6, day 9 and day 12 (p>0.05). 

However, there was between 2D positive control on day 14 (307.26±6.27) and 

nanofibers (233.86±6.02) (p £ 0.0001) (Figure 5-26B). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

NO production also showed a significant increase between day 9 (0.94±0.12 

µM) and day 12 (1.76±0.23 µM) (p £ 0.01). Then NO production was 

dramatically decreased from day 12 (1.76±0.23 µM) to day 14 (1.02±0.15 µM) 

(p £ 0.0001). No significant change was found between 2D positive control and 

Figure 5-26: POSS-PCLUU nanofibers cytocompatibility for 14 days. 
A) Total DNA shows a sharp increase of total DNA from day 3 to day 12 P £ 
0.0001, however, from day 12 to day 14 cells did not show an increase in total 
DNA level (P>0.05). Total DNA was quantified using DNA Quantitation Kit, 
Fluorescence Assay. Fluorescence was then read in the fluorescent plate 
reader. B) Alamar Blue assay showing a dramatic increase in metabolic 
actively from day 3 to day 12 (P £ 0.001), then a significant decreased the 
activity from day 12 to day 14 (P£ 0.0001). C) NO production shows a 
significant increase of its production from day 9 to day 12 (P £ 0.01) then a 
significant reduction from day 12 to day14 (P £ 0.01), NO production was 
quantified using Griess Assay Kit. One-way ANOVA followed by post hoc 
Bonferroni analysis in PRISM software was used to determine significance. *= 
P £ 0.05, **=P £ 0.01, ***P £ 0.001 and ****=P £ 0.0001. ns=not significant; 
40P,65P 105P= porogen diameter of 40μm, 65μm and 105μm. n=3 
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nanofibers on day 9 and day 12 (p >0 .05), however, there was significant 

difference on day 14 (p £ 0.0001) (Figure 5-26C).  

 

5.4.3 Coagulated POSS-PCLUU vs POSS-PCLUU nanofibers 
 
Some properties of coagulated POSS-PCLUU 30% (w/w) 40P, 65P and 

105P%, and POSS-PCLUU nanofibers were compared. These included 

material wettability and porosity (Figure 5-27). POSS-PCLUU nanofibers 

showed significantly higher wettability than 30% (w/w) 40P, 65P and 105P% 

(Figure 5-27A). Angle between the basal line and the droplet was considerably 

lower in POSS-PCLUU nanofibers (38.31±4.94 q) vs 30% (w/w) 40P, 

(54.14±5.86 o), 65P (55.13±9.94 o) and 105P (48.31±4.94 o) (p £ 0.01) (Figure 

5-27). Porosity showed no difference between coagulated POSS-PCLUU and 

POSS-PCLUU nanofibers (p>0.05) (Figure 5-27B). 

 

Metabolic activity was also compared between coagulated POSS-PCLUU and 

POSS-PCLUU nanofibers on day 3, day 6, day 9, day 12 and day 14. Cells 

activity was markedly lower in 30% (w/w) 40P, 65P and 105P% coagulated 

POSS-PCLUU than POSS-PCLUU nanofibers at all time points (P £ 0.0001) 

(Figure 5-28).  

 

Total DNA was quantified and compared between coagulated POSS-PCLUU 

and POSS-PCLUU nanofibers on day 3, day 6, day 9, day 12 and day 14. Total 

DNA was dramatically higher in POSS-PCLUU nanofibers than 30% (w/w) 

40P, 65P and 105P% coagulated POSS-PCLUU on day 3 P value (P £ 0.05), 

day 6 (P £ 0.0001), day 9 (P £ 0.001), day 12 (P £ 0.0001) and day 14 (P £ 

0.01) (Figure 5-29). 

 

NO production for coagulated POSS-PCLUU and POSS-PCLUU nanofibers. 

On day 9, NO production was significantly higher in POSS-PCLUU nanofibers 

than coagulated POSS-PCLUU (P £ 0.05). Moreover, it was dramatically 

higher on day 12 in POSS-PCLUU nanofibers (p £0.0001) then on day 14 (p £ 

0.05) (Figure 5-30). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5-27: Surface properties of coagulated POSS-PCLUU and POSS-

PCLUU nanofibers. 
A) The average angle degree formed between the basal line and the droplet 
of water. The angle was measured using captive bubble assay, contact angle 
was significantly lower in POSS-PCLUU nanofibers (P £ 0.01).B) A live image 
was taken during material testing from contact angle machine for POSS-
PCLUU nanofibers. C) No significant difference was observed in porosity 
between POSS-PCLUU and POSS-PCLUU nanofibers; mean± standard 
deviation. One-way ANOVA followed by post hoc Bonferroni analysis in 
PRISM software was used to determine significance. *= P £ 0.05, **=P £ 0.01, 
***P £ 0.001 and ****=P £ 0.0001. ns=not significant. 40P, 65P 105P= porogen 
diameter of 40μm, 65μm and 105μm. n=11 
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Figure 5-28: Metabolic activity of ECs grown on coagulated POSS-

PCLUU and POSS-PCLUU nanofibers. 
A) Metabolic cells activity on day 3 and day 6 shows that cell activity was 
dramatically higher in POSS-PCLUU nanofibers than coagulated POSS-
PCLUU (P £ 0.0001). B) Metabolic activity on day 9 and day 12 shows that 
cell activity was dramatically higher in POSS-PCLUU nanofibers than 
coagulated POSS-PCLUU (P £ 0.0001). C) Metabolic activity on day 14 
shows that cell activity was dramatically higher in POSS-PCLUU nanofibers 
than coagulated POSS-PCLUU (P £ 0.0001); mean± standard deviation. 
One-way ANOVA followed by post hoc Bonferroni analysis in PRISM 
software was used to determine significance. *= P £ 0.05, **=P £ 0.01, ***P 
£ 0.001 and ****=P £ 0.0001. ns=not significant. 40P, 65P 105P= porogen 
diameter of 40μm, 65μm and 105μm. n=3 

Fl
uo

re
sc

en
ce

 (R
FU

)

Fl
uo

re
sc

en
ce

 (R
FU

)
Fl

uo
re

sc
en

ce
 (R

FU
)

Day 12Day 9

Day 6Day 3

CB

A

30% 40 
30% 65 
30% 105 
Electorspun sheet 
Control 2D 

AB reagent

0

50

100

150

200

****

****

0

100

200

300

400

****
****

0

100

200

300

400

****

Day 14



 

 

 

 

 

 

 

 

 

 

 
 
  

Figure 5-29: Total DNA of ECs grown on coagulated POSS-PCLUU and 

POSS-PCLUU nanofibers 
A) Total DNA on day 3 and day 6 shows that total DNA was dramatically higher 
in POSS-PCLUU nanofibers than coagulated POSS-PCLUU on day 3 (P £ 
0.05) and P £ 0.0001 on day 6. B) Total DNA on day 9 and day 12 shows that 
total DNA was dramatically higher in POSS-PCLUU nanofibers than coagulated 
POSS-PCLUU (P £ 0.001) and P £ 0.0001 on day 12. C) Total DNA on day 14 
shows that total DNA was dramatically higher in POSS-PCLUU nanofibers than 
coagulated POSS-PCLUU (P £ 0.01); mean± standard deviation. One-way 
ANOVA followed by post hoc Bonferroni analysis in PRISM software was used 
to determine significance. *= P £ 0.05, **=P £ 0.01, ***P £ 0.001 and ****=P £ 
0.0001. ns=not significant. 40P, 65P 105P= porogen diameter of 40μm, 65μm 
and 105μm. n=3 
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We have also investigated the expression of CD31 after 24h post seeding on 

both coagulated and electrospun sheets. ECs exhibited different morphology 

on both sheets. On coagulated sheet they looked spread with cupid shape 

similar to on 2D culture, whereas, they looked elongated on the fibres and 

oriented to one direction. Thus, electrospinning is used to control cells 

outgrowth direction (Figure 5-31). 

 
 
  

Figure 5-30: Nitric oxide production of ECs grown on coagulated POSS-

PCLUU and POSS-PCLUU nanofibers. 
A) NO production on day 9 shows that it was dramatically higher in POSS-
PCLUU nanofibers than coagulated POSS-PCLUU (P £ 0.05). B) NO 
production on day 12 and day 14 shows that it production was dramatically 
higher in POSS-PCLUU nanofibers than coagulated POSS-PCLUU (P £ 
0.0001) on day 12 and (P £ 0.05) on day 14. mean± standard deviation. One-
way ANOVA followed by post hoc Bonferroni analysis in PRISM software was 
used to determine significance. *= P £ 0.05, **=P £ 0.01, ***P £ 0.001 and 
****=P £ 0.0001. ns=not significant. 40P, 65P 105P= porogen diameter of 
40μm, 65μm and 105μm. n=3 
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Figure 5-31: Immunostaining of ECs after 24h of seeding onto POSS-

PCLUU coagulated or electrospun sheets. 

ECs were seeded onto either coagulated or electrospun POSS-PCLUU 
sheets. After 24 hours of culture, the cells were imaged using 
immunofluorescence to examine their morphology. Samples were fixed with 
4% of PFA and then stained with directly conjugated antibody. DAPI in blue 
CD31 in magenta on coagulated sheet and CD31 in green on electrospun 
sheet Images were collected from Fluorescence microscopy. n=3 



 

5.5 Discussion  
 

Vascular disorders are the leading cause of mortality worldwide. Numerous 

studies have investigated to develop a biodegradable vascular graft able to 

temporarily substitute the blood vessel and allow for complete regeneration of 

the replaced tissue over a pre-set time.  

 

In this chapter, we characterised a novel polymer called POSS-PCLUU to use 

as a cardiovascular substitute. There are standard requirements that material 

should have such as having suitable mechanical properties and optimal 

microenvironment for cell adhesion, proliferation, and growth. As such, we 

investigated and optimised two different processes to generate a POSS-

PCLUU scaffold for vascular applications: formation of coagulated material 

sheets and material fibres produced by electrospinning. In addition, we 

developed a sterilisation method that could be used to sterilise POSS-PCLUU. 

 

5.5.1 Characterisation of Coagulated aliphatic POSS-PCLUU  

We wanted to evaluate pours coagulated POSS-PCLUU 3D sheets for 

mechanical and surface properties. Pores were created by fabricating POSS-

PCLUU using a technique called phase-inversion with porogen leaching. This 

technique has been commonly applied to fabricate scaffolds for tissue 

engineering applications. This technique was carried out by mixing porogen 

with liquid polymer. The mixture is then poured into a mould that has known 

thickness. The polymer mixture was then coagulated by the immersion of 

moulds in a container filled with water. The solvent in the polymer mixture was 

washed away by changing water for multiple days; also, porogen crystals were 

dissolved and leached away in the water. The process is considerably easy to 

conduct, as well as pore size can be controlled by varying porogen crystals 

size, and the porosity can also be adjusted by porogen/polymer ratio. On the 

other hand, certain critical variables such as pore shape and inter-pore 

openings cannot be controlled (P. X. Ma and Langer 1999).  



 

In this chapter, three porogen (NaHCO3) sizes were investigated (40µm, 

65µm, and 105µm) at three different concentrations 30%, 40% and 50%. 

During the construction of the 9 conditions of porous coagulated POSS-

PCLUU, it notated that porogen (NaHCO3) sizes were varied within the same 

diameter and this made us first to investigate the actual sizes of porogen rather 

than rely on manufacturer sizes, mainly because NaHCO3 was reasonably old. 

With this in mind, SEM was performed, and average diameters were measured 

for each porogen size. SEM images showed that 40µm had more aggregates 

than 65µm and 105µm (Figure 5-6A). This may be due to the small size of the 

porogen as 40µm was more effective at drawing some moisture from the 

environment and partly dissolving and crystallising. Actual sizes were 

significantly higher than the manufacturer sizes (Figure 5-6B), and this could 

be due to long storage and humid weather. Therefore, all porogen sizes were 

homogenised using pestle and mortar and were then sieved accordingly to the 

size of porogens before use. 

To make sure that there was no sample cutting variability affecting the 

mechanical strength between all conditions, the thickness of the sample, 

length and width were manually measured after cutting using a manual cutter. 

It seems that there was no significant difference between all conditions, which 

indicated that the manual cutter was efficient, and POSS-PCLUU was 

distributed equally when was poured into the mould, and was formed even 

sheet during coagulation (Figure 5-8A, B and C). Having that measured 

samples then loads to Instron 5565 we proceed with the mechanical testing. 

The next step was to investigate the efficacy of coagulated POSS-PCLUU 

fabricated by phase-inversion with porogen leaching to generate a tissue-

engineered vascular graft (TEVG). Ultimate tensile strength (UTS) test was 

first performed to evaluate the mechanical strength of coagulated POSS-

PCLUU for multiple different conditions. 0% of porogen was used as a control 

to lest the effect of extra porosity on the constructed coagulated POSS-

PCLUU. The UTS of a material can be defined as the maximum amount of 

tensile stress that it can be subjected to before failure by pulling the material 

in a different direction until rupture. It is usually measured in units of force per 



 

cross-sectional area. UTS is an essential concept in engineering, especially in 

the field of vascular tissue engineering and the ability to resist breaking under 

tensile stress is one of the most important and commonly measured properties 

of materials used in vascular tissue engineering. This owing to the fundamental 

function of native vessels as they support the elevated flow of blood, therefore, 

to construct a conduit it must withstand the pressure applied by blood flow 

without bursting or experiencing permanent deformation such as aneurysm 

(Pashneh-Tala et al. 2015). UTS testing normally yields three important 

measures; ultimate stress, is the maximum stress that a material can resist 

while being stretched before breaking. Ultimate strain can be referred to the 

measure of the deformation of the material representing the displacement 

between particles in the material. Relative to a reference length and Young’s 

modulus (YM) of elasticity is a measurement of the rate of change of strain as 

a function of stress by measuring the ability of a material to withstand changes 

in length when under tension. YM is equal to the longitudinal stress divided by 

the strain. It defines the relationship between stress (force per unit area) and 

strain (proportional deformation) in a material in the linear elasticity regime of 

a uniaxial deformation. YM can be determined by calculating the slope of the 

straight-line portion of a stress-strain curve (C. Lee et al. 2008a). 

The highest UTS was observed in the 0% of porogen condition, and it was 

significantly higher than the other 9 conditions with the use of porogen, except 

for the 30% (w/w) 40P condition (Figure 5-9A). This was also noted by Ahmed 

et al. who reported that there is a significant difference between 0% of porogen 

coagulated POSS-PCU and 35% (w/w) porogen. Although 0% of porogen had 

the height UTS in our study, it had scientifically lower UTS when compared to 

0% coagulated POSS-PCU and had a smaller standard deviation. They related 

the high standard deviation of coagulated POSS-PCU to the pore diameter 

variation that had been noted in SEM images (M. Ahmed et al. 2011). The only 

tissue-engineered synthetic polymer graft that has been applied in clinical trials 

is PCL/PLLA 1:1 copolymer with a PGA mesh. It was developed by Toshiharu 

Shinoka’s team at the Tokyo Women’s Medical University (Hibino et al. 2010; 

Shin'oka et al. 2001; Shin'oka et al. 2005; M. Watanabe et al. 2001). This 

polymer had a UTS equivalent to 24 MPa; this UTS is considerably higher than 



 

any of the coagulated POSS-PCLUU conditions used in this study (M. 

Watanabe et al. 2001). Our UTS ranged between (2.58±0.20 MPa) to 

(1.20±0.22 MPa) (Figure 5-9A). Human ascending aorta from patients aged 

between 22-28 years old was (1.14±0.10 MPa) and patient aged between 49-

53 years was (0.66±0.07 MPa) (Garcia-Herrera et al. 2012). In another study 

ascending aorta for patient aged between was 45-57 years was (1.7±.0.14) 

(Vorp et al. 2003). Descending aorta for patients aged between 16-30 years 

was 1.30±0.1 and patient aged between 40-60 years was (0.7±0.1 MPa) for 

the descending aorta (Guinea et al. 2010). Moreover, UTS for saphenous vein 

that had been harvested from patients who underwent coronary artery bypass 

aged between 57-68 years was (5.38 MPa). When UTS of coagulated POSS-

PCLUU is compared to native vessel, it appears that the UTS of all conditions 

of coagulated POSS-PCLUU was of much lower UST than the saphenous 

vein, however it was at least equivalent or higher than descending aorta 

(Figure 5-9A). In addition, the synthetic polymer used by Toshiharu Shinoka’s 

group (M. Watanabe et al. 2001) had a much higher UTS than coagulated 

POSS-PCLUU. These UTS results suggest the possibility of using coagulated 

POSS-PCLUU as TEVG. 

Native vessels are recognised to have a J shaped stress-strain curve, with low 

Young’s modulus at low strain and high Young’s modulus at high strain (Dahl 

et al. 2003) (Figure 6-32). This may be owing to the different mechanical 

properties of ECM fibres, such as elastin and collagen (Ebrahimi 2009). This 

shape has not been seen in coagulated POSS-PCLUU, in any of the curves 

generated from any condition examined. Young’s modulus curves showed 

relatively low and constant increasing values of stress-strain until it is dropping 

just at breaking point (Figure 5-10). 

 

 

 



 

 

 

 

 

 

 

 

This is expected as coagulated POSS-PCLUU is uniform and homogenous. In 

addition, POSS-PCLUU contains of long chain of polycaprolactone called Soft 

Section (SS) and these are randomly coiled and entwined, attached together 

by van der Waals, creating amorphous domains. The diisocyanate/ethylene 

diamine are phase separated from the SS due to the polar nature of the HS 

and the non-polar nature of the SS (David Randall and Steve Lee 2002). The 

Hard Section form carbonyl to amino hydrogen bonds have a tendency to 

aggregate into more crystalline and arranged domains. When a strain is 

applied, a force is required to overcome the inertia of the polymer chains, after 

which the SS chains begin to unwind. A low force needs to be applied during 

this period, which leads to low Young’s modulus. As the applied strain 

increases the SS chains start to become tight and the SS becomes more 

crystalline. This then increases the Young’s modulus. When the strain is 

increased, the SS and HS have become aligned in the direction of the stress. 

As strain increases further, the hydrogen bonds between HS are broken and 

the HS domains become broken in to smaller units (Fengji Yeh et al. 2003).  

Young’s modulus in coagulated POSS-PCU 35% (w/w) (0.99 ±0.05 MPa), 45% 

(w/w) (0.69±0.09 MPa) and 55% (w/w) (0.66±0.04 MPa) (M. Ahmed et al. 

Figure 5-32: Stress–strain curves for porcine carotid artery. 

Illustrating the J shape curve unlike synthetic polymer with low Young’s modulus 
at low strain and high Young’s modulus at high strain. Graph was taken from 
(Dahl et al. 2003).  



 

2011) were significantly higher than coagulated POSS-PCLUU (Figure 5-9C). 

In the work from Toshiharu Shinokas group, Young’s modulus was 11 MPa 

and this is dramatically higher than coagulated POSS-PCLUU. Coagulated 

POSS-PCLUU Young’s modulus was close to native vessels as measured by 

Salvucci and his group for Young’s modulus for thoracic and abdominal aorta, 

and the vena cava at range from (0.09 to 0.14 MPa) (Salvucci et al. 2009), 

while, Young’s modulus for coagulated POSS-PCLUU in our study ranged 

from (0.44±0.01 MPa) to (0.15±0.01 MPa) (Figure 5-9C). Although using 

NaHCO3 was significantly decreased Young’s modulus, coagulated POSS-

PCLUU Young’s modulus was still close to native vessels. 

0% of porogen had a scientifically higher strain at break than all other 

conditions of coagulated POSS-PCLUU (Figure 5-9B). However, this pattern 

has not been found in coagulated POSS-PCU as 0% of NaHCO3 was lower 

than the one with NaHCO3. In addition, coagulated POSS-PCU (M. Ahmed et 

al. 2011) had a dramatically lower strain at break than coagulated POSS-

PCLUU and this indicated that coagulated POSS-PCLUU was more elastic 

than coagulated POSS-PCU. Strain does not seem to change between 

conditions 30% (w/w), 40% (w/w) and 50% (w/w) except 50% 105P. This 

indicated that POSS-PCLUU has high elasticity, which can tolerate the 

expansion of blood flow (Figure 5-9B). 

Porosity is widely applied in order to create a vascular subtitle graft that mimics 

the surface properties of the native artery; it is an important feature that leads 

to the successful vascular grafts (R. A. White 1988). Porosity allows the flow 

of fluid, ions, metabolites, and growth factors as well as ingrowth of 

perivascular (R. A. White 1988). In this study, we used NaHCO3 leaching to 

generate porous grafts using 40µm 65µm, and 105µm of NaHCO3. Briefly, it 

was carried out by incorporating porogen crystalline form which can be ionised 

in water and washed away, leaving pores where the crystals were previously 

existed. Giudiceandrea et al. found that after initial seeding, a porous ePTFE 

graft exhibited higher endothelial cells adherence when it was exposed to 

pulsatile flow than non-porous (Salacinski et al. 2000). In our study, the 

porosity of coagulated POSS-PCLUU 0% porogen was (47.33± 6.42 %) 



 

(Figure 5-11A), a percentage that was smaller than what we expected, given 

the polymer is 18% solid in  DMAC solvent originally,  it should have been 

higher than 80%. At the same condition, the porosity of 0% coagulated POSS-

PCU was 84%, and that was significantly higher than 0% of coagulated POSS-

PCLUU (M. Ahmed et al. 2011). Coagulated POSS-PCLUU with NaHCO3 had 

a porosity that ranged between 71.33 % to 152.96% (Figure 5-11A) which 

mostly equivalent to Shinoka graft that had a porosity of >80% (M. Watanabe 

et al. 2001). Although porosity is vital for enhancing cells migration, 

proliferation and attachment, very high porosity over 100% adversely affects 

handling properties of the graft via pre-clotting before implantation; 

progressing thrombogenicity, and causing substantial fibrovascular infiltration 

that causes a loss of graft compliance which maintain stability for the graft 

(Rosengren and Bjursten 2003). This makes 50% (w/w) 40P, 56P and 105P 

not suitable for cardiovascular substitute due to high porosity percentage that 

makes the graft less potent (Figure 5-11A). 

 

There no strong relationship between porosity and water permeability. Porosity 

indicates the proportion of void space (pores) within the boundaries of solid 

material, compared to its total volume. Indeed, some of this void space 

consists of channels through which water can flow, and the total void space 

sometimes can contribute to the water permeability of the material (Guidoin et 

al. 1987). For example, if the substances entered form one side of the material, 

permeability will allow these substances to exit from the other side of the 

material, unlike porosity. Permeability of material certainly can be contributed 

to the ability to allow other substances such as gaseous, liquid, or solid to pass 

through its pores. It is essential to measure the water permeability of the 

material because this reflects an estimate measure of pore size and pore 

connectivity where capillary pressure is low enough for water from permeating. 

Water permeability of POSS-PCLUU increased significantly with the increase 

of porogen percentage (Figure 5-11B).  

 

The increase in porosity from 0% of porogen to 30% of porogen was 50.82%, 

whereas, the increase in water permeability from 0% of porogen to 30% of 



 

porogen was 28.9% (Figure 5-11). This may indicate that porogen formed 

more large and individual pores rather than inter-pores. Due to high water 

permeability and high porosity > 100% for 50% (w/w) 40P, 56P and 105P 

which can lead to fibrovascular infiltration and losing of graft compliance, 50% 

(w/w) 40P, 56P and 105P were excluded from further studies because they 

are not suitable for a vascular graft. 

 

Coagulated POSS-PCLUU wettability was also measured using a contact 

angle. This measures the degree of biomaterial surface hydrophilicity or 

hydrophobicity. It is one of a vital feature in terms of tissue engineering 

because hydrophilic biomaterial enhances cell adhesion, attachment, and 

proliferation furthermore cellular behaviour is considerably influenced by 

wettability (Olbrich et al. 2007). Wettability can also be influenced by porosity, 

surface roughness, and surface chemistry. It has previously been 

demonstrated by Förch et al., group that the cut- off contact angle for suitable 

cell attachment, proliferation, and spreading is θ < 90° (Förch et al. 2009). 

Storage hydrophilic θ > 90 surfaces lead to an alteration in the integrin 

functioning of cells adhering, causing prevention from reorganisation on the 

cell surface that is necessary for both signalling processes and extracellular 

matrix secretion (Groth et al. 1999). Also, hydrophilicity leads to less cell-

surface interaction, and a loss in biological activity (de Mel et al. 2014). With 

regard to tissue engineering platforms, the surface wettability of below 90° is 

regarded as a highly important cue for the cell attachment and the subsequent 

induction of tissue growth, remodelling, and regeneration (Olbrich et al. 2007).  

 

Coagulated POSS-PCLUU contact angle degree ranged between (45.50±3.97 

to 54.14± 5.86 °) (Figure 5-12) which were considerably lower that coagulated 

POSS-PCU 150 ° (M. Ahmed et al. 2011). Neither porogen percentage (30%, 

40%, and 50%) nor pores diameter sizes (40 µm, 65 µm, and 105µm) affected 

contact angle degree as there was no significant difference between all 

conditions. Although coagulated POSS-PCLUU is considered hydrophilic, all 

angles were θ < 90°; they had a higher contact angle compared to the tissue 

culture plate (TCP), the contact angle is (35±3°) (van Wachem et al. 1985). 



 

Dekker et al. have demonstrated that modified PTFE with plasma had contact 

angle 58°, enhanced ECs coverage and attachment on PTFE and ECs spread 

ultimately on treated graft and they were covering all pores (Dekker et al. 

1992). The contact angle in Dekker et al., study was close to some conditions 

of coagulated POSS-PCLUU or higher. This indicated that coagulated POSS-

PCLUU wettability could also support cell adhesion and proliferation. 

 

5.5.1.1 The choice of sterilisation  
 
Before seeding, different sterilisation methods were used to make coagulated 

POSS-PCLUU free from bacteria and other living microorganisms. Successful 

sterilisation agents for tissue engineering should not exhibit contamination 

signs during cell culture, maintain material mechanical strength and surface 

properties, not change the chemical functional group in the material, and 

should not change material morphology. 

 

Coagulated POSS-PCLUU sheets were cut into small discs at 8mm to test the 

efficacy of sterilisation methods. Firstly, we utilised UV overnight which did not 

show effectiveness on sterilising discs (data not shown). We next followed UV 

overnight by dipping discs in 70% of ethanol. A sign of contamination was also 

observed when discs were incubated with fresh media at 37°C for 2 days (data 

not shown). It could be explainable that UV was not efficient in removing living 

microorganisms, because discs were 800µm in thickness and UV usually 

sterilise just surfaces. We thought that dipping discs in 70% of ethanol could 

potentially improve sterilisation, if we optimise the timing. Thus, we extended 

70% of ethanol exposure for 30 minutes; however, discs shrunk and softened 

(Figure 5-13A). 70% ethanol appeared to dissolve some of coagulated POSS-

PCLUU chemical component which led to discs sticking (Figure 5-13A). 

Moreover, autoclaving was so harsh on coagulated POSS-PCLUU, thus it 

caused samples melting (Figure 5-13B).  

 
Using 6% of hydrogen peroxide (H2O2) on these disks did not show signs of 

contamination after incubation with fresh media in the incubator (data not 

shown); therefore, H2O2 effect on coagulated POSS-PCLUU was further 



 

evaluated. H2O2 is a mild antiseptic that has been used since the 1920s on 

human skin to prevent infection of slight cuts, scrapes, and burns. It might also be 

utilised as a mouth rinse to help eliminate mucus or to relieve minor mouth 

irritation. H2O2 consists of two hydrogen atoms and two oxygen atoms and it 

begins to break when it contacts with living organisms. This is because 

organisms contain enzyme catalase, which attacks H2O2 and converting it into 

water (H2O) and oxygen (O2). H2O2 killed living organisms by destroying their 

cell walls and this process is called oxidation. Its oxygen atoms are incredibly 

reactive which can take electrons away from the organism’s cell walls. With 

less electrons, organism’s cell walls completely break which leads to 

destruction of the organisms (Durham and Elfenbein 2019).  

 

A study was conducted by Yildirimer in 2015 to examine the impact of 

autoclave, microwave, antibiotics, and 70 % ethanol sterilisation on coagulated 

POSS-PCLUU (L. Yildirimer and Seifalian 2015). In Yildirimer study, UTS, 

Young’s modulus, and strain at break were maintained after sterilising with 

microwave and 70% ethanol. However, antibiotics had significantly reduced 

UTS, Young’s modulus and strain at break. In our study, H2O2 did not affect 

UTS similar to microwave and 70% ethanol as it did not change coagulated 

POSS-PCLUU mechanical properties (Figure 5-14A, B, and C). Yildirimer, 

also evaluated coagulated POSS-PCLUU wettability by measuring contact 

angle degree between the basal line and droplet of water. Interestingly, 

autoclave, microwave, antibiotics, and 70% ethanol exhibited a significant 

reduction in contact angle degree, which indicates that these sterilization 

methods made coagulated POSS-PCLUU more hydrophilic. The drop in 

contact angle was due to the reduction in surface roughness, which causes a 

decrease of the surface area that eventually leads to an increase in 

hydrophilicity. On the other hand, H2O2 did not change the contact angle 

degree of coagulated POSS-PCLUU, and θ was maintained (Figure 5-15). 

The low contact angle is a good sign; however, roughness reduction results in 

fewer cells attachment. Cells usually prefer to attach and proliferate on rough 

surfaces, Zareidoost et al. have demonstrated that an increase of cell 

attachment is strongly correlated with the increase of surface roughness. 

Moreover, Rough surfaces stimulate the entrapment of fibrin protein, adhesion 



 

of osteogenic cells, and provides mechanical stability of implants in the host 

bone (Zareidoost et al. 2012). 

 

Yildirimer also noted that a significant reduction in thickness when coagulated 

POSS-PCLUU was sterilised with autoclave, microwave, antibiotics and 70% 

ethanol which indicates a dissolving of the polymer and also indicates the 

change in coagulated POSS-PCLUU length, and width. Whereas, H2O2 

preserved the same thickness, length, and width of samples of coagulated 

POSS-PCLUU (Figure 4-16A, B, and C). Yildirimer also investigated pores 

and surface microtopography by performing SEM. Sterilisation with autoclave, 

microwave, and 70% ethanol have significantly changed the topography of 

coagulated POSS-PCLUU; the tufts, irregular, and bumpy morphology were 

lost. Moreover, coagulated POSS-PCLUU melted and reformed into larger, 

fatter, and smoother ridges. This reformation was caused by hydrolytic 

instability of coagulated POSS-PCLUU, which suggests a partial dissolution of 

the polymer surface tufts due to hydrolysis. Antibiotic sterilisation appeared to 

have the least impact on surface melting. Cross-sectional images showed that 

autoclave, microwave, antibiotics, and 70 % ethanol either a complete loss of 

internal porous architecture or resulted in a massive reduction of internal 

porous and interconnected pores. Whereas, in our study H2O2 preserved tufts, 

irregular, bumpy morphology architecture (Figure 5-18) and (Figure 5-19). 

The cross-sectional images showed that coagulated POSS-PCLUU 

maintained the spongy internal architecture and exhibited numerous 

interconnected pores (Figure 5-19). To tissue engineer a successful graft it is 

essential and fundamental to maintain pores structure and inter connection 

pore to mimic native ECM, give cells their natural environment and allow 

nutrition and waste transportation (Noah et al. 2002).  

 

The post sterilisation effect of coagulated POSS-PCLUU was also evaluated 

by ATR-FTIR. It is a deep penetrating surface categorisation technique that 

can penetrate between 5-10μm in depth. It gives information about the 

chemistry and polymer functional groups beyond just the interfacial layer 

(Ratner et al. 2004). ATR-FTIR in Yildirimer study showed that autoclave, 

microwave, antibiotics, and 70% ethanol massively caused higher and 



 

widening of the OH absorption peak at 3550 cm-1 and this is an indicative of 

build-up of carboxylic and hydroxyl groups secondary to the hydrolytic 

degradation of the soft segment of PCLUU. Moreover, an increase in the OH 

band is due to the successive hydrolysis of the polymer. Moreover, an increase 

in the OH band is due to the successive hydrolysis of the polymer. While, in 

our study, no peaks heightening, increasing or widening were observed post 

H2O2 sterilisation (Figure 5-17). This suggest that H2O2 did not change the 

chemistry of functional groups of coagulated POSS-PCLUU.  

 

Our data suggested that H2O2 has not affected coagulated POSS-PCLUU 

properties. Besides, it had hugely better mechanical prevention of POSS-

PCLUU than other antiseptic agents. Moreover, it had better prevention 

against contamination. Thus, researchers may consider using H2O2 for 

sterilising grafts in future clinical trials. 

 

5.5.1.2 Coagulated POSS-PCLUU cytocompatibility 
 
Cells seeding on the graft is considered a critical step to successful tissue-

engineered grafts. Several studies proposed that seeding ECs onto the lumen 

surface of a tubular scaffold prevents thrombus formation after implantation, 

and seeding SMCs and fibroblasts onto the scaffold enhanced the graft 

interaction and improved mechanical strength (Shimizu et al. 2007). In 

addition, numerous studies have determined that cell seeding improves 

patency and longevity (Shimizu et al. 2007). Moreover, seeding ECs improved 

endothelialisation of both PTFE and Dacron®, as well as commercially 

available synthetic material used as for vascular graft, which has been shown 

to enhance patency in humans (Meinhart et al. 2001). 

 

After cutting, sterilising coagulated, and overnight washing with deionised 

water, POSS-PCLUU disks were kept in fresh filtered deionised water. 

Coagulated-POSS-PCLUU is like a sponge that has to be wet and filled with 

liquid to keep its structure. We wanted to check whether pre-conditioning discs 

with only ECs media for overnight would improve seeding efficacy and cell 

attachment. Therefore, half of the discs were incubated with media for 



 

overnight at 37°C; where other disks remained in filtered deionised water. 

DAPI stain showed that disks incubated with the media exhibited higher cell 

attachment (Figure 6-20A). Moreover, total DNA quantification showed that 

pre-conditioned discs' total DNA was significantly higher than those not 

conditioned with media for overnight (Figure 6-20B). This indicates that pre-

conditioning with media for overnight improved cell seeding efficacy and 

enhanced cell attachment. These results were unsurprising as media contains 

proteins, minerals, growth factors, and inorganic salts that make it more 

concentrated than deionised water. When media was added and left for 

overnight, denied water that was in the coagulated POSS-PCLUU discs moved 

out through osmotic possess. That made coagulated POSS-PCLUU discs 

filled with media instead. When cells were seeded, discs were full of media 

that consists of protein and other factors and that made discs with pre-

conditioning preferable environment to attach and a perfoliate. 

 

As it mentioned earlier, 50% (w/w) 40P, 65P and 105P were excluded from the 

study due to high porosity percentage and high-water permeability. We hence 

carried on with other 6 conditions 30% (w/w) 40P, 65P, and 105P and 40% 

(w/w) 40P, 65P, and 105P.  Cell metabolic activity was performed, and it was 

noted that cells seeded on 40% (w/w) 40P, 65P and 105P had significantly 

lower metabolic activity than 30% (w/w) 40P, 65P and 105P after 4h of adding 

Alamar Blue reagent (Figure 5-21B). DAPI stain also revealed that fewer cells 

were attached on the surface of 40% (w/w) (Figure 5-21A). However, when 

disks were incubated for a longer time (7h), metabolic activity was increased 

dramatically in 40% (w/w) conditions (Figure 5-21C). This may indicate that at 

40% (w/w) 40P, 65P, and 105P conditions, cells sunk inside the disks, 

therefore, Alamar Blue reagent needed more time to penetrate and detect cells 

metabolic activity. Moreover, we have also demonstrated that 40% (w/w) had 

significantly higher porosity and water permeability than 30% (w/w) (Figure 

5-11). In native vessels, ECs are lining in the luminal part for the entire vascular 

system forming a single continues monolayer of cells (Sumpio et al. 2002). 

Subsequently, it is crucial that our conditions allow surface ECs growth and 

does not allow ECs penetrating into the coagulated POSS-PCLUU disks. 



 

Consequently, 40% (w/w) conditions were excluded from the study as they will 

not allow surface monolayer formation. We carried on with 3 conditions, which 

are 30% (w/w) 40P, 65P, and 105P. 

 

Metabolic activity, total DNA, and nitric oxide production (NO) were evaluated 

on 30% (w/w) 40P, 65P, and 105P against 2D ECs (positive control). Alamar 

Blue was used to measure ECs metabolic activity which is an indicator of 

various aspects such as cellular health, apoptosis, cell cycle function, and 

control (Rampersad 2012). ECs function has been used as a reflection of 

vascular health; for example, ECs secrete several vasodilator and 

vasoconstrictor agents to regulate vascular tone. One of the vasodilators is 

nitric oxide (NO), it is considered as a fundamental vasodilator, and its function 

is widely used to evaluate ECs cellular function (Maiorana et al. 2003). 

Moreover, to the best of our knowledge, no one has evaluated vascular cells 

functionality on seeded synthetic vascular scaffolds. Total DNA is one of the 

most commonly used techniques for measuring nucleic acid concentration. 

 

For total DNA, we have examined 3 different techniques to extract cells from 

seeded coagulated sheets. First technique was trypsinisation, and the other 

technique was cell lysis using lysis buffer; however, none of these techniques 

was actually worked, and total DNA yield was equivalent to zero. It could be 

because POSS-PCLUU is a biodegradable material, and the addition of trypsin 

or lysis buffer might interact with coagulated POSS-PCLUU. Thus, polymer 

released degraded material that may be toxic to the cells. Alternatively, it could 

be due to inefficiency in cell detachment from coagulated POSS-PCLUU.  

 
Metabolic activity and total DNA for ECs seeded on coagulated POSS-PCLUU 

showed a significant increase from day 3 to day 6, from day 6 to day 9, and 

from day 9 to day 12, and NO production also demonstrated a significant 

increase from day 9 to day 12; suggesting that cells were performing well, 

metabolically active and functioning as ECs. However, metabolic activity and 

NO significantly dropped almost to half for NO production and one-third for 

metabolic activity from day 12 to day 14, although, there was an increase in 

2D culture from day 12 to day 14 (Figure 5-22A, B, and C). However, total 



 

DNA did not drop between day 12 and day 14, although there was an increase 

of total DNA in 2D culture between day 12 and day 14 (Figure 5-22A, B, and 

C). It has also been noted that 2D culture was significantly higher in metabolic 

activity, total DNA, and NO production at each time point than ECs on 

coagulated POSS-PCLUU. 2D culture might not be a good representation for 

3D culture as cells ultimately behave differently on 2D and 3D. Growing on a 

flat surface is not the best way to understand how cells grow and function in 

3D culture (Huh et al. 2011). There might be specific pathways that have been 

activated or inactivated in both 2D and 3D. Therefore, it is suboptimal to 

compare 2D with 3D culture.  

 

Comparing with other studies, Punshon et al., observed no significant increase 

in metabolic activity between day 7 to day 35 on EPCs seeded on POSS-PCU. 

Moreover, their immunostaining data showed a complete loss of  CD31 

expression on day 35, although it was expressed on day 7 (Punshon et al. 

2008). Unfortunately, they did not check gene expression between day 7 and 

day 35. Losing the expression of CD31 during EPCs culture on POSS-PCU 

might be in line with our result as we started to lose NO production and 

metabolic activity on coagulated POSS-PCLUU by day 14. In another study, it 

was found that seeded ECs on functionalised POSS-PCU with peptide had 

equivalent metabolic activity as 2D culture positive control on day 7, as well 

as, ECs immunostaining showed an expression of CD133, CD34 and eNOS 

(de Mel et al. 2009). Another study conducted on casted POSS-PCLUU 

showed an increase of metabolic activity up to day 14 then it dropped on day 

21, and 2D culture metabolic activity was higher at each time pint (Gupta et al. 

2009). This is in line with our finding as we observed a significant reduction in 

metabolic activity by day 14. Yildirimer also investigated coagulated POSS-

PCLUU seeded with dermal fibroblast metabolic activity and showed a 

significant increase over 7 days, though, 2D culture was significantly higher at 

each time point (L. Yildirimer and Seifalian 2015).  

 

Another work was carried out by Lakhani et al., on 60% of NaHCO3, NaHCO3 

size was 40µm with coagulated POSS-PCL seeded with bone marrow-derived 

and, mesenchymal stem cells showed a significant increase in metabolic 



 

activity between day 10 to day 21. Moreover, on day 21 metabolic activity was 

higher than 2D culture positive control (Lakhani et al. 2015). However, in 

another study of coagulated POSS-PCL with 50% NaHCO3 porogen of 40µm 

, 65µm, and 105μm seeded with adipose stem cells showed no significant 

differences in metabolic activity with 40µm and 65µm over 14 days; however, 

there was a significant reduction with 105μm on day 14 (Chawla et al. 2014). 

Seeding of cells on to coagulated POSS-PCL and POSS-PCU seemed to be 

variable metabolic activities results. All the studies mentioned above evaluated 

seeded cells on scaffolds using Alamar Blue. Although Alamar Blue is widely 

used, it was reported that Alamar Blue had variable sensitivity and specificity 

compared with the other assays (Rampersad 2012). 

 

In our study, we noted that metabolic activity and NO production were 

dropped by day 14. It seemed that something affected the pH on day 12 as 

the media was changed twice a day on day 12, day 13, and day 14. The 

media looked completely yellow after a few hours of changing media, 

although, the red colour was maintained in 2D culture (Figure 5-23). This 

indicate that there is something inducing a reduction of pH. Maybe the 

massive drop in pH was the reason behind the impairment in metabolic 

activity and NO production. It could be that the reduction of pH was due to 

massive cell death; however, the total DNA result did not show a reduction 

in total cell number. It could be due to coagulated POSS-PCLUU degraded 

material, and this needs to be further tested. It has been proven that 

sometimes intrinsic properties of the polymer can inflame an adverse 

biological response. For example, poly (glycolic acid) polymer degrades 

rapidly in vivo and its degradation products can reduce pH locally, provoking 

an unnecessary inflammatory response and affect cells and graft potency (G 

et al. 2015).  

 

Synthetic materials degradation for the aliphatic polyesters such as PCL and 

PLGA progress via the hydrolysis of ester bonds. Water molecules breaks 

these bonds, and this results in smaller chains (due to “chain scission”) which 

subsequently leads to the formation of short fragments of chains which have 

exposed water-soluble carboxyl (-COOH) end groups. When the hydrogen 



 

ions (H+) detach from the carboxyl (-COOH) groups, the local pH notably 

decreases. The acidic pH then catalyses the hydrolysis of other ester bonds 

that therefore increases the degradation rate. This process is called 

autocatalysis (Suming Li and McCarthy 1999).  

 

Some studies determined the effect of acidic environments on cellular viability, 

for example, Razaq et al., evidenced that in acid conditions, sulphated GAG 

production generated by cells at pH 6.6 (acidic condition) were only 11% of 

those measured at pH 7.2. Moreover, protein synthesis was also strongly 

inhibited under acidic conditions, which consequently affected MMP 

production. MMPs are released by cells as inactive pro-enzymes, and these 

usually are activated by cleavage of a short pro-peptide before they can 

degrade matrix macromolecules. MMPs release dropped by >50% at pH 6.4 

(acidic condition) (Razaq et al. 2003). As it been discussed in (Chapter 1: 

section 1.2.3.2) the release of MMPs and the degradation of ECM is a vital 

step to angiogenesis; thus, acidic conditions will indirectly affect angiogenesis 

and new vessel remodelling. A study was carried out by Yildirimer et al., where 

they have added degradation products in cultured dermal fibroblasts for 7 

days. These degradation products were from POSS-PCLUU left in 

degradation buffer for 6 months. Adding degradation products caused a 

significant reduction in cell metabolic activity after 3 days of culture due to an 

increase in toxicity. They have related that to acidic degradation products that 

are responsible for cell death (Lara Yildirimer et al. 2015). Their observation of 

toxicity was very interesting as POSS-PCLUU components are not toxic in the 

first place. The degradation study must be further investigated. 

 

In most studies, 2D culture is widely used as a positive control for 3D 

conditions. All our results that were conducted on coagulated POSS-PCLUU 

had a significantly lower metabolic activity, total DNA, and NO production than 

2D culture. Thus, another fabrication method needs to be investigated to 

enhance cell viability, prefoliation, and function. 

 

 



 

5.5.2 Optimisation of POSS-PCLUU nanofibers 
 
To create nanofibers, we used the electrospinning fabrication method. 

Electrospinning has been widely used as a method to generate nanofibers with 

a diameter range of several micrometres to 100 nm or less for multiple tissue 

applications. Fibres structures generated by this method are able to support 

cell adhesion, proliferation, growth, and guide cellular behaviour. In addition, 

this method allows the ability to control scaffold composition, structure, and 

mechanical properties. Furthermore, three-dimensional electrospun nanofiber 

scaffold with good porosity and interconnectivity provides a favourable 

environment for cells. A variety of synthetic polymers (metals, non-

biodegradable polymers, and biodegradable) and natural polymers (collagen, 

gelatine, and silk) can be electrospun (Dahl et al. 2007). 

 

The electrospinning procedure initiates when the solution is pumped at a 

constant flow rate, and a set voltage is applied to generate an electric field 

between the needle tip and the collector. A charge gathers at the liquid surface, 

when the electrostatic repulsion is higher than the surface tension, the liquid 

meniscus is deformed into a conically shaped structure known as the Taylor 

cone. Once the Taylor cone is formed, the charged liquid jet is ejected towards 

the collector forming fibres (Bhardwaj and Kundu 2010). Ideally, the solvent 

must be evaporated before fibres reaching the collector, when the solvent 

evaporates leaving only solid polymer as fibres. However, when the solvent 

did not fully evaporated fibres (the fibres are wet) it will not adequately be 

formed and leave droplets on the collector. Thus, electrospin POSS-PCLUU 

was extremely challenging as the nanocage (POSS) only dissolves in 

Dimethylacetamide (DMAC), which has relatively high evaporation point 

(165.1°C). It has been evidenced that solvents volatility used for 

electrospinning has a considerable influence on the morphology of the 

resulting nanofibers and the ability of nanofibers formation. For instance, if the 

used solvent has low volatility, solvent evaporation will not occur as rapidly 

during polymer traveling from the needle tip to the collector, thus, wet fibres is 

formed or loose fibre form. Nevertheless, if the solvent volatility is overly high, 



 

fibres will not be formed as the polymer jet will solidify once exiting from needle 

(F. E. Ahmed et al. 2015).  

 

Viscosity is another critical factor that affects resulting fibres, and it has been 

widely considered to be the dominant parameter that controls fibres diameter, 

and the ability of the polymer to electrospin or not. The viscosity of the polymer 

solution should be situated within an appropriately delineated range; outside 

this range, electrospinning will be either interrupted or impossible. For 

example, too low viscosity may result in interruption of polymeric filaments and 

droplets of polymer (electrospray), whereas, too high viscosity makes it very 

difficult to extrude the polymer from the needle tip (Amariei et al. 2017). In our 

study, we determined that POSS-PCLUU was extremely viscous (Figure 

5-24); it had 7.01 Pas at 100/s shear rate which is equivalent to 71 poise. 

Amariei et al., demonstrated that polymer which has viscosity more than 20 

poise, causes electrospinning prevention due to polymer flow instability which 

eventually leads to a high cohesion of the solution (Amariei et al. 2017). 

Several of parameters have been attempted to generate fibres including the 

use of different flow rates, different distances between needle tip and collector, 

different voltages, and different POSS-PCLUU concentration by diluting 

POSS-PCLUU in different solvents (Experimental design; section 5.3).  

 

The idea behind diluting polymer solution was to reduce DMAC evaporation 

point and viscosity, thus, diluting DMAC was attempting to reach a 

concentration that allows us to electrospin POSS-PCLUU. There is a positive 

correlation between concentration and viscosity, which means a reduction in 

concentration will result in lower viscosity. Heating POSS-PCLUU was also 

attempted, and the reason behand heating was as a liquid is heated, the 

viscosity decreases. Heating liquid increases the energy level of the molecules 

and the distance between molecules increases; thus, intermolecular forces are 

weakened and molecules move faster, therefore, the resistance to flow 

through the liquid decreases (Landau et al. 1967). We also used anti-humidity 

beads inside electrospinning chamber and anti-humidity system in the room to 

reduce the humidity that massively affects DMAC evaporation. In this study, 

we utilised the electrospinning system due to feasibility in forming 3D nanofiber 



 

scaffolds that mimic native ECM and, which also facilitates and guides cell 

adhesion and proliferation 

 

To be able to achieve this target, different concentrations of POSS-PCLUU (5-

8-12-13-14-15-16%) with different flowrates (0.8-2.0mL/h), voltages (15-

20KV), and distance (34-20 cm) were examined. After several attempts, we 

finally were able to create nanofibers from POSS-PCLUU, and these fibres 

were generated with 16% of POSS-PCLUU at flowrate 0.8ml/h, voltage 15-

20KV with 24cm distance (Figure 5-25). 

 

5.5.2.1  POSS-PCLUU nanofibers cytocompatibility  
 
As the previous fabrication method (coagulated POSS-PCLUU with porogens 

leaching) cytocompatibility of, POSS-PCLUU nanofibers were examined the 

same way. In order to obtain POSS-PCLUU nanofibers sheet at a thickness of 

800 µm, electrospinning run 8-10 hours continually. To prepare nanofibers 

sheets for cytocompatibility, sheets were cut in 8mm size and then were 

sterilised using H2O2 followed by an overnight wash with deionised water 

followed by overnight per-conditioning in ECs media. ECs were seeded, and 

metabolic activity, total DNA, and NO production were evaluated at day 3, 6, 

9, 12, and 14. Metabolic activity and total DNA were significantly increased 

from day 3 to day 6, from day 6 to day 9, from day 9 to day 12. Also, NO 

production was significantly increased from day 9 to day 12. More importantly, 

metabolic activity, total DNA, and NO production were equivalent to 2D culture 

positive control on day 3, 6, 9, and 12 (Figure 5-26A, B and C). This was 

expected as nanofibers of POSS-PCLUU mimic native ECM, and that makes 

it more preferable to the cells. Several studies have demonstrated that 

electrospun PCL nanofibers alone or blended with natural polymer improved 

cell viability, proliferation, attachment, and function (Z. C. Chen et al. 2008b; 

Chong et al. 2007; W. J. Li et al. 2003; W. J. Li et al. 2005a; Lim et al. 2011; 

Yoshimoto et al. 2003). Moreover, electrospinning offers a high surface area, 

where cell growth can be orientated and controlled (Figure 5-31). Numerous 

studies have highlighted the crucial role that high surface area plays in having 

sufficient cell attachment and proliferation. In addition, a high surface area is 



 

considered one of the requirements for a 3D scaffolding structure that offers 

cell guidance and subsequent ECM deposition. Yu et al. established a 

successful combination of high surface area with adequate structural support 

and cell growth guidance in vivo of a nerve regeneration model (W. Yu et al. 

2011).  

 

We observed the same pattern seen with coagulated POSS-PCLUU. A 

significant reduction of metabolic activity and NO production were determined 

on nanofibers from day 12 to day 14 (Figure 5-26A, B and C). This may 

suggest the same theory with POSS-PCLUU degradation products that may 

cause a massive reduction in pH. This needs to be further investigated. 

 

5.5.3 Coagulated POSS-PCLUU vs POSS-PCLUU nanofibers 
 
Coagulated POSS-PCLUU 30% (w/w) had the same porosity as POSS-

PCLUU nanofibers (Figure 5-27B), however, POSS-PCLUU nanofibers was 

significantly lower in wettability. This means that nanofibers are more 

hydrophilic that coagulated porogen leaching POSS-PCLUU (Figure 5-27A). 

This might be due to the decrease in surface roughness which causes an 

increases in hydrophilicity (WENZEL 1936). 

 
Metabolic activity, total DNA, and NO production all showed a significant 

increase in POSS-PCLUU nanofibers than coagulated POSS-PCLUU 30% 

(w/w) at all time point (Figure 5-28), (Figure 5-29) and (Figure 5-30). This 

indicate that POSS-PCLUU nanofibers were more suitable for use as a 

vascular graft. 

 

5.6 Summary 
 
In this chapter, all conditions of coagulation porogen leached constructs were 

examined for manufacturing a porous synthetic tissue-engineered vascular 

graft. Based on tensile testing and porosity measures, water permeability and 

cytocompatibility, a concentration of 30% (w/w) porogen conditions were 

selected as they exhibited the best properties. POSS-PCLUU cytocompatibility 



 

was improved by generating nanofibers. Thus, POSS-PCLUU can potentially 

be used as a vascular substitute with a coagulated outer layer as it exhibits 

similar mechanical properties as native vessels and nanofibers inner layer to 

improve ECs growth and cells viability. It would be vital to examine POSS-

PCLUU degradation products to investigate the shape drop in 

cytocompatibility by day 14.  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6 EPCs Derivation from Diabetic 
Patients’ Peripheral Blood to 

Use as a CVD Model 
 

 



 

6.1 Introduction  
 
Diabetes mellitus (DM) is a metabolic disease categorised by high glucose 

levels in the circulating blood (hyperglycaemia) due to deficiencies in insulin 

secretion, insulin action, or inability to uptake glucose (World Health 

Organization, 2014). There is more than a 2-fold increased risk for CVD death 

for patients with T2DM compared with people without, this has been discussed 

in Chapter 1 (section 1.5). 

 

Vascular endothelium is the interior layer of cells that covers the luminal 

surface of all blood vessels and also the physical barrier between the 

bloodstream and the underlying tissues (Sena et al. 2013). In addition, multiple 

functions of vascular endothelium include; regulation of vessel integrity, 

vascular growth and remodelling, tissue growth and metabolism, immune 

responses, cell adhesion, angiogenesis, haemostasis and vascular 

permeability, this has been discussed in Chapter 1 (section 1.3). Moreover, 

the endothelium also plays an important role in the regulation of vascular tone, 

controlling tissue blood flow and inflammatory responses and maintaining 

blood fluidity, this has been discussed in Chapter 1 (section 1.3) (Bellien et 

al. 2011; Tabit et al. 2010). Endothelial dysfunction is a term when endothelium 

either loses its functions or its function is impaired due to many factors such 

as hyperglycaemia, this has been discussed in Chapter 1 (section 1.4 and 

1.5). It is now widely known that endothelial dysfunction plays an early and 

critical role in the development of atherosclerosis and cardiovascular 

complications, particularly, in patients with diabetes, this has been discussed 

in Chapter 1 (section 1.4) (Wils et al. 2017). With regard to this, the increase 

in incidence of endothelial dysfunction in diabetic patients was lately 

considered to be a strong independent indicator of the occurrence of 

cardiovascular outcomes. It has also become an attractive pharmacological 

target to improve cardiovascular outcomes and prevent its subsequent events 

(van Sloten et al. 2014). 

 

Neovascularisation is the natural formation of new blood vessels that progress 

from microvasculatures such as capillaries and small venules which grows into 



 

complex capillary and vascular networks. Moreover, macrovascular ECs can 

also form tubes, branches, and capillary like structures (Folkman and Shing 

1992). Previously, it was believed that the whole development of 

neovascularisation is carried out by pericytes and quiescent ECs (capillaries) 

or SMCs and ECs (arterioles, venules) (Battegay 1995). However, increasing 

evidences have shown that neovascularisation in adults is not merely the result 

of angiogenesis from ECs but may also involve bone marrow-derived cells in 

the process of vasculogenesis (Tepper et al. 2002). These cells can be 

cultured from the circulating mononuclear cell (MNC) population and are 

commonly called endothelial progenitor cells (EPCs) because they reveal the 

same characteristic surface markers as stem cells and properties as 

endothelial cells (Loomans et al. 2004). Moreover, a number of studies have 

indicated that injected native EPCs to sites of ischemia cause development of  

newly formed capillaries and enhance neovascularisation (Hristov et al. 2003). 

Sub-consequently, if EPCs are important to endothelial maintenance and 

repair, EPC dysfunction could contribute to the pathogenesis of ischemic 

vascular disease (Loomans et al. 2004). 

 

There is no doubt that EPCs derived from peripheral blood play a fundamental 

role in vascular regenerating in vivo which can offer a good understanding of 

angiogenesis and arteriogenesis (Eggermann et al. 2003). EPCs derived from 

elevated risk of CVD patients, such as patients with diabetes, can give a better 

understanding into disease pathology and progression. Therefore, EPCs can 

be utilised to insight and discover new biomarkers which might be involved in 

the elevated risk of atherosclerosis progression in diabetic patients. Moreover, 

EPCs from diabetic patient may help to improve the understanding of the 

underlying molecular mechanisms involved in atherosclerosis and help identify 

potential therapeutics. Furthermore, these cells might serve a potential avenue 

in vascular repair cell therapy, which maybe tangent in patients with a host of 

vascular diseases.  

  



 

6.2 Aim and hypothesis 
 

6.2.1 Hypothesis 
 
EPCs from diabetic patients can be reprogrammed into iPSCs and then re-

differentiated into ECs. This process may help in discovering potential 

biomarkers that are involved in CVD progression. 

 

6.2.2 Aims 
 

• To address any developmental biomarkers differences between 

diabetic (diseased) and non-diabetic (healthy) EPCs that may help to 

develop a pharmaceutical treatment to prevent CVD for diabetic 

patients. 

 

• To provide a CVD model by transfecting EPCs, from whole human 

blood isolated from either control or diabetic patients, into iPSCs. 

  



 

6.3 Experimental design  
 
Blood per patient was collected from the Diabetic Podiatry clinic from diabetic 

patients with cardiovascular complications (10 ml per patient) aged > 65, all 

patients were kindly consented. In parallel, blood was also collected from 

healthy individuals from the Division of Surgery and Interventional Science 

aged < 25 also 10 ml per donor, all donors consented. After blood collection, 

MNCs were isolated from both groups using two different techniques; the 

classical technique where the middle layer of MNCs was manually collected 

after blood separation using Ficoll and using a SepMate™ tube that contains 

an insert which keeps the granular cells and red blood cells separated from 

the MNCs. Once the MNCs were collected, they were plated onto collagen 

type I coated tissue culture plates in EGMTM-2 BulletKitTM medium. The aim 

was to expand EPCs from both healthy and diseased patient samples followed 

by transfection with a pluripotency gene cocktail using Epi5™ vectors as a 

carrier agent. Once iPSC colonies started to appear, they would be picked and 

expanded followed by iPSCs characterisation. Finally, newly formed iPSCs 

would then be differentiated to ECs and other vascular lineage cells to be used 

to generate a CVD model. QPCR, flow cytometry and immunostaining would 

be performed during differentiation for both groups to uncover any differences 

between the two groups (Figure 6-1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 

 
 
 
 
 
  

Figure 6-1: Systemic diagram shows the experimental design to model 

CVDs. 

First step, blood was collected from Podiatry clinic from diabetic patients with 
cardiovascular complications aged > 65, in parallel blood was also collected 
from healthy individuals at division of surgery and interventional science aged 
< 25, both groups consented. Second step, MNCs were isolated from both 
groups using two techniques (Classical technique and SepMate™tube) 
followed by re-plating on collagen type I in EGMTM-2 BulletKitTM medium. Third 
step, EPCs expansion from both healthy and diseased followed by step four 
which involves transfection with pluripotency gene cocktail using Epi5™ 
vectors as a carrier agent. Once iPSCs colonies started appearing, they will be 
picked and expanded followed by iPSCs characterisation. Finally, newly 
formed iPSCs will then be differentiated to ECs. qPCR, flowcytometry and 
immunostaining will be performed during differentiation for both groups to 
uncover any differences between the two groups. Graph was generated using 
PowerPoint SmartArt. 
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6.4 Results  
 
In order to isolate EPCs from circulating blood, diabetic blood was collected 

from patients attending the Podiatry Clinic at the Royal free Hospital. This 

study was approved by the Research and Ethics Committee and all patients 

consented. 

 

Patients were between 65 to 89 years old with cardiac complications. In 

parallel, blood was also collected from healthy individuals from the Division of 

Surgery and Interventional Science at the Royal Free Hospital aged between 

25 to 40.  

 

As EPCs are present among the MNC population in the blood, we initially 

started by collecting the MNC layers from each diabetic patient and healthy 

donor using the classical method (by manually separating the blood into layers 

using a density separation reagent and collecting the MNC layers using 1000 

pipette tip) (Figure 6-2). That was briefly carried out by gently pipetting diluted 

blood on top of a layer of Ficoll in 50 ml conical tubes followed by centrifugation 

for 30 minutes with the break off to ensure that the layers generated by the 

centrifugation were maintained.  

 

As Figure 6-2 shows, the blood separated  into 3 different layers; the top layer 

was plasma which consisted of platelets, followed by MNCs layer that was 

desired layer. Then the Ficoll layer, which was used for density gradient 

centrifugation, a method allowing for the isolation of specific cells from whole 

blood via differences in density. The bottom layer consisted of red blood cells 

(RBCs). MNCs were collected manually from each tube followed by plating 

them onto tissue culture plates coated with collagen type I. MNCs cultured in 

this manner were monitored for 25 days by taking images using an EVOSTM 

light microscope. Cells that been derived from the MNCs of diabetic patients 

did not display the same morphology as EPCs generated from healthy control 

patient blood samples. EPCs usually have a spindle-like shape, whereas, cells 

differentiated  from the MNCs of diabetic patients had either circular or a very 

long and thin spindle shape (Figure 6-3). Typically, EPCs should attach to a 



 

culture plate between 8-14 days post MNCs layer isolation from peripheral 

blood cultured on collagen type I, however, no cells exhibiting EPC-like 

morphology were attached by 25 days following MNCs isolation (Figure 6-5A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Next, in an attempt to improve the efficiency of MNC isolation from diabetic 

patient blood, SepMate™ tubes were used to accurately isolate MNCs layer 

from diabetic peripheral blood in order to isolate EPCs form MNCs population.  

 

Figure 6-2: Cells separation from peripheral blood after using the 

classical way. 

Blood was diluted and carefully pipetted on top of Ficoll medium. Tube was 
centrifuged for 30 minutes with the break off. This led to layers separation 
with each layer containing different cell population. The top layer was plasma 
layer which is rich with platelets. This was followed by MNCs layer and this 
was the desired layer. Followed by the Ficoll which separated cells according 
to their density. The bottom was RBCs layer. NMCs = mononuclear cells and 
RBCs= red blood cells. 
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Figure 6-3: Morphological appearance of MNCs isolated from diabetic 

patients using classical method. 

Morphological appearance of cells isolated from diabetic patients on collagen 
type I. Images were taken using light microscope at different time points post 
isolation on day 6,9,12,15 and 18. These MNCs did not have EPCs 
morphology and they adhered after one day of plating. Images were acquired 
from EVOSTM Microscope with 10x and 20x lens magnification as shown. 
Scale bars represent 400 μm (10x) and 200 µm (20x). D= day. n=20 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

SepMate™ tubes have an insert that effectively separates MNCs from red 

blood cells layer and density gradient medium. That was briefly done by 

pipetting Ficoll medium into the central hole of the insert then diluted blood 

was gently pipetted on top of Ficoll medium. Tube was centrifuged for 10 

minutes with the break on. As shown in Figure 6-4, after centrifugation, blood 

Figure 6-4: Cells separation from peripheral blood after using 

SepMate™ tubes. 

Ficoll medium was pipetted into the central hole of the insert then diluted 
blood was gently pipetted on top of Ficoll medium. Tube was centrifuged for 
10 minutes with the break on. This led to layers separation each layer 
contained different cell population. The top layer was plasma layer which is 
rich with platelets. This was followed by MNCs layer and this was the desired 
layer. Ficoll which separated cells according to their density. At the bottom 
was RBCs layer. NMCs = mononuclear cells and RBCs= red blood cells. 
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cells were separated into 3 different layers with each layer containing different 

cell populations. The top layer was plasma which is rich with platelets.  

 

This was followed by MNCs layer and this was the desired layer. Plasma layer 

and MNCs layer were above the insert. This was followed by the Ficoll which 

separated cells according to their density. At the bottom was RBCs layer. 

Plasma layer and MNCs layer were then poured into a new tube, while insert 

kept the other layers including Filcoll, granular cells and RBCs separate when 

the tube was inverted. 

MNCs were isolated using these special tubes and were grown on collagen 

type I, however, no EPCs were seen. MNCs that been isolated using 

SepMate™ tubes had the same morphology as MNCs that been isolated using 

classical technique (Figure 6-6). We also further monitored MNCs isolated 

Figure 6-5: Light microscope images for MNCs isolated from diabetic 

patients 

A) MNCs isolated from diabetic patients using classical technique. Images 
were taken on day 3 and 25 post isolation. B) MNCs isolated from diabetic 
patients using SepMate™ tubes. Images were taken on day 6 and 25 post 
isolation. Images were acquired from EVOSTM Microscope with 40x lens 
magnification as shown. Scale bars represent 100 μm (40x). D= day. n=20 



 

from diabetic patients using SepMate™ tubes for 25 days, however, no EPCs 

were attached or seen (Figure 6-5B).  

 

MNCs from diabetic peripheral blood were exposed to high glucose level in 

vivo, culturing them at normal glucose level may shock them leading to their 

death. Therefore, culturing these cells in the similar environment they were in 

may improve EPCs survival rate. MNCs were cultured on collagen type I in 

different glucose levels of 5, 7 and 10 mmol/L using both classical method and 

SepMate™ tubes to isolate EPCs from MNCs, however, no EPCs were 

attached or seen after 25 days of MNCs isolation (Figure 6-7). On the other 

hand, EPCs were successfully isolated from healthy individuals as isolated 

cells exhibited EPCs morphological shape and colonies started to appear on 

day 10 after isolation using classical method as expected. EPCs were also 

passaged two times on collagen type I and were still proliferative and 

maintained the same shape (Figure 6-8A and B).  

 

As EPCs were isolated successfully from health donors’ MNCs, these isolated 

EPCs were further characterised to verify their identity. This was performed by 

staining for EPCs key markers. Immunostaining analysis showed positive 

expression of EPCs key markers including CD31, CD144, vWF and CD34 

(Figure 6-9). 

 

We also investigated the functionality of both EPCs isolated from healthy 

donors and MNCs isolated from diabetic patients by performing tube formation 

assay and LDL uptake. HUVEC was used as a positive control. Tube formation 

was carried out by exposing both EPCs isolated from healthy donors and cells 

isolated from diabetic patient to 10ng/ml VEGF. EPCs isolated from healthy 

donors were able to form tube similar to the positive control. Networks were 

fully formed after 24h of seeding EPCs on basement membrane (BM) with the 

presence of angiogenesis factor (Figure 6-10B). 

  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6-6: Morphological appearance of MNCs isolated from 

diabetic patients using SepMate™ tubes. 

Morphological appearance of cells isolated from diabetic patients on 
collagen type I. Images were taken using light microscope at different time 
points post isolation on days 9,12,15 and 18. These MNCs did not have 
EPCs morphology and adhered after one day of plating. Images were 
acquired from EVOSTM Microscope with 10x and 20x lens magnification as 
shown. Scale bars represent 400 μm (10x) and 200 µm (20x). D= day. n=20 



 

 

 
MNCs isolated from diabetic patients accumulated in the middle and did not 

form tube after angiogenesis exposure (Figure 6-10B). LDL uptake results 

also confirmed the functionality of EPCs isolated from healthy donor as they 

were able to uptake LDL similar to HUVEC, whereas MNCs isolated from 

diabetic patients were negative and were not able to uptake LDL (Figure 

6-10A). 

Figure 6-7: Morphological appearance of cells isolated from diabetic 

patients grown in difference glucose concentration. 

A) Morphology of MNCs isolated from diabetic patients on day 25 of isolation 
using classical method. B) Morphology of MNCs isolated from diabetic patients 
on day 25 of isolation using SepMate™ tubes. Images were acquired from 
EVOSTM Microscope with 10x and 20x lens magnification as shown. Scale bars 
represent 400 μm (10x) and 200 µm (20x). D= day 
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Functionality results confirmed that EPCs isolated from healthy individuals are 

true EPCs, however, MNCs isolated from diabetic patients were not EPCs. 

Moreover, EPCs isolated from healthy were able to form similar number of 

tubes as HUVEC (Figure 6-11A). There were no significant difference in 

Figure 6-8: Light microscope images of EPCs from MNCs isolated from 

healthy donor at different passages. 

A) P0 on 10 day and on day 15 after isolating MNC from healthy individuals 
peripheral blood and cultured on collagen type I. B) P1 after 3 days and 5 days 
of splitting EPCs were cultured on collagen type I. C) HUVEC as a positive 
control after 10 days of splitting. Images were acquired from EVOSTM 
Microscope with 10x and 20x lens magnification as shown. Scale bars 
represent 400 μm (10x) and 200 µm (20x). P= passage and D= day. n=3 



 

number of tubes between HUVEC 105.7 ± 7.172 and EPCs 106.0 ± 12.22 P 

value is (P= 0.98) (Figure 6-11A).  

 

 
 
 
 
 
 
 
 
 
 

 

EPCs can also be characterised by high level of proliferation rate, thus, we 

examined their viability by measuring metabolic activity which gives an 

Figure 6-9:Surface and cytoplasmic markers of EPCs isolated from 

healthy donor, immunostaining analysis. 

EPCs were isolated from healthy donor showed positive expression of surface 
markers including CD31, CD43 in red and CD144 in green and cytoplasmic 
marker including vWF in red. Images were acquired from EVOSTM FL 
Microscope with 10x and 20x lens magnification as shown. Scale bars 
represent 400 μm (10x), 200 μm (20x). n=3  
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indication of EPCs proliferation capacity. Alamar Blue analysis showed that 

there was a significant difference in proliferation rate between HUVEC and 

EPCs with 30.88 ± 0.18 and 48.30 ± 0.36 respectively (P £ 0.0001) (Figure 

6-11B).  

 
 

 

As we were not able to isolate EPCs from MNCs layer from diabetic patients 

(reasons explained in discussion section 6.5), we decided to grow the whole 

population of MNCs instead of isolating ECPs which are a small population 

from MNCs. MNCs isolated from diabetic patients were grown in suspension 

and were passaged until they reached the desired number for transfection 

(Figure 6-12A). Once MNCs reached desired confluency for transfection, 

200,000 cells of MNCs were prepared with Epi5 reprogramming Vectors, 2μl 

Epi5 p53 & EBNA Vector in 20μl P3 NucleofectorTM Solution. The mixture was 

Figure 6-10: Functionality assays for EPCs isolated from healthy 

individuals and MNCs derived from diabetic patients. 

A) LDL uptake HUVECs positive control and EPCs isolated from healthy 
individuals showed positive signal for LDL, whereas, MNCs isolated from 
diabetic patients were not able to uptake LDL. LDL uptake stain is in red. B) 
Tube formation assay where HUVECs positive control and EPCs isolated from 
healthy individuals had the capacity to form tube under angiogenesis induction, 
whereas, MNCs isolated from diabetic patients were not able to form tubes. 
Images were acquired using EVOSTM FL Microscope with 10x lens 
magnification as shown. Scale bars represent 400 μm (10x). EVOSTM 
Microscope with 10x lens magnification as shown. Scale bars represent 400 
μm (10x). n=3  
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transferred to 16 well NucleocuvetteTM strip and placed in the 

4DNucleofectorTM X Unit for transfection. Transfected MNCs were then grown 

in reprogramming media. 9 days post transfection, transfected MNCs were in 

suspension. On day 25, few cells were observed (see arrow) (Figure 6-12B), 

however, on day 30 transfected MNCs did not survive as they clamped 

together and died (Figure 6-12B). 

 
 
 

 

 

Technically, iPSCs colonies should appear between day 15-21 post 

transfection, however, no colonies were observed after 30 day of transfection 

(Figure 6-12B).  

 
 
 
 
 

Figure 6-11: EPCs characterisation of EPCs isolated from healthy 

individuals. 

A) Number of networks formed after 24h showed there was no significant 
difference in number of tubes formed between HUVEC and EPCs (P>0.05). 
B) Cell viability assay using Alamar Blue showed that there was significant 
difference in proliferation rate between HUVEC and EPCs isolated from 
healthy individuals P £ 0.0001. Unpaired t-test was performed in PRISM 
software was used to determine significance. ****=P £ 0.0001 and ns=not 
significant. n=3 
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Figure 6-12: MNCs population from diabetic patients growing in 

suspension before and after transfection. 

A) MNCs prior to transfection with Epi5™ showed 2D old MNCs P0 growing 
in suspension and 2D, 10D old MNCs after passaging. B) MNCs post-
transfection on day 9 transfected cells were in suspension, on day 25 few 
cells were seen to be attached see arrow and on day 30 no transfected cells 
were observed, transfected cells looked dead. Images were acquired from 
EVOSTM Microscope with 10x lens magnification as shown. Scale bars 
represent 400 μm (10x). D=day, n=2 
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6.5 Discussion  
 

Until the end of the 20th century, vasculogenesis was used to describe the 

process of the formation of new blood vessels from ECs, and this only occurred 

during embryogenesis. On the other hand, postnatal neovascularisation was 

believed to result solely from proliferation, migration, and remodelling of pre-

existing blood vessels, and this is called angiogenesis. In 1997 Asahara et al. 

discovered that in human peripheral blood, putative EPCs were able to 

integrate to regenerate host vessels in region of injury and to incorporate in 

vascular repair and remodelling (Asahara et al. 1997). Since this discovery, a 

number of methodological approaches have been described to categorise and 

investigate the role of these putative human EPCs.  

 

There are a number of main EPC subsets that have been studied and that 

have been divided into early EPCs and late EPCs. Early EPCs are circulating 

angiogenic cells (CAC) which express CD133 or CD34, VEGFR2 or CD31 and 

colony forming unit-Hill (CFU/Hill) which are composed of monocytes and T-

lymphocytes (Fadini et al. 2012) (Favre et al. 2013). Late EPCs can be 

recognised as another type of colony forming assay as endothelial colony 

forming cells (ECFC), primarily named outgrowth endothelial cells (OEC) and 

they express the cell surface antigens CD34, CD31, CD105, CD144, CD146, 

vWF, and VEGFR2 and up take acylated low-density lipoprotein (AcLDL) (Lin 

et al. 2000). 

 

The focus in our study was on isolating ECFC (late EPCs) from peripheral 

blood due to their ability to improve post-ischemic neovascularisation by 

integrating capillary vessel structures (T. Takahashi et al. 1999) and ability to 

co-localise with regenerating vasculature on mice (Asahara et al. 1997). In 

humans, the richness of circulating CD34+/VEGFR2+ cells has also shown the 

ability to speculate the future of cardiovascular incidents and more 

interestingly, death from cardiovascular disease (Schmidt-Lucke et al. 2005). 

Patel et al. have shown a strong relationship between the number of 

mononuclear cells such as CD34+ and AC133+ and the risk of death in patients 

with coronary artery disease (R. S. Patel et al. 2015). Moreover, although 



 

ECFCs isolated from adult human peripheral blood lack most progenitor 

marker expression, they resemble mature ECs and are considered the true 

EPCs. Furthermore, they exhibit a clonal phenotype in vitro and the growing 

colonies display characteristics similar to mature endothelial cells (Wils et al. 

2017). Yoon and his colleagues have shown that late EPCs appear to be a 

major underlying component contributing to vascular integrity, homeostasis 

and might operate as a potential therapeutic target for vascular regeneration 

(Yoon et al. 2005).  

 

In our study, we were not able to isolate late EPCs, which is a small population 

of MNCs, from diabetic patients using the classical method, (Figure 6-3) and 

(Figure 6-5A). Using classical method can be inaccurate because it depends 

on operator variation, besides, the difficulty to isolate pure MNCs layer (the 

middle layer) without taking some cells from top or bottom layers, in addition, 

it may cause MNCs loss due to leaving some of the middle layer or insufficient 

collection of whole of the middle layer. Moreover, classical method contains 

30 minutes of centrifugation step which could be harsh to cells and can cause 

cell death. Another method was used to increase the efficiency of MNCs cells 

isolation. This method is to use special tubes that have insert to prevent layers 

to be mixed. Using SepMate™ tubes also saves time as centrifugation step is 

just for 10 minutes. Using SepMate™ tubes did not yielded EPCs, (Figure 

6-5B) and (Figure 6-6). It was worth to attempt growing MNCs that were 

freshly isolated from diabetic patients as they were exposed to high glucose 

levels for a long time. MNCs were cultured in different glucose levels, 7, 10 

and 15 mmol/L, however, this did not improve EPCs attachment and no EPCs 

were attached or seen after 25 days using both classical method and 

SepMate™ tubes (Figure 6-7). Different media suppliers were also attempted, 

we have used two different media supplied by Promocell and Lonza, however, 

EPCs were not attached. 

 

On the other hand, healthy EPCs were successfully isolated from healthy 

individual (Figure 6-8) and this indicates that high glucose level greatly 

impaired EPCs ability to attach and proliferate. One of the key features of 

EPCs is that they are highly proliferative and our Alamar Blue result analysis 



 

confirmed their proliferative capacity compared to HUVEC (Figure 6-11B). 

EPCs also expressed key marker of mature ECs key markers such as CD31 

and vWF, as well as progenitor marker such as CD34 (Figure 6-9). High 

capacity of proliferation is explained due to their origin as they originate from 

bone marrow and they also express some stem cells markers (Lin et al. 2000). 

One function is their ability to uptake LDL; therefore, EPCs isolated from 

healthy individuals were tested for LDL uptake and there were positive. EPCs 

were able to uptake LDL, whereas, MNCs isolated from diabetic patients were 

not able to uptake LDL (Figure 6-10A). Healthy EPCs were also tested for 

tube formation capability when exposed to VEGF. EPCs were able to form 

tubes which are comparable to positive control HUVEC (Figure 6-10B) and 

the number of tubes formed was comparable with HUVEC (Figure 6-11A), 

while, MNCs isolated from diabetic patients did not exhibit tube formation after 

induction. LDL uptake and tube formation are fundamental characteristics of 

EPCs, inability of MNCs isolated from diabetic patient to function as EPCs 

indicate that these cells are not EPCs.  

 

As it has been mentioned earlier the study was focused on isolating ECFC 

which are more difficult to isolate than other EPCs subsets due to their rare 

presence in the peripheral blood (less than 1 per million cells) in healthy 

individuals (Ingram et al. 2005). Many studies have shown that chronic and 

long incubation with high glucose level, cause a reduction of the ECFC number 

and proliferation. They also have shown that high glucose level promoted 

ECFC dysfunction and reduced their migratory, secretion potentials, adhesion 

and angiogenic capacity. Moreover, hyperglycaemia also induces ECFC 

apoptosis (Ingram et al. 2005).  

 

Marchetti et at reported that glucose diminished the activity of the PI3K/Akt 

pathway, which is a key signal for EPC differentiation. It is well known that the 

PI3K/Akt pathway also direct some other cellular processes such as stress 

resistance and differentiation via the modulation of FoxO transcription factors. 

Depending on the integration of external signals obtained by growth factors 

such as insulin, IGF-I, or VEGF, FoxOs acts as an initiator or suppresser in 

transcription programs involved in metabolic control, cell cycle, oxidative stress 



 

recognition, and apoptosis. They also showed that hyperglycaemia, impairs 

Akt that can then lead to impairment in its activity (Marchetti et al. 2006). 

 

Krankel et al also found that an increased number of EPCs in phases 

G0/G1 phase, and a decreased number of EPCs was found in the G2/M and S 

phases after exposure to high glucose level medium. Therefore, this in vitro 

finding may explain the reduced number of EPCs and explain impairment in 

their proliferative capacity. They also found that hyperglycaemia increases 

apoptosis rate through alteration of expression levels of p16Ink-4a and p21Waf-1 

which are also associated with apoptosis (Krankel et al. 2005). 

 

Seeger et al demonstrated that p38 contributes to the reduction of numbers of 

EPCs and p38 pathway induced by hyperglycaemia in vitro. The p38 and its 

downstream targets are vital in regulating a variety of biological responses, 

such as apoptosis, proliferation, and differentiation. Their results showed that 

p38 affects EPC apoptosis and interferes with the release of VEGF indirectly 

(Seeger et al. 2005). High glucose level stimulates LDL oxidation to form 

oxidised LDL (OxLDL) which severely impairs EPCs migration. The findings 

suggest that the underlying mechanism for this impaired EPC migration is 

linked to the CXCR4/Pi3K/Akt/eNOS signalling pathways (Hamed et al. 2010). 

 

Chen et al repoted that chronic exposure to hyperglycaemia inhibited EPCs 

ability and reduced the number and proliferation activity, in addition, it induced 

early senescence of early and late EPCs. Chronic exposure to hyperglycaemia 

also impaired the migration and vasculogenesis activities of late EPCs. 

Moreover, in both early and late EPCs, Akt, FoxO1, and eNOS 

phosphorylation and bioavailable NO were significantly diminished in chronic 

presence of hyperglycaemia (Y. H. Chen et al. 2007). 

 

Churdchomjan et al showed a reduction of EPCs in diabetic patients, which 

may reflect a shortened peripheral survival of EPCs, or a poor mobilization of 

EPCs from the bone marrow. They also indicated that the number of circulating 

CD34+ and EPC (CD34+/VEGFR2+) cells in diabetes were significantly 

reduced compare to healthy controls. Although this finding suggests that there 



 

is decreased survival of circulating EPCs in diabetic patients, the possibility of 

poor mobilisation of EPCs from the bone marrow can be also included 

(Churdchomjan et al. 2010). 

 

Zhang and his colleagues have investigated the effects of high glucose level 

on late EPC secretion by determining the release of vasoactive substances 

such as nitric oxide (NO), plasminogen activator inhibitor-1 (PAI-1), tissue 

plasminogen activator (t-PA), prostaglandin I2 (PGI2) and VEGF. They 

reported that hyperglycaemia significantly diminished NO production and that 

reduction causes EPCs dysfunction, in addition to reducing EPCs mobilisation 

from bone marrow stem cell niches to the peripheral bloodstream. VEGF 

stimulates endothelial cell and EPC proliferation, migration and the recruitment 

of EPCs from the bone marrow. Moreover, VEGF influences cytoprotective 

and pro survival activity by stimulating the expression of anti-apoptotic and 

antioxidant proteins(F. Zhang et al. 2009). Zhang et al have reported that high 

glucose level exposure reduced the production of VEGF from EPCs which 

could lead to the impairment of EPCs function, migration and adhesion as well 

as reducing EPCs number in bloodstream (J. Zhang et al. 2013). 

 

High glucose level produced excessive oxidative stress that may lead to EPCs 

dysfunction. EPC dysfunction in type 2 diabetic patients is linked to excessive 

generation of reactive oxygen species (ROS) and oxidative stress. There is an 

inverse relationship between extracellular superoxide dismutase (SOD) 

activity, also known as copper/zinc SOD (Cu/ZnSOD), and vascular oxidative 

stress. This also has been associated with endothelial dysfunction of patients 

with coronary artery disease, hypertension and congestive heart failure. It has 

been reported that human EPCs can tolerate oxidative stress because they 

have high intracellular expression levels of manganese SOD (MnSOD), the 

enzyme that target superoxide anion (O2), however, the incubation of cells with 

high glucose level reduced SOD activity in late EPCs. Moreover, exposure of 

EPCs to hyperglycaemia induced NAD(P)H oxidase activity which 

consequentially amplified O2 - generation and NO bioavailability because O2 - 

deactivates NO (Hamed et al. 2009; Marrotte et al. 2010; Sorrentino et al. 

2007). 



 

 

Another factor that significantly reduces EPCs circulating in the blood and 

impairing their proliferation, secretion potential, adhesion and migration in 

diabetic patients is advanced glycation end products (AGEs). AGEs are 

modified proteins or lipids that become nonenzymatically glycated and 

oxidised after the exposure to high glucose levels. Early glycation and 

oxidation processes cause the generation of Schiff bases and Amadori 

products. Further glycation of proteins and lipids result in molecular 

rearrangements which lead to the formation of AGEs (A. M. Schmidt et al. 

1994). Many studies have shown that AGEs stimulate EPC apoptosis, inhibit 

EPC proliferation, and impair EPC functions such as migration, adhesion and 

tube-forming ability (J. Chen et al. 2009; H. Li et al. 2012b; F. Y. Li et al. 

2012a). 

 

Giving all reasons why it could be so difficult to isolate late EPCs from 

peripheral blood, there are a few groups which have successfully isolated and 

characterised EPCs from diabetic patients, including, Tepper et al, Loomans 

et al, Zhou et al, Leicht et al and Wang et al. (Leicht et al. 2011; Loomans et 

al. 2004; Tepper et al. 2002; C. H. Wang et al. 2011; B. Zhou et al. 2006). Their 

findings were different to our findings and this could be explainable as the 

average age in their studies is lower than the average age in our study. Aging 

process has been shown to negatively impact the number and potentiality of 

EPCs. With aging, the level of NO production is reduced, the older the patient 

is, the lower concentration of L-arginine present in the cytoplasm of ECs 

cytoplasm to be used as eNOS substrate (Berkowitz et al. 2003). In addition, 

aging promotes oxidative stress which leads to EPCs dysfunction and it has 

been shown that  age-related oxidative stress may increase vascular 

inflammation even in the absence of other traditional risk factors associated 

with atherogenesis (hypertension, diabetes, smoking) (Herrera et al. 2010). 

Moreover, age increases the expression of pro-inflammatory cytokines as well 

as being associated with a pro-inflammatory shift in gene expression profile 

(Herrera et al. 2010). Furthermore, in the process of aging, both the 

proliferative capacity of EPCs and the resistance of these cells to apoptosis 



 

are significantly reduced thus causing a significant reduction in the number of 

circulating EPCs and their less capacity during aging (Scheubel et al. 2003). 

 

Growing MNCs on different matrixes attract different types of EPCs to attach 

and proliferate. For example, growing MNCs on fibronectin and gelatine coated 

plates usually attract early EPCs to attach as these matrixes are their favourite, 

whereas, growing them on collagen coated plates stimulates late EPCs 

attachment (Wils et al. 2017). Thus, it could be argued that previous studies 

were targeting different EPCs population from our study as they targeted early 

EPCs. Early EPCs exist in larger number in peripheral blood than late EPCs. 

Late EPCs presence in peripheral blood is very rare (less than 1 per million 

cells) in healthy individuals (Ingram et al. 2005) and this could be another 

reason for getting different results from previous studies. Moreover, our cohort 

had other co-morbitidies beside diabetes, mainly cardiovascular related 

diseases e.g. ischemic heart disease, hypercholesteremia, hypertension, 

crural vessel disease, myocardial infraction, peripheral artery disease and 

congestive cardiac failure. Studies have shown that diabetic patients with 

complications displayed even fewer circulating CD34+/KDR+ cells and the 

survival and adhesion capacity of EPCs were significantly lower than diabetic 

patients without complications (Fadini et al. 2006; Makino et al. 2015; Voo et 

al. 2009). Since our cohort was from the podiatry clinic, they mostly have major 

complications with foot/lower limb and studies have shown the number of 

circulating CD34+/KDR+ cells were negatively linked to the ankle-brachial 

index, the degree of carotid stenosis and the stage of leg claudication (Fadini 

et al. 2006). All these reasons could explain why we were unable to isolate late 

EPCs from diabetic patients. 

 

Although the initial aim of this study was to isolate EPCs in order to re-

programme them into iPSCs, this goal was not achieved due to inability to 

isolate EPCs from diabetic patients. Consequently, the decision was adjusted 

to re-programme the whole MNCs population. MNCs were isolated from 

diabetic patients grown in suspension and were passaged normally (Figure 

6-12A), however, all cells were dead after 30 days after transfection. Although, 

some cells were observed on day 22 (Figure 6-12B), this could be due to 



 

transfection process as it was harsh to the cells as well as MNCs capacity 

could be impaired due to high glucose levels. It is likely that iPSCs that have 

been produced from patients with diabetes have poor proliferation rates, low 

potentiality of differentiation into cardiovascular cells, and sensitivity to 

apoptosis induced by oxidative stress. Consequently, their illness may lead to 

a poor quality of the stem cell preparation, as the disease may damage their 

somatic cells for iPSCs creation (Rafalski et al. 2012). So far, there are no 

studies that have evaluated the potential and the efficiency of reprogramming 

of somatic cells collected from diabetic patients, or that have described the 

proliferation and differentiation potential of iPSCs cells derived from those 

patients (Madonna et al. 2013). 

 

6.6 Summary 
 
In summary research in this chapter work attempted to isolate diabetic EPCs. 

However, this aim appeared to be very challenging. We were unable to isolate 

EPCs from diabetic patients and this might be due to reasons we have 

discussed above. It might be worth to try other cells source from diabetic 

patient such as a skin biopsy or other cell type that does not have direct contact 

with high levels of glucose such as hair follicle cells. An alternative may be to 

use healthy EPCs and expose them to diabetic conditions including hypoxia, 

hyperglycaemia, ROS and oxidative stress. This can give us information about 

alteration at molecular level which can used as biomarkers for diabetes. 

  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

7 Conclusion and Future 
Directions 

 



 

7.1 Research summary  
 
Cardiovascular disease is a significant global healthcare challenge, including 

diabetic patients. It is considered the largest single cause of mortality, 

morbidity and disability in developed countries. It is also known to be the most 

common cause of premature death in the modern word (Pagidipati and 

Gaziano 2013). Aims and main findings are summarised in Appendix (Figure 

8-1) and these findings are discussed below. 

 

7.1.1 Optimisation of Murine and Human iPSC differentiation 
methods towards functional vascular cells 

 
As mentioned in Chapter 3, we have created a bank of both miPSCs and 

hiPSCs that can be used for downstream experiments. We have also 

characterised and confirmed pluripotency and potentiality of miPSCs and 

hiPSCs prior to experiments; for miPSCs (Figure 3-6 and 3-7) and hiPSCs 

(Figure 3-22, 3-23, 3-24, and 3-25 and Table 3-2). In Chapter 3, we aimed to 

investigate the generation of functional endothelial cells (ECs), smooth muscle 

cells (vSMCs) and pericytes (PCs) from murine iPSCs initially and then we 

moved on to human stem cells as it is more relevant to human clinical 

translation (Figure 7-1). 

 

7.1.1.1 Murine induced pluripotent stem cells (miPSCs) 
 
We tested the effectiveness of adding growth factors (GF) at the first stage of 

differentiation in combination with early sorting to generate functional ECs 

from miPSCs. Furthermore, we also evaluated the addition of low VEGF 

concentration during differentiation. Method 1 was to incorporate GF on day 4 

of differentiation after EBs were fully formed, whereas method 2 was used to 

include GF on the first stage of differentiation with 4-day sorting for Flk-1+ 

(Figure 3-1). Immunostaining analysis showed that both methods derived 

cells that expressed ECs markers, including FLK-1 and CD31 on days 4,8,10 

and 22. However, we noted a stronger signal of FLIK-1 on day 8 in ECs derived 

from method 2, and we also noted that CD31 was not expressed in some ECs 

derived from method 1 (Figure 3-9 and 3-10). 



 

 
 

 
 

 
 

 

 
 

 

On the other hand, we found a very weak signal for CD31 and CD144 in low 

VEGF concentration conditions (Figure 3-17A) as well as observation of 

beating cells in some wells throughout the differentiation period (video 1). The 

ECs derived miPSCs functionality was also investigated, ECs generated using 

method 1 clearly exhibited less tube formation than method 2 (Figure 3-12, 

and 3-13), although ECs-like from both methods were able to produce tube-

like structures under angiogenesis factor exposure. In a low VEGF 

concentration condition, very few tubes were observed (Figure 3-17B). ECs 

derived miPSCs from method 1 demonstrated less cell migration than method 

2 when cell injury was created (Figure 3-15) and they also secreted a 

significantly lower concentration of nitric oxide (NO) in the media than in 

method 2 (Figure 3-16). Overall, it can be concluded that incorporation of a 

GF, including VEGF and BMP-4 on the first stage of differentiation with 4-day 

sorting of Flk-1+ could be beneficial in terms of generating functional ECs. 

Figure 7-1: Schematic representation of the ultimate aims and key 

points of chapter 3. 

Cells were isolated and expanded from human and murine. These cells were 
reprogrammed by introducing cells to pluripotency nuclear factors such as Oct-
4, Sox-2, c-Myc and Klf4. Having reprogrammed iPSCs and following the 
confirming of their pluripotency, iPSCs then undergo direct differentiation by 
using a growth factors cocktail to push them towards desired cell lines. 
Differentiated cells can then tested for expressing the right markers and 
functionality, which can be utilised in drug testing, discovery of molecular 
pathology, tissue engineering, or cell-based therapy. Images created using 
Servier Medical Art.  
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Therefore, we utilised similar steps for differentiating vSMCs. Our modified 

method to create vSMCs from miPSCs was successful, and derived murine 

SMCs exhibited the expression for right markers, including SM22, aSMA, 

Calponin, and Myosin (Figure 3-19). More importantly, derived murine vSMCs 

were also functional as they were able to integrate into tube formation when 

they seeded with HUVEC (Figure 3-20). Overall, we successfully derived both 

vascular cells (ECs and vSMCs) using our modified methods. 

 

7.1.1.2 Human induced pluripotent stem cells (hiPSCs) 
 
Our modified differentiation protocols that combined early sorting for FLK-1+ 

(on day 4) were successfully derived functional ECs, vSMCs and PCs from 

hiPSCs. For the differentiation of ECs, ECs derived hiPSCs expressed all 

native ECs markers, including Ve-cadherin, CD31, vWF, and VEGF (Figure 

4-29). Gene expression analysis further confirmed the expression of ECs 

markers, which increased gradually throughout the differentiation. 

Interestingly, the expression of pluripotency marker NANOG decreased when 

EC markers increased during differentiation, as expected (Figure 3-32). 

Derived ECs also exhibited the same dynamic behaviour as native ECs when 

they were exposed to angiogenic factors (Figure 3-33, and 3-34). In addition, 

the number of tubes formed, the width and the length of the tubes, were 

comparable to the positive control (Figure 3-35). Moreover, ECs-like were 

able to uptake LDL, which further proved their functionality (Figure 3-36). 

Furthermore, derived ECs released NO, which indicated the commitment of 

EC lineages (Figure 3-37). Similarly, with derived vSMCs, immunostaining 

analysis showed the presence of all surface protein markers related to native 

vSMCs, including SM22, aSMA, calponin, and myosin (Figure 3-39). Gene 

expression analysis further evidenced the expression of SMCs markers, 

including ACTA2 and CALD1 (Figure 3-40). We also investigated derived 

vSMCs functionality by exposing them to 10-5 M carbachol to allow these 

derived cells to exhibit their contractility (Figure 3-43). Further investigation 

was conducted by performing tube formation assay, derived vSMCs were 

dynamically incorporated with HUVEC and derived ECs to form a network 

following angiogenesis factor exposure (Figure 3-41). More interestingly, 



 

derived vSMCs supported tubes for more than 48h (Figure 3-42). PCs were 

also successfully derived from hiPSCs as suggested by immunostaining 

analysis. They showed the expression of NG2 and PDGFR-b (Figure 3-31) 

however, further investigation is required in terms of functionality and gene 

expression. 

 

7.1.2 Creation of a decellularised, human- vessel, ECM Gel 
for ECs and SMCs differentiation 

 
In Chapter 4, we designed and tested three different methods for 

decellularisation of human blood vessels to generate decellularised vessels. 

That was done by immersing the vessels into different detergents and 

introducing different physical treatments, including temperature, agitation, and 

shaking. We aimed to develop an optimal decellularisation method and create 

a vascular ECM gel (V-gel), which could be utilised in the differentiation of 

vascular cells (Figure 7-2). The end-stage of all decellularisation methods 

included treatment with DNase and RNase. Initially, we started with 

decellularisation method 1, which involved the immersion of renal human 

vessels in CHAPS, NaCl, and EDTA followed by treatment with SDS, NaCl, 

and EDTA. DNase and RNase were applied with agitation for either 4h or 

overnight. Decellularisation methods 2 and 3 were similar in term of the 

reagents that were used and the length of the protocol. However, they differed 

in the temperatures used as method 2 was conducted at 37oC whereas 

method 3 was conducted at 4oC and started with freeze-thaw cycles. Non-

decellularised vessels were immersed in Triton X-100, 0.5% SDS and 0.5% 

SD on a high-speed shaker. DNase and RNase treatment were conducted on 

high speed shaking either for 4h or overnight. Consequently, we designed two 

protocols to create the decellularised human vessel ECM hydrogel (V-gel) 

from the decellularised vessel conduit. Protocol 2 (which involved 

homogenising of the pre-gel solution) improved gel homogeneity compared 

with protocol 1. 

 

Decellularised vessels derived from decellularisation method 1 did not meet 

the standardised criteria that were demonstrated by (Crapo et al. 2011). Total 



 

DNA was significantly higher (Figure 4-5) than the accepted level of 50ng/mg 

which suggests insufficient removal of DNA content. Moreover, histological 

analysis was done using haematoxylin and eosin (H&E) staining which 

displayed evidence of the presence of nuclei in the tunica media and 

adventitia, although there was a complete removal of the tunica intima (Figure 

4-4). Alcian Blue staining further confirmed the presence of nuclei even in post-

treatment overnight with DNase and RNase, although, this method preserved 

GAG (Figure 4-6). Decellularised vessel derived from decellularisation 

method 2, showed efficient DNA content removal overnight treatment with 

DNase and RNase, however, levels of GAGs and collagen were significantly 

lower than the levels in native vessel tissue (Figure 4-10, 4-11 and 4-12).  

 

On the other hand, decellularised vessels derived from decellularisation 

method 3 demonstrated effectiveness in DNA content removal post overnight 

treatment with DNase and RNase, additionally, preservation of ECM proteins 

including GAGs and collagen (Figure 4-16, 4-17 and 4-18). Decellularised 

vessels were lyophilised to generate vECM powder (Figure 4-23). UV 

sterilisation exposure was efficient to sterilise vECM powder, and no sign of 

contamination was detected (Figure 4-22). V-gel was successfully generated 

from human blood vessels to enhance vascular differentiation from iPSCs that 

been carried out in Chapter 3. V-gel matched our desired criteria (Figure 4-

23), which was not toxic (Figure 4-26) and successfully coated plate (Figure 

4-24 and Figure 4-25). HiPSCs cultured on V-gel exhibited uncontrolled 

differentiation stages (Figure 4-27, 4-29, 4-30 and 4-31) and they were 

metabolically active on day 8 (Figure 4-28). Although EPCs cultured on TCP 

exhibited similar morphology to EPCs cultured on the V-gel on day 3 and day 

7, EPCs cultured on the V-gel on day 7 had significantly higher metabolic 

activity than EPCs cultured on TCP (Figure 4-33 and 4-34). 

 

 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 7-2: Schematic representation of the ultimate aims and key 

points of chapter 5. 

Once vessels were collected, they were decellularised followed by the 
characterisation of GAGs, collagen and the total DNA quantifications. 
Decellularised vessels then undergo gel formation by pepsin digestion. The 
ultimate goal was to utilise V-gel for the differentiation of ECS, SMCs AND 
PCs differentiations. Images created using Servier Medical Art. 
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7.1.3 Development of a vascular graft using the synthetic 
nanocomposite POSS-PCLUU 

 
One of the current treatments available involves replacing the diseased vessel 

by an autologous vessel. However, 10%-30% of patients did not have a 

suitable healthy vessel for implantation due to previous surgeries or diseased 

vessels. Autologous vessels are limited by availability, the need for additional 

surgeries, donor site morbidity, and ∼30% failure rate after 10 years, as 

discussed in Chapter 1 (section 1.6) and Chapter 5 (section 5.1). Therefore, 

an alternative is needed to be found as a replacement for the diseased vessel. 

Although there are commercially available synthetic grafts that have been 

successfully used as a conduit in vessels larger than > 6mm, vessels less than 

< 6mm have constantly failed due to the formation of thrombosis and in the 

event of intimal hyperplasia as discussed in Chapter 1 (section 1.6) and 

Chapter 5 (section 5.1). To summarise chapter 5: (1) we utilised POSS-

PCLUU to TEVG using two different fabrication methods; (2) we characterised 

numerous coagulation conditions in terms of mechanical strength and 

cytocompatibility; (3) we developed a sterilisation method that maintained the 

mechanical properties of POSS-PCLUU and its chemical structure; and (4) we 

examined the feasibility of electrospinning POSS-PCLUU to generate the 

nanofibers scaffold as well as optimising electrospinning parameters to 

produce POSS-PCLUU nanofibers. The aim of chapter 5 was to generate an 

implantable porous graft. Porosity is well known to play a critical role in the 

success of vascular grafts, and this is to allow the movement of ions, fluid, 

metabolites, growth factors and other molecules. Additionally, porosity support 

transmural ingrowth of perivascular, including capillaries and arteriole also to 

encourage neointima formation and growth (R. A. White 1988) (Figure 7-3). 

We have chosen a simple phase inversion extrusion method as a fabrication 

method based on Ahmed et al. results on POSS-PCU, as they have 

demonstrated that this fabrication method produced a porous scaffold that 

enhanced HUVEC and EPC growth more than other fabrication methods (M. 

Ahmed et al. 2011).  

 



 

Our results showed that all coagulated POSS-PCLUU had similar UTS 

compared to human ascending aorta human ascending aorta from patients 

aged between 22-28 and higher than human ascending aorta from patients 

aged between 49-53. In addition, POSS-PCLUU had similar UTS to human 

descending aorta from patients aged between 16-30 and higher than patient 

aged between 40-60 (Figure 5-6A). Moreover, Young's Modulus for POSS-

PCLUU was similar to the thoracic artery, the abdominal aorta, and the vena 

cava (Figure 5-6C). 50% (w/w) 40P, 56P, and 105P conditions were omitted 

from the study due to their unsuitability for vascular graft. These conditions 

exhibited very high porosity (>100%) and high-water permeability (Figure 5-

8) which may affect handling properties of the graft due to pre-clotting before 

implantation; progressing thrombogenicity; and causing massive fibrovascular 

infiltration which causes a loss of graft compliance. TEVG compliance 

maintains stability for the graft and profoundly affected by high permeability. 

Although POSS-PCLUU has a significantly higher contact angle than tissue 

culture plate, it is considered in the hydrophilic range as they had contact angle 

of less than <90o (Figure 5-10). Overall, POSS-PCLUU had good mechanical 

properties that can support implanted grafts.  

 

One of the crucial aspects we looked at was sterilisation. We developed a 

sterilisation method that did not alter the mechanical strength of POSS-

PCLUU and the main chemical functional groups (Figure 5-12 and 5-15), as 

well as the morphological structure of POSS-PCLUU, was maintained (Figure 

5-14). 40% (w/w) 40P, 56P, and 105P conditions were also omitted from our 

study due to cell penetration into POSS-PCLUU discs. Coagulated POSS-

PCLUU showed poor cytocompatibility compare to 2D culture (Figure 5-20). 

Metabolic activity and NO production were significantly reduced after day 12, 

whereas total DNA was maintained. The drop in metabolic activity and NO 

production may have occurred due to the high pH because of POSS-PCLUU 

degradation products, and this needs further optimisation and investigation. 

We also tested the feasibility of the electro-spin of POSS-PCLUU as this 

polymer dissolves in DMAC, which has a high evaporation point (165.1 C°). 



 

 

 
 
 
 
 
 
 

 

 
 
 

 
 
 
 
 

 

We were able to electro-spin POSS-PCLUU, although, it was a very 

challenging task (see appendix) and POSS-PCLUU nanofibers were also 

sterilised using the same method as coagulated POSS-PCLUU and this did 

not disturb the morphological structure of nanofibers. Moreover, POSS-

PCLUU nanofibers were evaluated for cytocompatibility, and it was 

comparable to 2D culture. Seeded ECs were also functionally active and 

produced NO; however, we have seen the same pattern as coagulated POSS-

PCLUU, where metabolic activity and NO production were dropped after day 

12 while the total DNA was maintained (Figure 5-24). 

 

Figure 7-3: Schematic representation of the ultimate aims and key 

points of chapter 6. 

Cells were taken and expanded from patients, meanwhile, POSS-PCLUU was 
prepared and constructed form tubular structures. The inside layer was 
fabricated by electrospinning to support cell growth, adhesion and proliferation 
and the outer layer was fabricated by in phase inversion extrusion method to 
mechanically support TEVG. Then ECs will be seeded in the lumen while SMC 
will be seeded in the outer layer. Seeded TEVG then will be pre-conditioned in 
bioreactor to enhance cell proliferation and ECM deposition. Finally, TEVG will 
be implanted in the patient. Images created using Servier Medical Art. 
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7.1.4 EPCs derivation form diabetic patients’ peripheral 
blood to use as a CVD model 

 
The aim of Chapter 6 was to isolate endothelial progenitor cells (EPCs) which 

can be utilised for designing a CVD model by reprogramming EPCs (Figure 

7-4). We were unable to isolate EPCs from peripheral blood from diabetic 

patients, and this could be due to many reasons that have been discussed 

previously in Chapter 6 (section 6.5). Although two different techniques were 

attempted, we were still not able to isolate EPCs from diabetic blood (Figure 

6-2 ,6-3 and 6-4). Three different high glucose concentrations in the culture 

media were also attempted; however, no EPCs were observed or isolated 

within 25 days (Figure 6-5). EPCs were successfully isolated from healthy 

donors (Figure 7-6). Isolated EPCs expressed native markers, including 

CD144, CD31, CD34, and vWF (Figure 6-7). Moreover, their functionality was 

tested by performing tube formation. Isolated EPCs from healthy donors 

exhibited dynamic movement to form tubes after exposure to angiogenesis 

marker, and the number of tubes formed was equivalent to HUVEC, whereas, 

their metabolic activity was significantly higher than HUVEC (Figure 6-8 and 

6-9). Their ability to LDL uptake further confirmed their functionality (Figure 7-

8). On the other hand, cells isolated from diabetic blood were not able to form 

tubes or the uptake of LDL (Figure 6-8). Transfection of the whole population 

of mononuclear cells Figure 7-2from diabetic patients was also attempted; 

however, none of the transfection experiments were successful (Figure 6-10). 

It was a very challenging task to isolate the EPCs from diabetic patients' blood. 

Therefore, techniques and culture conditions need to be further addressed and 

optimised for successful isolation in the future. 

 

 



 

 
 

 
 

 
 
 
 
 

 
 
 

 
 
 
 
 

 

7.2 Future Directions and research limitations  
 

7.2.1 Generation of functional ECs, SMCs and PCs 
 
The in vitro generation of functional vascular cells allows the modelling of 

vascular dysfunction. This may allow the identification of novel therapeutic 

targets, which could be used for drug testing and/or enable the study of the 

molecular mechanisms that might be involved in CVD and atherosclerosis 

progression. Moreover, it may aid the development of innovative approaches 

for tissue engineering, such as using hiPSCs derived vascular cells to re-

cellularised TEVG. Cell-based therapy also can be done as hiPSCs are a 

potential source of patient-specific pluripotent stem cells that would bypass 

transplant rejection. 

 

One of the limitations that we faced was the inability to confirm pericytes (PC) 

functionality due to low yields. The hiPSC derived PCs were very sparse on 

day 22 in comparison to the yields of ECs and vSMCs. Thus, hiPSC derived 

Differentiation

ECs SMCs PCs

Reprogramming

Isolation

EPCs

hiPSCs

Figure 7-4: Schematic representation of the ultimate aims and key points 

of Chapter 7. 

Peripheral blood from diabetic patients were collected and mononuclear cells 
(MNCs) layer was isolated and sub-cultured on collagen I coated plate to 
isolate EPCs. The aim was to reprogram these ECPs to have patient specific 
hiPSCs that can then be utilised to generate the CVD model. Images created 
using Servier Medical Art. 
 



 

PCs were insufficient to undergo functional assays such as tube formation. 

Pericytes (PCs), also known as peri-endothelial cells are contractile cells of 

mesenchymal origin that generally reside in the walls of the micro-vessels 

system. PCs usually wrap around endothelial cells, where they form direct 

contact with the underlying endothelium in the basement membrane to provide 

stabilisation to the developing microtube and build a permeable barrier. PCs 

also play critical roles in vascular haemostasis, and in the maintenance of the 

blood-brain barrier, angiogenesis, and neovascularisation. PCs may also 

function as progenitors for vSMC in the event of vessel enlargement or 

remodelling (Herndon et al. 2017). A previous study has demonstrated that 

inhibition of VEGF reduced vascularity and exclusively eliminates the ECs that 

have no PCs coverage wrapping them, which indicates the protective role that 

PCs play (Bergers and Song 2005). Another study has shown that tumour-

associated PCs release angiogenic factors, such as VEGF, to sustain EC 

survival after antiangiogenic treatment (Z. He et al. 2016). Having known the 

crucial role that pericytes play, it is imperative to develop a protocol that yields 

an adequate number of PCs. On day 12, in post differentiation, PCs were 

collected and re-plated on tissue culture plates. After 3-4 hours of re-plating, 

unattached cells were removed, and media was replaced with fresh media. 

Perhaps, future attempts should aim to re-plate PCs on laminin or fibronectin 

coated plates to potentially promote PCs proliferation.  

 

It would have also been beneficial if flow cytometry was used in our study to 

further confirm whether derived vascular cells lineages were already 

committed. Flow cytometry is a commonly used technique for analysing the 

expression of proteins found intracellularly and on the cell surface, 

characterising and detecting cell types in a heterogeneous cell population, 

assessing the purity of isolated subpopulations as well as analysing the cell 

size. It enables simultaneous multi-parameter analysis of single cells. Such a 

technique can be utilised in differentiation to have an exact cell count of 

specific population which might help to improve differentiation methods 

towards targeted cells. 

 



 

7.2.2 The creation of ECM gel (V-gel) from human vessel 
 
The ultimate aim of Chapter 4 was to create and facilitate a V-gel to promote 

differentiation of ECs, SMCs, and PCs. As it been described in Chapter 1 

(section 1.9.2), ECM supports cell growth, adhesion, and has a vital impact 

on differentiation. However, due to the restriction of time, we were not able to 

reach the differentiation stage. Indeed, it was very encouraging and very 

promising that we have successfully created the V-gel which had a similar 

level of GAGs and collagen; additionally, V-gel was able to support the growth 

of hiPSCs and it had a similar metabolic activity to hiPSCs grown on GeltrexTM. 

It is worth mentioning that hiPSCs are not as easily adaptable and permissible 

to culture like other cell lines. It would be very interesting if we were able to 

passage hiPSCs on V-gel and to test for pluripotency markers because this 

would change researchers' perspective about growing hiPSCs on a matrix 

coming from an animal source. V-gels can provide a xeno-free environment 

that might be more applicable to clinical trials. Taking this information further, 

V-gel could potentially be commercialised for hiPSCs expansion or to 

repeatedly facilitate and enhance the differentiation of ECs, SMCs, and PCs. 

For example, as it been mentioned earlier, one of the problems we faced was 

having an insufficient count of PCs, which prevented us from proceeding with 

functional assays. V-gel can improve and promote PCs differentiation and 

proliferation as V-gel contains most proteins, GF, and signalling that is related 

to vascular cells. Giving the importance of vECM and its derivative 

decellularised V-gel, V-gel can also be utilised to promote cells growth and 

proliferation on POSS-PCLUU. For example, coating or blending V-gel with 

POSS-PCLUU may enhance cell survival after 12 days. 

 

Future avenues to pursue is to investigate V-gel composition further and 

compare component to native vessel ECM (non-decellularised) by conducting 

mass spectrometry (MS) and proteomics. MS is an extremely sensitive and 

specific analytical technique, capable of providing qualitative and quantitative 

analytical data on nanomolar to micromolar amounts of analyte. These two 

techniques would offer a comprehensive comparison between V-gel and 

native vessel components and whether V-gel contains similar proportions of 



 

ECM proteins to native vessel ECM. Future work should aim to further 

characterise V-gel by measuring V-gel viscosity, which may indicate V-gel 

stiffness, and this can be done by rheology. It would be useful to compare V-

gel stiffness to the niche stiffness of native vascular ECM. Focusing on 

matching these properties would provide the most similar environment to 

enhance ECs, SMCs, and PCs differentiation. Material stiffness has a 

considerable impact on directing and regulating differentiation, and this was 

evidenced by Engler et al. where they showed that stem cells differentiated 

and behaved  differently depending on the substrate stiffness, and stiffness 

also regulated stem cell differentiation and their fate (Engler et al. 2006). 

Another research was conducted by Byfield et al. and their studies 

demonstrated that ECs exhibited different morphologies and altered their 

cellular stiffness in response to changes in the stiffness of their local 

environment. This may change cellular functions accordingly, with functions 

relevant to development, homeostasis, or disease (Byfield et al. 2009). 

 

It is worth noting that ECM of the arterial wall has different compositions the 

venous and lymphatic wall; each of these walls consists of different ECs 

subtypes. All subtypes express general ECs markers plus markers that are 

restricted to only one ECs subtype. Rufaihah et al. have shown that changing 

the differentiation conditions would promote and direct the differentiation to 

one of ECs subtype. Furthermore, arterial ECs subtype uniquely expressed 

Notch1 and Ephrin B2, while venous ECs subtype express Notch4 and Ephrin 

B4 and lymphatic ECs subtype usually express Podoplanin and Prox1 (Abdul 

Jalil Rufaihah et al. 2013b). Having the specific ECM wall may promote and 

enrich its specific ECs subtype, which can offer a new perspective in the 

differentiation of ECs, and this can be developed for clinical use. 

 

Another limitation was observed that may affect experiment outcome, and this 

was an unequal coating of V-gel across the plate. Future studies should 

therefore aim to find an optimised protocol for V-gel coating to ensure an equal 

level of coating throughout plates, for example, finding out the optimal coating 

timing that allows the plate to be coated while preventing over polymerisation 

and crystallisation of V-gel on the plate.  



 

It would also be interesting to electrospin or 3D print V-gel itself or combined 

with POSS-PCLUU to construct a tubular structure for vascular bypass graft. 

This would offer multiple benefits; electrospinning and 3D printing offer a large 

surface area, which mimics the in vivo niche, V-gel offers high 

cytocompatibility with the cell donor due to the presence of ECM proteins, and 

POSS-PCLUU support graft strength and stability. 

 

7.2.3 Vascular graft construction 
 
One of the major limitations was the inability to measure the pore size, and 

this was due to facility unavailability. Knowing pore size gives information if 

tubular construct can support and allow capillary and arteriole ingrowth, for 

example, the average diameter of a capillary ranges from 5 μm to 8 μm 

(Andrew 2000) while the average arteriole diameter size is approximately 23 

μm (Zilla et al. 2007). Thus, it is unclear whether our construct would allow 

capillary and arteriole ingrowth. As it has been mentioned earlier, porosity 

plays a critical role in vascular graft success, not only to allow the movement 

of ions, fluids, metabolites, growth factors and other molecules, but most 

importantly to support transmural ingrowth. Endothelialisation ingrowth that 

occurs during vascular tissue remodelling after graft implantation in vivo, can 

be divided into 4 mechanisms; transanastomotic ingrowth, transmural 

capillarization and fallout endothelialisation. Transanastomotic ingrowth 

occurs in response to injury caused by implantation. The host intima grows 

and expands from the anastomosis sites towards the centre of the new 

vascular graft. Whereas, transmural capillarisation is when the graft is 

endothelialised following capillary growth across the wall of the graft to reach 

the blood surface and to provide the lumen with a cell source that will form the 

endothelium (Sanchez et al. 2018). While porosity plays a vital role, having 

sufficient porosity and pore size play a crucial role in allowing capillaries to 

travel and passage through the vascular graft wall. Zilla et al. claimed that in 

humans, the development and preservation of an endothelium occurs 

transmurally, rather than transanastomotically, and therefore, it is vital to 

create an easy route for capillaries to travel transmurally (Zilla et al. 2007). 

 



 

Ideally, for gradable tissue engineered vascular grafts (TEVG), researchers 

should ensure that by the time the vascular matrix grows and its mechanical 

property increases, the TEVG degrades, and its mechanical properties 

decreases (Figure 7-5). 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

 
The degradation rate therefore should be synchronised with the replacement 

by vascular regeneration. It might be beneficial to closely investigate seeded 

POSS-PCLUU degradation rate in vitro/vivo and compare this to the rate of 

new vascular tissue remodelling. It is also vital to ensure that the breakdown 

products of POSS-PCLUU does not affect surrounding tissue or local cells as 

our results suggested that there was a drop in pH, which may affect ECs 

viability and functionality.  

 

There are two crucial elements to generate a successful TEVG; good 

mechanical properties and elasticity to tolerate elevated blood pressure. 

Indeed, POSS-PCLUU exhibited excellent mechanical properties similar to 

native ascending and descending aorta; however, this thesis did not 

investigate and evaluate tubular structure grafts. Further investigations 

Figure 7-5: Optimum model of mechanical properties of a graft as new 
tissue develops. 
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therefore are required to determine mechanical properties and elasticity for a 

tubular structure grafts such as compliance and burst pressure. Compliance 

is the capability of a blood vessel wall to expand and contract passively with 

changes in pressure without losing its flexibility, and this is a fundamental 

function of native arteries. Burst pressure is also critical, and it determines the 

ultimate pressure that TEVG can tolerate before it bursts. Having a prediction 

of the burst strength of TEVG, is a very crucial aspect in the vessel design to 

avoid anastomosed blood vessels catastrophic rupture after implantation due 

to pressure intolerance. The onset of an aneurysm can also be predicted by 

burst pressure. Coagulated POSS-PCLUU had poor cell attachment and ECs 

seeded on POSS-PCLUU had low metabolic activity, and NO production 

compared to 2D culture. ECM molecules such as collagen, fibronectin, laminin 

or V-gel can be coated, bedded, or cross linked with POSS-PCLUU to improve 

POSS-PCLUU cytocompatibility. As it has been discussed in Chapter 1 

(section 1.9.1), ECM proteins promote cell adhesion, proliferation, and 

cellular function. It would be interesting to look at the stiffness and roughness 

of coagulated POSS-PCLUU and to compare them to native vessels as these 

measurements also affect cell attachment and behaviour of the graft. 

 

One of the promising areas to utilise POSS-PCLUU is the patch replacement 

for patients who have congenital heart disease and heart defects. POSS-

PCLUU can also be employed as a patch to dilate the stenotic vessel. 

Currently, two synthetic materials are used; Dacron and ePTFE, which are 

thrombogenic and highly calcifiable materials; however, POSS-PCLUU could 

overcome these issues. The incorporation of nano-cage POSS with PCLUU 

provides anti-thrombogenic surface to POSS-PCLUU. 

 

Focusing on electrospinning, it is clear that researchers have paid increasing 

attention to this fabrication method in the last decade and this is due to its 

versatility in spinning a wide range of polymeric fibres and its aptitude to 

consistently yield fibres in the micro and nanoscale which mimics native ECM. 

These fibres are difficult to obtain by other fabrication methods. 

Electrospinning is a relatively simple technique; however, creating a graft can 

be time consuming. Electrospinning POSS-PCLUU was extremely challenging 



 

due to high viscosity and a high evaporation point of the solvent. The main 

challenge for us was the inability to consistently and constantly produce fibres, 

especially during the winter as there was usually increased humidity, which 

led us to change electrospinning parameters regularly. Simplification and 

repeatability of the technique are of paramount importance. However, in 

POSS-PCLUU dissolved in DMAC, electrospinning was extremely unreliable 

unless the solvent was replaced with another solvent which had a lower 

evaporation point. 

 

In our study we focused on generating random nanofibers (mesh graft), 

Furthermore, aligned nanofibers can also be conducted using electrospinning 

to offer more control on cell growth orientation. It been determined by Yong el 

al., that after seeding neural cells on electrospun aligned graft, cells neurite 

have outgrown along with the fibres direction for the aligned graft (Yang et al. 

2005). Aligned nanofibers can be utilised to regenerate the endothelium, as it 

has been discussed in Chapter 1 (section 1.2.2) that endothelium is a 

monolayer that connects and makes up the inner layer of the vascular wall. 

Dual needles in the electrospinning system could also be facilitated to combine 

two polymers during electrospinning. Having a natural polymer in combination 

with POSS-PCLUU nanofibers might reduce acidic degradants that caused a 

reduction in ECs metabolic activity and functionality. 

 

One of the limitations that we have faced is the inability to perform histology 

on seeded coagulated or electrospun sheets, and this is due to material 

restrictions. It would have been very informative if we could stain for ECM 

proteins to evaluate cells for ECM depositions within the graft, which give us 

an estimation of the ECs functionality and remodelling occurrence. A major 

problem with POSS-PCLUU is that it shrinks and become more elastic when 

it is replaced in low temperatures. Subsequently, embedding POSS-PCLUU 

in optimal cutting temperature compound (OCT) failed as it requires samples 

freezing prior to sectioning. On the other hand, paraffin embedding was also 

unsuccessful as the coagulated POSS-PCLUU samples melted in hot wax. 

 



 

No previous studies have evaluated cell behaviour and functionality on seeded 

synthetic vascular grafts and the impact of 3D culture on cells at the molecular 

level is still unclear. Most studies focus on metabolic activity and the 

expression of certain genes, which is not a reflection of cell behaviour at a 

cellular level. Thus, future avenues to pursue are to address cell behaviour 

and functionality at a cellular level. For example, using whole transcriptome 

shotgun sequencing RNA-Seq or (RNA sequencing) would reveal the 

presence and quantity of RNA in a biological sample at a specific time. A large 

quantity of relevant data can therefore be obtained from this advanced 

technique. For instance, the expression of a specific gene of interest can be 

evaluated over time, a mutation that may occur or the differences in gene 

expression between different groups over a specified period can also be 

detected. Also, it can be utilised to uncover the molecular mechanisms 

networking involved in specific pathology. Proteomics can also be utilised to 

identify the presence of translated proteins in the cells or genomes. This would 

be beneficial to understand the stress that cells undergo during 3D culture on 

a synthetic scaffold. With these two techniques we can provide a 

comprehensive understanding of cells behaviour on different matrixes 

(synthetic and natural). Researchers should be able to closely investigate 

whether cells are in their basal state, or if they are under continuous stress. 

Too little attention has been paid to the evaluation of ECM deposition within a 

vascular graft. It is vital to have an optimised platform to measure ECM 

deposition over time because ECM deposition is going to replace degraded 

synthetic polymer to support newly formed tissue. 

 

Looking further ahead, further in vivo degradation studies should be 

established in an appropriate animal model. It is therefore important to address 

the effect of degradation on local cells, to closely study vascular tissue 

remodelling, and to evaluate the interactions between the TEVG and vascular 

wall cells. Nevertheless, selecting an animal that is suitable remains 

challenging as there is no ideal animal model for the TEVG evaluation to 

assess graft strength, tissue formation, and endothelialisation. Evidence has 

suggested that the effect on the endothelialisation is varied between animal 

models and each animal model choice has a specific effect on vascular wall 



 

regeneration (K. Wang et al. 2016a). Consequently, sequels acquired from 

animal trials cannot constantly be translated to humans. 

 

7.2.4 EPCs derivation form diabetic patients’ blood 
 
One of the aims of the study in Chapter 3 was to generate a positive control 

arm to produce functional ECs and SMCs. The next step for us in Chapter 6 

was to derive functional ECs and SMCs from diabetic hiPSCs with CVD for 

comparison. The most significant utility, for now, lies in their potential to be 

used to model disease, by virtue of the fact that hiPSCs can be derived from 

individual patients, and may display some phenotypic and/or functional 

aspects of their disease pathology. Knowing this can lead to drug 

personalisation, which would treat their conditions more effectively. It has been 

demonstrated that patients with CVD response to cardiovascular drugs 

differently depending on pharmacodynamic and pharmacokinetic variability  

(Dandona 2014). Finding an individual and personalised therapeutic drug 

therefore can eliminate heart attack that may occur due to patients’ drug 

resistance. 

 

Our approach to model cardiovascular damage was to collect peripheral blood 

from diabetic patients with CVD and to isolate endothelial progenitor cells 

(EPCs). Reprogramming EPCs to iPSCs followed by re-differentiation of 

vascular cells.  ECs and vSMCs derived iPSCs from diabetic patients with 

CVD iPSCs and healthy-patient iPSCs would then be cultured under diabetic 

conditions such as hypoxia, hyperglycemia with or without the addition of 

mediators such as advanced glycation end-stage products (AGEs) and 

reactive oxygen species (ROS) to mimic the diabetic environment. This could 

allow the identification of novel biomarkers that are involved in diabetes and 

CVD, which may lead to uncovering new targets, attractive therapeutics and 

also may lead to drug discovery. 

 

The general failure was the inability to isolate EPCs from diabetic patients’ 

peripheral blood, and this could be due to many reasons that were discussed 

in Chapter 6 (section 6.5). Troubleshooting was also attempted; however, 



 

they did not solve the initial problems, and this was not successful.. A robust 

isolation technique is required to be developed that can repeatedly and 

successfully be conducted, although there is patient to patient variation in the 

number of EPCs circulating in peripheral blood. The addition of supplements 

in the growth media may support cell growth and prevent apoptosis. For 

example, Rho-associated, coiled-coil containing protein kinase (POCK 

inhibitor) has been suggested to inhibit the apoptotic pathway and to enhance 

cell survival (K. Watanabe et al. 2007). In our study we utilised collagen type I 

as a matrix to attract EPCs to attach; however, it would be very promising to 

see if more V-gel would attract and promote EPCs adhesion and proliferation. 

Due to time restriction, we were not able to test POCK inhibitor or V-gel. An 

alternative cell source should also be established, which allows accessible and 

replicable isolation of cells from diabetic patients with CVD such as using skin 

biopsies. 

 

Future avenues should be aimed to optimise isolation techniques and once 

we are able to identify the key difference in gene expression between 

developing hiPSCs derived ECs, vSMCs and PCs from heathy and diabetic 

patients with CVD, we could exploit CRIPSR-Cas9 gene editing technology to 

target these biomarkers and to establish a functional hiPSCs highlighted CVD 

model. 

 

In conclusion, the scope of my thesis may be too broad, which made it almost 

impossible to resolve most of the aims and objectives of this thesis due to 

limited time. However, it would be very interesting to see how this project could 

lead to future potential discoveries. 
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Figure 8-1: Thesis Ultimate Aims and Findings. 



 

 

 
 
 
 

Figure 8-2: Electrospun fibres at fifferent concentration and flowrates. 

A) Concentration at 4% (ratio 1:5) 5% (ratio 1:4) and 6% (ratio 1:3), flowrate 
of 0.5mL/h, distance 30 cm and voltage of 15KV with random fibre orientation 
and diameter. B) Fibres electrospun at 5%, 6%, 8% (ratio 1:2), 10% (ratio 1:1), 
12% (ratio 3:2), and 14% (ratio 3:1) at flowrate of 1.0mL/h, distance 30 cm 
and voltage 15KV. C) 8%,10% and 12% at flowrate of 2.0mL/h, distance 30 
cm and voltage 15KV. Images were acquired from EVOSTM Microscope with 
4x and 10x, lens magnification as shown. Scale bars represent 1mm (4x) and 
400 μm (10x). 
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Figure 8-3: Electrospun fibres at concentration of 12% with the same 

and different voltages. 

Attempts with electrospun 12% POSS-PCL this time heated for 10 mins while 
stirred on a magnetic stirrer. Fibres electrospun at 1.0mL/h, distance 30cm, 
at different voltage (15-16-17KV) with smaller size droplets at 15KV. fibres 
electrospun at 16KV contained fewer droplets with different length fibres and 
viscosity seems better. Fibres electrospun at 17KV contained a great amount 
of short fibres and fibres were more compact. Images were acquired from 
EVOSTM Microscope with 10x, lens magnification as shown. Scale bars 
represent 400 μm (10x). 

Figure 8-4: Electrospun fibres at the concentration of 15% with 

different flowrates and voltages. 

A) 15% of POSS-PCLUU diluted with THF at a distance of 30 cm with 
humidity 47.5% (24.9°C) at flowrate 0.8mL/h at voltages 15KV -20KV-25KV. 
B) 15% of POSS-PCLUU diluted with THF at a distance of 30 cm with 
humidity 47.5% (24.9°C) at flowrate 1mL/h at voltages 15KV -20KV-25KV. 
Continuously good fibres were visible at all voltages with better potential 
fibres for a scaffold in comparison with 15% POSS-PCLUU. No droplets, 
twirls or beads were detected. Images were acquired from EVOSTM 
Microscope with 10x, lens magnification as shown. Scale bars represent 400 
μm (10x). 
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Figure 8-5: Electrospun fibres at the concentration of 5% with different 

flowrates and voltages. 

A) Electrospun 5% (ratio 3:1) POSS-PCLUU with THF at a distance of 30 cm 
with humidity 51.4% (23.6°C) at flowrate 0.8mL/h at voltages 15KV -20KV-
25KV. B) Electrospun 5% (ratio 3:1) POSS-PCLUU with THF at a distance of 
30 cm with humidity 51.4% (23.6°C) at flowrate 1.0mL/h. C) Electrospun 5% 
POSS-PCL at flowrate 1.5 mL/h. D) Electrospun 5% (ratio 3:1) POSS-PCLUU 
with THF at a distance of 30 cm with humidity 51.4% (23.6°C) at 2.0 mL/h. All 
images showed formation of beads and droplets at 5% POSS-PCLUU. Images 
were acquired from EVOSTM Microscope with 10x, lens magnification as 
shown. Scale bars represent 400 μm (10x). 
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Figure 8-6: Electrospun fibres at the concentration of 8% with different 

flowrates and voltages. 

A) Electrospun 8% (ratio 3:1) POSS-PCLUU diluted with THF at a distance 
of 30 cm with humidity 51.4% (23.6°C) at flowrate 0.8mL/h at voltages 15KV 
-20KV-25KV. B) Electrospun 8% (ratio 3:1) POSS-PCLUU with THF at a 
distance of 30 cm with humidity 51.4% (23.6°C) at flowrate 1.0mL/h. C) 
Electrospun 8% POSS-PCL at flowrate 1.5 mL/h. D) Electrospun 8% (ratio 
3:1) POSS-PCLUU with THF at a distance of 30 cm with humidity 51.4% 
(23.6°C) at 2.0 mL/h. All images showed formation of beads and droplets at 
8% POSS-PCLUU. Images were acquired from EVOSTM Microscope with 
10x, lens magnification as shown. Scale bars represent 400 μm (10x). 
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Figure 8-7: Electrospun fibres at the concentration of 13% with different 

flowrates and voltages. 

A) Electrospun 13% (ratio 2:5) POSS-PCLUU diluted with THF at a distance 
of 30 cm with humidity 48.7% (23.8°C) at flowrate 0.8mL/h at voltages 15KV 
-20KV-25KV. B) Electrospun 13% (ratio 2:5) POSS-PCLUU with THF at a 
distance of 30 cm with humidity 48.7% (23.8°C) at flowrate 1.0mL/h. Flowrate 
0.8 and 1.0mL/h at voltage 15 KV, both showed beads formations with twirls 
in fibres. The other voltage showed a great number of twirls in fibres, here 
and droplets but no beads were visible. Images were acquired from EVOSTM 
Microscope with 10x, lens magnification as shown. Scale bars represent 400 
μm (10x). 
  



 

 
 
 
  

Figure 8-8: Electrospun fibres at concentration of 14% with different 

flowrates and voltages. 

A) Electrospun 14% (ratio 1:3) POSS-PCLUU diluted with THF at a distance 
of 30 cm with humidity 44.3% (24.4°C) at flowrate 0.8mL/h at voltages 15KV 
-20KV-25KV. B) Electrospun 14% (ratio 1:3) POSS-PCLUU with THF at a 
distance of 30 cm with humidity 44.3% (24.4°C) at flowrate 0.8mL/h at 
voltages 15KV -20KV-25KV at flowrate 1.0mL/h. Electrospinning with 14% 
POSS-PCL showed exceptional fibres at both flowrate (0.8-1.0mL/h) and 
voltages (15-20-25KV). Continuously twirls in fibres were yet visible at all 
voltages with a greater amount at voltages 20-25KV at both flowrates. No 
droplets were detected and at voltage 20-25KV at flowrate 0.8mL/h couple 
beads were visible. Images were acquired from EVOSTM Microscope with 10x, 
lens magnification as shown. Scale bars represent 400 μm (10x). 
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Figure 8-9: Electrospun fibres at concentration of 15% with different 

flowrates and voltages. 

A) Electrospun 15% (ratio 1:4) POSS-PCLUU diluted with THF at different 
flowrates and voltages with at a distance of 30 cm with humidity 47.3% 
(23.5°C) at flowrate 0.8mL/h at voltages 15KV -20KV-25KV. B) Electrospun 
15% (ratio 1:4) POSS-PCLUU diluted with THF at different flowrates and 
voltages at a distance of 30 cm with humidity 47.3% (23.5°C) at flowrate 
1.0mL/h. Electrospinning with 15% POSS-PCLUU showed exceptional fibres 
at both flowrate (0.8-1.0mL/h) and voltages (15-20-25KV). Continuously 
good fibres were seen at all voltages with potential fibre for a scaffold at 
voltages 15-20KV at both flowrates. No droplets were detected at voltage 20-
25KV at flowrate 0.8-1.0mL/h couple twirls in fibres were seen. Images were 
acquired from EVOSTM Microscope with 10x, lens magnification as shown. 
Scale bars represent 400 μm (10x). 
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Figure 8-10: Electrospun fibres at concentration of 16% with the 

same flowrate and voltage. 

Electrospun fibres at concentration of 16% of POSS-PCLUU at 
flowrate 0.8ml/h at voltage 15KV with different distance. Attempts to 
electrospin POSS-PCLUU to detect the proper distance that could still 
deliver proper fibres. At 24 cm fibres started to form plenty of small 
twirls. At 34 to 26cm fibres were too compact where they started to 
stick to other fibres that were not properly dried. Images were acquired 
from EVOSTM Microscope with 10x, lens magnification as shown. 
Scale bars represent 400 μm (10x). 
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