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i. ABSTRACT 

Background: Currently used replacements to treat heart valve disease are associated with 

drawbacks that limit their function in the long term. These drawbacks have been linked to the 

inability of such substitutes to remodel in response to the surrounding environment, due to the 

absence of viable cells in their composition. In situ tissue engineering of heart valves provides a 

promise to resolve these limitations. One of the potential endogenous cell sources to endothelialise 

and populate tissue engineering scaffolds is endothelial progenitor cells (EPCs), which have been 

shown to participate in repair mechanisms. Thus, the aim of this work was to biofunctionalise 

polycaprolactone (PCL) nanofibrous scaffolds to enhance the adhesion and proliferation of a subset 

of EPCs that differentiate to blood outgrowth endothelial cells (BOECs). Approach: (i) BOECs and 

human valve endothelial cells (hVECs) were compared in terms of phenotype and function; (ii) the 

biocompatibility of BOECs (and hVECs) with PCL was determined; (iii) PCL was biofunctionalised 

using the BOEC-specific peptide (TPS), through a covalent crosslinking approach and functionality of 

the material was determined under static conditions as well as dynamic-flow conditions of the aortic 

valve, (iv) the ability of the biofunctionalised PCL to capture EPCs/BOECs directly from blood 

mononuclear cells was tested. Conclusion: BOECs characteristics and their compatibility with PCL 

make them a potential cell source for the endothelialisation of PCL tissue engineering scaffolds.  

Biofunctionalisation of PCL using TPS peptide enhanced BOECs capture, without inducing cytotoxicity 

or inflammatory responses. BOECs cultured on the material were able to align and secret endothelial 

mediators. Under dynamic conditions, BOECs were able to adhere, proliferate and infiltrate through 

the modified scaffolds. The modified scaffold was able to recruit endothelial cells from blood 

mononuclear cells under static conditions. These findings are promising, and should be confirmed 

under flow conditions in a bioreactor and in animal models. 
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• Selected to present a flash poster presentation at Qatar Foundations Annual Research 

Conference 2016 (ARC’16, Doha). 

• Received “Thanaa Award” by Qatar Foundation in recognition of professional excellence 

(Doha). 

  



P a g e  | 17 
 

xi. LIST OF ABBREVIATIONS 

AF Alexa Fluor  

ANOVA  Analysis Of Variance 

ATCC American Tissue Culture Collection  

ATR FTIR Spectroscopy Attenuated Total Reflection Fourier Transform Infrared Spectroscopy  

aVECs Aortic Valve Endothelial Cells 

BCA Bicinchoninic Acid Assay 

BOECs Blood Outgrowth Endothelial Cells 

BPM Beats Per Minute  

BSA Bovine Serum Albumin 

CA Contact Angle  

CAC Cacodylate 

CBB Coomassie Blue Staining  

CFU-EC  Colony Forming Unit Endothelial Cells  

CPT Cell Preparation Tubes 

CXCL8 Chemokine (C-X-C motif) Ligand 8 Protein  

DAPI 4',6-Diamidino-2-Phenylindole 

DMEM Dulbecco's Modified Eagle's medium 

DMSO Dimethyl Sulfoxide 

DNTP 5,5'-Dithio-bis-(2-Nitrobenzoic Acid) 

DPBS Dulbecco's Phosphate-Buffered Saline 

dTEHVs Decellularised Tissue Engineered Heart Valves 

ECFCs Endothelial Colony Forming Cells 

ECM Extracellular Matrix  

EDA Ethylenediamine  

EDTA Ethylenediaminetetraacetic Acid 

EGM Endothelial Cell Growth Medium 

ELISA Enzyme-Linked Immunosorbent Assay  

EMT Endothelial-To-Mesenchymal Transition  

eOECs Early Outgrowth Endothelial Cells 

EPCs Endothelial Progenitor Cells  

ET-1 Endothelin-1 

FACS Fluorescence-Activated Cell Sorting 
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FBS Fetal Bovine Serum  

FCS Fetal Calf Serum  

FITC Fluorescein Isothiocyanate 

FOV Field Of View 

GAGs Glycosaminoglycan  

GM-CSF Granulocyte Macrophage-Colony Stimulating Factor  

HSB Hue-Saturation-Brightness 

HUVECs Human Umbilical Vein Endothelial Cells  

HVD Heart Valve Diseases  

hVECs Human Valve Endothelial Cells 

JIRB Joint Institutional Review Board  

LDH Lactate Dehydrogenase  

MACs Myeloid Angiogenic Cells 

MEM Minimum Essential Medium  

NaCL Sodium Chloride 

NADH Nicotinamide Adenine Dinucleotide Hydride  

NaOH Sodium Hydroxide  

NEAA Non-Essential Amino Acid Solution  

NHS N-Hydroxysuccinimide  

NHS-PEG-Mal N-Hydroxysuccinimide- Poly(Ethylene Glycol)- Maleimide 

OD Optical Density  

PBMCs Peripheral Blood Mononuclear Cells  

PCL Polycaprolactone  

PEG Poly(Ethylene Glycol)  

PFA Paraformaldehyde  

PGF1α Prostaglandin F1α  

PGs Proteoglycans  

PLGF Placental Growth Factor  

PO  Plasma Oxidised 

PRP Platelet Rich Plasma   

SDF-1 Stromal-Derived Factor 1  

SEM Scanning Electron Microscopy  

SEM Standard Error Of Mean 

SFM Serum Free Media 
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TCEP Tris(2-Carboxyethyl)Phosphine  

TGF-β1 Transforming Growth Factor-Beta 1  

TGF-β3 Transforming Growth Factor-Beta 3  

TOF-SIMS Time-Of-Flight Secondary Ion Mass Spectroscopy  

TPS TPSLEQRTVYAK 

UV Ultraviolet  

VECs Valve Endothelial Cells  

VEGF Vascular Endothelial Growth Factor   

VICs Valve Interstitial Cells 

vVECs Ventricular Valve Endothelail Cells 

XPS X-ray Photon Spectroscopy 

 

Abbreviations of Peptide Ligands  

Abbreviation Peptide Sequence 

IKVAV isoleucine-lysine-valine-alanine-valine  

KTTKS  Lysine-Threonine-Threonine-Lysine-Serine 

REDV Arginine-Glutamate-Aspartate-Valine 

RGD  Arginyl-glycyl-aspartic acid 

TPSLEQRTVYAK  (TPS) 
Threonine-Proline-Serine-Leucine-Glutamate-Glutamine-Arginine-

Threonine-Valine-Tyrosine-Alanine-Lysine 

YIGSR Tyrosine-Isoleucine-Glycine-Serine-Arginine  
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Abbreviations and Synonyms of Cell Markers  

Abbreviation Name Synonym 

CD104 Cluster of differentiation 104 Integrin, beta 4 

CD105 Cluster of differentiation 105 Endoglin (ENG) 

CD133 Cluster of differentiation 133 Prominin-1 

CD14 Cluster of differentiation 14 - 

CD31 Cluster of differentiation 31 Platelet endothelial cell adhesion 

molecule (PECAM) 

CD34 Cluster of differentiation 34 - 

CD42 Cluster of differentiation 42 Glycoprotein Ib/IX/V Complex on platelets 

CD44 Cluster of differentiation 44 - 

CD45 Cluster of differentiation 45 Protein tyrosine phosphatase receptor type 

C (PTPRC) 

CD49a Cluster of differentiation 49 a Integrin alpha 1  

CD49b Cluster of differentiation 49 b Integrin alpha 2  

CD49c Cluster of differentiation 49c Integrin alpha-3  

CD49d Cluster of differentiation 49 d Integrin alpha-4  

CD49e Cluster of differentiation 49 e Integrin alpha-5  

CD29 Cluster of differentiation 29 Integrin beta-1 

CD61 Cluster of differentiation 61 Integrin beta-3  

CD90 Cluster of differentiation 90 Thy1 

eNOS endothelial nitric oxide synthase NOS3 or constitutive NOS (cNOS) 

ICAM-1 Intercellular Adhesion Molecule 1 CD54 

MRTF-A  myocardin-related transcription 

factor  

- 

Ox-8 Cluster of differentiation 8 CD-8 

SM22  Smooth Muscle Protein 22-Alpha Transgelin, SM22 alpha, 

SMM  Smooth Muscle Myosin - 

VCAM-1 vascular cell adhesion molecule 1 CD106 

VE Cadherin  vascular endothelial cadherin CD144 

VWF Von Willebrand factor - 

α-SMA Alpha-smooth muscle actin  Alpha-actin-2 (ACTA2) 

αV.β3 Alpha-v beta-3 - 



CHAPTER 1. GENERAL INTRODUCTION 
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Overview 

The challenges facing heart valve replacement surgeries and the drawbacks of the available 

prosthesis call for a more efficient solution. To this date, there are no risk-free valve replacements, 

and the risks vary according to patient’s age, comorbidity, anticoagulation therapy and many other 

factors. The choice of the ideal valve substitute remains an important consideration. None of the 

commonly used substitutes are able to grow and remodel in response to the surrounding 

environment due to their lack of viable cells, which is the main contributor to the suboptimal 

outcomes of these substitutes. The development of tissue engineered living valves with self-renewal 

ability constitutes a promising solution to overcome these drawbacks. Specifically, an in situ tissue 

engineering approach that targets endogenous cells through biofunctionalised intelligent materials 

holds the most promise to provide off- the- shelf living valve replacements with the ability to grow 

and remodel. Thus, the focus of this PhD studies has been on the development of a biofunctionalised 

scaffolding material targeting endothelial progenitor cells for in situ heart valve tissue engineering.  
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 Promise of Tissue Engineering 1.1.

 The Concept 1.1.1.

The loss of function and the failure in any of the major body organs leads to morbidity and mortality. 

Accompanied with the shortage of viable organ donations, and the suboptimal prosthetic 

substitutes, this was the main motivation to innovate the field of regenerative medicine (1). 

Regenerative medicine was defined by Daar and Greenwood as the “interdisciplinary field of 

research and clinical applications focused on the repair, replacement or regeneration of cells, tissues, 

or organs to restore impaired function resulting from any causes, including congenital defects, 

diseases, trauma, and aging’ (2). The target of this approach is to harness the self-healing and 

regenerative potential of the body to restore functionality of cells, tissues and organs (2). Several 

technologies have been developed and employed to achieve this aim, including stem cell therapy, 

gene therapy and tissue engineering (3). 

Tissue engineering focuses on the production of living biological constructs with the ability to grow 

and remodel in response to changes in the physiological environment (4). This concept was first 

introduced in the 1970s when W.T. Green implanted into rabbits the very first tissue engineered 

construct composed of chondrocytes seeded into calcified bone to regenerate cartilage (5). Later in 

the 1980s, in realisation of the importance of the “scaffolding” material composition, structure and 

design, Vacanti generated 3D scaffolding materials from synthetic biodegradable polymers and 

seeded them with cells to mimic the natural arrangement of tissues (6). Accordingly, Langer and 

Vacanti defined tissue engineering as a multidisciplinary field combining life sciences and 

engineering, with the  aim to develop living substitutes to restore or replace damaged organs and 

tissues (4).  This concept has since evolved, and the reconstruction of  tissue engineered viable 

substitutes has now been extensively investigated using 3D scaffolds either seeded with autologous 

cells in vitro, or functionalised to attract endogenous cells in situ (7). In both systems, the main 

components to reconstruct a tissue are a cell source and a scaffolding material (Figure 1.1).  
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Figure  1.1. In vitro and In situ tissue engineering schemes. In vitro tissue engineering requires the 
isolation of autologous cells, and the culture of these cells into a 3D scaffold, were cells are allowed 
to grow and secret extracellular matrix and form the tissue in a bioreactor, followed by implantation 
of the construct. On the other hand, in situ tissue engineering omits the need for growing the cells 
inside a bioreactor, and requires the use of biofunctionalised ‘intelligent’ scaffolds that will attract 
cells and induce their adhesion in vivo. 

Tissue engineering offers a promising solution to treat a variety of diseases, including those affecting 

the cardiovascular system. Cardiovascular tissue engineering aims to repair and replace damaged 

and diseased cardiac tissues, blood vessels and valves (8). The latter is the focus of this study. 

 Application for Heart Valve Disease 1.1.2.

The human heart beats around 115,200 times a day, acting as a pump to ensure adequate 

circulation of the blood to the other organs and the heart itself. The unidirectional flow of blood 

through the heart is maintained during the cardiac cycle by the four heart valves: the aortic, 

pulmonary, tricuspid and mitral valves (Figure 1.2).  
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Figure  1.2 I) the schematics show the four cardiac valves, which are the a) aortic, b) pulmonary, C) 
tricuspid, and d) mitral valve. The aortic and pulmonary valves control blood flow out of the 
ventricles, and are described as “semilunar valves”. The tricuspid and the mitral valves control blood 
flow from atria to ventricles, and are known as “atrioventricular valves”.  II) During the cardiac cycle, 
the heart goes through two phases to pump the blood to the circulation. The first phase is 
“diastole”, when the ventricles relax and are filled with blood. The second phase is “systole” when 
the ventricles contract pushing the blood to arteries to exit the heart. In the right side of the heart, 
deoxygenated blood from the superior and inferior vena cava enters the right atrium, which 
contracts causing the blood to flow to the relaxed right ventricle through the tricuspid valve, until 
the ventricle is filled with blood (diastole). The tricuspid valve then closes, followed by the 
contraction of the right ventricle (systole), pushing the blood through the pulmonary valve to the 
pulmonary artery which delivers the blood to the lungs to be oxygenated. In the left side of the 
heart, oxygenated blood from the pulmonary vein moves from the left atrium to the relaxed left 
ventricle through the mitral valve (diastole). The mitral valve then closes, followed by the 
contraction of the left ventricle (systole), pushing the blood through the aortic valve to the aorta, to 
deliver oxygenated blood to the circulation. Schematics modified from smart Servier medical art 
provided by Les Laboratoires Servier. 
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Heart valve disease (HVD) is characterised by the stenosis or regurgitation of the valve due to 

congenital or acquired disorders, resulting in disruption in blood flow, and eventually leading to 

heart failure. These diseases constitute a major contributor to the global burden caused by 

cardiovascular diseases, and their prevalence continues to increase, but with a change in aetiologies. 

While rheumatic disease remains the most prevalent type of HVD in developing countries, age-

related degenerative heart diseases are currently more prevalent in industrialised countries (9).   

With the continued increase in global population ageing, the number of patients with end-stage HVD 

is predicted to triple by the year 2050 (10).  In the UK alone, the prevalence of moderate and severe 

HVD will increase by 122% by the year 2056 in elderly patients, as was projected by the OxVALVE 

population cohort study conducted by d'Arcy and colleagues in Oxfordshire (UK) (11). The increased 

prevalence will have both clinical and financial impacts, representing a major public health issue 

(11). 

Among the four cardiac valves, the aortic and mitral are the most affected by HVD due to the high 

pressure experienced by these valves (9, 12, 13). A study by Iung and colleagues has surveyed the 

aetiologies of left-sided HVD (mitral and aortic valves) in Europe during the year 2001 (The Euro 

Heart Survey). This study has shown that aortic stenosis was the most prevalent type of HVD, 

followed by mitral regurgitation (Figure 1.3 a), and that these were mostly caused by degenerative 

aetiologies (14) (Figure 1.3 b). In agreement with that, other studies have shown that aortic valve 

stenosis subsequent to calcification is the most common type affecting the elderly (15). In terms of 

congenital HVD, bicuspid aortic valve disease is the most common congenital cardiac defect, and has 

been linked to aortic stenosis, regurgitation, and endocarditis (16, 17).  
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Figure  1.3 Prevalence of left-sided heart valve disease (Aortic and mitral valves) in Europe in the year 
2001. a) Stenosis of the aortic valve was the most prevalent HVD, followed by mitral regurgitation, 
and to a lower extent aortic regurgitation then mitral stenosis. b) Percentages of left-sided heart 
valve disease based on aetiology. Represented figures are drawn using data obtained from Iung et 
al., 2003 (14). 

 

The only effective therapeutic option for HVD is through surgical replacement of the damaged valve 

with a mechanical or biological (tissue) substitute (10). These substitutes have drawbacks that limit 

their functionality in the long term, either requiring lifelong antithrombotic therapy, or multiple 

reoperations, which compromise patient’s life quality and expectancy. According to a meta-analysis 

performed by Korteland et al. covering the period from 1995 until 2017, replacement of the aortic 

valve with a mechanical valve in young adult patients resulted in a reduction in life expectancy, and 

increased risk of thromboembolism and anticoagulation-related complications (18). Although these 
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valves showed long term durability, the risk for reoperation was not absent (18). A study comparing 

aortic valve replacements using biological and mechanical valves showed that biological valves are 

associated with better life expectancy and lower risk of bleeding when compared to mechanical 

valves (19). However, these valves are linked to a higher risk of reoperation (19). In paediatric 

patients, all the available aortic valve replacements result in suboptimal outcomes (20). It has been 

demonstrated that the main contributor to these drawbacks is the inability of such prosthesis to 

reconstitute viable tissue due to the lack of a cellular component. Specifically, the lack of a 

protective endothelial cell layer in these substitutes increases their vulnerability to thrombosis, 

calcification, and degeneration (21, 22). Table 1.1 details the different types of valve replacements, 

their advantages and drawbacks.   

Table  1.1  Types, advantages and drawbacks of the types of prosthetic valves.  

 

Types of Valve 
Replacement 

Examples Advantages Drawbacks 

 
 
 
Mechanical 
Prosthetic 
Substitute 

 Bileafleft 

   Single tilting Disc 

  Caged ball 

 
• Lifelong durability 
• No Need for re-

operation 

 
• Non-physiological flow 

pattern 
• Lifelong anti coagulation 

therapy 
• Lack of regeneration potential 
• Risk of endocarditis 

 
 
 
 
 
 
Biological 
Substitute 

xenograft/Heterograft 

Allograft/Homograft 

 
• Good Hemodynamics 
• No need for anti-

coagulation therapy 

 
• Calcification and structural 

deterioration 
• Need for re-operation 
• Lack of regeneration potential 

 

 
Autograft  (Ross                                                                                          
Procedure) 

 
• Good Hemodynamics 
• No need for anti-

coagulants 
• Autologous cells/ no risk 

of rejection 
• Viable with ability to 

regenerate and remodel 

 
• Complex risky operation 
• Involves 2 valve replacements 
• Risk of pulmonary valve 

disease 
• Utilises a prosthetic valve in 

the pulmonary position 
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Of the available replacements, the pulmonary-to-aortic autograft, introduced by Donald Ross in 

1967, has shown most promise on the long term. In this procedure, the damaged aortic valve is 

replaced with the patient’s own viable pulmonary valve, while using a bioprosthetic substitute in the 

pulmonary position (23). These valves retain normal architecture and autologous viable cells that are 

able to grow and remodel as evident in paediatric patients (24, 25). None of the other replacements 

contain viable cells, making the pulmonary autografts superior in their capacity to maintain viability, 

growth and functionality with minimal degeneration (26).  

The long-term outcomes of the pulmonary autografts provide a proof-of-concept that an autologous 

cell- containing living valve substitute would constitute the solution to overcome the drawbacks of 

the available prosthetics. Thus, to improve the available replacements, and to recapitulate the 

success of pulmonary autografts with a readily available replacement, the concept of heart valve 

tissue engineering has been introduced (4). Research efforts have been focused on the development 

of a durable, self-renewing heart valve replacement, able to interact with the surrounding 

hemodynamic environment.  For that, both in vitro and in situ approaches have been used to 

provide a tissue composition similar to the native valve, that is: a functional endothelium, and an 

extracellular matrix (ECM) secreting interstitial cell layer (Figure 1.4). 
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Figure  1.4 a) The native heart valve is composed of stratified layers of heterogeneous valve 
interstitial cells (VICs) and extracellular matrix lined by an endothelial cell layer. VICs have a 
contraction ability, and secret ECM and matrix remodelling enzymes, and thus they maintain the 
normal structure and function of the valve. Reference for valve size is Jatene et al. 1999 (27).  They 
also respond to the surrounding biochemical, mechanical and hemodynamic stimuli. Valve 
endothelial cells protect the valve form thrombosis and inflammation and are influenced by the 
surrounding hemodynamic environment. b) Tissue engineered heart valves aim to mimic the natural 
structure and composition of the valve, to provide a viable substitute with proposed optimal 
characteristics to overcome the limitations of available valve replacements.  

 Transition from Bench to Clinic 1.1.3.

The tissue engineering system is complicated, being a 3 dimensional system composed of a cell 

source and a scaffolding material.  Consequently, many factors should be considered prior to 

transferring these promising therapeutic tools to the clinic. While clinical trials exist mainly using 

skin, cartilage and bone constructs, few clinical trials using valve grafts have been reported (28-30). 

A study by Sanz-Garcia and colleagues have summarised the clinical trials conducted prior to 2015 

using tissue engineered valves (31). The scarcity of these trails is attributed to the complexity of the 

geometry and functional requirements of the heart valve, and the fact that the implanted graft 

should maintain excellent hemodynamic function upon implantation .  For these reasons, heart (32)

valve tissue engineering is still in its developmental pre-clinical stages. However other tissue 

engineering products have been approved for therapeutic use and made their way to the market, 

such as the skin grafts TransCyte (Advanced Tissue Sciences Inc., USA) and Apligraf (Organogenesis 
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Inc., USA) and the cartilage graft Carticel (Genzyme Corp., USA) (33). All of these products are based 

on the in vitro tissue engineering scheme, where cells are isolated and cultured on a scaffolding 

material (mainly polymeric materials), and the resultant construct is transplanted. While such cell-

containing grafts proved successful in these applications, the requirement for the presence of viable 

cells increases the complexity of the construct and requires further validation and testing (34, 35). 

These are more difficult to translate into cardiovascular applications; taking into consideration the 

heterogeneous nature of the target tissue, the dynamic environment in which these constructs 

should function, and the absence of a preconditioning period prior to their application . In (32)

addition, there are strict regulations and ethical concerns surrounding the use of viable tissues in the 

clinic. Furthermore, the storage, shipping and handling of the prepared grafts represents a complex 

and potentially expensive process in making these valves available for routine clinical use. The in 

vitro cultivation of the cells is also time consuming, and requires thorough optimisation before these 

products are tested in clinical trials and then transferred to the market (34, 36). In fact, there is a 

 debate on the need of in vitro cell seeding on constructs at all, as several reports showed that 

implantationseeded cells in constructs prepared in vitro are lost shortly after , and that the cells 

 In their review “Heart valve tissue repopulating the scaffolds are actually endogenous cells (37, 38). 

engineering: How far is the bedside from the bench?”, Sanz-Garcia et al. stated that “from a clinical 

standpoint, this concept appears to be technically, logistically, and financially too complex, and thus 

limiting its broad clinical adoption” (31). Taken together, an off-the-shelf, in-vitro tissue engineered 

valve replacement might prove to be a commercially unviable proposition. A possible alternative 

that would provide less complexity is to implement an in situ tissue engineering approach designed 

to attract circulating endogenous cells.  

 In Situ Tissue Engineering: The Future of Valve Replacements?  1.1.4.

As explained earlier, in situ tissue engineering omits the need for cell seeding and bioreactors, and 

instead utilises the regenerative potential of endogenous cells to form the neo tissue. This scheme 

potentially provides a more cost effective, off-the-shelf product that might be faster to transfer to 
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clinical use. Because no in vitro cell culturing step is necessary in this scheme, the likely 

immunogenicity of the resultant constructs is low (7, 36, 39). There are less ethical and regulatory 

concerns when using these products because they will fall under the category of medical devices 

rather than living tissues. Furthermore, scaling up this technology is much easier when compared to 

in vitro constructs.  

The successful implementation of this approach relies mainly on the type of biomaterial used to 

design the final product, as it will influence the regeneration, performance and durability of the 

 construct. Clinical trials using decellularised xenogeneic grafts like Synergraft (Cryolife Inc., USA) and 

  Matrix P valves (AutoTissue GmbH, Germany) have not met much success due to the antigenicity of 

the xenogenic ECM, which leads to their deterioration and failure (40-42). Decellularised human 

allografts such as CryoValve® SG valve  (Cryolife In.c, USA) have shown better results, however, there 

is no evidence that decellularisation provides a substantial advantage over standard cryopreserved 

allografts (43).  In addition, the shortage of cadaveric valves will limit their availability.  Although 

decellularised valves might provide better compatibility compared to standard cryopreserved valves, 

their recellularisation is absent or limited, indicating that these valves will not be able to remodel 

and grow, which might lead to their degeneration on the long term (44). 

Researchers have investigated another “reverse engineering” approach to provide the components 

of the ECM and avoid the limitations of xenogeneic and allogeneic matrices. This was performed by 

decellularising in vitro engineered heart valves based on synthetic scaffolds and homologous cells 

(decellularised tissue engineered heart valves; dTEHVs), creating an acellular ECM starter matrix 

(45). However, this approach still involves the isolation and in vitro culture of cells with all its hurdles 

and shortcomings, and will not provide readily available off-the-shelf products.  

 A more promising approach is to use acellular biodegradable synthetic “intelligent” materials

tailored to harness the regenerative potential of endogenous cells through biofunctionalisation with 

bioactive moieties to guide cell recruitment and tissue formation (46). Utilising these biomaterials is 
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preferential to the use of xenogeneic decellularised matrices, since they are inert and lack any 

antigenic components. Synthetic materials are also tuneable and offer more flexibility in the design 

and manufacturing of the valve (47). Unlike in vitro dTEHV matrices; biofunctionalised materials will 

potentially produce readily available off - the - shelf products, while avoiding all the technical, 

regulatory and logistic issues associated with the in vitro use of cells (32).  

This approach for heart valve tissue engineering has been attempted in animal models (32). 

Furthermore, the promising clinical outcomes shown in vascular conduits adopting this approach 

have paved the way for the translation of in situ tissue engineered valves to the clinic. For instance; 

there is currently an ongoing clinical trial under the name (HARMONEE), which aims to investigate 

the ability of biofunctionalised stents using albumin coating and an immobilised anti-CD34 antibody 

 to recruit cells in vivo (48). Another example is the Xeltis AG (Switzerland) acellular vascular conduits 

made of an electrospun supramolecular bioabsorbable polyester, which were implanted in 5 

paediatric patients, and showed promising outcomes after a 12-months-follow-up (49). The success 

of vascular conduits and their maintained functionality under the surrounding hemodynamic 

(50)conditions suggest the possibility of translating these strategies for tissue engineered valves .  

Based on this evidence, the in situ tissue engineering approach using biodegradable synthetic 

materials seems promising, and could have the potential to substitute damaged valves with 

regeneration- inducing biomaterials. Because the ability of tissue engineering constructs to recruit 

cells and instruct tissue formation is important to ensure the success of these conduits, intelligent 

scaffolds biofunctionalised using specific capture molecules should be thoroughly investigated. 

Efforts should be focused on the design of such biomaterials with tailored microstructure to enable 

the specific recruitment of the appropriate endogenous cells, and to instruct them into developing a 

functional tissue, mimicking that of the native valve. 
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 Endothelialisation of Tissue Engineered Heart Valves 1.1.5.

Research in the field of heart valve tissue engineering is on-going to optimise biomaterials, cell 

sources, macro and micro structures, microenvironment, and the interaction of all of these 

components with the hemodynamic environment using bioreactors. Optimising these parameters 

will promote the guided cellularisation of tissue engineered heart valves in situ, and the consequent 

tissue formation. One of the main targets of this technique is the endothelialisation of tissue 

engineered heart valves, which is the topic of this PhD thesis. The endothelialisation of biomaterials 

has been proposed through the biofunctionalisation using cell specific molecules to endogenous 

cells that have the ability to differentiate to endothelial cells (51). This concept has been extensively 

investigated in vascular constructs and stents; however, fewer attempts have been made to induce 

the in situ endothelialisation of tissue engineered heart valves. The realisation of complete 

endothelialisation of valve grafts is challenging, due to the hemodynamic environment of the valves, 

their continuous movement during the cardiac cycle, and the relatively large surface area of the 

leaflets (52). 

In order to achieve successful endothelialisation of tissue engineered heart valves an understanding 

of heart valve endothelium biology and function is essential, as well as the choice of the endothelial 

cell source, and the scaffolding material. The ability of a scaffold material to promote cell 

attachment and function is influenced by the decorating bioactive molecules used to 

biofunctionalise the scaffolds. Thus, the subsequent sections of this chapter will address the 

following main topics: (i) the importance of the valve endothelium, (ii) potential of endothelial 

progenitor cells in the endothelialisation of tissue engineered heart valves, (iii) potential of 

nanofibrous scaffolds to mimic native valve structure and (iv) the available functionalisation 

strategies to induce in situ endothelialisation of materials. 
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 The Native Valve Endothelium 1.2.

 Characteristics and Function 1.2.1.

Like all blood-contacting surfaces, heart valves are lined with a protective monolayer of endothelial 

cells, which plays a vital role in the regulation of vascular tone, haemostasis and immune responses 

through the release of a wide range of factors. The valve endothelium functions in a similar manner 

to the vascular endothelium. Besides modulating molecule and gas transport, valve endothelial cells 

(VECs) have the capability to release vasoactive molecules such as nitric oxide (NO), endothelin-1 

(ET-1) and prostacyclin, which all modulate the contractibility of the underlying interstitial cells, and 

in case of NO and prostacyclin, inhibit platelet activation and thrombus formation (53, 54). The VECs 

layer also contributes to the homeostasis of the valve through the regulation of the immune and 

anti- inflammatory responses, and acts as a signal-transduction interface that responds to the 

external stimuli such as cytokines and mechanical forces, leading to their activation (55). VECs also 

maintain, replenish and remodel the underlying valve interstitial cell layer by undergoing endothelial 

- to - mesenchymal transition (EMT) (56). These functions illustrate the important role of valve 

endothelium in maintaining the homeostasis of the valve, and regulating its functionality and 

durability. 

Despite the similarities in the function of VECs and vascular endothelial cells, the two cell 

populations develop from a different embryonic origin and therefore exhibit distinct phenotypic 

characteristics (57, 58). In addition, the hemodynamic environment in which vascular versus valvular 

endothelium resides is different, and so is the endothelial cell response to the mechanical and 

hemodynamic changes (59). Vascular endothelium in the arterial tree is exposed to continuous 

variable hemodynamic forces including pressure, cyclic strain and shear stress. In large arteries, in 

regions of uniform geometry, flow and resultant shear stress are unidirectional (sometime refered to 

as laminar), with levels ranging between 10–40 dynes/cm2, while in areas of arterial branches, 

curves, and bifurcations, the laminar flow is disturbed and the vascular endothelium is exposed to 

low average oscillatory shear stress (sometimes referred to as non-directional or turbulent shear 
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stress) (60) (Figure 1.5 a). In regions of laminar flow, vascular endothelial cells align parallel to the 

direction of flow, while their alignment is absent in areas of flow disturbance resulting in the 

characteristic ‘cobble stone’ morphology that is typical of endothelial cells (61).  

Hemodynamic forces surrounding the heart valves are different to those in vessels since the valve is 

exposed to pressure, axial stretch, bending stress, as well as fluid shear stress (62).  Shear stress 

levels and flow directionality in the aortic valve are variable on the different sides of the valve, 

where the aortic side is exposed to low oscillatory shear stress with a peak of 20 dyne/cm2 (63), 

while the ventricular side is exposed to high unidirectional shear stress reaching a maximum of 64–

71 dyne/cm2 (64) (Figure 1.5 b &c).  

In contrast to vascular endothelium, valvular endothelial cells align perpendicular to the direction of 

flow, where they follow the alignment direction of collagen bundles in the native valve in vivo (65). 

In terms of valve endothelium compliance to shear stress, these cells are able to modulate their own 

compliance through the secretion of endothelial-derived mediators such as ET-1 and NO (66). Side 

specific differences in valve endothelial cell compliance have also been reported, showing that cells 

on the aortic side of the valve are more compliant than the stiffer cells of the ventricular surface of 

the valve (66). There are also side specific differences in the transcriptional profile of VECs from 

either side of the valve (67), as well as their expression of cell-cell and cell-matrix adhesion 

molecules (68). In addition, exposing human umbilical vein endothelial cells (HUVECs) to shear stress 

levels experienced by either side of the valve resulted in variable gene expression patterns, which 

shows the effect of valvular hemodynamic forces on endothelial cell phenotype (69).  
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Figure  1.5. Hemodynamic forces exerted on the arterial tree (a) and the aortic valve (b), and shear 
stress levels on the aortic valves. a) Vascular endothelium in straight parts of the vessel is exposed to 
laminar shear stress and aligns with the direction of the flow, while in areas of bifurcation, 
endothelium is exposed to disturbed shear stress and is not aligned.  b) Shear stress levels on the 
aortic valve. The aortic side of the valve is exposed to low oscillatory shear stress, and the ventricular 
side is exposed to high unidirectional shear stress, and c) Shear stress levels experienced by the 
aortic and ventricular sides of the valve, expressed as dyne/cm2. Adapted from a) Conway & 
Schwartz, 2013 (70),    b &c) from Balachandran et al., 2011 (62).   

 VECs Role in Disease  1.2.2.

VECs play an active role in the pathogenesis of HVD. Valve pathology is categorised as sclerotic 

degeneration leading to calcification, and vegetative endocarditis (59). This sections will focus on  

the degenerative/calcific pathway, as it is more common.  It has been postulated that the 

mechanism by which calcific aortic disease occurs is similar to atherosclerosis. Calcific aortic disease 

is initiated by endothelial dysfunction, which occurs preferentially at the aortic side of the valve 

where shear is oscillatory (71). During the early stages of the disease, the expression of adhesion 

molecules such as intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 

(VCAM-1), and E-selectin is upregulated in activated VECs (72, 73). This in turn induces an 

inflammatory state and stimulates the adhesion and infiltration of monocytes and leucocytes (72, 

73).  
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VECs of the diseased valve are known to exhibit morphological changes particularly at the aortic side 

where cells lose alignment and show a more polygonal shape (74). This change in morphology was 

shown to induce the thrombogenicity of the valve, and to reduce cell- cell contact which promotes 

more cell infiltration (75, 76). Denudation of the VEC layer has also been reported at advanced 

stages of the disease (77), and has been associated with increased proliferation and matrix secretion 

of the exposed interstitial layer, leading to valve thickening (78). It has been suggested that the 

variation in the hemodynamic conditions might play a role in inducing calcification and degeneration 

of the valve, as evident in bicuspid aortic valves exposed to abnormal dynamic conditions (79). 

Changes in the hemodynamic environment could induce pathological activation of the valve 

endothelium (59, 80).  

The association between the progression of HVD with the dysfunction and denudation of valve 

endothelium provides further evidence of the protective function of VECs. The presence of the VEC 

layer is postulated to protect the valve from calcification by providing an interface between the 

blood and the underlying matrix layer, and through its normal secretory function and paracrine 

communication with interstitial cells (81). Furthermore, it has been suggested that agents secreted 

from normal and damaged endothelium might play a role in valve repair. Examples of these factors 

include fibroblast growth factor -2 (FGF-2), NO  and ET-1 (82).   

The involvement of FGF-2 in valve wound repair was previously shown in mitral valve interstitial cells 

in vitro (83). This repair mechanism was shown to involve Transforming Growth Factor-β (TGF-

β)/Smad signaling. FGF-2 is linked to cell migration and EMT, and TGF- β was shown to induce 

interstitial cell proliferation, migration and activation (82, 84, 85). 

Evidence of the protective role of NO was shown in endothelial NO synthase (eNOS) deficient mice 

(86). In this model, accelerated fibrosis was manifested in both bicuspid and normal valves. In 

addition, bicuspid valves in eNOS deficient mice were more susceptible to calcification (86). In 

support to these findings, a study in human valves has shown that eNOS expression in bicuspid 

aortic valve patients was lower than that in trileaflets valves, and this reduction was inversely 
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correlated with aortic diameter (87). NO was also shown to decrease the pathogenic phenotype of 

the underlying interstitial cells by reducing  myofibroblast activation, osteoblast differentiation, and 

calcification (88). In contrast, the potent vasoconstrictor ET-1 was shown to have a profibrotic effect 

on VICs (89). The release of ET-1 was shown to increase in calcified human aortic valves. This was 

accompanied with an upregulation in the expression of  ETA (the ET-1 receptor that mediates 

vasoconstriction), and a downregulation in the expression of eNOS (90).  

NO is a relaxing factor, whilst ET-1 is a vasoconstrictor, and both factors were shown to control the 

mechanical properties and the stiffness of the valve through the regulation of valve cusp motor 

responses. A study by El-Hamamsy et al. has shown that stimulating porcine aortic valve cusps with 

ET-1 increased the stiffness of the cusp. Also, stimulating the cusps with the eNOS activating agent 

(serotonin 5-HT) resulted in a reduction in the stiffness of the cusps, which was reversed by the NOS 

inhibitor (N-nitro-L-arginine-methyl-ester; L-NAME), and by the mechanical denudation of VECs (91).  

This suggests that a balance in the release of endothelial derived factors is necessary for the 

regulation of the mechanical properties of the valve which in turn preserves its functionality and 

durability.  

 Valve Substitutes and Endothelialisation 1.2.3.

As mentioned in the introduction, none of the available valve prostheses contains an endothelial cell 

layer. In addition, the spontaneous re-endothelialisation of bioprosthetic valves is very limited and 

slow and only partial re-endothelialisation of these replacements had been described (92-95). A 

study on explanted porcine xenografts has shown that endothelialisation of the valves occurred only 

in 24% of the studied patients, which was time dependent and only limited to the basal regions of 

the valve (92). Furthermore, the growth of cells was noticed on areas where thrombi and fibrin had 

deposited from the host on the surface of the valve (92). Similarly, a study of explanted allografts 

showed re-endothelialisation in 30% of the cases with host’s cells (93). The authors have suggested 

that the re-endothelialisation mechanism might be related to immune-mediated vascular repair, 

rather than the migration and expansion of endothelial cells at the anastomosis site (93). Others 
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suggested that this process is a natural repair mechanism in response to mechanical damage, and 

that the cells involved in repair originate from the aortic wall (95).   

The limited or absent re-endothelialisation of bioprostheses might be related to the treatments used 

to preserve the valves prior to their application. Eberl et al. provided an in vitro evidence of that, by 

comparing the re-endothelialisation of fresh non-preserved allografts with mildly treated allografts, 

and allografts treated by common methods used commercially (96). In this study, valves were pre-

coated with fibronectin, and seeded with bovine aortic endothelial cells, and were cultured for ten 

days. Following incubation, an endothelial monolayer formation was found on fresh nonpreserved 

and mildly treated valves, however, valves preserved using the commercial methods were not 

endothelialised (96).  The authors have also suggested that the in vitro endothelialisation of the 

valves could improve the available allografts, or help in the development of new biological valves 

(96), as did others (94, 97). 

The valve endothelium acts as a non-thrombogenic barrier that sustains the underlying extracellular 

matrix, and its absence allows the direct interaction of blood with the components of the prosthetic 

valve, leading to the induction of an inflammatory response (21, 94). This is because the implanted 

prostheses into the cardiovascular system are recognized as foreign bodies by vascular cells, blood 

cells and platelets leading to thrombosis and inflammation (98, 99). The surface characteristics of 

the prostheses are crucial for the regulation of these injurious responses (98).  The absence of a 

viable endothelium on the surface of bioprosthetic valves is likely the cause of their deterioration 

following implantation (96, 97). Also, the direct interaction between the metallic materials forming 

mechanical valves induces thrombosis. Attempts to endothelialise valve replacements in vitro have 

been made to protect from deterioration in case of bioprostheses and reduce thrombogenicity in 

case of mechanical valves, which in turn is proposed to improve their compatibility and durability. 

For instance, Bengtsson et al.  reported the endothelialisation of detoxified bioprosthetic valves 

following 24hrs of seeding with high density of autologous human vein endothelial cells, however, 

the viability of the cells was not maintained and cell death was observed after 7 days, probably due 
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to residual glutaraldehyde toxicity (100). Fischlein et al. have shown better success in 

endothelialising detoxified pre-coated valves in vitro, and further confirmed stability of the 

endothelial cell layer and its antithrombotic effect in vivo in a baboon model (101, 102). However, 

endothelialisation was not complete in some of the samples (102). Similarly, Bengtsson and 

Haegerstrand have pre-seeded mechanical valves with human endothelial cells prior to implantation 

in a pig model (103). They showed that the valves were endothelialised in areas coated with pyrolitic 

carbon and on the sewing ring coated with carbon, while uncoated areas were not endothelialised. 

In vivo under pulsatile flow in the mitral valve position, the endothelial cells remained on the sewing 

ring, but were lost in pyrolitic carbon coated areas (103). 

Despite the limited success of these attempts, they have provided evidence of the importance of an 

endothelial cell lining for cardiac valve replacements and the challenges facing the endothelialisation 

process. A main challenge to be considered is the high levels of shear stress caused by the circulation 

of blood which can result in detachment of the endothelial cells, and the loss of endothelialisation 

after implantation (92). Therefore, the strength of endothelial cell adhesion to the underlying layers 

is crucial to ensure the stability of the endothelial cell lining (92). It requires immunecompatibility of 

the endothelialisation source such that the cells can proliferate and establish cell-cell and cell-matrix 

connections, while maintaining normal interaction with the components of the blood (100). 

Altogether, this evidence suggests that the complete and stable endothelialisation of the scaffold is 

essential to ensure the functionality and durability of the resultant tissue engineered valves under 

the surrounding hemodynamic conditions (104).  Identifying a cell source that will provide the 

phenotypic and functional characteristics of native VECs is equally essential for the success of tissue 

engineering scaffolds (59).  
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 The Endogenous Cell Source: Endothelial Progenitor Cells  1.3.

In order to achieve successful endothelialisation of tissue engineered constructs, the endothelial cell 

source should have the ability to form a confluent monolayer that interacts with the underlying 

extracellular matrix and retains normal endothelial function in response to physiological conditions 

(100). In situ tissue engineering requires a cell source that can be attracted form the surrounding 

tissue or the circulating blood. Several cell sources have been investigated for the endothelialisation 

of vascular grafts and heart valve constructs, both from somatic and stem cell populations (105, 

106). Table 1.2 summarises some of the main cell sources used for this application. Due to their 

promising potential, we focus in this study on the use of endothelial progenitor cells (EPCs) for the 

endothelialisation of tissue engineered heart valves.  

 Cell Type Differentiation Ability 

Somatic 
Cells 

Valve Endothelial Cells Mature Cells (107) 
Vascular Endothelial Cells Mature Cells (21) 
HUVECs Mature Cells (108) 
Human Dermal Fibroblasts Endothelial Cells (106) 

Stem 
Cells 

Adipose Derived Stem Cells Endothelial and Smooth Muscle Cells (109, 110) 
Bone Marrow Mesenchymal Stem 
Cells 

Endothelial  and Smooth Muscle Cells (111, 112) 

Wharton Jelly Mesenchymal Stem 
Cells 

Endothelial Cells (111, 113) 

Induced Pluripotent Stem Cells Endothelial  and Mesenchymal Cells  (114-117) 
Amniotic Fluid EPCs Endothelial Cells (118, 119) 
Umbilical Cord Blood EPCs Endothelial and Mesenchymal Cells (117) 
Peripheral Blood EPCs Endothelial and Mesenchymal Cells (115-117) 

Table  1.2 Examples of cell sources used to test and model the endothelialisation of cardiovascular 
tissue engineering constructs. 

 Characteristics of EPCs 1.3.1.

EPCs were firstly described in 1997 by Asahara et al., and since then these cells attracted increasing 

interest for their application in a variety of regenerative medicine fields, including vasculogensis, 

angiogenesis, cellularisation and endothelialisation of tissue engineering constructs (120). Although 

present in very low concentration in adults’ peripheral blood, these bone-marrow derived cells 

possess high clonal proliferative potential, and are known to migrate to the sites of injured 
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endothelium in response to the released cytokines and growth factors, and participate in the re-

endothelialisation and neovascularisation processes (120-122). Furthermore, these cells have the 

ability to differentiate to mature endothelial cells and also undergo EMT in vitro with the ability to 

produce ECM (123, 124). Various methods for isolating EPCs had been described, resulting in many 

different definitions of this cell population. Below is a summary of the main methods used to isolate 

EPCs and the resulting endothelial subsets (125). 

 Isolation Methods, and EPCs Subtypes 1.3.2.

Isolation methods described in the literature can be categorised as follows: (i) isolation based on 

surface antigens using positive selection or Fluorescence-Activated Cell Sorting (FACS) analysis, (ii) 

selective plating of early outgrowth endothelial cells and (iii) selective plating of late outgrowth 

endothelial cells (Figure 1.6). These isolation methods resulted in variable definitions in terms of 

morphology, phenotype, proliferative and angiogenic capacity, and origin, all of which were 

characterised under EPCs terminology (125). 
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Figure  1.6 Methods for the isolation of blood EPCs form peripheral blood mononuclear cells are 
based on: surface markers, and selective plating. The used surface markers are either CD34 and 
VEGFR2, or CD34, VEGFR2 and CD133. Isolation using the first combination results in vascular cells, 
while contradictory findings resulted from the second combination. Selective plating methods result 
in either early or late outgrowth endothelial cells. These cells are different in phenotype and 
characteristics. 

The first method depends on the isolation and selection of EPCs from peripheral blood mononuclear 

cells (PBMCs) according to the expression of a pattern of surface antigens. EPCs are usually isolated 

by positive selection of CD34+ cells, combined with other markers (such as VEGFR2, and CD133) 

(126-128). Some studies have shown that CD34+ VEGFR2+ cells might represent cells shed from the 

vasculature (129). The combination of CD34+ VEGFR+ CD133+ have resulted in contradicting findings 

in terms of cells ability to differentiate to endothelial cells (130, 131). 

The second method involves the culture of PBMCs on fibronectin-coated plates and the removal of 

unattached cells; while considering the attached cells as EPCs. This results in early outgrowth 

endothelial cells (eOECs), also known as myeloid angiogenic cells (MACs) or colony forming unit 

endothelial cells (CFU-EC), which emerge between 5 to 9 days of culture. These cells express the 

markers CD31, CD45 and CD14, and lack expression of CD133 (132, 133).  These monocytic cells 
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were found to not be able to give rise to endothelial cells, and to participate in vascular repair only 

through paracrine pathways without incorporating into the vasculature (134). 

The third method includes the expansion of late outgrowth endothelial cells from PBMCs (blood 

outgrowth endothelial cells; BOECs, also referred to as endothelial colony forming cells; ECFC) (123, 

135). These cells are produced in vitro within 7 to 21 days of culture on collagen coated plates. They 

express the markers CD34, CD31 and CD133 and lack the expression of the hematopoietic markers 

CD45, CD14, and CD115 (136, 137).  

Attempts to identify specific surface antigens to differentiate EPCs form endothelial cells from other 

origins were not very successful (138). Alternatively, Yoder et al. have suggested a unifying 

redefinition of EPCs subpopulations based on their clonal analysis, and found that CFU-EC isolated by 

CFU-EC isolation kits are monocyte/macrophage cell colonies derived from a hematopoietic origin 

(139). They also established that BOECs isolated by selective plating are not clonally related to CFU-

ECs and that they only express endothelial cell and not hematopoietic markers, in addition to their 

robust proliferative capacity in vitro. According to these findings, the authors have redefined BOECs 

as EPCs descendants (139). These findings do not rule-out the significance of other EPC 

subpopulations in vascular regeneration and vasculopathy. It is suggested that the pro-angiogenic 

hematopoietic progenitor cells are involved in the regulation of neovascularisation but without 

incorporation into vascular endothelium (140, 141). In addition, it was suggested that these cells 

might have a synergistic effect on neovascularisation when combined with BOECs (142). 

Accordingly, selective plating to isolate BOECs (ECFCs) was the method adopted throughout this 

thesis, due to the reported phenotypic stability, vasculogenic capability and clonal proliferation 

potential of cells isolated using this method (121, 137, 142).   

 BOECs: the Confirmed EPCs Descendants  1.3.3.

BOECs are fully mature endothelial cells that are isolated and expanded from circulating progenitor 

cells in peripheral blood. These cells have the ability to remodel blood vessels, and to integrate into 

the vascular system to repair injured vessels. In vitro, BOEC colonies display high proliferation 
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potential with the ability to expand up to a 1000 fold within 2 months of culture (121, 143). Due to 

these characteristics, the use of BOECs to model the endothelialisation of tissue engineering grafts 

has been studied and success has been reported in the cellularisation of decellularised allograft 

matrices and synthetic biodegradable scaffolds (144, 145). This thesis seeks to assess the suitability 

of BOECs as a source for endothelialisation of heart valve scaffolds, by evaluating their response to 

the hemodynamic environment of the aortic heart valve. It also aims to investigate the ability of 

biofunctionalised tissue engineering nanofibrous scaffolds to specifically attract BOECs to adhere 

and proliferate in order to promote a uniform endothelial monoalyer under valvular hemodynamic 

conditions. 

 Nanofibrous Scaffolds: Mimicking Native Valve Structure 1.4.

The scaffolding material in the tissue engineering system should simulate the native ECM of the 

target tissue. Therefore, a thorough understanding of the components of heart valve ECM and their 

function is important to achieve an ideal design and structure of the scaffolding material. The 

subsequent sections highlight the structure and characteristics of the native valve ECM, the criteria 

of an ideal heart valve tissue engineering scaffold material and the characteristics of the material of 

choice. 

 Anisotropic Structure Of Cardiac Valves 1.4.1.

The ECM components of cardiac valves provide them with mechanical and structural stability. These 

are mainly composed of elastin, collagen, glycosaminoglycan (GAGs) and proteoglycans (PGs). The 

ECM of the aortic valve is arranged to form three distinct layers: the fibrosa (aortic side) which is 

mainly composed of collagen, the spongiosa (middle) composed of GAGs and PGs, and the 

ventricularis (ventricular side) mainly formed of elastin (146, 147) (Figure 1.7 a). This sophisticated 

structure efficiently withstands the continuous loading to which the valve is exposed (148). The 

collagen and elastin networks are the load-bearing components of this structure. The GAGs in the 

middle layers provide resistance to compression as they are able to absorb water, while elastin 
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provides elasticity to the structure (149). Furthermore, the distinctive arrangement of the fibres 

helps in transferring the load from the leaflets to the aortic root wall (150-153). It has been 

previously highlighted that the collagen orientation in the direction of strain is the main determinant 

of the mechanical response to the applied cyclic load (154-156). Valve collagen fibres are 

circumferentially arranged, adopting “hammock-type” architecture (154) (Figure 1.7 b). This 

arrangement results in anisotropic characteristics, meaning that the valve structure has more 

mechanical strength at the circumferential axis, and more elasticity at the radial direction. Besides 

mechanical support, the valve ECM provides the biological cues to enhance and guide cellular 

processes such as proliferation, migration, differentiation and remodelling (157). To fabricate a 

successful and durable tissue engineered valve replacement, this bioactive microstructure should be 

replicated. This could be achieved through the efficient design of the scaffolding material.  

 

Figure  1.7 a) a cross section of the heart valve, showing the 3 layers of the valve and their ECM 
components. The three layers are fibrosa (collagen), spongiosa (GAGs and PGs), and the ventriculars 
(Elastin). b) the arrangement of the collagen fibres in the native porcine aortic valve, which is 
hammock- like, providing anisotropic mechanical characteristics to the valve. Resource for image b 
(Sauren et al., 1981) (158). 

 Tissue Engineering Scaffolds 1.4.2.

Scaffolds are important constituents of tissue engineered heart valves, providing the mechanical 

support for the construct, and the guidance for cell adhesion, growth and remodeling. The choice of 

the scaffold is key in the success of the construct and has to meet several criteria in order to mimic 

the natural ECM scaffolding material. The material of the scaffold should be biocompatible with the 
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biological system, with sufficient mechanical strength to withstand the surrounding physiological 

conditions. In addition, it should not elicit any immunological responses. Finally, it should be pliable 

and easy to fabricate into a structure mimicking the native micro-architecture of the valve tissue 

(159). Several materials have been investigated, both from natural and synthetic sources, and of 

biodegradable or non-biodegradable nature. These are highlighted in Figure 1.8 and will be further 

discussed in chapter 4. The focus of this thesis was on the use of synthetic nanofibrous 

polycaprolactone (PCL) scaffolds.  

 

Figure  1.8 Types of tissue engineering scaffolds, their pros and cons. Tissue engineering scaffolds are 
of natural or synthetic natures. Investigated natural scaffolds are decellularised tissues, or purified 
ECM components. Synthetic Scaffolds could be biodegradable or non-biodegradable. To overcome 
the limitations of the studied materials, hybrid scaffolds combining synthetic and natural 
components have been developed. 
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 PCL 1.4.3.

PCL is a semi-crystalline, nontoxic aliphatic polyester, composed of hexanoate repeat units 

(methylene units), between which ester groups are formed (160). PCL was first synthesised by 

Carothers group during the 1930s and initially gained great interest for several medical applications 

(161). The interest in this polymer dropped when its slow biodegradation rate was recognised. With 

the advent of tissue engineering, regenerative medicine, and nanotechnology, this polymer regained 

researchers’ attention due its controlled biodegradation rate, and its superior characteristics 

compared to similar polyesters (162). Currently, PCL is clinically used in contraceptive devices 

(Capronor, Research Triangle Inst, Durham, NC), sutures and joint prosthesis (162, 163).  Table 1.3 

summarises the characteristics of PCL. 

Characteristics of PCL 

Chemical Structure (C6H10O2)n 

 

 

 
Synthesis Methods 1- Polycondensation of the 6-hydroxyhexanoic acid. 

2- Ring-opening polymerisation of ε-caprolactone using a catalyst 
(preferred method)(160) 

Melting Temperature  58- 65° (164) 
Toxicity Non-toxic (approved by FDA for some medical applications) 

Examples:  
• Polyglycolic acid surgical sutures with PCL coating (USP 26,, ISO 

9002 AND EN 46002, FDA Guidance for Surgical Suture 510(k)).  
• Joint prosthesis (under the name ARTELON CMC Spacer Arthro) 

made of woven polycaprolactone-based polyurethaneurea fibres. 
Bulk Mechanical 
Properties 
 

Could be stretched to a strain of  over  400%, with a tensile yield 
strength ~17.82 MPa   
Tensile modulus ~ 440 MPa (165) 

Degradation Depends on the molecular weight and crystallinity 
Slow degradation; months to years 
Degrades by hydrolysis of ester bonds (160) 
Degradation by-products are harmless (165) 

Scaffold Fabrication 
Methods 

Electrospining, chemical vapor deposition, solvent-casting, fused 
deposition modeling, 3D printing, jet spraying 

Table  1.3 Summary of the characteristics of PCL 
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The biocompatibility, mechanical strength, and controllable biodegradation rate of PCL makes it a 

promising synthetic material for the fabrication of tissue engineering scaffolds. Several methods 

have been established to fabricate PCL, such as chemical vapour deposition, solvent-casting, 3D-

printing, electrospinning, and jet spraying (162). In the past decade, interest was raised in the 

synthesis of nanofibrillar matrices with an organisation mimicking that of natural anisotropic tissues 

(166). The influence of scaffold microstructure, surface topography and porosity on cell behaviour 

and responses has been demonstrated in several reports (167). Of interest, a study by Sohier and 

colleagues showed that PCL nanofibrillar anisotropic scaffolds fabricated using jet spraying 

technique exhibit valve-like anisotropic mechanical properties that were improved with cell culture 

and ECM secretion as was indicated in the doubled Young’s modulus and the reduced ultimate 

tensile stain. These scaffolds also showed a high degree of porosity, which allows cellular infiltration 

and population (168). Furthermore, the jet spraying technique was previously shown to provide 

superior characteristics when compared to electrospun scaffolds in terms of porosity, cell 

population, infiltration, spreading, and differentiation (169). Thus, this method was used in this 

study to fabricate nanofibrous PCL scaffolds. 

Like other synthetic materials, PCL is biologically inert and its surface is hydrophobic with low surface 

energy, making it less favourable for cells adhesion, spreading, and proliferation (170). To improve 

these properties, surface functionalisation methods have been developed to enhance surface 

characteristics and induce biocompatibility. 

 Functionalisation 1.5.

The earliest attempt to modify synthetic polymers was made in 1955 by Edwards and Tapp who 

chemically modified nylon arterial grafts (171). Since then, several methods have been developed to 

alter surface characteristics including chemical composition, roughness, topography, charge, surface 

energy and hydrophilicity; all of which play a role in the interaction of biomaterials with the 

biological system (172). The developed methods rely on the ‘functionalisation’ of surfaces through 
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the introduction of biological or chemical functional groups to these surfaces. Functionalisation can 

be achieved both pre-polymerisation and post polymerisation of the synthetic biomaterial (173). The 

sections below highlight the relevant chemical functionalisation and biofunctionalisation techniques 

currently available and the strategies used to induce the endothelialisation of biomaterials. 

 Chemical Functionalisation 1.5.1.

Chemical functionalisation methods aim to either graft new functional groups into the surface of the 

material or to alter existing functional groups within the structure of the polymer (174). Some of the 

common techniques used to graft new functional groups include plasma treatment and ultraviolet 

(UV) irradiation, whereas methods to modify existing groups include sodium hydroxide (NaOH) 

hydrolysis, and aminolysis.  Plasma oxidation (PO) is the process of exposing the polymer surface to 

gas plasma in air, oxygen, nitrogen or ammonia. This results in the incorporation of oxygen and 

nitrogen functional groups on the surface of the material, causing an increase in its surface energy 

and wettability (175, 176). However, the effect of plasma treatment is not permanent and could be 

reversed overtime (177-179). UV treatment of polyesters has also been used to introduce free 

radicals through the breakage of the covalent bonds present on the polymer and the photoxidation 

using high-energy photons, which in turn increases wettability and surface energy (180). UV 

treatment of polymers is also reversible (181). 

Wet techniques like NaOH hydrolysis and aminolysis have been also used to modify polyesters. 

NaOH treatment results in the hydrolysis of the ester groups of polyesters, which results in the 

formation of carboxyl and hydroxyl groups (182-184). These groups enhance the wettability and cell-

compatibility of these materials. Amination or aminolysis of polyester surfaces can be achieved using 

diamine solutions, which produce free amine groups on the surface, also improving hydrophilicity 

and biocompatibility (185, 186).  

Chemical treatments have also been used to sterilise biomaterials prior to implantation to ensure 

that these materials are free of microbiological contaminants that might induce infection leading to 
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implant failure (187). The standard methods used clinically such as heat treatment, ethylene oxide 

and gamma irradiation have not met success in the sterilisation of biodegradable biomaterials due 

to the sensitivity of these materials, and the post sterilization effects on their mechanical and 

structural properties (188). Other studied methods include irradiation (such as UV), plasma or 

chemicals (such as ethanol and iodine). The effect of sterilization on materials properties and any 

subsequent biofunctionalisation steps is key in estimating the functionality of the scaffolding 

material in vivo (187). Studies on the effect of sterilising PCL scaffolds with gamma irradiation 

showed an alteration in their mechanical properties, in addition to affecting its surface 

characteristics (189).  Another in vivo study comparing the effect of gamma irradiation and ethanol 

treatment on cell infiltration through electrospun PCL scaffolds used for tendon regeneration 

showed that both methods allowed the complete infiltration through the implant without affecting 

its performance, suggesting that these methods are compatible with the in vivo functionality of 

these scaffolds (190). Further research is needed to determine the suitable sterilization technique 

that is compatible with structural stability, material characteristics, biofunctionalisation and 

functionality of the end product for its intended use. 

Besides sterilisation and enhancing cellular interactions through the improved wettability and 

biocompatibility of polymeric surfaces, these methods could also be used as intermediate steps prior 

to biofunctionalisation. This is because the introduced functional groups can serve as “anchoring 

sites” for the immobilisation of bioactive moieties (191).  This approach is implemented in the 

current work, where amination is used to activate PCL surface prior to biofunctionalisation. 

 Biofunctionalisation of Materials  1.5.2.

Biofunctionalisation introduces bioactive moieties to the inert surface of polyesters, which instructs 

cells interaction by inducing specific biological functions and stimuli. These techniques have been 

inspired by the natural microenvironment of ECM which contains ligands and binding sites that 

interact with receptors in cellular membranes (157). The bioactive moieties could either be proteins, 
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polysaccharides, oligonucleotides and aptamers, antibodies, or short peptide ligands. 

Biofunctionalisation aims to: (i) enhance material biocompatibility, (ii) prevent undesired adhesion 

of proteins, platelets, non-specific cells, and bacteria (anti-fouling properties), (iii) instruct specific 

cell functions and processes, and (iv) enhance material specificity to a certain cell type (192).   

Coating with purified ECM proteins enhances the biocompatibility of the material with the biological 

system. This is because this type of coating induces hydrophilicity and provides biological ligands for 

cellular interaction. The most commonly used coatings are collagen, gelatin, fibronectin and laminin. 

Because the control of the configuration and folding of such large molecules is difficult during the 

biofunctionalisation process, short peptide sequences that represent cell binding domains have been 

used.  These peptides interact with the integrins -which are adhesion receptors on the cells - and 

activate them, resulting in enhanced cell adhesion and binding. One of the commonly used peptides 

that has shown enhanced cell biocompatibility is RGD (Arginyl-glycyl-aspartic acid) peptide, which is 

the principle ligand responsible for cell binding to the ECM (193). Besides RGD, other factors have 

been investigated such as laminin derived sequences including IKVAV (isoleucine-lysine-valine-

alanine-valine) and YIGSR (Tyrosine-Isoleucine-Glycine-Serine-Arginine)(194, 195). 

In order to prevent non-specific adhesion of proteins, which leads to platelets activation and 

adhesion, and the mediation of biofouling, biofunctionalisation with synthetic NO donors or cell- 

inhibiting peptides has been proposed (196-198). An alternative approach is to incorporate chemical 

groups with high resistance to protein binding into the surface, such as Poly(ethylene glycol) (PEG) 

and  zwitterionic polymers (197, 199, 200). The incorporation of these molecules into the polymeric 

surface, in combination with biological moieties significantly enhances material characteristics, 

specificity, and instructive abilities (199). 

To instruct cellular processes such as proliferation, differentiation, and ECM secretion, the 

integration of bioactive moieties that will interact with cell receptors and integrins and influence 

intracellular pathways is an important step.  For example, a combination of the adhesion inducing 
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peptide PEG-RGD/PEG-YIGSR was shown to induce tubulogenesis in vitro and in vivo (201). YIGSR 

was also shown to induce capillary formation by HUVECs (202). Some bioactive moieties have been 

developed to induce cell differentiation to a certain phenotype. One example is the hydroxyapatite-

binding osteogenic peptides developed by Polini et al. to induce cell differentiation into osteoblasts 

for bone grafts (203). Other bioactive moieties such as KTTKS (Lysine-Threonine-Threonine-Lysine-

Serine) peptide have been used to induce ECM secretion function by cells (204). 

Because the focus of this PhD thesis is on enhancing the endothelialisation of PCL using EPCs, the 

next section will cover in details the strategies used to enhance EPCs specific adhesion and 

endothelialisation of biomaterials. 

1.5.2.1. Strategies to Enhance Specific Cell Recruitment for in vivo Endothelialisation  

To stimulate guided cell growth on tissue engineering constructs, scaffolds could be used as acellular 

instructive implants biofunctionalised with specific molecules to attract endogenous progenitor cells 

from the body (intelligent scaffolds). The main challenge of this method is to provide accurate 

means for controlled cell recruitment and tissue formation (7). Biofunctionalisation techniques have 

been employed to accelerate in vivo endothelialisation of tissue engineering implants using EPCs 

through two main strategies; (i) stimulating EPC mobilisation from the bone marrow, and (ii) 

enhancing EPC capture by the biofunctionalised scaffold (205) (Figure 1.9). 
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Figure  1.9 Strategies to induce EPC mobilisation and capturing using synthetic matrices. This figure 
summarises EPCs mobilisation and capturing strategies investigated in the literature. Mobilisation 
strategies of EPCs are investigated using growth factors, cytokines and chemokines applied by 
delivery systems, injection or coating with the mobilising agent. Capturing strategies of EPCs applied 
using covalent coupling, surface adsorption, or simple coating with the capture molecules.  

The first strategy is based on the ability of EPCs to mobilise to the site of injury in response to the 

secreted chemokines and growth factors such as stromal-derived factor 1 (SDF-1), vascular 

endothelial growth factor (VEGF), granulocyte macrophage-colony stimulating factor (G-CSF), 

Placental growth factor (PLGF), and erythropoietin (206-208). These chemokines and growth factors 

have been used to induce pharmacologically directed EPCs’ mobilisation towards the synthetic 

scaffold either by inducing the controlled release of such factors incorporated into the scaffold, or by 

stimulating the overexpression of these agents using adenovirus-mediated gene delivery, plasmids, 

or recombinant proteins (209, 210). Other techniques such as the injection of the mobilising factors 

into the biological system and the simple coating of the scaffold with these factors have also been 

investigated (211) (Figure 1.9). Table 1.4 summarises some of the studies adopting this strategy. 

The second biofunctionalisation strategy depends on the modification of the material with specific 

molecules that will allow the direct capturing of circulating EPCs from the blood (7, 212). Molecules 
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used in this approach have been integrated in biomaterials to mimic the natural homing molecules, 

which are hypothesised to specifically attract EPCs and enhance their adhesion, proliferation and 

ECM secretion (213). A variety of capture molecules have been studied including antibodies, 

peptides, magnetic molecules, aptamers, poly and oligosaccharides, and cholesterol coating, and 

these molecules has been linked to scaffolds by covalent coupling, surface adsorption or simple 

coating (214) (Figure 1.9). Table 1.5 summarises some of the studies using capture molecules for 

biofunctionalisation of materials.  
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Table  1.4  Literature examples for the use of growth factors to induce EPCs mobilisation and in situ endothelialisation of biomaterials. 

 

 

 

 

Mobilising Factor Study Description Reference 
SDF-1 SDF-1 conjugated PEG fibrin patch provided local control of SDF-1 release. Applying  this 

patch to the infarcted region increased  stem cell homing and left ventricular function in 
mouse model. 
Modifying tubular elastin scaffolds produced from porcine carotid arteries with agarose gel 
release system to control SDF-1 production. Implanting this scaffold in the adipose tissue of 
rabbits resulted in the recruitment of endothelial cells by SDF-1.  

Zhang et al, 2007 (212) 
 
 
Kurane and Vyavahare, 
2009 (213) 

VEGF Elevating VEGF levels in the plasma using adenovectors enhanced the mobilisation of 
circulating EPCs and hematopoietic stem cells in mouse model.  

Surface modification of decellularised porcine aortic heart valves with a heparin-VEGF 
multilayer film produced an antithrombic layer, and induced the proliferation of EPCs on 
the valve in vitro. 

Moore et al., 2001 
(207)  

Ye et al., 2013 (214) 

G-CSF Injecting dogs with G-CSF increased circulating EPCs and enhanced the endothelialisation of 
synthetic vascular grafts composed of Polyethylene terephthalate, Polytetrafluoroethylene, 
and silicon. 
A study on decellularised porcine aortic valves implanted into lamb model showed that 
injection with G-CSF allowed partial autologous re-colonisation of the decellularised valve, 
but also induced inflammatory cell infiltration and calcification, leading to valve 
deterioration in a process similar to xenograft rejection.  

Shi et al., 2002 (215) 
 
 
Juthier et al., 2006 
(216) 

Hepatocyte growth 
factor 

Decellularised valve modified with a fusion protein of fibronectin and hepatocyte growth 
factor enhance in situ cellularisation in dog model. 

Ota et al., 2005 (217) 
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Table  1.5  Literature examples for the use of capture molecules to induce in situ endothelialisation of biomaterials by EPCs.

Capturing of 
EPCs 

Capture Molecule Study Description Reference 

Antibodies 
CD34 Modified hyaluronic acid hydrogels by covalent immobilisation of CD34 antibodies showed 

selective capturing of EPCs into the surface of the HA hydrogel. In addition, incorporation 
of gelatin methacrylate into HA hydrogels enhanced cell spreading.  

Camci-Unal et al., 
2010 (218) 

Poly and Oligo-
saccharides: 

Alginate Alginate hydrogels incorporated with PEG and EPC-selective antibodies enhanced their 
ability to capture EPCs from whole blood in a pillar-array microfluidic device.  

Hatch et al., 2011 
(219) 

Pullulan and Dextran Porous polysaccharide 3D scaffold made by crosslinking pullulan and dextran showed 
enhanced EPCs colonisation in vitro, while their phenotype and function were preserved.  

Lavergne et al., 
2012 (220) 

Glycosaminoglycan 
(GAG) 

The GAG mimetic molecule [OTR4131], was shown to increase the yield and functionality of 
EPCs colonies in culture, and enhances cell adhesion, proliferation and migration in vitro.  

Chevalier et al., 
2014 (221) 

Cholesterol 
 Surface coating of polyurethane scaffolds using mercapto-cholesterol increased the surface 

lipophilicity, thus enhancing endothelial cell adhesion in vitro under simulated arterial 
shear stress conditions, and in vivo in sheep model. 

Stachelek et al., 
2006 (222) 

Aptamers 

Single-stranded 
synthetic 
oligonucleotides with 
high specificity and 
affinity to a variety of 
targets  

Hoffmann et al. used SELEX technique to identify aptamers with high affinity and specificity 
to EPCs, and then engrafted these aptamers into starPEG-coated vascular prostheses., They 
showed through an in vitro porcine model the specific adhesion of EPCs to the modified 
graft, and their ability to differentiate to endothelial-like cells in culture. 
In the attempt to endothelialise tissue engineered heart valves, Schleicher et al. 
immobilised EPC-specific DNA-aptamers into starPEG-functionalised glutaraldehyde-fixed 
porcine heart valves and bovine pericardium. EPCs adhesion and endothelialisation of used 
materials was enhanced, and the binding was stable under shear stress conditions.  

Hoffmann et al., 
2008 (223) 
 
 
Schleicher et al., 
2010 (224) 

Magnetic 
Molecules 

Superparamagnetic 
iron oxide  

Loading endothelial cells with superparamagnetic microspheres, and applying a magnetic 
field enhanced the endothelialisation of injured arteries in the rabbit model.  

Consigny et al, 
1999 (225) 

Peptides 

RGD The coating of electrospun PCL tubular grafts  with RGD improved the hemocompatibility 
and patency of the graft, and enhanced endothelialiazation and cell infltration in rabbit 
model. 

Zheng et al., 2012 
(226) 

REDV Polytetrafluoroethylene modified with REDV (Arginine-Glutamate-Aspartate-Valine) using a 
PEG containing crosslinker resulted in enhanced endothelial cell adhesion and reduced 
bacterial and platelet adhesion. 

Gabriel et al., 
2016 (227) 
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The focus of this thesis was on the use of EPCs and BOECs as an endothelialisation cell source. There 

is a recently identified peptide, called TPS, which is reported as being specific for attracting and 

activating BOECs. Considering that this peptide is thought to be BOEC-specific it was used in this 

study to decorate nanofibrous PCL scaffolds. Below is a description of what is known so far about the 

biological actions of TPS. 

1.5.2.2. TPS peptide 

TPS peptide (TPSLEQRTVYAK) is a novel specific and selective peptide ligand with high affinity to 

human BOECs (215). This peptide was identified using phage display technology; a technique that 

depends on the construction of phage libraries that express exogenous peptides, and then using 

these libraries to select the peptides that specifically bind to the target (216). Veleva and colleagues 

have isolated this novel peptide ligand and showed that TPS peptide has high specificity to human 

BOECs (215). In another study by the same group, TPS peptide was incorporated into methacrylic 

terpolymers matrix, which resulted in the specific binding of human BOECs to the matrix in cell 

culture media. The modified construct was not able to bind to HUVECs, which proves the specificity 

of the identified ligand (215). Other studies have also adopted the use of TPS peptide for 

biofunctionalisation and have shown it to enhance the endothelialisation of biomaterials (Table 1.6). 

Thus, in the current work, we aim to link this peptide to nanofibrous PCL scaffolds, and to investigate 

its ability to enhance BOECs attraction and adhesion for heart valve tissue engineering applications. 

 The incorporation of this peptide into the surface of PCL could be achieved using physical 

adsorption or covalent coupling. Physical adsorption is a simple method that can be performed at 

room temperature and depends on the interaction of the peptide with the surface through weak 

intermolecular forces such as hydrogen bonds, electrostatic interactions or hydrophobic interactions 

(217). However, this method results in a weak and unstable binding of the peptide to the surface 

(218). Covalent coupling, on the other hand, results in controlled crosslinking of the peptide to the 

surface, which was shown to have more stability when compared to physical adsorption (218, 219). 
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Because covalent coupling relies on the chemical reaction between specific functional groups on the 

biomaterials surface and the bioactive moiety, it ensures the controlled distribution, orientation, and 

configuration of these moieties (217). Due to these advantages, this study used a covalent 

crosslinking strategy to biofunctionalise PCL with TPS peptide. Thus, below are more details about 

the available covalent coupling strategies. 

Study Description Application Outcomes Reference 
Covalent coupling of TPS 
peptide to methacrylic 
terpolymers 

Cardiovascular 
tissue 
engineering 

Specifically increased BOECs 
binding in serum free media. 

Veleva et 
al., 2008 
(220) 

Modification of PCL with a 
fusion protein composed of 
TPS peptide and the 
recombinant hydrophobin 
HGFI which was previously 
shown to induce smooth 
muscle cell proliferation 

Tissue 
Engineering 

Modified PCL was only able to 
enhance the adhesion of human 
and rabbit EPCs. However, smooth 
muscle cells adhesion was 
inhibited. Enhanced EPCs adhesion 
in the presence of FBS proteins. 

Niu et al. , 
2012 (221) 
Huang et 
al., 2013 
(222) 

Modification of PCL using 
zwitterionic 
poly(carboxybetaine 
methacrylate) and TPS peptide 

Vascular 
Grafts 

Enhanced specific EPCs adhesion, 
and reduced platelets adhesion. 

Li et al. , 
2013 (223) 

Modification of PCL with TPS 
peptide and PEG using host-
guest chemistry 

Vascular 
Grafts 

Reduced protein adsorption and 
platelet adhesion, and enhanced 
EPC adhesion 

Ji et al. , 
2013 (224) 

Modification of polydopamine 
coated titanium surfaces using 
TPS peptide and bovine serum 
albumin 

Cardiovascular 
Metallic 
Implants 

Reduced fibrinogen adsorption and 
platelet adhesion, and enhanced 
canine EPCs adhesion in vitro. 
Induced in situ endothelialisation in 
vivo in dog model. 

Chen et al.,  
2014 (225) 

Table  1.6 Summary of the studies that used TPS peptide to biofunctionalise biomaterials for tissue 
engineering applications. A search in PubMed using the sequence TPSLEQRTVYAK retained 8 results, 
2 of which were irrelevant. A search on Scopus retained 6 hits. 

1.5.2.3. Covalent Coupling Strategies 

As mentioned earlier, covalent immobilisation of bioactive moieties requires a chemoselective 

reaction between functional groups on the surfaces of the material and the peptide. These reactions 

are site specific, providing high ligand-binding capacity, without affecting the active site of the 

peptide (226). The most common functional groups targeted on polymeric surfaces are carboxyl and 

amine groups, which can be incorporated into the surface through the previously discussed chemical 
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functionalisation techniques (218).  On peptides/proteins, cysteine (sulfhydryl) and lysine (primary 

amine) residues are mostly targeted. Covalent coupling could be facilitated through the use of a 

chemical linker “or crosslinker”, which can interact with both the polymer and the peptide. 

Crosslinkers could be designed to target one functional group (homofunctional), or two different 

functional groups (heterofunctional), which facilitates the precise bioconjugation (227).  Table 1.7 

lists the commonly used crosslinkers to biofunctionalise biomaterials. 

Functional 
Group 

Crosslinker Reactive 
Group 

Literature Examples 

Carboxyl Carbodiimide - PCL crosslinking with type A gelatin, type B gelatin, 
and collagen hydrolysate (228).  

- Functionalising electrospun PCL and PCL/gelatin 
with  perlecan domain IV peptide using a 
bifuntional crosslinker (Carbodiimide/ maleimide) 
(229). 

Hydroxyl Isocyanate  - Synthesis of a bone tissue engineering scaffold 
using lysine-di-isocyanate, ascorbic acid, glycerol, 
and PEG (230). 

- Urethane polymeric scaffold modified with lysine-
di-isocyanate (231). 

- Polytetrafluoroethylene biofunctionalisation with 
RGD using hexamethylenediisocyanate (232). 

Amine N-Hydroxysuccinimide 
(NHS) ester 

- Bioconjugation of Basic fibroblast growth factor 
and RGD to PEG using acryloyl-PEG-NHS (233). 

- PCL/poly(m-anthranilic acid) scaffolds 
biofunctionalised by RGD peptide using 
carbodiimide/NHS crosslinker (234). 

Sulfhydryl Thiotropic Crosslinkers 
including haloacetyls, 
disulphides, and 
maleimides 

- Poly(ester carbonate) biofunctionalisation with 
laminin-derived peptide using furan–maleimide 
(235). 
 

Table  1.7 Commonly used covalent coupling crosslinkers for biofunctionalisation of materials. 

 

 

 

 

  



P a g e  | 62 
 

 Summary 1.6.

In situ tissue engineering is a promising approach to overcome the limitations of the currently 

available valve replacements. EPCs have the potential to endothelilaise and completely cellularise 

tissue engineering scaffolds. The structure of the scaffold plays an important role in providing the 

desired mechanical properties to the tissue engineered valve, and the regulation of cell adhesion, 

distribution and migration throughout the structure. Thus anisotropic aligned nanofibrous PCL 

scaffolds make good candidates to develop heart valve substrates. The biofunctionalisation of 

materials is a key promoter of specific cell recruitment and cell function. Peptides are promising 

candidates for the development of specific instructive biomaterials. Thus, this PhD thesis have 

focused on the biofunctionalisation of nanofibrous PCL tissue engineering scaffolds using the BOECs 

specific peptide TPS to enhance cell capture and recruitment. 

 General Hypothesis 1.7.

‘Decorating the surface of PCL scaffolds with TPS peptide will promote the binding of circulating EPCs 

from the blood and will enhance the cellularisation of in situ tissue engineering heart valves. Adhered 

EPCs will form a monolayer with characteristics similarities to the native valve endothelium in 

response to dynamic loading’.  

 Main aim 1.8.

The main aim of this PhD thesis is to biofunctionalise PCL substrates using TPS peptide through a 

covalent crosslinking approach, in an attempt to enhance BOECs capture and proliferation, and to 

induce the endothelialisation (and complete cellularisation) of PCL tissue engineering scaffolds. 

BOECs were used as a cell type of interest in their own right and as a model of the parent EPCs. The 

ultimate aim of the work is to capture circulating EPCs from the blood and allow the formation of a 

stable and functional endothelial cell layer (Figure 1.10). The final product is intended to formulate a 

valve replacement, to be used initially as a replacement of the pulmonary valve in Ross procedure. 

The ultimate aim will be to utilise the biofunctionalised PCL valves to replace diseased aortic valves. 
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Figure  1.10 The main aim of this study is to biofunctionalise PCL nanofibrous scaffolds using TPS 
through a covalent crosslinking approach to enhance the capture, adhesion and proliferation of 
BOECs/EPCs. 

The specific aims were to:  

1. Compare the behavior of BOECs with human VECs in terms of their phenotype, migration and 

invasion ability, endothelial mediator release and response to shear stress.  

2. Determine the inflammatory effect of PCL on BOECs and human VECs, and their viability when 

cultured on this material.  

3. Study the effect of TPS on BOECs proliferation, and mediator release, and its specificity to these 

cells. 

4. Design a biofunctionalised PCL nanofibrous scaffold through the covalent crosslinking of TPS 

peptide to enhance the adhesion and function of BOECs.  

5. Examine the effect of the modified PCL material on BOECs capture ability, BOECs function, and 

cytotoxicity.  

6. Investigate the thrombotic properties of the modified PCL material .  

7. Study the effect of shear stress on the behavior and function of BOECs cultured on the modified 

PCL material. Also, test the capture, proliferation, and infiltration of the cells through the 

modified material under dynamic conditions. 

8. Test the adhesion of EPCs in blood mononuclear cells to modified PCL under static and shear 

conditions.  
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Figure  1.11 The schematic shows the study chapters, and their main aims. 
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CHAPTER 2. GENERAL METHODS  
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2.1 Materials 

Chemicals including Bovine serum albumin (BSA), Dulbecco's phosphate-buffered saline (DPBS), 

Fetal bovine serum (FBS), 2% gelatin, Ethylenediaminetetraacetic acid (EDTA), paraformaldehyde 

(PFA), chloroform, 4',6-diamidino-2-phenylindole (DAPI), Triton x 100, Dulbecco's Modified Eagle's 

medium (DMEM) media, ethylenediamine (EDA), Dimethyl sulfoxide (DMSO), p-nitrophenol, 

ethylene diamine (EDA), poly(ethylene glycol) (N-hydroxysuccinimide 5-pentanoate) ether N′-(3-

maleimidopropionyl)aminoethane (abbreviated as NHS-PEG-Mal), sodium chloride (NaCl), sodium 

citrate., acetic acid, sodium bicarbonate, sodium phosphate, cysteine hydrochloride monohydrate. 

Isopropanol, hydrochloric acid (HCL) and sodium hydroxide (NaOH) were obtained from Sigma 

Aldrich, UK. TrypLE, glutamine, Minimum Essential Medium non-essential amino acid solution 

(MEM/NEAA), trypan blue and penicillin streptomycin were obtained from Gibco biosciences, 

Ireland. Collagenase A was obtained from Roche, Switzerland. CryoSFM freezing media was 

purchased from Promocell, USA. Alexa Fluor 488 conjugated CD31 antibody, phalloidin Alexa Fluor 

488 antibody, and AlamarBlue® cell viability assay were purchased from Invitrogen, UK. Endothelial 

cell culture media (EGM-2) was obtained from Lonza, Belgium and hyclone FBS from Thermo-Fischer, 

MA, USA. TGF-β1 and TGF-β3, and ELISA kits to measure chemokine (C-X-C motif) ligand 8 protein 

(CXCL8) and ET-1 were purchased from R&D Systems (Europe Ltd, Abingdon, UK) and 6-keto 

Prostaglandin F1α (6-keto PGF1α) from Cayman, USA. Type 1 rat tail collagen was from corning, 

Bedford, UK. OCT embedding compound, glutaraldehyde, cacodylate (CAC), osmium tetroxide, 

tannic acid and hexamethyldisilazane were obtained from Agar Scientific, UK. PCL (Capa™ 6800) was 

obtained from Pearstrop, Malmö, Sweden. CellTracker™ Red CMTPX Dye, Ellman’s reagent/((5,5'-

Dithio-bis-(2-nitrobenzoic acid)/ DNTP), Pierce™ immobilized TCEP disulphide reducing gel, and 

Calcein-AM were obtained from Thermo-Fisher Scientific, MA, USA. Peptides were custom designed 

by Genscript (USA), and Fluorescein isothiocyanate (FITC)-tagged peptides by GeneCust Europe 

(Luxembourg). 
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2.2 Cells Isolation, Culture, and Maintenance 

Table 2.1 lists the cell types used throughout this study and the subsequent sections detail the 

methods used to isolate and maintain these cells. 

Abbreviation Cell Type   Chapters Reason of Use 

BOECs Human Blood outgrowth 

endothelial cells  

  All Chapters Endothelialisation cell source under 

investigation. 

hVECs Human valve endothelial 

cells 

  3,4 and 5 General control to represent native 

endothelial cells of the aortic heart 

valve. 

aVECs          

and 

vVEcs  

Side Specific human 

valve endothelial cells, 

isolated from the aortic 

and ventricular sides of 

aortic valves 

  3 and 6 Controls for side specific shear 

experienced by the aortic heart 

valve. 

hVICs Human valve interstitial 

cells 

  5 Valve, Non-endothelial cell control. 

A549 Human lung epithelial 

carcinoma cell line 

  5 Non-endothelial cell control. 

Table  2.1  A list of cell types used in the study, the chapters they are indicated in, and the reason of 
use. 

 Blood Outgrowth Endothelial Cells  2.2.1

Blood for isolation of BOECs was collected for this study under ethical approval from the National 

Institute of Health Research, granted to the Imperial College Healthcare Trust Tissuebank. Informed 

consents were acquired for collection of all human blood from healthy volunteers (REC Wales 

approval: 12/WA/0196, and 15/LO/0223, V3.5 granted by NRES Committee London). Samples 

isolated in Doha were collected under ethical approval granted by Hamad Medical Corporation/Weill 

Cornell Medical College in Qatar Joint Institutional Review Board (JIRB), and blood was collected 

from 2 consented healthy donors (JIRB DHHS Registration Number IRB00009413).  
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BOECs were isolated as previously described (236). Human peripheral blood samples (50 ml) were 

collected from healthy donors in BD vacutainer Cell Preparation Tubes (CPT) containing Sodium 

Heparin/Ficoll (BD Biosciences, UK). PBMCs were separated by centrifugation at 1600 RCF for 30 min 

at room temperature, followed by 3 washing steps with DPBS and 10%FBS, and were centrifuged at 

520 RCF for 10 min after each wash. PBMCs were then re-suspended in EGM-2 media, and cells were 

seeded on a density of 3X107 cells/well into 6 wells plates previously coated with type I rat tail 

collagen (50µg/ml).  Non-adherent cells were carefully aspirated after 24hrs of culture, and the wells 

were washed slowly with EGM-2 media containing 10% Hyclone FBS. Media was replaced with 4 mls 

of fresh EGM-2 complete media. Media was changed and cells washed each day for 3 days, and then 

every 2-3 days without washing until colonies emerged. Colonies emerged between 7 and 20 days of 

culture and were identified by their cobblestone morphology. Colonies were expanded to collagen-

coated T25 and T75 flasks, and cultured cells were maintained in EGM-2 media supplemented with 

10% FBS and endothelial growth supplements in an incubator at 37˚C in an atmosphere of 95% air: 

5% CO2. Cells identity was confirmed using flow cytometry analysis.  

Upon confluence, cells were sub-cultured at 1:2- 1:3 sub-cultivation ratio into collagen pre-coated 

T75 flasks, and were maintained in 10% FBS EGM-2 media with regular media changes every 2 to 3 

days. Cell freezing was performed in cryo-SFM media. Cells were used for experiments on passages 

4-8. 

 Human Valve Endothelial cells (Mixed Population) 2.2.2

Human aortic valve tissues used for cell isolations were donated to the heart valve bank at Royal 

Brompton & Harefield NHS Foundation Trust, and subsequently classed as unsuitable for clinical use. 

Ethics number 10/H0724/18. 

hVECs were isolated by Ann McCormack (tissue engineering, HHSC). These cells were a mixed 

population of the aortic and ventricular sides of the human aortic valve endothelial cells. The 

isolation was performed using collagenase digestion as previously described (107, 237). Briefly, 
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dissected human aortic valves were washed several times with DPBS, and then were incubated in 

0.3% collagenase A for 10 mins at 37˚C with agitation.  The Collagenase was deactivated by FBS, and 

the digest was centrifuged. The resulting pellet was re-suspended in EGM-2 supplemented with 20% 

FCS and endothelial cell supplements, and were then plated onto gelatin coated 6 wells plates. Cells 

were expanded upon confluence to T25 then T75 flasks. hVECs were maintained in 10% FBS EGM-2 

media in  an incubator at 37˚C in an atmosphere of 95% air: 5% CO2. Media changes were performed 

every 2-3 days. Upon confluence, cells were sub-cultured at 1:2-1:3 sub-cultivation ratio in T75 flasks 

pre-coated with 1% gelatin (in DPBS) for 30min. Cells were used for experiments at passages 5-7. 

 Side Specific Human Valve Endothelial cells 2.2.3

Side specific hVECs were isolated by Hessah Alshammari (tissue engineering, HHSC). These cells were 

isolated from human aortic valves as previously described, with modifications (66). For this isolation, 

a  35cm2 petri dish was filled with 3% collagenase II, and a filter was placed on top of the plate to 

allow the contact of one side of the cusps with collagenase. Human aortic valve cusps were dissected 

and washed several times with DPBS. The cusps were then placed on the filter of the prepared plate, 

with the side to be digested facing downwards. The cusps were covered with a glass coverslip to 

ensure the complete spreading of the cups on the filter. Aortic and ventricular sides of the valves 

were exposed to enzymatic digestion using collagenase II for 5-10 min in a 37˚C incubator with 

shaking. Collagenase was collected, and then the digestion process was stopped by adding DMEM 

containing 10% FCS. The digest was then centrifuged at 1000RPM for 5 min. Cells were then 

transferred to gelatin coated T25 flasks containing EGM-2 media with 20% FCS. Cells were 

maintained in an incubator set to 37˚C in an atmosphere of 95% air: 5% CO2. Cell identity was 

confirmed by flow cytometry analysis of CD31 expression. Cells were used for experiments on 

passages 4-8. 
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 Human Valve Interstitial Cells 2.2.4

hVICs were isolated from human aortic heart valves by Ann McCormack (tissue engineering, HHSC) 

as described previously (107, 237). Briefly, rinsed valve cusps were finely minced with scalpels, 

followed by incubation in collagenase II at 37˚C with shaking for 60-120mins. The digested tissue was 

separated using 40 µm cell strainer, and collagenase was deactivated using 10% FBS DMEM media. 

The digest was then centrifuged at 300g for 6 min, and cells were then resuspended in 10% FBS 

DMEM and transferred to T25 flasks for cell expansion. Cells were maintained in DMEM media with 

10% FBS, and were incubated at 37˚C in an atmosphere of 95% air: 5% CO2. Cells were used for 

experiments at passage 5-7.  

  A549 2.2.5

A549 cell line was obtained from the American Tissue Culture Collection (ATCC, Virginia, USA). Cells 

were maintained in 10% FBS DMEM media containing 1% penicillin/streptomycin, 2 mM L-glutamine 

and MEM/NEAA, with regular media changes every 2-3 days. Upon confluence, cells were sub-

cultured 1:3 in T75 flasks. 

2.3 Immunocytochemistry Staining for Fluorescent Imaging 

 Cells Cultured on Coverslips 2.3.1

Cells were washed three times with DPBS and were then fixed in 4% PFA for 10 min at room 

temperature. Samples were then permeabilised by 0.5% triton in DPBS for 4 min, followed by one 

wash with DPBS. Samples were then blocked for 30 min in 3% BSA in DPBS and were incubated for 

1hr with primary antibodies diluted in 1% BSA/DPBS as indicated in table 2.2. Compatible secondary 

antibodies conjugated with alexa fluor (AF) 488 or 594 were diluted at 1:2000 in 2% normal goat 

serum and were incubated with the samples for 1hr at room temperature in the dark. Samples were 

then stained with DAPI for 15min, followed by mounting and imaging using a confocal microscope 

(confocal LSM 710 Zeiss). 
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 Enface Staining of Valve Tissues 2.3.2

Valves were washed three times with DPBS and were fixed in 4% PFA for 1hr at room temperature. 

Samples were then permeabilised by 0.5% triton in DPBS for 10 min, followed by one wash with 

DPBS. Samples were blocked for 4hrs in normal goat serum at room temperature. Valves were 

incubated overnight at 4˚C with primary antibodies diluted in 1% BSA/DPBS as indicated in table 2.2. 

Samples were then washed 3 times with DPBS. Compatible secondary antibodies conjugated with AF 

488 or 594 were diluted at 1:2000 in 2% normal goat serum and were incubated with the samples 

for 1hr at room temperature in the dark. Samples were stained with DAPI for 30min, followed by 

mounting and imaging using confocal microscope (confocal LSM 710 Zeiss). 

 Table  2.2 A list of the used antibodies in immunocytochemistry staining of samples for fluorescent 
microscopy 

 

 

Primary Antibody Company Dilution Secondary 

Antibody 

Company Dilution 

FITC - Conjugated CD31 AbD 

serotec 

1:50 - - - 

FITC - Conjugated Phalloidin Thermo 

Fisher 

scientific 

1:100 - - - 

eNOS BD 

Bioscience 

1:100 Goat anti Mouse 

AF 488 

Thermo 

Fisher 

scientific 

1:2000 

VWF Dako 1:400 Goat anti Mouse 

AF 488 

Thermo 

Fisher 

scientific 

1:2000 

Alpha-smooth muscle actin 

(α SMA) 

Dako 1:200 Goat anti Rabbit 

AF 594 

Thermo 

Fisher 

scientific 

1:2000 
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2.4 Flow Cytometry Analysis 

Cells were trypsinised and were then washed and re-suspended in wash buffer (0.5% BSA and 2mM 

EDTA in DPBS).   For each sample, a minimum number of 3 X105 cells were stained. For each of the 

primary unconjugated antibodies used, an unstained sample and an isotype negative control 

(stained with Ox 8) were included. Cells were incubated in 100µl of the diluted primary antibodies as 

indicated in table 2.3 for 30min, followed by 3 washes using wash buffer. Cells were then Incubated 

with FITC conjugated goat anti-mouse antibody (1:100) for 30 min in dark. Cells were washed 3 times 

using wash buffer and were then resuspended in 400µl of DPBS. 

 In the case of the use of conjugated antibodies, these were diluted in wash buffer as indicated in the 

table (Table 2.3), and were incubated with cells for 30 min. A negative control sample was included 

and was stained with CD42 FITC conjugated IgG1 antibody. An unstained sample was included as 

well.  Samples were washed twice using the wash buffer and then were re-suspended in 400µl of 

DPBS. The percentage of positively stained cells was identified using Beckman Coulter FC500 

Cytometer. 
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Antibody against Company Catalogue 

number 

Dilution Isotype 

CD31 BD 550389 1/100 IgG1 

CD90 Diaclone DIA-100 1/100 IgG1 

CD14 Synthesised in lab from hybridoma - 1/5 IgG1 

CD45 BD Biosciences 347460 1/5 IgG1 

CD49a BD Biosciences 559594 1/50 IgG1 

CD49c Harlan MAS795p 1/50 IgG1 

CD49d BD Biosciences 555502 1/50 IgG1 

CD49e Harlan MAS658p 1/5 IgG1 

ICAM-1 Synthesised in lab from hybridoma  - 1/100 IgG1 

VCAM-1 Synthesised in lab from hybridoma  - 1/100 IgG1 

CD29 AbD Serotec MCA1949 1/50 IgG1 

CD61 BD Biosciences 555752 1/50 IgG1 

αV.β3 Chemicon MAB1976Z 1/100 IgG1 

CD104 BD Biosciences 555722 1/50 IgG1 

CD34 BD 348050 1/5 IgG1 

CD44 BD 347940 1/5 IgG1 

CD105 AbD MCA1557T 1/100 IgG1 

Isotype negative 

control:  Ox 8 

Synthesised in lab from hybridoma  - 1/200 IgG1 

CD133 Miltenyi biotech 130-090-851   1/10 IgG2a 

CD49b BD Biosciences 555668 1/50 IgG2a 

Isotype negative 

control:  HB32 (ATCC) 

Synthesised in lab - 1/200 IgG2a 

Secondary antibody: 

goat anti mouse IgG- 

FITC  

Sigma F4143 1/100  

VE Cadherin (rabbit anti 

VE Cad FITC conjugate) 

Abcam Ab33321-50 1/10  

Rabbit IgG FITC control Coulter 731643 1/10  

Table  2.3 A list of used antibodies for immunostaining of cells for flow cytometry analysis. 



P a g e  | 74 
 

2.5 Enzyme-Linked Immunosorbent Assay (ELISA) 

Human CXCL8, ET-1 and 6-keto PGF1α release into the supernatant media was determined using 

commercially available ELISA kits, and following the manufacturer’s instructions. A blank and a 

standard curve were included for each plate. Figure 2.1 shows examples of standard curves for each 

of the used assays. 

2.0 2.5 3.0 3.5 4.0 4.5
0.0

0.5

1.0

1.5

2.0

a. Standard Curve For CXCL8

Log CXCL8 (pg/ml)

Ab
so

rb
an

ce
 4

50
-5

70

  

b. Standard Curve For ET-1

-0.5 0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

2.0

Log ET-1 (pg/ml)

Ab
so

rb
an

ce
 4

50
-5

70

c. Standard Curve for 6-keto PGF1a

0 1 2 3 4
0

50

100

150

Log [6-keto PGF1a]

%
b/

b0

 

Figure  2.1 Examples of generated standard curves for a) CXCL8, b) ET-1, and c) 6-keto PGF1α. 

2.6 Cell Migration and Invasion Assays 

Cell migration and invasion were estimated through uncoated and Matrigel® Matrix coated Corning® 

Transwell® permeable supports, respectively. The assays were carried out following manufacturer 

instructions (corning, catalogue number 354480). Assay steps are detailed in Figure 2.2. Pre-coated 

Matrigel transwells (6.5 mm, 8.0 μm pore size, polycarbonate membrane) were rehydrated for 2hrs 

prior to cell culture. Serum free EGM-2 media was added inside the insert and receiver wells and 
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incubated for 2hrs at 37°C in an incubator in an atmosphere of 95% air: 5% CO2. Media was then 

removed with care to not disturb the Matrigel layer. 

Cells were trypsinised, followed by deactivation using 10% FBS EGM-2 media. The cell suspension 

was then centrifuged at 200RPM (acceleration at 9, deceleration at 3) for 5 min. Cells were 

resuspended in serum free EGM-2 media. To the receiver wells, 650 µl of media containing 10% FBS 

was added to act as a chemoattractant. Wells with serum free media were included as a control. To 

the upper chamber, 100 µl of cell suspension containing 0.5X105 cells were added (in serum free 

media), and plates were then incubated in an incubator at 37˚C in an atmosphere of 95% air: 5% CO2 

for 16hrs. 

Following incubation, non- migrated cells were removed from the inner side of the transwell Insert 

using a cotton swab. Inserts were then washed using DPBS x3 times. Cells were fixed in 4% PFA for 

10 min, followed by 3 washes with DPBS. Cells were then stained using DAPI for 10 min and imaged 

using fluorescent microscope (Zeiss Axio Vert. A1). Images were obtained using 10X objective from 5 

different fields (centre, left, right, top and bottom edges), and then were counted using ImageJ 

analysis software V 1.49 (National Institute of Health, USA). 

 
Figure  2.2 Cell migration and invasion assays. 1) Cell migration was estimated in uncoated transwell 
inserts, and cell invasion was estimated in Matrigel coated inserts. Cell suspension in serum free 
media was added to the insert, and 10% FBS media was added to the receiver well. 2) Cells were 
incubated for 16hrs to allow migration/invasion towards the receiver well containing FBS. 3) non-
migrated cells were removed from the inside of the insert. 4) migrated cells on the bottom of the 
insert were fixed and stained with DAPI, followed by imaging and counting. 
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To quantify the percentage of cell invasion/ migration, the average number of cells counted per 

insert was divided by the size of the field of view (FOV), and then was multiplied by the surface area 

of the transwell insert (0.33cm2). Field size was obtained by dividing the (FOV) number provided on 

the microscope eyepiece (23) by the objective magnification (10X).  

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆𝐹𝐹𝑆𝑆𝐹𝐹 = 𝐹𝐹𝐹𝐹𝐹𝐹 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑒𝑒𝑟𝑟
𝑂𝑂𝑁𝑁𝑂𝑂𝑒𝑒𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑒𝑒 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑂𝑂𝑀𝑀𝑂𝑂𝑂𝑂𝑀𝑀𝑂𝑂𝑂𝑂𝑀𝑀𝑀𝑀

                  𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆𝐹𝐹𝑆𝑆𝐹𝐹 =  23
10

= 2.3𝑚𝑚𝑚𝑚 = 0.23𝑐𝑐𝑚𝑚 

The percentage of migration/ invasion was then calculated by dividing the resulting number by the 

initial cell seeding density (0.5X105) and multiplying by 100. Cell migration percentage was estimated 

form uncoated transwells, and invasion percentage from Matrigel coated wells. 

2.7 Inducing Endothelial-to-Mesenchymal Transition  

Cells were cultured into gelatin pre-coated 8-wells chamber slides (Millipore, Gloucestershire, UK) at 

a density of 5000 cells/ well in EGM-2 + 10% FBS and were allowed to adhere overnight in an 

incubator at 37˚C in an atmosphere of 95% air: 5% CO2. For each isolate, 3 chamber slides were used 

(Control, TGF-β1, and TGF-β3). For the treatment with TGF β, 2 isoforms were used, TGF-β1, and 

TGF-β3, both of which were diluted in 1% FBS EGM-2 media to a final concentration of 10ng/ml. 

Media was replaced with 100µl of treatment media and was changed every other day for 10 days. 

For the controls, media was changed with 1% FBS EGM-2 media. 

At the end of the treatment duration, cells were stained for endothelial cell markers, EMT markers, 

and valve interstitial cell markers (Table 2.4). Media was removed, and cells were washed X3 with 

DPBS, followed by fixing in 4% PFA for 10 min. Cells were washed again X3 with DPBS, and then were 

permeabilised with 0.5% Triton X for 3 min. Consequently, cells were washed and blocked with 3% 

BSA for 30 min. After blocking, primary antibodies diluted in 1% BSA as detailed in table 2.4 were 

added, and cells were incubated for 1hr at room temperature in a humidity chamber, followed by 3 

washes with DPBS. Samples were then incubated with compatible fluorescent secondary antibodies 

tagged with AF 488 or AF 594 for 1hr as indicated in table 2.4. Cells were washed and stained with 



P a g e  | 77 
 

DAPI for 10min, followed by mounting and imaging using confocal microscope (confocal LSM 710 

Zeiss). Samples were imaged using tile scan at 20x to cover the area of the chamber (X4 tiles) and 

were then analysed by ImageJ analysis software V 1.49 (National Institute of Health, USA) to quantify 

fluorescent intensity as shown in Figure 2.3. 

Primary Antibody Dilution Secondary Antibody Dilution 

CD31 (Dako) 1:50 AF 488 1:2000 

VWF (Dako) 1:200 AF 594 1:2000 

MRTF-A (Santa Cruz) 1:50 AF 594 1:2000 

Calponin (Dako) 1:50 AF 594 1:2000 

Myocardin (Covalab) 1:1000 AF 594 1:2000 

SMM (Dako) 1:200 AF 594 1:2000 

αSMA (Dako) 1:200 AF 488 1:2000 

SM22 (abcam) 1:10000 AF 594 1:2000 

Layout of the used antibodies to 
stain treated cells in an 8-wells 
chamber slide. Green represents 
samples stained with AF 488 
secondary antibody and red are 
samples stained with AF 594. 

 

CD31 
VWF 

Calponin Myocardinin Negative (Green 
and Red) 

αSMA 
SM22 

MRFT-A SMM Negative (Red) 

Table  2.4 List of used antibodies for immunostaining of cells against EMT markers for fluorescent 
microscopy 
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Figure  2.3 Quantifying fluorescent intensity using ImageJ. a) Channels were split and each channel 
was analysed separately. b) Background was subtracted, and then threshold was adjusted. c) Area, 
mean gray values, and integrated density were measured. Background fluorescence readings were 
also calculated in each of the images. d) Corrected total fluorescence was calculated as indicated by 
the equation. DAPI stained nuclei were used to count the total number of cells in each sample using 
particle analysis. The number of positive cells was counted manually using the cell counter tool in 
imageJ, and the percentage of positive cell was estimated in relation to the total number of cells. 

2.8 AlamarBlue® Cell Viability Assay 

The non-toxic alamarBlue® reagent was diluted in DMEM media containing phenol red indicator (1:1 

alamarBlue® mix). Media was removed from each well of the cultured cells and was replaced by 

100ul of the alamarBlue® mix and cells incubated for 4-6hrs at 37˚C. Colourimetric changes in 

alamarBlue® were then detected using a spectrophotometric plate reader (Tecan multiplate reader 

Infinite® F50) set to 570nm, and a reference reading at 620nm was subtracted from the reading. 

Metabolically active cells will reduce the active compound in alamarBlue®; resazurin to resorufin. 

The reduced form of alamarBlue® absorbs at 570nm, while the oxidised form associated with non-
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metabolic cells absorbs at 600nm. Proliferation was represented as the reduction of alamarBlue® 

calculated at 570-620 in blank corrected values. Viability percentage relative to control was 

represented where relevant. The percentage was calculated as (sample corrected OD 570-620 /CTRL 

corrected OD 570-620) X 100. 

2.9 Lactate Dehydrogenase (LDH) Cytotoxicity Assay 

The release of LDH into supernatant media was used as an indicator of cytotoxicity. LDH enzyme is 

present in endothelial cells, and once their plasma membrane is disturbed or damaged due to cell 

death, LDH is released into the media. The used kit (abcam, UK) measures LDH activity, through the 

oxidation of lactate to produce nicotinamide adenine dinucleotide hydride (NADH), which then 

reacts with WST reagent resulting in colour change that could be detected using spectrophotometry. 

The assay was performed as instructed by the manufacturer, with the following modifications.  

For 24-wells plates, cells were seeded at a density of 50,000 cells/ well in 1% FBS EGM-2 media 

(500µl per well). Cells cultured on glass coverslips were used as controls. Controls (as defined in the 

assay instructions; see Table 2.5) included: background control, low control, high control and a 

positive control. Cells were cultured in an incubator at 37˚C in an atmosphere of 95% air: 5% CO2 for 

72hrs. At the end of the incubation, controls were treated as indicated, and 10µl of the supernatant 

media from each well was transferred into a fresh 96 wells plate. WST substrate mix was 

reconstituted in 1ml ddH2O. The LDH reaction mix was prepared by mixing 200µl of WST substrate 

mix with 10 ml of LDH assay buffer, and 100 µl of the mix was added to each well. Samples were 

then incubated for 30min at room temperature, and absorbance was read at 450nm (650nm was 

used as a reference) using Tecan multiplate reader Infinite® F50. Absorbance readings were 

accepted when the high Control optical density (OD) readings at 450nm were approximately 2.0, and 

the low Control OD readings were less than 0.8. Cytotoxicity percentage was calculated using the 

below formula: 
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Cytotoxicity (%) =  
𝑆𝑆𝑎𝑎𝑚𝑚𝑚𝑚𝐹𝐹𝐹𝐹 − 𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝐿𝐿𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐹𝐹

𝐻𝐻𝐹𝐹𝐻𝐻h 𝐶𝐶𝐿𝐿𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐹𝐹 − 𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝐿𝐿𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐹𝐹
 𝑋𝑋100 

LDH Assay Controls 
Background Control: 500 μl culture medium per well without cells. 
Low Control: 500 μl of cells suspension.  
High Control: 500 μl of cells suspension , 
On the day of the assay, 50 μl of Cell Lysis Solution were added.   
Positive control: 500 μl of cells suspension,  
On the day of the assay, 5 μl of LDH were added. 

Table  2.5 A List of Used Controls for LDH Cytotoxicity Assay. 

2.10 Shear Experiments  

 Orbital Shaker Model 2.10.1

To assess the effect of shear stress, an orbital shaker model was used as previously described (238). 

Cells were cultured into gelatin (1%) coated 6-wells plates at a density of 1 X105 cells/well in 2mls 

EGM-2 media. Cells were allowed to attach overnight in a 37˚C incubator, 5% CO2, and then the 

plates were placed into a PS-300 orbital shaker (Grant Instruments) set to 150 RPM (Figure 2.4). 

Cells were sheared for a period of 72hrs, and images of cell alignment were taken at each day from 

the edge and the middle of the well using an inverted light microscope. A static negative control was 

included. At the end of the incubation period, cells were fixed with 10% PFA for 10 min, followed by 

3 washes with DPBS. Cells were then stained using DAPI for 10 min, followed by 2 washes with DPBS. 

Cells were then imaged using fluorescent microscope (Zeiss Axio Vert. A1), and orientation 

percentage was quantified as described below (Section 2.10.3). 
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Figure  2.4 Exposing cells to shear stress using orbital shaker model. To expose cells to shear stress, 
cells cultured on 6-wells plates were placed into a PS-300 orbital shaker set to 150RPM. 
Computational fluid dynamics analysis shows that shear stress levels increase throughout the radius 
of the well, to reach its maximum on the edges of the well (238). Flow is unidirectional on the edges 
of the well and disturbed on the middle. The image showing modelling of the shear levels is from 
Potter et al. , 2011 (238). 

 Cone and Plate Model 2.10.2

To assess the effect of the oscillatory and unidirectional shear stress experienced by the aortic and 

ventricular sides of the valve, a cone and plate apparatus (Georgia Institute of Technology, Atlanta, 

Georgia, USA) was used as described previously (66). Human BOECs and VECs from both the aortic 

and ventricular sides of the valve were seeded into gelatin-coated 15mm coverslips at a density of 

3x104 cells and were allowed to attach overnight in a 37˚C incubator supplied with 5% CO2.  

Coverslips were mounted into the custom-designed plate and EGM-2 media was added to cover the 

cells. The cone and plate apparatus was assembled and connected to a media reservoir containing 

EGM-2 media supplemented with 3% FBS, and to a servomotor to control the rotation speed and 

direction of the cone. The media reservoir was connected to a 0.2um filter to allow gas exchange 
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(Figure 2.5). Cells were exposed to aortic (oscillatory) or ventricular (unidirectional) flow patterns for 

24hrs and were then fixed and stained with phalloidin as described in section 2.3.  

 
Figure  2.5 The cone and plate apparatus. This apparatus is composed of a) a rotating cone placed 
over a stationary plate. b) The plate can hold up to 9 samples. Used sample were either cells 
cultured on coverslips, cells cultured on PCL scaffolds, or valve tissues, as specified in the methods 
section of each chapter. c) The samples are placed in the gap between the cone and plate, where the 
media is applied. To induce the flow of the media, the cone is rotated with certain speeds, and on 
variable directions. The strength of the flow is determined by the angular velocity of the rotating 
cone, while the type of flow is dependent on its rotation direction. The cone angle is 0.5˚, cone 
radius is 40mm, and the gap between cone and plate is 0.2mm. The produced waveform period is 
0.86s, equivalent to 70 beats/ min (239). d) The rotation direction and speed of the cone is derived 
by a servomotor that is connected to the cone. To maintain the circulation of media to the plate, a 
media reservoir is connected to the cone and plate, and pumping of the media is controlled by a 
peristaltic pump set to 0.6ml/min. samples are exposed to e) high levels of unidirectional flow to 
mimic the ventricular flow, with shear levels alternating between 0 and 70 dyn/cm2, or f) low levels 
of oscillatory flow to mimic the aortic flow with shear levels alternating between 0 and 20 dyn/cm2,. 
The unidirectional flow is produced by the continuous rotation of the cone in one direction, whereas 
the oscillatory flow is produced by altering the direction of the rotation at specific time intervals. 
Diagram (c) is adapted from Sucosky et al., 2008 (239). 

 Quantification of Cell Elongation and Alignment 2.10.3

Cell elongation was determined based on the elongation of the nucleus, which was estimated using 

circularity index calculated by image J (Figure 2.6 a).  

Alignment of cells exposed to shear stress was assessed using ImageJ software V 1.49 (National 

Institute of Health, USA) through the measurement of Feret’s angle, which gives an estimation of the 

Sample 
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nuclei orientation. Feret’s angle is the angle between the x-axis of the image and Feret’s diameter, 

which is the largest distance between two points in the nuclei of the cell (240)(Figure 2.6 b) 

 

Figure  2.6 The use of circularity index as a measure for nuclei elongation, and Feret’s angle as a 
measure of alignment. a) In image J, circularity index is calculated using the formula Circularity = 4π 
(Area/Perimeter2), where a value of 1 indicates that the nucleus have a circular shape, and a 
reduction in this value indicates elongation. b) Feret’s angle; the angle between the x-axis and 
Feret’s diameter (the largest distance between 2 points in the nucleus) is used to estimate cell 
orientation (240). 
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The steps followed to obtain cell parameters including cell counts, circularity index, and Feret’s angle 

and the calculation method to obtain orientation percentage are detailed in figure 2.7. 

 
Figure  2.7  Particle analysis of DAPI stained cell nuclei using image J. Particle analysis was used to 
quantify cell alignment (Feret’s angle), cell elongation (circularity index), and cell counts. For each 
sample, particle analysis was performed for 3-4 microscopic fields, and values were averaged. a) In 
image J, DAPI stained images were converted to 8-bit type, b) and were thresholded. c) Particle 
analysis was then performed to quantify Feret’s angle, circularity index, and cell count for each 
image. The average of cells’ circularity index in each image was calculated. d) To estimate cell 
alignment, % orientation was quantified based on Feret’s angle. Feret’s angles of cells for each 
image were sorted in excel by counting the number of cells oriented within 10° span. e) % 
orientation was calculated by obtaining the sum of the highest number of cells oriented within 20° 
span. This number was then divide by the total number of nuclei in the image and multiplied by 100. 
The resulting value is the % nuclei orientation (240). 
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2.11 PCL Preparation and Characterisation 

 Solvent Evaporation Method 2.11.1

PCL was dissolved in chloroform at a concentration of (0.1g/ml), and then 15ml of the solution was 

poured into 50mm glass petri dishes. The petri dishes were partially covered and were incubated 

overnight in a fume hood to allow the slow evaporation of chloroform. After evaporating 

chloroform, the films were cut and treated as required (Figure 2.8). Table 2.6 shows the different 

types of treatments used to modify PCL films throughout the study. 

 
Figure  2.8 PCL film preparation by solvent evaporation method. PCL was dissolved in chloroform at a 
concentration of 0.1g/ml. 15 mls of the prepared solution were then placed in a glass petri dish, 
which was then partially covered to allow gradual evaporation overnight. PCL films were then cut 
and prepared for the subsequent experiments. 

 

Used Treatment Description Chapter 

Unmodified PCL Control Cleaned with 70% ethanol for 30 min prior to culture 4-7 

Plasma Oxidation (PO) PCL films/scaffolds were plasma oxidised using FEMTO 

plasma system (Diener Electronics, Italy) at 30w and 

0.1mbar for 30min. 

4 

ECM Coating PCL films/scaffolds were coated with 1% gelatin, 100ug/ml 

collagen, or 50ug/ml fibronectin prior to cell seeding 

4 

Sulfhydryl Crosslinking More details about the conditions used are stated in 

section 2.12 and chapter 5. 

5-7 

Table  2.6 Types of used treatments of PCL films, and the chapter they were indicated. 
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 Jet Spraying Technique 2.11.2

Nanofibrous PCL was prepared using the jet spraying method as described previously (168), with 

some modifications. The custom-designed jet sprayer is composed of a spraying airbrush connected 

to the PCL/chloroform reservoir and to a source of compressed air, and a rotating drum with 

controllable rotation speed. The airbrush is held by a computer-controlled motorised stage with 

controllable movement across four axes: X,Y,Z and θ (Figure 2.9).  

 

Figure  2.9. Jet spraying of nanofibrous PCL. The jet spraying system is composed of an airbrush 
connected to an air source and to the polymer solution reservoir, and a rotating drum. The air 
pressure derives the polymer solution through the airbrush, which is then sprayed on the rotating 
drum. The airbrush is placed into a motorised stage to control the spraying through the x-axis of the 
drum. Drawing performed by Eng. Heba Marei (Qatar University). 

To spray nanofibrous PCL scaffolds, 0.1g/ml PCL solution was prepared in chloroform. The airbrush 

nozzle opening was adjusted to 0.5mm, and the airbrush was placed at a distance of 30cm from the 

rotating drum. Spraying of the PCL solution was performed under an air pressure of 6 bar. The 

airbrush was controlled to move across the x-axis of the drum (while stabilising motion at Y, Z, and θ 

axes) to ensure a homogenous thickness of the resultant scaffold.  PCL scaffolds with different 

degrees of alignment were prepared on 3 different rotation speeds (100, 1000 and 2000 RPM). 

Scaffolds were prepared to a thickness of 0.5-1mm, which was measured using a confocal sensor 

(Confocal IDT, Micro-Epsilon, UK).  
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 Contact Angle Measurement 2.11.3

The wettability of PCL was estimated by measuring the contact angle (CA) of a trypan blue drop 

(10µl) pipetted into PCL surfaces. Images were obtained using a high resolution mobile camera. The 

contact angle measurement was performed using Drop analysis plug-in on Image J analysis software 

V 1.49 (National Institute of Health, USA). Dropsnake tool was used (Figure 2.10). Images were first 

converted to 8-bit format, and then using the Dropsnake tool, knots were drawn on the boarder of 

the drop, starting from the left interface point (contacting point with the surface) and ending with 

the right interface point. The positions of the knots were then refined using ‘Fast Snake’ tool. The 

software calculates the drop contact angle on the left and the right interfaces. For each analysed 

sample, both CAs were averaged to represent the CA of the drop. 

 

Figure  2.10 Estimation of wettability using contact angle measurement. a. Schematic representation 
of drop contact angle as a measure of wettability. The wettability is estimated by measuring the 
contact angle formed between the trypan blue drop and the surface of the sample (241). High 
contact angles (≥90°) indicate hydrophobic surfaces with poor wettability, while low contact angles 
(≤90°) indicate more hydrophilic surfaces with enhanced wettability.  b. Calculating contact angle 
using DropSnake tool on ImageJ software. The resulting left and right CAs are averaged to represent 
the CA of the sample. 
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 Scanning Electron Microscopy (SEM) 2.11.4

SEM imaging of unseeded scaffolds was kindly performed by Theis Solling (Maersk Oil, Qatar). 

Nanofibrous PCL scaffolds were dried, and then sputtered with an ultra-thin layer of platinum.  

Images of PCL fibres were obtained using QEMscan Quanta 650F scanning electron microscope at 

X200 magnification. 

 Assessment of PCL Nanofibers Alignment 2.11.5

Visual orientation analysis of PCL nanofibers was performed using OrientationJ plug-in for Image J 

analysis software V 1.49 (National Institute of Health, USA). The software calculates the orientation 

properties of the fibres, and a colour coded map in hue-saturation-brightness (HSB) mode is 

generated according to the degree of orientation of the fibres. The fibres orientation was 

represented as hue. The software calculates the orientation of each pixel of the image based on 

structure tensor, which represents gradient information in a form of a matrix, in which the common 

direction of the gradient and the degree of coherence of these directions is determined. The analysis 

is then interpolated using a Gaussian filter, and pixels are categorised into uniform region, corners 

and edges (242) (Figure 2.11).  

 
Figure  2.11 Assessment of the alignment of PCL nanofibers using the image J plug-in “OrientationJ”. 
Analysis of SEM images resulted in a colour coded map to indicate the degree of orientation of the 
fibres. 
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 Cell Culture on PCL Films and Scaffolds 2.11.6

To culture cells on PCL films, films were either fitted into 8-well chamber slides (Millipore, 

Gloucestershire, UK), or into ultra-low attachment 24 wells plates (corning), according to the 

experiment (Figure 2.12 a). Films were then seeded with cells, and were cultured for the indicated 

period for each of the described experiments in the relevant chapters.  

To culture cells on nanofibrous PCL, scaffolds were cut and fitted into Scaffdex cell crowns (Scaffdex 

Oy, Finland) (24 or 48 wells size according to the experiment requirements), which were then fitted 

into ultra-low attachment 24 wells plates (corning), followed by sterilisation using 70% ethanol for 

15-30 min (Figure 2.12 b). Cells were then seeded as required for each experiment. 

 

Figure  2.12 Preparation of PCL films and scaffolds for cell culture. a) 8-well chamber slides were used 
for experiments using PCL films. The diagram shows the assembly of Millipore chamber slide. PCL 
was placed on top of the slide, and the wells and lid were fitted on top of the film. b) Scaffdex cell 
crowns were used to fit PCL scaffolds. The diagram shows the steps to fit the scaffold into the 
crowns. The cell crowns were then fitted into ultra low attachment plates, to control cell adhesion, 
allowing the cells to adhere to the scaffold and not to the cell culture well. Images and diagrams of 
8-chamber slides were adapted from Millipore company website. Images of Scaffdex cell crowns and 
the diagram were adapted from Scaffdex Oy company website. Image of 24 wells plate was used 
from corning website. 
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 Immunocytochemistry Staining of Cells Cultured on PCL Scaffolds 2.11.7

Staining was performed as described in section (2.3.1), but with prolonged incubation periods. 

Samples were washed three times with DPBS and were then fixed in 4% PFA for 15- 30 min at room 

temperature. Samples were then permeabilised by 0.5% triton in DPBS for 4 min, followed by one 

wash with DPBS. Samples were then blocked for 30 min in 3% BSA in DPBS and were incubated 

overnight with primary antibodies diluted in 1% BSA/DPBS as indicated in Table 2.2. Compatible 

secondary antibodies conjugated with AF 488 or 594 were diluted at 1:2000 in 2% normal goat 

serum and were incubated with the samples for 1hr at room temperature in the dark. Samples were 

then stained with DAPI for 30min, followed by mounting and imaging using confocal microscope 

(confocal LSM 710 Zeiss). 

 Cone and Plate Shear Experiments on Cells Cultured on PCL Scaffolds 2.11.8

The cone and plate system described in section 2.10.2 was used as above. Scaffolds were fitted into 

scaffdex cell crowns (Scaffdex Oy, Finland) and were cleaned using 70% ethanol for 15-30 min. 

Scaffolds were then washes x3 with DPBS and were placed into ultra-low attachment 24 wells plates 

(corning). Scaffolds were seeded with cells at a density of 5x105 cells/well. Cells were allowed to 

adhere for 3 days in a 37˚C incubator supplied with 5% CO2.  Scaffolds were mounted into the 

custom-designed plate onto metallic bullets, and a cover was fixed on top of the samples to secure 

their positions while keeping the middle part of the sample exposed to flow. The cone and plate 

apparatus was assembled as described above (Section 2.10.2). Samples were exposed to aortic 

(oscillatory) or ventricular (unidirectional) flow patterns for 24hrs and were then fixed and stained 

with as described in section 2.3. 
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2.12 Sulfhydryl Crosslinking of TPS to PCL Films and Scaffolds 

This section briefly summarises the optimised crosslinking protocol that was used in this PhD thesis. 

Details of the steps taken to optimise this protocol are provided in chapter 5.  

PCL films and scaffolds were cut to the size of 24 wells. PCL surfaces were activated using 20% EDA in 

isopropanol for 1hr at 40oC with shaking. PCL substrates were washed twice with deionised H2O 

(dH2O) and were then incubated with a fresh volume of dH2O for 45min. PCL was incubated with a 

heterobifunctional maleimide crosslinker (NHS-PEG-Mal, 1mg/ml) in DMSO/DBPS (1:1) for 2-3hrs at 

room temperature with agitation. Peptides (1mg/ml) were incubated with Pierce™ immobilised TCEP 

disulphide reducing gel for 1hr, then were added to PCL and incubated overnight.  

2.13 Evaluation of TPS Crosslinking to PCL Substrates 

The efficiency of crosslinking was assessed using the indirect estimation of remaining thiol and 

peptides after crosslinking and using a FITC-tagged-TPS peptide. Remaining thiol in the peptide 

solution after crosslinking was determined using Ellman’s assay, and remaining peptide using 

bicinchoninic acid assay (BCA). These detection methods are detailed in the following sections. 

 Ellman’s (DNTP) Assay 2.13.1

Ellman’s reagent, or DNTP (5,5'-Dithio-bis-(2-nitrobenzoic acid)) was used for the detection of free 

sulfhydryl groups, where their reaction results in a yellow end product that can be detected by 

spectrophotometry.  

Ellman’s reagent and standards were prepared as instructed by the manufacturer. Volumes were 

adjusted for 96 wells size. Reaction buffer was prepared from 0.1M sodium phosphate and 1mM 

EDTA, and pH was adjusted to 8. Ellman’s Reagent Solution was prepared by dissolving 4mg of DNTP 

in 1mL of the reaction buffer. Standards were prepared by dissolving cysteine hydrochloride 

monohydrate in reaction buffer to prepare a stock of 1.5mM, and standards were prepared by serial 

dilution into reaction buffer. Into a 96 wells plate, 4µl of Ellman’s reagent and 200µl of reaction 
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buffer were added. Standards and samples (20µl) were added to the plate and were incubated for 

15min at room temperature. Absorbance was read at 409nm using Tecan multiplate reader Infinite® 

F50. A standard curve was generated (an example is shown in Figure 2.13), and linear regression was 

performed using Graphpad prism software, and the concentrations of the unknown samples were 

interpolated. 

Example of Ellman's Assay Standard Curve
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Figure  2.13 An Example of cysteine hydrochloride monohydrate standard curve generated for 
Ellman’s Assay. 

 BCA Protein Assay 2.13.2

BCA protein assay is based on the reduction of Cu+2 to Cu+1 in the presence of proteins in a basic 

media, resulting in colour change. This assay can particularly detect the presence of cysteine, 

cystine, tryptophan and tyrosine amino acids, which meant that it was effective for the used 

detection of TPS since the TPS-peptides contain cysteine in their sequences.  

BCA protein assay (Thermo Fisher Scientific, UK) was conducted as instructed by the manufacturer. 

Standards were prepared from the provided BSA stock (2000µg/ml) by serial dilution in H2O. BCA 

working reagent was prepared by mixing reagents A and B at a ratio of 50:1. Into a 96 wells plate, 

25µl of each sample and standard was added, and was then mixed with 200 µl of the working 
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reagent. The plate was covered, and was incubated for 30 min on an orbital shaker set to 37°C.  

Following incubation, the plate was cooled and OD was read at 570nm using Tecan multiplate reader 

Infinite® F50. A standard curve was plotted, and curve fitting was performed using Graphpad prism 

software, and the concentrations of the unknown samples were interpolated (Figure 2.14). 

Example of BCA Standard Curve

1 2 3 4
0.0

0.5

1.0

1.5

2.0

Concentration (mg/ml)

O
D

 5
70

 

Figure  2.14 An example of BSA standard curve generated for BCA protein assay. 

 Fluorescently Tagged Peptides 2.13.3

FITC-Conjugated-TPS-peptides were immobilised into PCL films and scaffolds using the sulfhydryl 

crosslinking technique described in section 2.10. Following an overnight incubation with the peptide, 

films and scaffolds were imaged by confocal microscope (confocal LSM 710 Zeiss) using FITC channel. 

For PCL scaffolds, samples were also imaged using phase contrast and the 690nm filter (PCL auto-

fluorescence at red channel) to show PCL nanofibers. 

2.14 Cell Capture Assays 

 Cell Capture Assay Under Static Conditions 2.14.1

PCL films were modified with TPS peptides as previously mentioned and were placed into Corning® 

Ultra-Low Attachment Surface (Corning) and sterilised by UV irradiation for 1hr.  BOECs were pre-
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stained with CellTracker™ Red CMTPX Dye (10µm) in serum free EGM-2 media for 30min. Cells were 

centrifuged at 200g for 5 min to remove the stain and were then resuspended in a fresh volume of 

1% FBS EGM-2 media. Cells were seeded onto modified films at a density of 10,000 cells/ well. Cells 

were allowed to adhere for 1hr at 37˚C. After 1hr, the media was aspirated and the wells were 

washed 3-4 times with DPBS to remove any non-adherent cells. Cells were immediately imaged 

using confocal microscopy (confocal LSM 710 Zeiss) at 590nm excitation and 617nm emission. 

Images were obtained as 6x6 tiles at 10x magnification to cover an area of 4888µm. Analysis of cell 

counts was performed using image J software. 

For modified nanofibrous PCL scaffolds, cells were seeded into the scaffold using the same protocol 

described for the films, but without prior staining with Celltracker stain. This was done because 

nanofibrous scaffolds were found to have a very high background when using the red Celltracker 

stain. Following cell seeding and incubation (as described above for the films), cells were fixed using 

4% PFA and were then stained with DAPI nuclear stain. Samples were imaged using confocal 

microscope (confocal LSM 710 Zeiss). Z stack images composed of 12 slices and 6X6 tiles were taken 

to cover an area of 4888µm at 10x magnification. Images from the 12 slices were emerged using 

image J software, and cells were counted in the emerged images, and cell number per cm2 was 

calculated. 

 Cell Capture Assay Under Dynamic Conditions 2.14.2

 Cell capture assays were performed by placing the modified scaffolds in filter tubes 

containing 10,000 cells in 30ml 1% FBS EGM-2 media. Samples were placed in a rotator (SB2 rotator, 

Stuart) set to 15RPM, and were incubated for 1, 7 and 14 days (Figure 2.15). Samples were then 

fixed in 4% PFA for 15min, followed by DAPI staining for 30min. Scaffolds were then embedded in 

optimal cutting temperature (OCT) media, and were frozen on dry ice, followed by sectioning at 8 

µm thickness. Images were obtained using confocal microscope (confocal LSM 710 Zeiss).   
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Figure  2.15 Cell capture assays under dynamic conditions. PCL scaffolds were fitted into scaffdex, 
which was placed inside a homemade silicon holder. The holder was then placed inside a 50 ml filter 
tube, and cell suspension in media was added. The tubes were then placed into a rotator set to 
15RPM, and were incubated for the time points indicated in the relevant experiments. PCL samples 
were then sectioned and stained for DAPI. 

Cell infiltration through the scaffold thickness was analysed by NIS elements documentation 

software V4.2 (laboratory Imaging, Nikon Instruments Inc. USA) using bound top feature. Cell 

infiltration within 10% span of scaffold’s thickness was then calculated using graphpad prism (Figure 

2.16). 

 

Figure  2.16  Quantifying cell infiltration through the thickness of the scaffold. Cell infiltration through 
the scaffold was quantified using NIS elements software by “bound to top “ feature, which calculates 
the percentage of cells distance from the top of the image. The calculated percentages were then 
sorted within 10% span using Graphpad prism software. 
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2.15 Scanning Electron Microscopy of Valves and Cultured Cells 

Samples were fixed in 2.5% glutaraldhyde in 0.1M CAC for 1hr at room temperature, followed by 1hr 

incubation in 1% osmium. Samples were then incubated in 1% tannic acid for 30 min, followed by 

dehydration in ethanol. Samples were dried using hexamethyldisilazane, and then sputtered with an 

ultra-thin layer of gold/palladium.  Images were taken by JEOL 6600 V Scanning microscope. 

2.16 Statistical Analysis 

Statistical analysis was performed using Microsoft Excel 2010 V14.0 and GraphPad Prism statistical 

software V 5.01 (GraphPad Software, La Jolla California USA). Data are expressed as mean ±  

Standard Error of Mean (SEM) for n experiments. Experiments were performed using at least 2 

different isolates of primary cells (BOECs, hVECs, and hVICs) or different passages of cell lines (A549). 

The specific statistical analysis performed is described in each figure legend and significance 

assumed where p-value was less than 0.05. In general, t-test and Analysis of variance (ANOVA) 

followed by relevant post-hoc comparisons (Bonferroni’s or Dunnett’s) were used, unless otherwise 

indicated in figure legends. 
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CHAPTER 3. EPCS AND THEIR SUBPOPULATION BOECS AS A CELL SOURCE 

FOR HEART VALVE TISSUE ENGINEERING:  CHARACTERISATION  
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3.1 Rationale 

The main aim of in situ tissue engineering is to replace damaged tissues with intelligent materials 

that have the ability to induce tissue formation, growth, and remodelling utilising the body’s 

endogenous regenerative capacity (243). In line with this aim, the tissue engineering material should 

be capable of recruiting endogenous cells that are proposed to populate the structure and to 

develop into an engineered tissue mimicking the architecture, behaviour and function of the native 

tissue. Heart valves are mainly composed of two types of cells, endothelial and interstitial cells. 

Endothelial cells cover the surface of the valve and provide protection from thrombosis and 

calcification, while interstitial cells form the inner layers of the valve and secret ECM proteins that 

provide the mechanical and structural properties of the valve (244).  

Endothelial cells have a significant role in the development of the heart valve during embryogenesis, 

as well as the maintenance, repair and regeneration of the mature valve. During embryogenesis, 

endocardial cushions are formed by EMT of a subpopulation of the endocardium of the heart tube, 

which is composed of specialised endothelial cells. This subset of cells loses cell-to-cell contact and 

undergoes EMT to form new mesenchyme cells, which in turn populate the cardiac jelly. The formed 

endocardial cushions then develop into the heart valves and septa (245). In addition to their role in 

heart valve development, a subset of endothelial cells of the mature valve retain their EMT ability, 

and participate in the maintenance and repair of the mature valve by migrating and differentiating 

to ECM- secreting-interstitial cells (56). 

The knowledge gained about heart valve biology, embryogenesis, and repair mechanisms has helped 

in establishing a blueprint for tissue engineering heart valves (246), by understanding the 

requirements of potential cell sources. An ideal endogenous cell source should be able to adhere to, 

and populate the scaffold material, and should also possess the ability to differentiate into 

specialised valve cells to form the neo-tissue over time (50, 247). This could be achieved by 

instructing specific cells to adhere and differentiate to the desired cell types. The recruited cells 
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should form and maintain a functional endothelial monolayer that is able to align in response to 

hemodynamic changes, and also to migrate to the inner layers of the scaffold and transdifferentiate 

into interstitial-like cells capable of producing ECM. In addition to endogenous recruitment of cells 

from the circulation, several studies postulated the participation of cells from the heart valve root in 

the cellularisation process of tissue engineered valves (248). 

One of the potential cell sources for in situ tissue engineering applications is EPCs. These bone 

marrow-derived cells circulate in the blood and home to sites of injury.  EPCs are believed to 

participate in vascular repair processes, through the incorporation into the injured endothelium (87), 

and/or the paracrine activation of the regenerative resident endothelial cells (222). In addition, 

these cells show the capability to enhance postnatal vasculogenesis in ischemic tissues (249). Several 

reports have proposed the involvement of circulating EPCs in the repair of damaged valve 

endothelium, and the correlation of the reduction in their number with the prognosis of heart valve 

disease, as shown in patients with aortic stenosis (250, 251). In vitro, EPCs could be cultivated to 

generate the highly proliferative stable mature endothelial cells referred to as BOECs, which make 

them feasible to study (252). In addition, these cells undergo EMT in vitro and are able to produce 

ECM (124). 

Taken together, these characteristics suggest that EPCs are ideal candidates for the 

endothelialisation of tissue engineered heart valves. Instructing these cells to populate scaffolds 

either by mimicking the natural inflammatory process, or by providing specific cues for their 

attraction, and in turn harnessing their regenerative abilities to develop an adaptive tissue has been 

the subject of many studies. Reports investigating the use of EPCs and BOECs for tissue engineered 

heart valves have focused on populating, re-endothelialising, or recellularising scaffolds, however, to 

our knowledge there are no reports comparing the characteristics of EPCs/BOECs to those of valve 

endothelial cells and their response to the specific type of shear stress experienced by the heart 

valve. Thus, in this chapter, the morphology, phenotypic characteristics, and mediator release of 
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BOECs were compared to those of hVECs. Although the focus in this chapter is on the surface 

endothelial cell layer, studies designed to understand how BOECs and hVECs may function across all 

valve layers were also conducted. Specifically cell migration, invasion and ability to undergo 

endothelial - to - mesenchymal transition were studied. Finally, the sustainability of BOECs for tissue 

engineered heart valves was assessed by studying their survival and morphology when cultured 

under a range of shear stress conditions including (i) directional and non-directional shear using an 

orbital shaker method and (ii) the specific patterns of shear stress experienced by endothelial cells 

on either side of the aortic valve (using a cone and plate bioreactor). 

3.2 Hypothesis of the Chapter 

‘BOECs are morphologically and functionally similar to hVECs and as such are a suitable cell source 

for bio-engineering of artificial heart valves’. 

3.3 Aims of the Chapter 

1- Isolate human BOECs and characterise them in terms of colony formation ability and 

morphology. 

2- Compare the phenotypic characteristics of BOECs and hVECs, and their mediator release 

profile under basal conditions. 

3- Measure the migration and invasion ability of both cell types in response to FBS. 

4- Study EMT potential of both cell types in response to TGF-β. 

5- Study the effect of orbital shear stress on the alignment and mediator release of BOECs and 

side specific hVECs. 

6- Study the effect of side specific shear stress in a cone and plate bioreactor on the alignment 

and mediator release of BOECs and side specific hVECs. 
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3.4 Methods 

This is a summary of the methodology used in this chapter. Further details including methods, 

calculations and statistics are described in chapter 2 (General Methods). Relevant sub-sections are 

quoted in the summary below. 

Isolation and Identification of Cells 

BOECs were isolated form the blood of healthy donors by selective plating as described in the 

methods section (2.2.1). Briefly, blood was collected in ficoll vacutainer tubes, and was centrifuged 

at 1600g for 30 min to separate PBMCs. Following several washing steps, cells were seeded into 

collagen coated plates. Colony formation was mentored over a period of 30 days, and emerging 

colonies were expanded. Cells were maintained in 10% FBS EGM-2 media. Cells morphology was 

determined using light microscopy, SEM imaging (Section 2.15), and fluorescent imaging of CD31, 

eNOS, VWF, and αSMA (Section 2.3). hVECs were isolated from human aortic heart valves using 

collagenase digestion (Sections 2.2.2 and 2.2.3). Phenotyping of cells was performed by flow 

cytometry analysis using Beckman Coulter FC500 Cytometer (Section 2.4). Cells were stained using 

antibodies against CD31, CD90, VE cadherin, CD14, CD45, CD133, CD49, ICAM-1, VCAM-1, CD29, 

CD61, aV.b3, CD104, CD34, CD44, and CD105.  

Cell Migration and Invasion Assays 

The ability of cells to migrate through uncoated Corning® Transwells, and to invade Matrigel® Matrix 

coated Corning® Transwells (8.0 μm pore size, Corning) in response to FBS was performed as 

described in section 2.6.  

Inducing EMT 

BOECs cultured on gelatine-coated 8-wells chamber slides were treated for 10 days using TGF-β 1 

and 3 (10ng/ml), and their expression of endothelial and mesenchymal cell markers was measured in 

fluorescently stained cells (Section 2.7). Percent of positive cells and corrected total fluorescence 

were calculated. 
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Exposure to Shear in Orbital Shaker Model  

BOECs and side specific hVECs were cultured on 6-wells plates at a density of 1 X105 cells per well. 

Cells were allowed to adhere overnight and then were exposed to shear stress by incubating on an 

orbital shaker (Grant instruments) set to 150RPM for 3 days. Following shear, light microscope 

images were obtained, and cells were fixed by 4% PFA, and then stained using DAPI. Nuclear 

orientation percentage was calculated as described in section (2.10.3). Media was collected, and 

mediator release of CXCL8 (R&D Systems), ET-1 (R&D Systems) and 6-keto PGF1α (Cayman) were 

measured by ELISA as instructed by the manufacturers (Section 2.5). 

Exposure to shear in Cone and Plate Bioreactor 

BOECs and side specific hVECs cultured on 15mm gelatin-coated coverslips were exposed to side 

specific shear stress in a cone and plate bioreactor for 24hrs (Section 2.10.2). Following exposure, 

cells were stained by phalloidin (Section 2.3), and fluorescent images were obtained. To evaluate cell 

alignment, nuclear orientation percentage and circularity index were calculated as described in 

section (2.10.3). Media was collected, and mediator release was measured by ELISA (Section 2.5). 

These experiments were repeated 3 times, and each set of experiment included 9 seeded coverslips. 

The media used for these experiments was 3% FBS EGM-2 (100mls per experiment). The static 

control samples were seeded in an equal number of coverslips into 24 wells plates (1ml/well), and 

the media was then pooled (for a total of 9mls) and diluted for ELISA (90µl of conditioned media + 

910µl of 3% EGM-2 media). Because mediator release is related to the number of cells in the sample, 

the measured release was corrected to account for cell loss. This was performed by calculating the 

average number of cells in the sample and control to obtain percentage of cell numbers in relation 

to the control, followed by calculating % average cell loss (100- average calculated percentage). The 

calculated percentage was then used to correct mediator release as follows: Corrected mediator 

release = measured value + (% average cell loss X measured value). 

  



P a g e  | 103 
 

3.5 Results and Discussion 

 Morphological Characteristics of Isolated BOECs  3.5.1

BOECs were successfully isolated from 7 healthy donors (table 3.1). BOEC colonies emerged from 

PBMCs cultures between 8 and 20 days. Emergence time, number of emerged colonies, and 

proliferation speed were variable between isolates, even for cells from an individual donor. These 

variations could be related to a number of factors, including, but not limited to, donor’s age, sex, and 

life style, technicality of blood collection, isolation procedure, sample handling and the used batch of 

media and reagents. It should be noted that cells from donors EPC007 and EPCC008 were isolated on 

the same day, and so were those from donors EPC001 and EPC006, while CSQ17, QF001 and QF002 

were each isolated separately.  

Isolates EPC007 and EPC008 showed high capacity to generate BOECs as represented by the high 

number of colony forming units identified and the early emergence of these colonies, in addition to 

the high proliferation rate of the expanded cells as experienced during cell expansion and 

maintenance. Isolates CSQ17 and QF001 also showed similar characteristics in terms of colony 

formation, expansion and proliferation capacity, although these emerged a bit later than EPC007 

and 008 (Days 11 and 12). 

Isolate EPC006 showed a moderate colony forming ability since BOECs emerged from this isolate 

later than others (day 20), their proliferation rate was also slower and thus they were used for 

experiments only up to passage 7. Although one colony emerged from EPC001 and QF002, these 

colonies were relatively strong and once expanded, they had a relatively high proliferation rate 

(Table 3.1).  
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Table  3.1 A list of BOECs isolates during the course of this chapter. The table illustrates images of emerged BOECs colonies between 8 and 20 days, their 
images after expansion, the days when colonies have emerged, number of identified colonies and the subcultivation ratio of expanded cells. All colonies 
resulted in  highly proliferative cultures, and cells were used for experiments at passages 4 to 9, except EPC006 which have emerged at day 20, and the 
resulting cultures were used up to passage 7 only.     

Examples 
of 
Emerged 
Colonies 
(Scale bar 
is 100µm) 

       
Cells  
After 
Expansion
(Scale bar 
is 100µm) 

       
Isolate ID EPC001 EPC006 EPC007 EPC008 CSQ17 QF001 QF002 

Colony 
Emerged 
at Day 

Day 12 Day 20 Day 8 Day 8 Day 11 Day 12 Day 15 

Number 
of 
Identified 
Colonies 

1 2 Multiple colonies in 
2 different wells 

Multiple colonies in 
2 different wells 

3 Multiple colonies 
in 3 different wells 

1 

Subcultiva
-tion ratio 

1:3 1:2 1:4 – 1:5 1:4 – 1:5 1:3 1:4  1:4 

100µm 100µm 100µm 100µm 

100µm 100µm 100µm 100µm 100µm 100µm 

100µm 

100µm 

100µm 100µm 
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Light microscope and SEM images of expanded BOECs revealed that they present with typical 

endothelial cobblestone monolayer morphology (Figure 3.1 a-d).  BOECs stained positively for the 

endothelial cell markers CD31, eNOS, and VWF, and were negative for the smooth muscle marker 

αSMA (Figure 3.1 e-h).  

 

 

Figure  3.1 General morphology of isolated human BOECs. a) Colonies emerging from PBMCs after 8 
days of culture in EGM-2 media. b) Light microscope image of expanded BOECs colonies, and c-d) 
SEM images of BOECs cultured on coverslips showing endothelial cobblestone morphology. 
Immunostainig of BOECs using e) CD31, f) eNOS, and g) VWF (green) and αSMA (Red). h) negative 
control stained only with secondary antibody and DAPI. Scale bar is 50µm. 
 

 Phenotypic Characteristics of BOECs in Comparison to hVECs 3.5.2

Flow cytometry analysis of isolated BOECs showed a positive expression of the endothelial cell 

markers CD31, CD90 and VE Cadherin, and negative expression of the non-endothelial cell markers 

CD14, CD45 & CD133. In terms of integrins expression, BOECs expressed CD49b, CD49C, CD49e, 

ICAM-1, CD29, CD61, and αV-β3, while were negative for CD49 a, CD49d, VCAM-1 and CD104. To 

varying degrees, BOECs also expressed the progenitor marker CD34, in addition to CD44 and CD105 

(Figure. 3.2).  
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In this part of the study, a mixed population of hVECs was used, which includes cells covering both 

sides of the aortic valve (aortic and ventricular sides). These cells are regularly used in studies 

characterising and investigating the endothelial cell lining of the aortic heart valve (35, 253). Mixed 

hVECs showed a positive expression of CD31, and a relatively low expression of VE Cadherin. Similar 

to BOECs, hVECs expressed CD49b, CD49C, CD49e, ICAM-1, CD61, and αV-β3, CD44 and CD105, and 

were negative for CD49 a, VCAM-1 and CD104.  There was a significant difference between BOECs 

and hVECs in the expression of CD90, and CD34 and some of the integrins including CD49d and CD29 

(Figure 3.2).  

 

Figure  3.2 Phenotyping of BOECs and hVECs. The graph compares BOECs and hVECs expression of 
endothelial cell markers, non-endothelial cell markers, integrins and other markers. The displayed 
images show an overlay histogram of analysed cells by flow cytometry. The displayed histograms 
represent an isotype negative control (red), and positively stained cells (black). Data is mean ± SEM 
for n=3. Statistical analysis was performed using t-test, and * represents p-value < 0.05. 

 
  

* 

* 

* 

* 

* 
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 Basal Mediator Release of BOECs and hVECs  3.5.3

In terms of the release of endothelial mediators, hVECs released higher levels of CXCL8 than BOECs 

whilst both cell types released similar levels of ET-1 and prostacyclin (measured as the breakdown 

product 6-keto PGF1α) over a period of 72hrs under static conditions (Figure 3.3). Mediator secretion 

levels by both cell types were similar to the levels secreted by other inactivated endothelial cell 

types such as HUVECs and human aortic endothelial cells, as described by Reed et al (254). There are 

no studies indicating the mediators release levels by endothelial cells from diseased valves as these 

are difficult to culture and usually denude as a result of the disease. However, it was previously 

shown that increased serum levels of cytokines and ET-1 were associated with aortic valve diseases, 

indicating an activated inflammatory state of the valve endothelium (255-258). Also, it has been 

shown that aortic stenosis is associated with the loss of the anti-aggregatory effects exerted through 

proctacylin (259). 
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Figure  3.3 Basal mediator release by BOECs and hVECs after 72hrs of culture. CXCL8 basal levels 
measured by ELISA were significantly higher in hVECs (p= 0.02, n=8). No significant difference on the 
basal levels of ET-1 and prostacyclin was detected (n=4). Data is mean ± SEM. Statistical analysis was 
performed using t-test, and * represents p-value < 0.05. 
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 BOECs and hVECs Migration and Invasion Ability through Matrigel  3.5.4

Migration of the cells was measured by their ability to move through the pores of uncoated 

transwells towards FBS-containing media (Figure 3.4 a-e). Both BOECs and hVECs were able to 

migrate through transwell filters towards FBS, with hVECs showing significantly higher migration 

ability (35.46±2.43a% in hVECs compared to 21±3.28% in BOECs). To estimate cell invasion ability, 

matrigel coated transwells were used. Similarly, both cell types showed an invasion potential, with 

hVECs representing higher invasion ability (29.8±0.24% in hVECs compared to 11.58±0.16% in 

BOECs) (Figure 3.4 f-i).  

 

Figure  3.4 BOECs and hVECs migration and invasion ability. Cell migration percentage estimated by 
the number of cells migrated towards 10% FBS in uncoated transwell filters showed that both a) 
BOECs and c) hVECs  are able to migrate through the filter, with e) hVECs showing a significantly 
higher migration ability. f-j) Similarly, both cell types were able to invade through matrigel coated 
filters, with hVECs showing higher invasion ability. Controls in serum free media represented with 
minimal migration and invasion (b,d,g and i). Percentages are relative to the initial seeding density. 
SFM stands for serum free media. Data is mean ± SEM for n=3. Statistical analysis was performed 
using 2 way ANOVA followed by Bonferroni post hoc test, and *represents p-value < 0.05. 
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 EMT of BOECs in Response to TGF-β  3.5.5

EMT is characterised by an increase in mesenchymal cell markers, a reduction in the expression of 

endothelial cell markers, and a loss of cell-cell contact. Others have shown that TGF- β induces EMT 

in endothelial cells (56, 260). Thus, to investigate the ability of BOECs to undergo EMT, cells were 

treated with 2 isoforms of TGF-β (TGF-β1 and TGF-β3) for 10 days, and cells were then stained for 

endothelial and interstitial cell markers (Figure 3.5). For each of the markers studied, the percentage 

of positive cells and the amount of corrected total fluorescence was estimated by image J (Figure 

3.6). 
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Figure  3.5 Effect of TGF-β1 and 3 on EMT of BOECs. Images of fluorescently stained BOECs for the endothelial cell markers CD31 and VWF, 
and the mesenchymal cell markers calponin, myocardian (and MRTF-A transcription factor), SM-22, αSMA and SMM. Cells were treated for 
10 days with TGF-β1 and 3, and their ability to undergo EMT was estimated by fluorescent stating of these markers, in comparison to 
untreated cells. The expression of these cells is quantified in the following figure. Scale bar is 100µm.   

U
nt

re
at

ed
 C

on
tr

ol
 

TG
F-

β1
 

TG
F-

β3
 

CD31 Green 
VWF Red SMM MRTF-A Calponin 

SM-22 Green 
αSMA Red Myocardin 



P a g e  | 111 
 

Under control conditions the majority of cells (>95%) in the BOEC population expressed endothelial 

markers but a negligible number of cells (<1%) expressed any of the smooth muscle cell markers. 

Following 10 days of treatment with TGF-β 1 or 3, the majority of BOECs retained their expression of 

the endothelial cell markers CD31 and VWF (Figure 3.6). There was a trend to reduction in % of cells 

expressing CD31 when treated with either TGF-β 1 or 3 (Figure 3.6a) and this was reflected in a 

reduction in total fluorescence (Figure 3.6b). There was a clear increase in the % of cells (30-40%) 

expressing the smooth muscle markers SM-22 and αSMA (Figure 3.6a), reflected in total 

fluorescence (Figure 3.6b). It was interesting to note that in positively stained cells, SM-22 and 

αSMA appeared to be co-expressed (Figure 3.5). There was also an increase, although smaller (5-

10%), in the % of cells expressing the smooth muscle markers calponin, myocardin, myocardin-

related transcription factor (MRTF-A) and SMM. The changes in cell marker expression quantified as 

% positive cells were on the whole reflected in the level of corrected total fluorescence detected in 

respective wells. The exception was for calponin which showed a disproportionally high ‘corrected 

total fluorescence’ reading in cells treated with TGF-β 1 despite similar % of cells expressing the 

marker when treated with either form of TGF-β. This may be explained as higher levels of protein 

per cell being induced by TGF-β 1 than 3. Whilst complete transformation of the entire population 

was not observed under these conditions, they indicate that the cells had partially shifted to a 

mesenchymal cell phenotype. Taken together these results suggest that BOECs, as with other 

endothelial cell types, have the potential to undergo EMT.  
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Figure  3.6 Percentage of positively stained cells and corrected total fluorescence of endothelial and 
mesenchymal markers in BOECs treated with TGF-β1 and 3. a) The number of positively stained cells 
was quantified in each chamber, and the percentage was calculated in relation to the total number 
of cells per sample. b) Fluorescent intensity was measured using Image J, and the corrected total 
fluorescence from each of the samples was calculated as: Corrected total fluorescence = total 
intensity - (selected area X background intensity). Data is mean ± SEM for n=3. Statistical analysis 
was performed using one way ANOVA followed by Bonferroni post hoc test, and * represents p-
value < 0.05.  

 Effect of Unidirectional and Non-Directional Shear Stress on Cells Alignment and 3.5.6

Inflammatory State  

As previously shown (238), incubating cells cultured in 6 well plates on an orbital shaker exposes the 

cells to continuous gradient patterns of varying shear stress at different locations across the well’s 

radius. The average level of shear stress is the same across the well, but the degree of directionality 

varies dramatically. Cells in the centre of the well are exposed to non-directional (oscillatory) shear 

stress whilst the cells at the edge are exposed to unidirectional shear (238). 
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All cell types were exposed to this type of shear for 72hrs. Besides BOECs, side specific VECs isolated 

from either the aortic side (aVEC) or the ventricular side (vVECs) of human aortic valves were used in 

the following sections in order to ascertain side specific differences in responses and behaviour. 

When images where taken, the direction of flow was taken into consideration. 

Exposing BOECs to orbital shear induced their alignment in the direction of flow, which is 

unidirectional at the periphery of the well (Figure 3.7 a-c). Human side specific VECs showed a 

similar response and aligned in the direction of shear (Figure 3.7 d-i). All cell types showed 

elongated cell morphology in areas of the well exposed to linear unidirectional shear (edges) and 

resembled cells grown under static conditions in areas exposed to non-linear (non-

directional/oscillatory) shear in the middle of the well. 

Confirming these findings, quantifying nuclei orientation revealed an increase in cells aligned 

towards one direction at the edge of the well when compared to the static control in all cell types 

(Figure 3.7 j). No detectable increase in cell alignment at the centre of sheared wells compared to 

cells grown under static conditions was noted (Figure 3.7 j). Circularity index was not affected by 

exposure to orbital shear in any of the cell types at any region of the well.  However, in all 

conditions, the cell circularity index was less than 0.6 indicating elongated nucleus (Figure 3.7 k). Cell 

numbers were also counted per imaging field and were compared (Figure 3.7 l). There was no 

influence of shear on cell counts in BOECS and aVECs. vVECs on the other hand were reduced in the 

centre of the well under shear when compared to the static control.  
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Figure  3.7 Effect of orbital shear stress on BOECS compared to side specific hVECs. a-i) Light microscope images, and images of DAPI stained nuclei were 
taken for cells after 72hrs of exposure to shear stress on an orbital shaker. Images were obtained from the centre and the edge of the well. A static control 
was included for each cell type. Arrows show the direction of flow. j) % nuclei orientation quantified by estimating Feret angle of DAPI stained nuclei. k) 
circularity index, and l) average cell counts quantified from fluorescent images using image J. Data represents averaged calculations from 4-5 regions from 
the wells. Data is mean for n=2, as such no statistical analysis was performed. 
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To study the effect of the generated shear stress (directional and non-directional) within the well on 

the secretory and inflammatory state of BOECs, aVECs and vVECs, release of CXCL8, ET-1, and 

prostacyclin (measured as its breakdown product 6-keto PGF1α) were measured after 72hrs. CXCL8 

represents and inflammatory cytokine/mediator, whilst prostacyclin and ET-1 represent normal 

homeostatic vascular mediators released by endothelial cells.  CXCL8 release was significantly 

reduced by exposing BOECs and aVECs to orbital shear when compared to static control, illustrating 

a recognised ’inflammatory’ response of endothelial cells to the artificial environment of ‘no shear’. 

The reduction in CXCL8 release by vVECs under shear was not statistically significant (Figure 3.8 a). 

ET-1 release was not affected in any of the cell populations, whilst prostacyclin release was 

increased in BOECs, but unaffected in VECs by shear (Figure 3.8 b and c respectively). 
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Figure  3.8 Effect of orbital shear on mediator release by BOECs and side specific human VECs. a) 
Exposure of cells to orbital shear stress have resulted in a significant reduction in CXCL8 release by 
BOECs (p= 0.049) and aVECs (p= 0.024). CXCL8 data is mean ± SEM for n=4. Statistical analysis was 
performed using ttest for each cell type, and *represents p-value < 0.05 , b) ET-1 release was not 
affected by orbital shear stress in any of the studied cell types, and so was the release of c) 
Prostacyclin, however, a trend of increased prostacyclin levels was noted in BOECs exposed to shear.  
ET-1 and prostacyclin data is mean for n=2, as such no statistical analysis was performed. 



P a g e  | 116 
 

 Effect of Valve Side Specific Shear Stress on Cells Alignment and Inflammatory State  3.5.7

The effect of aortic (non-directional; oscillatory) and ventricular (unidirectional) shear stress 

experienced by the aortic valve was studied using a cone and plate bioreactor. The cone and plate 

model is based on the cone-and-plate viscometer and is operated under sterile conditions. It consists 

of an inverted cone rotating over a stationary plate. This model exposes the samples to time varying 

shear stress. The rotation speed and the angular velocity of the plate control the magnitude and 

distribution of shear stress across the plate, while the rotation direction determines the type of flow. 

This system is designed to produce shear levels varying between 0 and 79 dyn/cm2, which gives the 

flexibility to represent the shear levels experienced by the aortic heart valve (239).  

BOECs and side specific hVECs were exposed to either type of shear for 24hrs and their alignment 

and mediator release were measured. BOECs aligned in one direction in response to unidirectional 

ventricular flow and only elongated with no preferable alignment when exposed to aortic flow 

(Figure 3.9 a-c). Quantification of % nuclei orientation confirmed this observation, where the 

percentage was significantly increased in cells exposed to ventricular flow (Figure 3.9 d). Circularity 

index was significantly reduced in cells exposed to ventricular flow indicating more elongated cells 

(Figure 3.9 e). 
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Figure  3.9 Effect of aortic (oscillatory) and ventricular (unidirectional) flow on BOECs alignment. 
Exposing BOECs to b) aortic flow stimulated cell elongation but not alignment in a specific direction, 
while exposure to c) ventricular flow for 24hrs resulted in the alignment of the cells in one direction. 
d) % nuclei orientation confirms this observation. Ventricular flow resulted in an increase in the % 
nuclei orientation, while aortic flow did not affect this percentage. e) Circularity index as calculated 
by Image J. Data is mean ± SEM for n=3. Statistical analysis was performed using ANOVA followed by 
Bonferroni post hoc test, and * represents p-value < 0.05. Scale bar is 50µm. 
 

As a control, side specific hVECs were exposed to side specific shear using cone and plate apparatus. 

Exposing aVECs to aortic flow didn’t induce their alignment in a specific direction and the nuclei 

orientation percentage and the circularity index were not affected (Figure 3.10 a-d). On the other 

hand, exposing vVECs to ventricular flow resulted in their alignment in one direction (Figure 3.10 d-

e). Although vVECs morphology presented by phalloidin staining indicates cell alignment under 

shear, the quantified percentage of nuclei orientation was not different between cells under static 

and shear conditions (Figure 3.10 f). In both cell types, the circularity index was close to 1, indicating 

a more circular nucleus (Figure 3.10 d and h). Cell responses to shear in terms of alignment and 

morphology were similar to those reported in bovine aortic endothelial cells exposed to cone and 

plate turbulent and laminar types of shear (261). 

Static CTRL Ventricular (Unidirectional) Flow Aortic (Oscillatory)  Flow 
a. b. c. 
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Figure  3.10. Effect of aortic (oscillatory) and ventricular (unidirectional) flow on side specific hVECs 
alignment. a-b) Exposing aVECs to aortic flow for 24hrs has not induced cell alignment. c) % Nuclei 
orientation, and d) circularity index were not affected.  e-f) vVECs exposed to ventricular flow have 
aligned in response to shear as shown in phalloidin stained cells. Nevertheless, g) % nuclei 
orientation, and h) circularity index were not affected. Data is mean ± SEM for n=3. Statistical 
analysis was performed using t-test, and * represents p-value < 0.05. Scale bar is 50µ. 

Due to the nature of the flow generated by the cone and plate system, a significant loss in cell 

number was noticed in all cell types in variable areas of the coverslips (BOECs 31±0.7%, hVECs 

59±2.2%) and that might have affected the nuclei orientation results. This loss was accounted for 

when estimating mediator release.  

The release of CXCL8, ET-1 and prostacyclin was measured in the media following the exposure of 

cultured cells to shear for 24hrs (Figure 3.11). The release of CXCL8 and ET-1 in response to aortic 

and ventricular shear was significantly reduced in all cell populations (Figure 3.11 a and b 

aVECs vVECs 
Static CTRL Static CTRL Ventricular (Unidirectional) Flow Aortic (Oscillatory) Flow 

a. b. e. f. 
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respectively). Under ventricular flow, BOECs release of prostacyclin was significantly increased. 

Exposing aVECs to aortic flow resulted in a significant reduction in prostacyclin release. Exposing 

vVECs to ventricular flow did not affect their release (Figure 3.11 c). It has been previously reported 

that exposing HUVECs to ventricular flow was shown to produce an anti-inflammatory state by 

endothelial cells as was indicated by the increased expression of the vasoprotective transcription 

factor KLF-2 and the matricellular protein NOV, combined with a reduction in pro-inflammatory 

protein MCP-1 (69). 
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Figure  3.11 Effect of aortic and ventricular flow on the mediator release by BOECs and side specific 
hVECs. Exposing BOECs and side specific VECs to side specific shear stress for 24hrs have resulted in 
a significant reduction in a) CXCL8, and b) ET-1 release. c) Prostacyclin release in BOECs was induced 
by exposure to ventricular flow, while exposing aVECs to aortic flow resulted in a reduction in their 
release. Mediator release was normalised to account for cell loss. This was performed by calculating 
the average cell number and calculating the percentage of cell reduction in relation to control. Data 
is mean ± SEM for n=3. Statistical analysis was performed using ANOVA followed by Bonferroni post 
hoc test for comparisons between BOECs samples, and t-test for comparisons between side specific 
hVECs samples, and * represents p-value < 0.05. 
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3.6 Summary 

In this chapter, BOECs isolated form EPCs were characterised in terms of morphology, phenotypic 

characteristics and endothelial cell mediator release. Also, the cells migration and invasion ability 

and EMT in response to TGF-β were tested. Finally, the effects of shear stress induced by an orbital 

shaker and physiological valvular shear stress induced by cone and plate apparatus were estimated 

on BOECs and compared to hVECs. 

Characteristics of BOECs, and their Impact on Tissue Engineering 

The identity of BOECs defined through their phenotypic profile and mediator release revealed they 

possess mature endothelial cell characteristics. BOEC isolates presented with typical endothelial 

monolayer morphology, and expressed known endothelial cell markers, while being negative for the 

non-endothelial markers. They also expressed CD34, a marker associated with progenitor cells; 

however, this marker was variable between isolates. These results are in agreement with the 

findings previously published by Van Beem and colleagues (262).   BOECs also expressed a panel of 

integrins which are important to establish cell-cell and cell- matrix connections, and to regulate 

other processes as cell homing, invasion, differentiation, and angiogenesis (263, 264). 

In comparison to hVECs, there were significant differences in the expression of some of the markers 

and integrins, and in the progenitor cell marker CD34. These variations are likely to be related to the 

different developmental origins of each cell type. VECs are thought to originate from the endocardial 

cushion of the heart tube and the neural crest, while BOECs differentiate from EPCs. There is a 

debate about the origin of EPCs, and several theories have been tested to confirm their origin. One 

valid theory is that EPCs originate from the bone marrow (265, 266). Another theory is that these 

cells are derived from the mature vascular endothelium (267). In either case, the BOECs that were 

isolated and used in this thesis maintained an expression profile of the prerequisite endothelial cell 

markers suggesting they are a suitable endothelial cell source. 
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As a part of their anti-inflammatory and vascular protective function, endothelial cells typically 

secret cytokines and vasoactive hormones. The results in this chapter have shown that both BOECs 

and hVECs basally release the cytokine CXCL8, with lower levels in BOECs. CXCL8 is an interleukin 

that is released in response to various cellular stimuli such as infection and vascular injury, and 

induces the recruitment of immune cells to the site of injury (268). This might indicate that BOECs 

show a level of resistance to inflammation that might be suitable to protect the endothelialised 

valve from induced inflammatory responses. Both cell types were also able to release the 

endothelial cell mediators ET-1 and prostacyclin, which in the valve play a role in regulating the 

contractility of interstitial cells and in maintaining an anti-thrombogenic surface in case of 

prostacyclin.   A study by El-Hamamsy et al.  has previously shown the important role of ET-1 in the 

regulation of valve contractility, stiffness, and mechanical properties, which in turn regulates valve 

flow dynamics (91). Prostacyclin is a key anti-thrombotic mediator released by endothelial cells 

(269). Because of its vulnerability and sensitivity to damage, prostacyclin serves as a marker for the 

viability and cell survival of the endothelium in bioprosthetic valves (270). The production of these 

factors by BOECs suggests that these cells could maintain normal function of the valve if used for 

endothelialisation. 

One important role of valve endothelial cells is to maintain and replenish the interstitial layer by 

migrating to the inner layers of the valve and undergoing EMT to renew and replace aging or 

damaged cells (56). Thus, BOECs were tested for their migration and ability to undergo EMT, in order 

to establish their capacity to function as the native VECs. BOECs were able to migrate through 

uncoated transwells, and also to invade matrigel matrix, but to a lesser extent than hVECs. This may 

be overcome by the decoration and modification techniques of the scaffolding material, with factors 

that could enhance cell adhesion, differentiation, and migration and should be tested in follow on 

studies.  

Regarding EMT ability, TGF-β was used to induce BOECs transdifferentiating. TGF-β is a growth 

regulatory protein that is involved in the differentiation of endothelial cells to mesenchymal cells 
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during the embryonic development of heart valves (271, 272). Several studies have shown that a 

subpopulation of VECs have the ability to undergo EMT in response to TGF-β1-3 isoforms (56, 260), 

which result in the loss of endothelial cell phenotype and the gain of interstitial or myofibroblast 

markers. Our findings showed that treating BOECs with TGF-β1 and 3 for 10 days only resulted in a 

partial shift in the expression profile of around 40% of BOECs towards a mesenchymal phenotype as 

presented by the expression of SM-22 and αSMA.  However BOECs maintained their expression of 

the endothelial cell markers CD31 and VWF and only expressed very low levels of the other 

differentiation markers including calponin, MRTF, myocardin or SMM. This suggests that the 

protocols used here resulted in an intermediate phenotype of EMT as described previously by others 

(273, 274). Other markers such as vimentin, fibronectin, and fibroblast-specific protein-1 could be 

studied to further confirm these findings (273).  In addition a longer-term exposure might be 

required to further induce cell differentiation. A previous study on BOECs isolated form cord blood 

showed that acute treatment of cells with TGF-β1 enhanced viability and migration ability but 

without affecting VEGF expression or angiogenesis in Matrigel (275). Another study showed that 

treating these cells with TGF-β1 for 21 days induced EMT as was confirmed by loss of endothelial cell 

markers and function, and the expression of the mesenchymal markers αSMA, SM22-α, SMM and 

calponin in addition to the gain of a contractile function (276). Furthermore, the effects of TGF-β2 on 

the EMT potential of BOECs should be investigated, as this isoform was linked to EMT in valve 

endothelium, where it was shown to upregulate EMT-related transcripts, and to induce the 

expression of αSMA and calponin, and to reduce CD31 expression in human pulmonary valve 

endothelial/progenitor cells. This was accompanied by an enhanced migration and invasion and 

reduced angiogenesis capacity (277). It has been established that the isoform of TGF-β used, 

concentration, duration of treatment and the frequency of media changes are all major effectors in 

the success of EMT in vitro, so these factors should be optimised and tested in future studies (273). 

The establishment of protocols for the robust and complete transformation of BOECs to 
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mesenchymal cells will aid in the maintenance of the tissue engineered valve, and also could be a 

target for complete cellularisation of tissue engineered valves. 

BOECs Response to Shear Stress 

It is well known that endothelial cells are able to change the structure of their cytoskeleton in 

response to hemodynamic changes resulting in their elongation and alignment. Furthermore, the 

morphology of endothelial cells predicts their response to inflammation. For example, endothelial 

cells in straight parts of vessels where flow is directional/ laminar are aligned and protected from 

inflammation. On the other hand, endothelial cells in areas of bifurcations or other distortions are 

exposed to non-directional, oscillatory shear stress, and are not elongated but are cobblestone in 

morphology and are prone to inflammation (60). Thus, understanding the behaviour of endothelial 

cells under hemodynamic conditions is important in estimating their endothelial cell function. In this 

study, we compared the behaviour of BOECs with side specific hVECs under different shear 

conditions using the orbital shaker and the cone and plate bioreactor. Both BOECs and side specific 

hVECs aligned in response to the directional shear stress generated by the orbital shaker model.  

The orbital shaker model has the advantage of being a gentle model that provides the full spectrum 

of shear stress directionality (238) but has the disadvantage of not allowing for regulating the degree 

of shear stress. It has been previously shown that endothelial cell responses to shear are not only 

related to the magnitude of shear, but further to its pattern and the rate by which its applied or 

reduced (278). The hemodynamic conditions surrounding the valve are variable in rates and 

magnitude. Thus, testing physiological shear stress levels that will resemble those of the heart valve 

could provide a more accurate sense of cells function (278). In order to establish cellular responses 

to higher levels of shear, experiments were repeated using the cone and plate bioreactor, where the 

force of shear can be regulated to mimic more accurately what the VECs might be exposed to in vivo. 

The cone and plate model exposes the cells to aortic (oscillatory) and ventricular 

(unidirectional/laminar) patterns of flow. Under aortic flow conditions both BOECs and aVECs 
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elongated but didn’t align in response to oscillatory shear stress. This is expected since in conditions 

of oscillatory shear stress the flow has no particular direction and so the cells will not ‘align’ in a 

common order. Exposing BOECs and vVECs to ventricular flow resulted in their alignment in one 

direction, as expected when exposing endothelial cells to unidirectional flow. The pattern of 

alignment of VECs agrees with previous findings reported by Mahles et al. (279), where a mixed 

population of porcine aortic VECs were exposed to shear in a microfluidic bioreactor. Although 

nuclear orientation percentage and circularity index were not indicative of cellular alignment, cell 

morphology from phalloidin staining shows a clear change in their cytoskeleton confirming their 

alignment in response to shear. This might be because the excreted force might only be sufficient to 

change the morphology of the cytosol and cell membrane, but not the nucleus.    

Since others have shown that hemodynamic changes modulate the inflammatory response and 

mediators release of endothelial cells (280, 281), we tested the release of CXCL8, ET-1 and 

prostacyclin in response to shear stress using both systems. CXCL8 release was significantly reduced 

by the chronic exposure of BOECs and aVECs to orbital shear stress, while vVECs release of CXCL8 

was not affected. Endothelial release of ET-1 was not altered under these conditions. Prostacyclin 

release was not affected in side specific VECs, however, a trend towards increase of its release by 

BOECs was noted. The inflammatory state of the cells was different in response to shear in cone and 

plate bioreactor. CXCL8 and ET-1 release was dramatically reduced in response to aortic and 

ventricular patterns of flow. Exposing BOECs to ventricular shear stress significantly increased their 

release of prostacyclin, while the release of prostacyclin was not affected under aortic flow. In 

contrast, prostacyclin release by aVECs exposed to aortic flow was significantly reduced, but was not 

affected in vVECs exposed to ventricular flow. 

Previous reports on the effect of shear on CXCL8 release by endothelial cells are contradictory. Some 

studies conducted using HUVECs exposed to low levels of laminar stress indicated that CXCL8 gene 

expression is upregulated in response to shear, and that this upregulation is time dependent (282-

284). Other studies have shown that this stimulation is related to the force (285) and type of shear 
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(286).  On the other hand, a study showed that exposing HUVECs to shear stress for 26hrs resulted in 

a significant reduction in CXCL8 mRNA and protein levels (287). Another study showed no effect on 

CXCL8 release following the exposure of HUVECs to shear stress in a flow channel for 48hrs (288). 

Assessing the response of BOECs to pro-inflammatory mediators may give a better measure of their 

inflammatory potential, rather than looking at their release in response to mechanical forces. 

Furthermore, studying the response to shear while challenging the cells with a pro- inflammatory 

agent (such as the endotoxin lipopolysaccharide) might help to assess their pro-inflammatory 

response under physiological conditions as previously reported by Zeng et al. (289). 

It has been previously established that shear reduces ET-1 and induces prostacyclin release by 

endothelial cells. Studies testing the effect of laminar shear in a parallel plate flow chamber on 

bovine carotid artery endothelial cells and HUVECs showed a downregulation in ET-1 mRNA level, 

which was dependent on shear intensity and duration (290, 291). Another study showed the 

downregulation of ET-1 synthesis by HUVECs in response to laminar shear applied using a cone and 

plate viscometer (292). Prostacyclin release by HUVECs exposed to shear stress in cone and plate 

viscometer increased in a time dependent manner (293). Similarly, exposing endocardial endothelial 

cells to shear stress in a parallel plate flow chamber resulted in an enhanced prostacyclin release, 

which was dependent on the degree of shear (294). Altogether, these findings indicate that the 

specific pattern of aortic valve shear stress induces a specific profile of response by hVECs and 

BOECs. 

3.7 Limitations 

One of the main limitations of this study is the models of flow used. While the orbital shaker model 

is gentle and provides both unidirectional and non-directional types of shear, these levels are not 

uniform across the plate. Undeniably, the presence of this shear gradient was beneficial in assessing 

cell responses within a single well, however, cells exposed to unidirectional shear on the edge might 

have affected the responses of the other cells in the middle of the well, or vice versa. In addition, 
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these shear levels do not represent the physiological levels surrounding the heart valve. There are 

also limitations associated with the other used model; the cone and plate. The main issue is the 

complexity of this system, and the related technical issues that required long optimisation of the 

system to reach near to optimal conditions. In addition, measuring the release of mediators in the 

cone and plate model was difficult due to the large volume of media used per experiment (100ml for 

X9 15mm coverslips). Including a relatively high number of cells has helped to overcome this 

problem, by seeding each of the 9 coverslips with 80-100 x103 cells. Although this may have 

increased the amount of mediators to a detectable level, cell loss under the harsh conditions of the 

cone and plate system was inevitable. In order to account for this, mediator release was normalised 

to cell numbers. It should be noted however that factors released as a result of cell death during 

these experiments might also have affected mediators’ release of the adherent cells. 

Another restriction was the limited availability of human aortic valves for the isolation of hVECs, and 

the technical difficulties in isolating the side specific cells. 

The ultimate aim of this study is to recruit EPCs to endothelialise tissue engineering scaffolds. 

Nevertheless, the in vitro testing was performed on the differentiated BOECs isolated from EPCs. 

Whether EPCs would respond to the same factors as differentiated BOECs remains a question to 

investigate. 

3.8 Conclusion 

Understanding endothelial cell function and their responses to their environment aids in the process 

of choosing a suitable cell source for the endothelialisation of tissue engineered conduits. The work 

in this chapter has compared the phenotypic characteristics and function of BOECs to that of hVECs. 

BOECs share the expression of many of hVECs markers, specifically CD31 and a range of integrins 

that are essential to establish cell-cell and cell-matrix connections. This is important because the 

endothelialisation of substrates requires an endothelial cell source that is capable of establishing 

strong connections with the underlying matrix (or scaffold), and that is able to maintain a confluent 
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functional monolayer to protect the inner layers from thrombosis and inflammation. The secretory 

function of BOECs shown in this chapter -and reported by others- indicates their functionality as 

normal endothelial cells.  This work has shown that BOECs are able to secret equivalent amounts of 

ET-1 and prostacyclin which, in the valve, are important factors for the modulation of contractility 

and mechanical properties. BOECs also displayed functional migration and invasion ability, which 

might indicate their potential to maintain the inner layers of the valve. However, further work to 

confirm their EMT ability should be investigated. BOECs have the ability to align in response to 

variable types of shear and release less amounts of the inflammatory cytokine CXCL8. This in all 

suggests the potential of BOECs to endothelialise tissue engineered valves and to adapt to the 

unique hemodynamic changes surrounding the heart valve. The next step in this PhD thesis was to 

evaluate the compatibility of BOECs with the scaffolding material of choice, PCL. 
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CHAPTER 4. ASSESSING THE BIOCOMPATIBILITY OF POLYCAPROLACTONE 

WITH BOECS AND HVECS  
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4.1 Rationale 

Native tissues are composed of cells supported by ECM, which gives the tissue structural and 

mechanical strength and provides bioactive cues and growth factors for the regulation of cell 

function (295). The primary aim of scaffolds used for tissue engineering is to function as the ECM; to 

provide an architectural and structural platform with the required mechanical strength to support 

cells growth, proliferation and function (4, 296).  

Ideally, the ECM of heart valves would constitute the best scaffold for tissue engineered valves, as it 

contains all the necessary natural cues for cell proliferation and remodelling, while maintaining the 

right anatomical structure of the native valve. Thus, the use of decellularised allogeneic and 

xenogeneic valves has been proposed (297). Nevertheless, the chemicals used during the 

decellularisation (such as sodium dodecyl sulphate) and fixing process (such as glutaraldehyde) 

result in the alteration of valves physical properties and structural integrity and retention of cell 

debris and DNA. In addition, decellularised scaffolds may elicit an immunological response (and 

zoonotic diseases in case of xenografts), and are more prone to calcification (298). Besides that, cell 

infiltration and complete population of decellularised valves is rare, with the lack of ECM 

remodelling as presented in several in vivo studies (299). Decellularisation of other tissues such as 

heart pericardium and small intestinal submucosa has been studied due to their rich ECM content 

and their enhanced cellularisation and regeneration (300) but they still have some shortcomings in 

terms of immunogenicity and structural failure due to the decellularisation process (301). 

Other attempts to mimic the natural ECM have been made through the use of biological scaffolds 

engineered from purified ECM proteins such as collagen, fibrin and hyaluronic acid. While these 

scaffolds are compatible with cell growth and function, they lack the structural stability required to 

withstand the prolonged hemodynamic loading experienced in vivo (299). Synthetic scaffolds, on the 

other hand, can be tailored to meet the mechanical and structural requirements of the target tissue. 

Their lack of the biological cues could be overcome by surface modification and biofunctionalisation 
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(299).  In the current chapter, we focus on the use of the nontoxic aliphatic polyester (PCL) as a 

synthetic scaffolding material due to its promising characteristics outlined below.  

 In a review by Dhandayuthapani et al., the authors summarised the characteristics required to 

establish a successful tissue engineering scaffold, these are: surface chemistry and topography, 

biodegradation rate, geometry, porosity, mechanical characteristics, and biocompatibility (37). PCL 

has been extensively studied and characterised for various applications, and most of these points 

have been addressed to assess its potential as a tissue engineering scaffold (162).  

Surface Properties of PCL: PCL surface is hydrophobic, owing to its high content of the nonpolar 

group CH2 (302). In addition, it lacks any biological components, making it a poor substrate for cell 

adhesion and ECM deposition. A wide range of surface modification and biofunctionalisation 

strategies have been developed, aiming to (i) enhance hydrophilicity and surface chemistry to induce 

a favourable environment for cell adhesion and growth and (ii) to provide biological cues to attach 

cells and induce regeneration and remodelling. To induce hydrophilicity, methods including (but not 

limited to) plasma oxidation (PO), UV treatment, NaOH treatment, and aminolysis have been used to 

introduce polar functional groups that enhance wettability. Integrating biological information could 

be implemented through a range of methods starting with simple coating and ending with specific 

modification with integrins and short peptides.  

Biodegradability of PCL: Scaffolds are proposed to provide support until the de novo tissue has 

developed, at which point the scaffold should be completely degraded and resorbed. Thus, the used 

material should have a controllable biodegradation rate. PCL has a slow biodegradation rate, which 

is related to its structure and thickness, and could be controlled through blending with other 

materials. Biodegradation occurs through the hydrolytic cleavage of the ester backbone of PCL, 

followed by phagocytosis and intra-cellular degradation of the low molecular weight PCL fragments 

(162).  
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Geometry, Structure and Mechanical Properties of PCL: For the purpose of valve tissue engineering, a 

jet spraying technique has previously been established by our group to produce anisotropic 

nanofibrous PCL scaffolds (303). The characteristics of scaffolds prepared at varying degrees of 

alignment have been studied in terms of porosity, pore size and mechanical properties represented 

by Young’s modulus and ultimate tensile strength.  The study showed that scaffolds prepared at 23.3 

m/s (~2000 RPM) were highly aligned and porous, with anisotropic mechanical properties. The 

mechanical properties of the material were enhanced when populated with cells (303).  

Biocompatibility of PCL:  For tissue engineering applications, several aspects of material’s 

biocompatibility should be considered, including: (i) haemocompatibility, (ii) systematic 

biocompatibility, (iii) local biocompatibility (304) and (iv) material-cell compatibility (305). 

Heamocompatibility concerns the interaction of the material with blood and blood components. 

Systematic biocompatibility implies that the material is non-toxic to the biological system and will 

not result in a host response. Local biocompatibility focuses more on the interaction of the 

implanted biomaterial with the local tissue within the implantation site (304).  Finally, material-cell 

compatibility examines the biocompatibility of the material with the cellularisation source (305). 

Haemocompatibility of PCL has been investigated to address its suitability for cardiovascular 

applications, where the material is in direct contact with the blood. Studies showed that PCL induces 

platelet activation and adhesion (306) and that modifying the surface (with NaOH for example) 

reduces its thrombogenicity (307-309). This indicates that PCL requires surface modification to 

improve haemocompatibility. However, despite concerns regarding thrombogenicity, PCL, on 

balance, is considered biocompatible with the biological system and its use for some in vivo 

applications have been approved by FDA (162). As for its biocompatibility at the implantation site as 

a heart valve replacement, in vivo models are required to evaluate its compatibility with the 

adjacent tissues.  
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Thus, for the reasons above, PCL was chosen as the base material to focus this PhD study around.  In 

terms of heart valve applications, valve interstitial cells have shown to populate PCL in vitro (303). 

However, there are no reports on the interaction of PCL with valve endothelial cells in terms of cell 

function. Thus, one of the aims in this chapter is to confirm PCL’s compatibility with hVECs isolated 

form aortic valves.  

Another key point to address prior to modifying the scaffold to capture blood endothelial cells is 

whether the material is compatible with the endothelial cell source. For that, the employed 

biomaterial as a scaffold should allow these cells to adhere and proliferate without eliciting an 

inflammatory response. Cells adhered to the material should maintain normal function, mimicking 

that of the native cell population; VECs. In addition, the biomaterial should not induce any 

inflammatory response by the resident endothelial cells remaining at the implantation site. Thus, the 

aim of this chapter was to assess the biocompatibility of PCL with BOECs (the cell source) and 

compare that to the cells resident in the native valve tissue (VECs). To achieve that, surface 

modification using PO was used, and was combined with simple coating using ECM proteins as a 

proof of concept; to assess cells interaction with unstructured films and jet sprayed PCL. The next 

chapters focus on developing a more specific biofunctionalisation technique to enhance BOECs 

capture. 

4.2 Hypothesis of the Chapter 

The hypothesis of this chapter is ‘BOECs and hVECs will be able to adhere to and populate PCL 

structures and that this material is inert with respect to endothelial cell viability and inflammatory 

responses’. 
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4.3 Aims of the Chapter 

The ability of cells, including BOECs to populate PCL scaffolds have previously been described but the 

interaction between these cells and the material have not been investigated. Thus, the overall aim of 

this chapter is to assess the biocompatibility of PCL with BOECs and hVECs in terms of viability and 

inflammatory response using non-structured PCL films, and their ability to populate nanofibrous 

scaffolds prepared using a jet spraying technique. The specific aims are to: 

1- Induce the wettability of PCL films and scaffolds using PO. 

2- Assess the viability of BOECs and hVECs cultured on PCL films with and without PO and ECM 

coating. 

3- Determine the secretory function and inflammatory response of BOECs and hVECs cultured 

on PCL films by studying their release of CXCL8, ET-1, and prostacyclin. 

4- Assess the ability of BOECs to populate jet-sprayed PCL scaffolds. 
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4.4 Methods 

This is a summary of the methodology used in this chapter. Further details including methods, 

calculations and statistics are described in chapter 2 (General Methods). Relevant sub-sections are 

quoted in the summary below. 

PCL Films and Scaffolds Preparation 

PCL Films were prepared by solvent evaporation method (Section 2.11.1). Nanofibrous PCL scaffolds 

were prepared at 3 different degrees of alignment using jet spraying technique (Section 2.11.2). PCL 

was either cleaned with 70% ethanol for 30 min (unmodified PCL), or plasma oxidised (PO PCL) at 

30w and 0.1 mbar for 30min using FEMTO plasma system (Diner Electronics, Italy).  

Drop Contact Angle Measurement 

Wettability of PCL films and scaffolds was determined by measuring the contact angle between a 

drop of trypan blue solution and the tested PCL surface as described in section 2.11.3. The contact 

angle was compared to that of glass slides. 

Fibres Alignment Quantification 

SEM images were obtained for PCL scaffolds using QEMscan Quanta 650F SEM (Section 2.11.4). The 

degree of alignment of nanofibrous PCL was determined using image J software, and was 

represented by a colour coded map (Section 2.11.5). 

Cell Culture on PCL Films 

BOECs were isolated from the blood of healthy donors by selective plating (Section 2.2.1). Donors 

EPC001, 006, 007 and 008 were used in these experiments (Table 3.1, Chapter 3). hVECs (mixed 

population) were isolated using collagenase digestion (Section 2.2.2). Glass slide controls, 

unmodified PCL and PO PCL films were fitted into  8-wells chambers (Section 2.11.6), and then were 

either coated with 1% gelatin, 100ug/ml collagen, or 50ug/ml fibronectin for 30-45 min. Uncoated 

control wells were included. Cells were seeded at a density of 1 x 104cells/well and were cultured for 

72hrs in EGM-2 media. Cell viability was then determined by alamarBlue® cell viability assay (Section 
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2.8). Supernatant media was collected to assess CXCL8, ET-1 and prostacyclin release using ELISA 

(Section 2.5). 

BOECs Culture on Highly Aligned Nanofibrous PCL 

 Unmodified PCL and PO PCL scaffolds were fitted into 24-well scaffdex and coated with collagen 

(Section 2.11.6). BOECs were seeded at a density of 3x105 cells/well and were cultured for 72hrs. 

Cells cultured on glass coverslips were included as controls. Cells were fixed in 4% PFA, and stained 

with phalloidin (Section 2.11.7), and then fluorescent images were obtained using confocal 

microscope (Confocal LSM 710 Zeiss). 
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4.5 Results and Discussion 

 Chemical and structural properties of PCL 4.5.1

4.5.1.1 Wettability of PCL Films and Nano-fibers 

The wettability of PCL was estimated using contact angle measurement, where angles between 0°-

30° represent a hydrophilic surface, 30°-90° represent intermediate hydrophilicity and angles higher 

than 90° indicate a hydrophobic surface (310).  As previously reported, the hydrophobicity of 

unmodified PCL flat films was relatively high. Hydrophobicity of PCL films was reduced with PO. 

Because wettability is affected by surface structure (311), structured naonfibrous PCL scaffolds 

showed higher hydrophobicity levels, but PO reduced the contact angle (unable to measure the CA 

of PO nanofibrous PCL, CA <0) (Figure 4.1). 
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Figure  4.1 Wettability of PCL on a) glass slides, b) unmodified PCL film, c) PO PCL film and f) 
unmodified nanofibrous PCL. g) Measurement of the contact angle between the liquid and the 
surface of the material shows that contact angle is reduced in the PO PCL films, indicating the PCL 
has become more hydrophilic compared to the unmodified PCL or the nanofibrous PCL. Contact 
angles were calculated from the images using Image J. Data is mean for n=2, as such no statistical 
analysis was performed. 
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4.5.1.2 Fibre Alignment of PCL Nanofibrous Scaffolds 

To confirm the degree of alignment of PCL scaffolds, SEM images were obtained and were then 

processed using image J to generate a colour- coded map to represent the degree of alignment of 

the fibres. Spraying PCL on a rotating drum with a speed of 2000 RPM resulted in highly aligned 

fibres, while 1000 RPM formed intermediately aligned fibres. Sprayed PCL at 100 RPM formed a 

scaffold structure where fibres were not aligned (Figure 4.2). 

Because highly aligned scaffolds prepared at 2000 RPM have been reported to possess the most 

appropriate mechanical properties for valve tissue engineering (303), this method was used to make 

the nanofibrous scaffolds for further cell culture experiments. 

 

Figure  4.2 SEM images of PCL fibres sprayed at 2000, 1000 and 100 RPM depicted as colour coded 
maps of fibre alignment. As shown in the colour indicator, green indicates parallel fibres (aligned), 
while colours ranging from yellow to red and blue to red indicate perpendicular fibres (unaligned). 
Scale bar on SEM images is 500µm.  
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 BOECs and hVECs Interaction with PCL 4.5.2

To assess the compatibility of PCL with BOECs and hVECs (mixed population), cells were cultured on 

PCL films and viability and mediator release measured. To test the potential of BOECs to populate 

PCL scaffolds, cells were seeded on to nanofibrous PCL.  

4.5.2.1 BOECs and hVECs Viability on PCL Films 

In these experiments, BOECs and hVECs were cultured on unmodified and PO treated PCL films that 

have been coated with gelatin, collagen or fibronectin and responses were compared to cells grown 

on glass slides. As assessed by alamarBlue® cell viability assay, both BOECs and hVECs retained a 

reasonable level of viability when cultured on unmodified PCL films for 72hrs; however viability was 

reduced by ~40% when compared to cells on glass slides. This percentage was not improved by PO 

or by ECM coatings (Figure 4.3). This is in contrast to previously published results using HUVECs that 

showed that PO treatment of PCL enhanced proliferation due to the improved surface 

characteristics and wettability (312). Furthermore, the used ECM coatings were expected to provide 

a microenvironment that enhances cell proliferation (107).  
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Figure  4.3 Viability of a) BOECs and b) hVECs cultured on control glass slides and PCL films. 
Metabolically active cells reduce alamarBlue®, and thus the % of reduced alamarBlue® represents the 
% of metabolically active viable cells. AlamarBlue® reduction % shows that both a) BOECs and b) 
hVECs are viable on PCL, but the percentage was ~40% lower than that of the control on glass slides. 
Treating PCL with PO has not enhanced this percentage, and neither did the coating with ECM 
proteins. Data is mean ± SEM for n=4 for BOECs and n=5 for hVECs. Analysis was performed by 
ANOVA followed by Bonferroni post hoc multiple comparisons; *denotes significance in comparison 
to the corresponding coating of the control, * p<0.05. 
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4.5.2.2 Pro-inflammatory Response of BOECs and hVECs to PCL 

To determine the effect of PCL as a culture matrix for endothelial cells on mediator release, 

conditioned media from the above experiment was assayed for CXCL8, ET-1 and prostacyclin. CXCL8 

release was significantly reduced in BOECs and a trend for reduced release was noted under some 

conditions by hVECs. ET-1 release was reduced from both cell types, with consistent reductions seen 

across all conditions of ECM coatings for BOECs cultured on PCL. Prostacyclin release (as measured 

by 6-keto PGF1α) was not significantly reduced under any condition tested for either cell type (Figure 

4.4). 
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Figure  4.4 BOECs and hVECs secretory function in response to PCL following 72hrs of culture. The 
release of CXCL8 by a) BOECs and b) hVECs was not induced by culture on PCL. Similarly, ET-1 release 
was not induced in c) BOECs, or in d) hVECs. Prostacyclin was released by e) BOECs, and f) hVECs in 
all studied conditions. Data is mean ± SEM for n=4. Analysis was performed by ANOVA followed by 
Dunnett’s multiple comparisons; *denotes significance in comparison to the corresponding coating 
of the control, * p<0.05. 
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4.5.2.3 BOECs Growth and Alignment on Nanofibrous PCL Scaffolds 

To test the suitability of BOECs to populate nanofibrous PCL, cells were cultured on PCL scaffolds for 

72hrs. In these experiments, one type of coating (collagen) was chosen since no difference was 

found between the various ECM coatings in the previous experiments on unstructured PCL (Figure 

4.3 and 4.4). Phalloidin staining showed that BOECs adhered to the PCL scaffolds, and aligned with 

the direction of the fibres in all conditions (Figure 4.5). 

 

Figure  4.5 Phalloidin staining of BOECs cultured on nanofibrous PCL scaffolds. Cultured BOECs on 
highly aligned nanofibrous scaffolds adhered to the scaffolds after 72hrs of culture in all conditions. 
Cells appear to grow with the direction of the fibres. Scale bar is 50 µm. 
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4.6 Summary 

In this chapter, a simple type of chemical modification (PO) was used to enhance the surface 

properties of PCL. The findings confirmed that PO induced wettability of the material when 

compared to untreated and ethanol disinfected PCL. This is in agreement with previous studies 

showing the effect of PO on inducing PCL hydrophilicity. 

Following that, the interaction of BOECs and hVECs with unstructured PCL produced in the form of 

films was evaluated. In comparison to cells cultured on glass, it was found that cells retain 

approximately 60% viability when cultured on PCL which was not affected by chemical modification 

with PO, and/or coating with ECM proteins (gelatin, collagen and fibronectin).  PCL did not induce an 

inflammatory response in BOECs or hVECs since CXCL8 was not increased when cells were cultured 

on this material for 72hrs. In fact CXCL8 was generally reduced when cells were grown on PCL, which 

may be a reflection of the reduced viability. However, it was interesting to note that prostacyclin 

release was not reduced, despite fewer cells being generally present when PCL preparations were 

used as a culture matrix. These results indicate that PCL is biocompatible with BOECs and hVECs, 

however further modifications are required to enhance the specific adhesion of the cells on the 

material.  

For the second step of evaluating the compatibility of PCL with BOECs, the recently reported jet 

spraying method was used to fabricate anisotropic scaffolds. BOECs were able to adhere to and 

populate both unmodified and PO modified nanofibrous PCL scaffolds, with and without collagen 

coating. The pattern of alignment of BOECs with the direction of the highly aligned PCL nanofibers 

mimics that of the native valve endothelial cells, which were previously reported to align with the 

direction of the collagen fibres. This adds support to the idea that BOECs are suitable seeding cells to 

populate engineered PCL valve constructs. 
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4.7 Limitations 

This chapter has only addressed the viability of the cells and their mediator release, but without  

testing the actual cytotoxicity that could have been associated with using PCL as a culture matrix. 

Although this has been previously established by others, this remains an important consideration in 

evaluating material compatibility with the BOECs used in this study.  

4.8 Conclusion 

From the view point of cell compatibility, PCL is suitable to use as a scaffolding material for heart 

valve tissue engineering applications as, despite some reduction compared to glass, it allows the 

sustainability of viable BOECs (the target cell source), and valve native endothelial cells (hVECs), 

without inducing an inflammatory response whilst retaining the ability of the endothelial cells to 

produce cardioprotective prostacyclin. Finally, as explored in the next chapter, material modification 

is key to enhance PCL properties and capability to recruit blood endothelial progenitor cells in situ. 
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CHAPTER 5. BIOFUNCTIONALISATION OF PCL FILMS AND NANOFIBROUS 

SCAFFOLDS BY THE BOECS SPECIFIC PEPTIDE (TPS) THROUGH SULFHYDRYL 

CROSSLINKING 
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5.1 Rationale 

The previous chapters have characterised BOECs and tested their potential as a cell source for heart 

valve tissue engineering and then studied their interaction with the scaffolding material of choice, 

PCL. The findings showed that the inert surface of PCL requires modifications to be more favourable 

for cell adhesion and attraction. However, these findings indicated that simple modifications of PCL 

were insufficient to optimise the material. Therefore in order to enhance the specificity of PCL to 

BOECs, this chapter aimed to investigate the biofunctionalisation of PCL to increase its specificity to 

BOECs. 

Biofunctionalisation techniques aim to enhance material properties and compatibility with the 

biological system so that the material can instruct cells adhesion and function. This is achieved 

through ‘decoration’ with active molecules or functional groups to: (i) reduce unwanted adhesion of 

bacteria, proteins and platelets and in turn prevent infection, coagulation and thrombosis, (ii) 

enhance general biocompatibility and (iii) to increase specificity of the material to a certain cell type 

(192). Successful recruitment of a specific cell type relies on the presence of biological cues to 

promote cell adhesion, migration, proliferation and differentiation. To that end, ‘decorating 

molecules’ such as growth factors, antibodies, aptamers, and peptides are being currently used to 

improve polymeric material biocompatibility and specificity (211). Of these molecules, peptides are 

good candidates for biofunctionalisation of selective scaffolds as these can be designed to be highly 

specific to their intended target and they have good stability during the chemical modification 

process (173). 

TPS (TPSLEQRTVYAK) is a novel specific and selective synthetic peptide ligand with high affinity for 

BOECs isolated and expanded from blood EPCs (220). Veleva et al. originally identified this 12-mer 

peptide using phage display technology, and confirmed its high specificity to bind human BOECs, 

without impairing their function (220). Thus, in the current chapter, TPS was used to biofunctionalise 
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jet-sprayed nanofibrous PCL scaffolds, through a chemical crosslinking approach, to enhance its 

ability to bind BOECs, and allow them to populate the scaffold.  

Chemical crosslinking is defined as the covalent linking between a biomolecule and a material, which 

is achieved through the reaction of exposed functional groups on both surfaces (218). Since 

specificity of the crosslinking reaction is essential to ensure high functionality of the resulting 

biocomposite, site-specific crosslinking reactions have been widely used for bio-conjugation 

applications. One of the common targets of site-specific crosslinking is the sulfhydryl group of the 

cysteine residue, which can be targeted by theiotropic crosslinkers, such as haloacetyls, disulphides, 

and maleimides. 

Maleimide crosslinkers react with sulfhydryl groups through a Micheal-type addition reaction that is 

characterised by rapid kinetics, resulting in the formation of a stable succinimide thioether bond 

(313). These crosslinkers are more selective to thiol groups of cysteine as they don’t tend to react 

with histidine, methionine, or thionucleotides under controlled conditions (314, 315). Maleimides 

can be utilised as homobifunctional crosslinkers, allowing the creation of sulfhydryl bridges, or in 

heterobifunctional crosslinkers in conjugation with other reactive functionalities such as NHS esters, 

which can form stable amide bonds with aminated surfaces, allowing the interaction between both 

primary amines and sulfhydryl groups (227). 

Utilising these heterobifunctional crosslinkers facilitates a controlled bioconjugation reaction 

between aminated PCL surfaces and TPS peptides containing a cysteine residue. In addition, 

maleimide crosslinkers containing PEG spacers are commercially available. The incorporation of PEG 

into the biofunctionalised material results in the formation of an antifouling surface, reducing the 

adhesion of bacteria. In addition, PEG is known to reduce non-specific cell adhesion and protein 

adsorption due to its high water affinity (316), which in turn reduces platelets adhesion and 

thrombus formation (317).  
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Thus, the overall aim of the current chapter was to modify PCL films and scaffolds by aminolysis to 

introduce primary amine groups, followed by the covalent crosslinking of cysteine-containing TPS 

sequences to PCL films and scaffolds using a PEGylated heterobifunctional crosslinker containing an 

NHS ester on one end and a maleimide group on the other. The NHS moiety of the crosslinker will 

react with the activated amine groups on the surface of PCL, while the maleimide will bind to the 

cysteine residue of the TPS sequence. 

5.2 Hypothesis of the Chapter 

The hypothesis of the current chapter is: ‘biofunctionalising PCL surfaces using heterobifunctional 

maleimide crosslinkers to immobilise TPS peptide will enhance PCL specificity to promote BOECs 

capture and adhesion’. 

5.3 Aims of the Chapter 

The main aim of this thesis is to biofunctionalise jet sprayed nanofibrous scaffolds using TPS peptide 

through a simple, but strong chemical crosslinking reaction. To that end, this chapter aims to confirm 

TPS pro-proliferative effect on BOECs without affecting their secretory function. It also aims to use 

heterobifunctional maleimide to crosslink cysteine-containing TPS to PCL. The biofunctionalisation 

technique was first optimised on PCL films because they are easier to process and control, and the 

technology was then transferred to nanofibrous scaffolds. The specific aims of the chapter were to: 

1- Assess the effect of TPS peptide on BOECs proliferation, and mediator release.  

2- Optimise crosslinking on PCL films and scaffolds using maleimide crosslinker. 

3- Test the effect of biofunctionalisation on surface wettability as an indication of 

hydrophilicity. 

4- Estimate the success of crosslinking. 

5- Study the functionality of PCL modified scaffolds in vitro under static conditions. 

6- Study the effect of the modification using PEG-containing maleimide crosslinker on platelet 

adhesion. 
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5.4 Methods 

This is a summary of the methodology used specific to this chapter. Further details including 

methods, calculations and statistics are described in chapter 2. The relevant sub-sections are quoted 

in the text below. 

Cell Culture  

BOECs were isolated from human blood by selective plating as previously described (Section 2.2.1). 

Donors EPC001, 007, 008, QF001, QF002 were used in these experiments (Table 3.1, Chapter 3).  

hVECs (mixed population), and hVICs were isolated from human aortic heart valves by collagenase 

digestion (Section 2.2.2 and 2.3.3). A549 cell lines were obtained from ATCC (Section 2.2.5).  

Treatment of Cultured Cells with TPS Peptide Sequences in Suspension 

BOECs, hVECs, hVICs and A549 were seeded into gelatin coated 96 wells plates at a density of 3000 

cells per well and were allowed to adhere overnight. Cells were then treated for 48hrs with 

increasing concentrations of TPS peptide (Table 5.1) prepared in 1% FBS EGM-2 media (100µl/well, 

at 0,1,10,100 and 1000µM). After treatment, media was collected for further ELISA, and cell 

proliferation was determined by AlamarBlue® cell viability assay (Section 2.8). Release of CXCL8 by 

all cell types was determined using ELISA following manufacturer’s instructions (R & D Systems).  ET-

1 (R & D Systems) and 6-keto PGF1α (Cayman) release by BOECs into the media was also measured by 

ELISA (Section 2.5). Similarly, the effect of increasing concentrations of CGGTPS (Table 5.1) was 

tested on BOECs, hVECs and A549, proliferation by AlamarBlue® cell viability assay, and CXCL8 

release by ELISA.  

To compare the effect of all the listed peptides in table 5.1 on BOECs proliferation, cells were 

treated with 1000µM for 48hrs, and their proliferation was determined using AlamarBlue® cell 

viability assay. Viability percentage relative to untreated control was calculated and compared. 
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Used TPS Peptide Sequences 

Peptide 
Abbreviation Peptide Sequence Molecular 

Weight Purity Molecular 
Formula Structure 

TPS TPSLEQRTVYAK 1392.56 98.5% C61H101N17O20 

 

TPSGGC TPSLEQRTVYAKGGC 1609.81 98.5% C68H112N20O23S1 

 

TPSGGGSC TPSLEQRTVYAKGGGSC 1753.94 98.2% C73H120N22O26S1 

 

CGGTPS CGGTPSLEQRTVYAK 1609.81 98.1% C68H112N20O23S1 

 
Table  5.1 Chemical composition and structure of TPS sequences.  Peptide structure was generated by PepDraw.
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PCL Films and Scaffolds Preparation 

PCL films were prepared using solvent evaporation method (Section2.11). After evaporation of 

chloroform, the films were cut and heated for 10 min at 100°C to create a smooth surface. Highly 

aligned nanofibrous PCL scaffolds were prepared by a jet spraying technique as previously described 

(Section 2.11).  

Functionalisation using Maleimide Crosslinking of Cysteine-Containing TPS to PCL Films and Scaffolds 

Maleimide crosslinking was applied through an initial step of aminolysis to introduce primary amine 

groups to PCL surfaces. Subsequently, covalent crosslinking of the cysteine-containing TPS 

sequences to PCL films and scaffolds was performed using a PEGylated heterobifunctional 

crosslinker containing an NHS group on one end and a maleimide group on the other.  

PCL films were used to optimise the crosslinking protocol, and the technique was then transferred to 

PCL nanofibrous scaffolds. PCL films and scaffolds were cut to the size of the wells in a 24 well tissue 

culture plate (1.3 cm in diameter). Sulfhydryl crosslinking of cysteine-containing-TPS sequences to 

PCL films and scaffolds was achieved first by surface activation and amination using 20% EDA in 

isopropanol for 1hr at 40oC with shaking. PCL films and scaffolds were then washed with dH2O twice 

and were incubated with a fresh volume of dH2O for 45min to ensure complete removal of any 

remaining EDA. PCL was incubated with polyPEG-containing maleimide crosslinker (PEG-NHS -Mal, 

1mg/ml) in DMSO/DBPS (1:1) for 2-3hrs at room temperature with agitation. The films and scaffolds 

were then washed and were incubated overnight with 1mg/ml of the peptide in sodium bicarbonate 

solution (50mM; pH9). To reduce any formed disulphide bridges, peptides were incubated with 

Pierce™ immobilised TCEP disulphide reducing gel for 1hr prior to incubating with the films and 

scaffolds. 
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Characterisation of Modified PCL Surfaces 

Surface Detection of Peptides by BCA Protein Assay and Coomassie Brilliant Blue (CBB) Staining 

Detection of surface peptides was performed to obtain preliminary data that helped to optimise the 

crosslinking protocol. This was performed using BCA protein assay and CBB staining. Maleimide 

crosslinking of films was performed as described previously (excluding the TCEP reduction step). For 

BCA protein assay, films were washed x2 using DPBS, and then were incubated with 250µl of BCA 

working reagent prepared as instructed by the manufacturer (Thermofisher Scientific). A BSA 

standard was included. Samples were incubated for 30 min at 37°C, and OD was measured at 570nm 

using Tecan multiplate reader Infinite® F50. For CBB staining, samples were washed x3 using 300 

μl/well of washing solution (10% methanol (MeOH), 5% acetic acid (CH3COOH) and 85% H2O without 

CBB). Samples were then stained for 5 min at room temperature using 200 μl/well of CBB staining 

solution (0.05% (w/v) CBB, 10% (v/v) MeOH, 5% (v/v) CH3COOH, and 85% (v/v) H2O). Samples were 

then washed x5 with 300 μl of washing solution, followed by x3 washes with ultrapure water to 

remove any CBB that did not interact with amino groups. To elute the stain out of the films, 300 μl of 

the elution buffer was added (250 ml of 0.25 M carbonate–bicarbonate buffer at pH 11.25 mixed 

with 250 ml of MeOH).  After gentle agitation, 250 μl of the eluted CBB solution was transferred into 

a new 96 wells plate containing 20 μl/well of HCl (3 N). The plate was then read at 620 nm. Net OD 

value was calculated by subtracting mean OD of the blank values from OD readings of the test 

samples. To estimate the amount of CBB, a standard calibration curve was included using known 

concentrations of the free dye in the elution buffer. 

Contact Angle Measurement 

Wettability of modified PCL films was determined by contact angle measurement as detailed in 

section (Section 2.11.3) 
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Remaining Thiol and Peptide Following Crosslinking 

The efficiency of crosslinking was assessed using the indirect estimation of remaining thiol and 

peptides after crosslinking. The concentration of thiol groups (cysteine) in the peptide solution 

before and after crosslinking was determined using Ellman’s assay, and the percentage of unreacted 

cysteine in the solution was determined based on the initial concentrations. Ellman’s reagent and 

standards were prepared as instructed by the manufacturer (ThermoFisher Scientific), volumes were 

adjusted to 96 well size. OD was read at 412nm (Section 2.13.1). Remaining peptide in the 

crosslinking solution was estimated using BCA assay according to manufacturer’s instructions 

(ThermoFisher Scientific). OD was read at 570nm (Section 2.13.2). 

Detection by Fluorescently tagged peptides 

Films and scaffolds were modified using FITC-conjugated-peptides, and were imaged using confocal 

microscope (confocal LSM 710 Zeiss) using FITC channel. In case of PCL scaffolds, samples were also 

imaged using phase contrast and 690nm filter (PCL auto-fluorescence) to show PCL nanofibers 

(Section 2.13.3). 

In Vitro Evaluation of Cells Behaviour on Modified PCL Substrates 

Cell Capture Assays 

Cell capture assays were performed to test the ability of the modified films and scaffolds to capture 

BOECs (Section 2.14). PCL substrates were cut into 24 wells size and were placed into Costar® 24 

Well Ultra Low Attachment plates, followed by sterilisation using ultraviolet radiation for 30min. 

BOECs were pre-stained with CellTracker Red CMTPX (10 µm) for 30min at 37˚C, and were then 

seeded into TPS-modified-PCL films at a density of 10,000 cells in 1% FBS EGM-2 media. Cells were 

incubated for 1hr at 37˚C, followed by washing with DPBS 3-4 times to remove non-adherent cells. In 

case of PCL scaffolds, pre-staining using CellTracker Red CMTPX was not performed due to the high 

auto-fluorescence created by the fibres. Instead, unstained cells were incubated with the modified 

scaffolds for 1hr at 37°C, then were fixed and stained with DAPI. Cells were imaged using a confocal 
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microscope (confocal LSM 710 Zeiss), and were counted using ImageJ software, and the number of 

adhered cells per cm2 was calculated. The assay was also performed on A549 cells, hVECs and hVICs 

to confirm capture specificity and selectivity.  

LDH Cytotoxicity Assay 

To determine any cytotoxicity associated with TPS-modified PCL scaffolds, scaffolds were cut into 24 

well size, and were placed into Costar® 24 Well Ultra Low Attachment plates. Scaffolds were 

sterilised by exposure to ultraviolet radiation for 30min. BOECs were seeded at a density of 10,000 

cells per well in 1% FBS EGM-2 media and were incubated with the modified scaffolds for 72hrs. 

Controls cultured on coverslips were also included. Media was collected for LDH cytotoxicity assay, 

which was performed as described by the manufacturer (Section 2.9). 

Scanning Electron Microscopy (SEM) 

BOECs cultured on untreated and TPS modified PCL scaffolds for 72hrs were fixed in 2.5% 

glutaraldhyde and processed for SEM imaging (Section 2.15). Images were taken by JEOL 6600 V 

Scanning microscope.  

Immunocytochemistry Staining 

BOECs were seeded on untreated and modified PCL/TPSGGGSC scaffolds and were allowed to 

adhere over night at 37˚C and 5% CO2. Control samples on glass coverslips were also included. 

Samples were fixed in 4% PFA for 30 min, followed by a permeabilisation step using 0.5% triton in 

DPBS for 4 min. Samples were then blocked for 30 min in 3% BSA in DPBS, and were incubated for 

1hr with primary antibodies against phalloidin, CD31, eNOS, VWF and SMA diluted in 1% BSA/DPBS. 

Samples were then incubated with alexa fluor 488 or 594 conjugated secondary antibodies for 1hr at 

room temperature. Samples were then stained with DAPI for 30min, followed by mounting and 

imaging using a confocal microscope (confocal LSM 710 Zeiss) (Section 2.11.7). 
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Platelet Adhesion 

Blood was collected from consented healthy donors by a clinical research nurse under ethics number 

15/LO/0223,V3.5 granted by NRES Committee London. Blood was collected into heparin vacutainer 

tubes (BD Biosciences, Ireland)  and was then spun at 175g for 15min to separate the platelet rich 

plasma (PRP). PRP was transferred to a new tube, and supplemented with 1µm Calcein-AM, and was 

then incubated with the modified material for 45min at 37˚C. Platelets were imaged using confocal 

microscope (confocal LSM 710 Zeiss). 

To quantify platelet adhesion percentage (318), PRP prepared as mentioned above was incubated 

with the modified scaffolds for 2hrs at 37˚C. A 100% control was included; 500µl of the PRP was 

transferred to a microcentrifuge tube and was spun for 2min at 6000RPM. Scaffolds were washed x3 

with DPBS, followed by x2 washes with 0.9% NaCl. Scaffolds and controls were then incubated for 15 

min in 500µl of p-nitrophenol (5.3mM) in a buffer containing 0.013M acetic acid, 0.04M Sodium 

citrate and 0.1% Triton X-100. Following incubation, 140µl of the solution was transferred from each 

well to a 96 wells plate and the reaction was stopped by adding 100µl of 1M NaOH. The OD was 

obtained at 405nm. Platelets adhesion percentage was calculated as: (sample corrected OD 

value/ 100% control average) *100. 
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5.5 Results and Discussion 

 Effect of TPS Peptide on Cells Proliferation and Function in Culture 5.5.1

In agreement with previous findings by Veleva et al. ,  treating BOECs with increasing concentrations 

of TPS for 48hrs significantly increased their proliferation (p=0.0032, n=6, Figure 5.1 a-f). Cells 

treated with 10, 100 and 1000µM of TPS showed an increase in their proliferation to 137.1 ± 25.2%, 

135.1 ± 19.8% and 142.9 ± 23.4% respectively (Figure 5.1 f). In contrast to effects on proliferation, 

release of the inflammatory cytokine CXCL8 was significantly reduced in BOECs treated with 1000µm 

TPS (p= 0.0005, n=6, Figure 5.1 g). By contrast, TPS had no effect on either ET-1 or prostacyclin 

release by BOECs (Figure 5.1 g).  
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Figure  5.1 Effect of TPS peptide on proliferation and mediator release by BOECs. a-e) Light 
microscope images of BOECs cultures following 48hrs of treatment with TPS.  f) proliferation as 
indicated by reduction of alamarBlue® stain. Treating BOECs with increasing concentrations of TPS 
significantly increased proliferation, g) Release of CXCL8, ET-1 and 6-keto PGF1α. No significant 
difference was detected in the release of ET-1 or 6-keto PGF1α α. Data is mean ± SEM for n=6. 
Statistical analysis was performed using ANOVA followed by Bonferroni post hoc test. * denotes 
significance when compared to untreated control; * p-value < 0.05. 

 

 

 

a. TPS (0 um) b. TPS (1 um) c. TPS (10 um) d. TPS (100 um) e. TPS (1000 um) 
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To establish the effect of TPS on the cells resident in valve cusps, hVECs and hVICs were also treated 

with increasing concentrations of the peptide. Also, A549 cells were studied as a non-endothelial cell 

control. There was no observed effect on the proliferation of these cell types. TPS treatment 

reduced CXCL8 release by hVECs at the highest concentration (1000µM), while it had no effect on 

the release by hVICs or A549 cells   (Figure 5.2). It was noted that basal CXCL8 release by hVECs was 

high as expected in endothelial cells. On the other hand, hVICs and A549 released negligible levels of 

CXCL8 which were not induced when treating with the peptides.  

 

Figure  5.2 Effect of TPS peptide on a) hVECs, b) hVICs, and c) A549 proliferation as indicated by a 
reduction of alamarBlue® stain, d-f) Release of CXCL8 in hVECs, hVICs, and A549, respectively. Data is 
mean ± SEM for n=6 for hVECs and A549, and n=3 for hVICs . Analysis was performed by ANOVA 
followed by Bonferroni post hoc test. * denotes significance when compared to untreated control; * 
p-value < 0.05. 
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 Choice of Cysteine- Containing-TPS Sequence for Crosslinking, and Establishment of 5.5.2

Detection Methods 

To optimise TPS crosslinking to PCL films, the sequence previously reported by Veleva et al. 

(TPSLEQRTVYAKGGGSC, abbreviated as TPSGGGSC in this thesis) was selected (220). A biologically 

inactive sequence was also used to act as a negative control in order to confirm that the activity of 

the biofunctionalised material is a result of the functional TPS peptide, and not the other 

modification steps. Thus, we designed a TPS sequence with a cysteine residue added to the N- 

terminus of the peptide, separated from the active site (TPS) of the peptide only by a spacer 

composed of two glycine residues (CGGTPSLEQRTVYAK, abbreviated as CGGTPS in this thesis). To 

confirm that this sequence is biologically inactive, the proliferation of BOECs, hVECs and A549 was 

tested by treating cells with increasing concentrations of this peptide and measuring cell 

proliferation and CXCL8 release.  The results showed that CGGTPS doesn’t induce cell proliferation, 

but at high concentrations (1000µM), it resulted in reduced cell proliferation in all cell types tested 

(Figure 5.3 a-c). Consistent with the reduced proliferation, CXCL8 release from BOECs was also 

reduced in a concentration dependent manner with statistical significance noted at 1000µM of the 

peptide. CGGTPS also tended to reduce CXCL8 release by hVECs but had no effect on the release by 

A549 cells, although, as before, CXCL8 release by A549 cells was negligible to start with (Figure 5.3 d-

f). These findings confirmed that this sequence could be used to indicate the success of the 

crosslinking reaction, but without inducing cell proliferation. 
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Figure  5.3 Effect of CGGTPS sequence on the proliferation of a) BOECs, b) hVECs, and c) A549, and 
CXCL8  release in d) BOECs, e) hVECs, and f) A549. Data is mean ± SEM for n=6. Analysis was 
performed by ANOVA followed by Bonferroni post hoc test. * denotes significance when compared 
to untreated control; * p-value < 0.05. 

Both peptide sequences were then used to optimise the crosslinking reaction, and to establish an 

acceptable detection method for peptide binding. While the common methods to confirm 

crosslinking efficiency are through X-ray photon spectroscopy (XPS), attenuated total reflection 

fourier transform infrared spectroscopy (ATR FTIR spectroscopy) (319), raman spectroscopy (320) 

and time-of-flight secondary ion mass spectroscopy (TOF-SIMS) (321), access to these techniques 

was unavailable. As an alternative, the surface detection of crosslinked peptides using colourometric 

protein detection methods was investigated, using CBB and BCA protein assays. The use of CBB was 

previously reported for the detection of aminated surfaces (322, 323) and BCA for the detection of 

immobilised proteins to biomaterials (such as bone morphogenetic protein-2) (324, 325). In this 

thesis, these methods were not very accurate due to the small molecular weight of the used 

peptides, and because the concentrations of the crosslinked peptides to materials’ surfaces were 

expected to be extremely low, possibly below the detection limit of the assay (for example, BCA 
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sensitivity range is as low as 0.5µg/ml of soluble proteins). In addition, there was a high background 

reading in the untreated PCL films when using both assays, indicating that the reagents might be 

interacting with the films. Nevertheless, the preliminary findings obtained using these methods gave 

an indication of the success of the crosslinking of CGGTPS (biologically inactive), and not TPSGGGSC 

(Figure 5.4).  
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Figure  5.4 Detection of peptides crosslinkied to PCL film surfaces using a) BCA protein assay and, b) 
CBB staining. Results indicate the success in crosslinking CGGTP, but not TPSGGGSC, to the films. 
Data is mean ± SEM for n=5. Analysis was performed by ANOVA followed by Bonferroni post hoc 
test, and * represents p-value < 0.05. 

The possible factors that might have affected the crosslinking reaction include: (i) reaction 

conditions (pH, incubation duration and temperature, or the molecular weight of the PEG spacer in 

the used crosslinker), (ii) self-dimerisation of TPSGGGSC peptide caused by oxidation of the 

sulfhydryl groups of the cysteine residue, (iii) or the long glycine spacer used in the sequence. To 

troubleshoot this, first the conditions of the crosslinking reaction were modified (using a crosslinker 

with smaller PEG molecule, and prolonged incubation periods with peptides) but that did not 

enhance the results (Data not shown). Then, it was considered that the TPSGGGSC sequence could 

have self-dimerised through the formation of disulphide bridges as a result of oxidation. To test that, 

Ellman’s assay was used to measure free cysteine in the peptide solution. In addition, the reducing 

agent TCEP (which is a Trialkylphosphines used for the reduction of disulphide bonds), was used, and 

cysteine concentration was measured before and after adding the reducing agent. The results 

showed that TPSGGGSC (1mg/ml) contained a very low concentration of free cysteine when 



P a g e  | 160 
 

compared with CGGTPS (Figure 5.5 a), and that incubating TPSGGGSC peptide (dissolved in H2O or 

Na bicarbonate) with TCEP for 1hr increased cysteine concentration (Figure 5.5 b). To resolve this 

issue, incubation with the reducing agent (TCEP) was included as a step prior to crosslinking.  TCEP 

was chosen due to its stability in aqueous solutions (326) and because it was shown to not interfere 

with the subsequent crosslinking reaction using maleimides (327). To further minimise any possible 

interference with the crosslinking reaction; TCEP immobilised to gel beads was used to ensure the 

complete removal of TCEP from the peptide solution prior to crosslinking.  

 
Figure  5.5 Detection of disulphide bonds formation, and their reduction using TCEP. a) Ellman’s 
assay showed that the concentration of free sulphide groups in TPSGGGSC is reduced in comparison 
to CGGTPS. B) Treating TPSGGGSC with TCEP beads reduced disulphide formation in TPSGGGSC as 
indicated by the increased free cysteine concentration. Data is mean ± SEM for n=3. Statistical 
analysis was performed using t-test, and * represents p-value < 0.05. 
 

Furthermore, a third TPS sequence was included in this study, with a shorter glycine spacer 

(TPSLEQRTVYAKGGC, abbreviated as TPSGGC), in case the length of the spacer in the TPSGGGSC 

sequence affected the crosslinking reaction to PCL.  To confirm the biological activity of this 

sequence, the effect of treating BOECs for 48hrs with 1000µM of this peptide, in comparison to the 

other studied sequences was determined (Figure 5.6). The results showed, as above, increased 

proliferation of BOECs treated with TPS. There was a small trend towards increase in cell 

proliferation when treating with TPSGGGSC and TPSGGC, and as shown previously, a reduced 

viability in cells treated with CGGTPS (Figure 5.6). The lower activity of these sequences compared to 

TPS without a cysteine residue could be attributed to the configuration of these peptides in 

suspension. Further confirmation of the activity of these peptides was achieved through cell capture 

assays as demonstrated in the following section. 
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Figure  5.6 Effect of adding a cysteine residue to TPS sequences on BOECs proliferation. There was a 
trend towards an increase in viability % of BOECs treated with 1000µm of TPSGGGSC and TPSGGC, 
while treating with CGGTPS resulted in reduced viability. Data is mean ± SEM for n=6 for TPS and n=3 
for the other sequences. Statistical analysis was performed using t-test, and * represents p-value < 
0.05. 

In terms of crosslinking efficiency and detection methods, two indirect methods were included; 

aiming to measure the concentrations of remaining cysteine (328) and peptide in the reaction 

solution after crosslinking (using Ellman’s assay and BCA protein assay, respectively). These methods 

constitute an indicator of the reactivity of the used maleimide crosslinker, as the depletion of both 

cysteine and peptide in the reaction solution following crosslinking indicates that the peptide is 

consumed during the reaction. Also, measuring the peptide concentration in the solution (1mg/ml) is 

more accurate than measuring the extremely low surface concentrations, as the amount of peptides 

remaining in the solution after crosslinking would be within the detection range of the used assay. 

There are two drawbacks of these methods, first is the predicted instability of the peptide in the 

solution due to possible oxidation and loss of peptide, and second, it might be hard to detect small 

changes in the reduction in concentrations. Thus, to support the findings obtained using these 

methods, direct detection of crosslinking through fluorescent peptides (FITC tagged) was performed. 

Further confirmation of crosslinking efficiency was achieved by studying the functionality of the 

modified surfaces through cell culture techniques. 
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 Optimisation of TPS Crosslinking to PCL Films 5.5.3

5.5.3.1 Definition of Experiments Controls and Samples 

The main modification steps used during the maleimide crosslinking reaction of TPS sequences to 

PCL surfaces included: (i) cleaning using 70% ethanol, (ii) amination using EDA, (iii) reaction with 

PEGylated heterobifunctional NHS/maleimide crosslinker (NHS-PEG-Mal) and (iv) crosslinking of 

peptides. In the following sections, variable PCL controls were included throughout the used 

modification technique, to exclude any effects that could be caused by any of the used modification 

steps prior to adding the peptide. These controls included an untreated PCL control, an aminated 

control, and a control with crosslinker only. The peptides used for crosslinking were TPSGGGSC 

(biologically active (220)), TPSGGC (shorter spacer), and CGGTPS (biologically inactive). Table 5.2 

defines and summarises the used controls and samples in the subsequent sections. 
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Table  5.2 Defining the used PCL controls and peptide modified samples. The diagram demonstrates 
the modification steps, and the reacted groups to PCL surface. 

 

5.5.3.2 Wettability of Modified PCL Films 

The effect of surface activation on surface wettability was determined by contact angle 

measurement.  The modification at all its steps resulted in significantly reduced contact angles 

(p<0.0001, n=4). The significant reduction in contact angle and enhanced hydrophilicity is owed to 

the aminolysis step, which have been previously shown to introduce amino groups (-NH2) to the 

aminated surface, and in turn to improve wettability (185, 186). Furthermore, the PEG spacer in the 

used maleimide crosslinker is hydrophilic (329), and its reaction with the aminated surface creates a 

surface coated with PEG molecules, enhancing wettability. Material wettability is important for 
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improving biocompatibility by creating a more favoured surface for cell adhesion and spreading 

(115, 116) (Figure 5.7). 

 

Figure  5.7  Wettability of modified PCL films as estimated by drop contact angle. In all treatments, 
drop contact angle was significantly reduced when compared to untreated PCL, indicating surface 
activation and enhanced hydrophilicity of the material. Data is mean ± SEM for n=4. Analysis was 
performed by ANOVA followed by Bonferroni post hoc test; *denotes significance in comparison to 
PCL/Untreated; p<0.05.  

5.5.3.3 Evaluation of Crosslinking to PCL Films 

Indicative of an effective functionalisation, the amount of remaining cysteine in the crosslinking 

solution following an overnight incubation of peptides with PCL treated with NHS-PEG-Mal was 

measured. The amount of remaining cysteine in the crosslinking solution of TPSGGGSC, TPSGGC, and 

CGGTPS was significantly reduced by approximately 40-50% compared to initial cysteine 

concentration (Figure 5.8 a). In agreement with data from Ellman’s assay, the amount of total 

peptide in the crosslinking reaction was significantly reduced following overnight crosslinking (Figure 

5.8 b). 
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c. Unreacted Cysteine (% of Initial) 

TPSGGGSC TPSGGC CGGTPS 

51.36 ± 0.81 63.54 ± 0.27 54.80± 0.22 

Figure  5.8 Efficiency of TPS crosslinking to PCL films- Indirect methods. a) Amount of remaining 
Cysteine after crosslinking (normalised to 1mM) as determined by Ellman’s assay. b) Amount of 
remaining peptide after crosslinking (normalised to 1mg/ml) as determined by BCA protein assay. c) 
The table shows percentages of unreacted cysteine in the crosslinking solution relative to starting 
concentration.  Data is mean ± SEM for n=3. Analysis was performed by t-test comparing 
concentrations before and after crosslinking; *p<0.05. 
 

Crosslinking of FITC-conjugated peptide sequences to PCL films resulted in homogenous fluorescent 

staining throughout the films. Negative controls throughout the successive stages of crosslinking 

were included and didn’t show any autofluorescence (Figure 5.9). 

 

Figure  5.9  Efficiency of TPS crosslinking to PCL films- Fluorescent peptide.  a-c) images obtained 
using FITC channel for PCL films throughout the stages of crosslinking. d-e) Crosslinking PCL with 
FITC-tagged peptides using maleimide resulted in a complete homogenous fluorescent staining of 
the modified surfaces. Scale bar is 100µm. 
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5.5.3.4 Functionality of Modified PCL Films 

PCL films modified with TPSGGGSC were able to induce the specific adhesion of BOECs by 

approximately 5-fold when compared to untreated control (p= 0.0186, n=3), in contrast, this 

modification did not induce the adhesion of hVECs, hVICs, or A549, confirming specificity of cell 

capture ability to BOECs (Figure 5.10). Modification using TPSGGC and CGGTPS did not induce BOECs 

capture to PCL. In addition, both sequences had no significant effect on the capture of the other 

tested cell types. Since TPSGGGSC maintained functionality and showed the ability to capture BOECs 

and enhance their adhesion when crosslinked to PCL films, this peptide sequence was used in all 

subsequent experiments to modify jet sprayed PCL scaffolds. The inactive sequence (CGGTPS) was 

also included as a negative control. 
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Figure  5.10 Cell capture assays. Images a.1-6 show BOECs, b.1-6 hVECs, c.1-6 hVICs, and d.1-6 A549 
stained in Celltracker stain (red/ nuclear staining). PCL films modified with TPSGGGSC significantly 
induced BOECs adhesion when compared to the studied controls (p= 0.0186). Modification of PCL 
films did not induce the adhesion of hVECs, hVICs or A549, confirming specificity to BOECs. Images 
obtained by confocal microscope as 6X6 tiles at 10x magnification to cover an area of 4888µm, scale 
bar is 1000µm. Data is mean ± SEM for n=3. Analysis was performed by ANOVA followed by 
Bonferroni post hoc test; *p<0.05. 
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 TPS Crosslinking to PCL Nanofibrous Scaffolds 5.5.4

5.5.4.1 Efficiency of Crosslinking to Nanofibrous PCL 

Overnight crosslinking of TPSGGGSC and CGGTPS to PCL/NHS-PEG-Mal using the same method 

optimised on PCL films resulted in a significant reduction of cysteine concentration compared to the 

starting concentration (Figure 5.11 a) when crosslinking the peptides to nanofibrous scaffolds. 

Peptide concentrations were also reduced following overnight incubation, indicating the successful 

crosslinking of the peptides to PCL (Figure 5.11 b). 
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Figure  5.11 Efficiency of TPS crosslinking to PCL scaffolds- Indirect methods.  The amount of (a) 
unreacted cysteine remaining in the reaction solution was significantly reduced after crosslinking the 
peptides with PCL scaffolds using maleimide (p=0.0063 for TPSGGGSC, and p= 0.0357 for CGGTPS), 
and so was the amount of (b) total peptide concentration (p=0.0118 for TPSGGGSC, and p=0.0053 
for CGGTPS). Cysteine concentrations were normalised to 1mM, and protein concentrations to 
1mg/ml. c) The table shows percentages of unreacted cysteine in the crosslinking solution relative to 
the starting concentration. Data is mean ± SEM for n=3. Analysis was performed by t-test comparing 
concentrations before and after crosslinking; *p<0.05. 

 

 

 

 

c. Unreacted Cysteine (% of Initial) 

TPSGGGSC CGGTPS 

68.9 ± 1.44 64.4 ± 0.75 



P a g e  | 169 
 

Crosslinking of FITC-tagged peptides to PCL scaffolds resulted in homogenous fluorescent staining 

throughout the modified nanofibrous scaffold (Figure 5.12). 

 

Figure  5.12 Efficiency of TPS crosslinking to PCL scaffolds- Fluorescent peptide. Crosslinking PCL with 
FITC-tagged TPSGGGSC and CGGTPS using maleimide resulted in homogenous fluorescent staining 
throughout the modified nanofibrous scaffold. Figures (a-e) show modified PCL at different stages of 
crosslinking imaged by FITC channel, and figures (f-j) show merged images of phase contrast showing 
PCL fibres, red channel showing the autofluorescence of PCL fibres, and FITC channel showing 
positively crosslinked fibres with the tagged peptides. Scale bar is 100µm. 

 

 

5.5.4.2 Functionality of Modified PCL Nanofibrous Scaffolds 

PCL scaffolds modified with TPSGGGSC were able to specifically increase the adhesion of BOECs, 

without affecting the adhesion of the other cell types tested, confirming the specificity of the 

modification to capture BOECs (Figure 5.13). CGGTPS had no significant effect on the adhesion of 

any of the studied cell types. 
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Figure  5.13 Cell capture assays. Images a.1-5 show DAPI stained BOECs (top) and merged DAPI and 
phase contrast showing PCL fibres (bottom). Images b.1-5 show hVECs, c.1-5 hVICs, and d.1-5 A549 
stained in DAPI.  Modified PCL scaffolds using TPSGGGSC significantly induced BOECs adhesion when 
compared to the controls. Adhesion of hVECs, hVICs and A549 was not affected by TPS modification. 
Images were obtained by confocal microscope as z stack of 150µm from the surface. Z stack images 
were merged and cells were counted. Data is mean ± SEM for n=3. Analysis was performed by 
ANOVA followed by Bonferroni post hoc test; *p<0.05. 
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5.5.4.3 BOECs Cytotoxicity and Cytokine Release on TPS-Modified PCL 

To further confirm functionality of the biofunctionalised nanofibrous scaffolds, BOECs were cultured 

into the modified material for 72hrs, and cytotoxicity and CXCL8 release were studied. 

Biofunctionalisation of scaffolds with TPSGGGSC using maleimide did not induce cytotoxicity of 

BOECs upon incubation on the modified material for 72hrs as indicated by LDH release (Figure 5.14 

a). Furthermore, CXCL8 release by BOECs was not induced in any of the studied conditions (Figure 

5.14 b). 
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Figure  5.14 Cytotoxicity and CXCL8 release by BOECs cultured on modified nanofibrous PCL scaffolds. 
a) LDH cytotoxicity assay was performed on media collected from each of the modification 
conditions following 72hrs of culture, and LDH release was estimated. Percentages were calculated 
in relation to controls. Cytotoxicity % was ≤16% in all of the conditions, with no significant difference 
in the cytotoxicity between the studied groups, except in case of CGGTPS, which resulted in 32.5± 
9.9%. b) CXCL8 release was not induced by BOECs cultured on any of the modified PCL conditions for 
72hrs. Data is mean ± SEM for n=3. Analysis was performed by ANOVA followed by Bonferroni post 
hoc test; *p<0.05. 
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5.5.4.4 BOECs Morphology and Phenotypic Expression on TPS-Modified PCL 

To assess BOECs morphology and endothelial monolayer formation on untreated and TPSGGGSC 

modified scaffolds, SEM images were obtained following 72hrs of culture (Figure 5.15). BOECs 

appeared to form a more confluent monolayer on TPS modified PCL when compared to untreated 

scaffolds. In addition, cells appeared to spread along the orientation of the fibres in both cases. 

 

 

Figure  5.15 Morphology of BOECs cultured on untreated and TPS-modified-PCL scaffolds. BOECs 
seeded on untreated and TPS-modified-PCL scaffolds were imaged using SEM. SEM images show 
endothelial adhesion and spreading on both untreated and TPS-modified scaffolds, with the latter 
being more confluent, featuring continuous monolayer formation. Arrows show cracks in the 
monolayer resulting from the used drying procedure. Scale bars are 100µm (a-b), 50µm (c-d), and 
10µm (e-f). 
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To determine whether BOECs maintain their phenotypic characteristics when cultured on modified 

PCL scaffolds, cells cultured on untreated and TPSGGGSC-modified PCL were stained for CD31, eNOS, 

VWF and SMA (Figure 5.16). BOECs retained their expression of the endothelial cell markers CD31, 

eNOS and VWF, while being negative for αSMA. Furthermore, cells were stained using phalloidin to 

show cell morphology on the scaffolds (Figure 5.16 h and l). Consistent with SEM images, cells grow 

in alignment with the direction on the scaffold’s fibres, with a more elongated morphology rather 

than the typical cobblestone morphology. 

 

Figure  5.16 Phenotypic characteristics of BOECs cultured on untreated and TPS-modified-PCL 
scaffolds. Control BOECs cultured on glass coverslips were stained with a) CD31, b) eNOS, c) VWF 
(green)/ αSMA (red), and d) phalloidin. BOECs cultured on untreated PCL scaffolds showed positive 
expression of e) CD31, f) eNOS and g) VWF, and a negative expression of αSMA.  Similarly, BOECs 
cultured on TPS-modified PCL scaffolds showed positive expression of i) CD31, j) eNOS and k) VWF, 
and a negative expression of αSMA. h and l) Phalloidin Staining shows cells spreading on PCL fibres 
following 24hrs of incubation with the material. Phalloidin images are merged with phase contrast to 
show fibres. Scale bar is 100µm.  

CD31 eNOS 
VWF (Green) 
αSMA (Red) Phalloidin 

Gl
as

s 
PC

L/
TP

SG
GG

SC
 

a. b. c. d. 

e. f. g. h. 

PC
L/

U
nt

re
at

ed
 

i. j. k. l. 



P a g e  | 174 
 

5.5.4.5 Platelets Adhesion to TPS-Modified PCL 

To assess the effect of modifying PCL scaffolds using PEGylated maleimide on platelets adhesion, 

scaffolds prepared at different stages of the crosslinking process were incubated with PRP for 45min 

under static conditions. Fluorescent imaging of Calcien-AM stained platelets showed high adhesion 

in untreated and aminolysis samples, while the number of adhered platelets was reduced in samples 

modified using the PEGylated maleimide alone and crosslinked to TPS peptides (Figure 5.17). 
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Figure  5.17 Platelet adhesion to modified scaffolds. a) Untreated and b) EDA treated PCL scaffolds 
showed high adhesion of platelets following 45min of incubation with PRP. Crosslinking the scaffold 
with c) PEGylated maleimide, d) TPSGGGSC, and e) CGGTPS peptide have reduced platelets 
adhesion.  Scale bar is 100 µm. f) the graph shows the quantified percentage of platelet adhesion to 
modified PCL. Data is mean ± SEM for n=3. Analysis was performed by ANOVA followed by 
Bonferroni post hoc test. * denotes significance when compared to untreated control; *p<0.05 
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5.6 Summary 

In this chapter, the proliferative effect of TPS peptide on BOECs isolates was confirmed, and its 

effect on the cells secretory function was studied.  In addition, a crosslinking technique using a 

PEGylated heretobifunctional NHS-PEG-maleimide crosslinker was successfully optimised on films 

and scaffolds and the efficiency was validated using indirect and direct detection methods. Finally, 

functionality of the modified material was confirmed in vitro through cell capture assays, cytotoxicity 

assessment, CXCL8 release, phenotypic staining and SEM, in addition to its platelet inhibition 

properties. 

In agreement with Veleva et al. original study in which TPS peptide was identified (215), this peptide 

was able to induce BOECs proliferation after 48hrs treatment, while it had no effect on the other cell 

types studied. Confirming TPS activity on the isolates used in the current study was important to do 

prior to performing the next steps of modifying PCL substrates using this peptide, due to the wide 

range of isolation methods adapted for BOECs which might result in variable phenotypes (123).  

TPS peptide was previously shown to not interfere with BOECs function in terms of migration ability, 

tube formation in Matrigel and response to vascular endothelial growth factor (220). In this chapter, 

the effect of TPS on BOECs functionality was assessed in terms of their cytokine and mediator 

release. It was found that the highest studied concentration (1000µM) resulted in a significant 

reduction in CXCL8, indicating a possible anti-inflammatory effect of the peptide on BOECs. CXCL8 

release was not induced by the peptide from the other cell types, showing that this peptide doesn’t 

induce an inflammatory response by other somatic cells. The release of ET-1 and prostacyclin by 

BOECs was not affected, confirming the functionality of the cells in the presence of the peptide. All 

together, these findings indicate that TPS is a safe and suitable ligand for the biofunctionalisation of 

tissue engineering scaffolds. 

Modification of electrospun PCL scaffolds using TPS peptide has previously been achieved using 

other biofunctionalisation strategies, such as zwitterionic poly(carboxybetaine methacrylate) (223), 
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self-assembled hydrophobin (222) and supramolecular assembly technology (224). In this chapter, a 

simple but effective crosslinking method was devised based on covalent binding of the peptide to 

surface-activated PCL scaffolds using a sulfhydryl crosslinking approach. The technology was first 

optimised to PCL films, and then was transferred to the intended target; the jet sprayed nanofibrous 

PCL scaffolds.  

Successful modification of PCL films and scaffolds using TPS was assessed by two indirect 

approaches; through the determination of the concentration of remaining cysteine and total peptide 

following crosslinking and using a direct approach in which a FITC-conjugated-peptide was utilised. 

In both forms of PCL used, the concentration of unreacted cysteine following crosslinking was 

significantly reduced, as was the peptide concentration. Although these methods don’t provide 

direct means of quantification, they provided a useful indicator of the successes of the reaction. The 

use of fluorescently tagged peptides provided conformation of the success of the crosslinking 

reaction, where homogenous fluorescent staining was observed in modified films and scaffolds.  

Upon the successful crosslinking of TPS to PCL films and scaffolds, the functionality of these 

composites in terms of cell capturing ability have been assessed through the incubation with BOECs, 

and have shown in both cases to specifically induce the capture of these cells by at least 5-fold when 

compared with the untreated controls, while having no effect on the other cell types. Besides the 

ability of the modified scaffolds to induce cell capture, the effect of the variable stages of the 

modification on the cytotoxicity and CXCL8 release by BOECs was tested. Culturing BOECs on the 

modified scaffolds for 72hrs did not induce cytotoxicity or CXCL8 release. In addition, BOECs were 

able to form a monolayer when seeded into the scaffolds as was indicated by the SEM images. These 

findings indicate the potential of the bioengineered PCL material to induce the adhesion of BOECs, 

and to further allow monolayer formation without inducing an inflammatory reaction by the cells or 

causing cytotoxicity to the cells. 
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Because the phenotypic stability of the endothelialisation cell source is important to establish a 

functional endothelial cell layer, the phenotypic characteristics of BOECs cultured on untreated and 

PCL/TPSGGGSC scaffolds were tested. BOECs maintained their expression of the endothelial cell 

markers CD31, eNOS and VWF, and were negative for the mesenchymal cell marker αSMA. The 

stability of these markers should be investigated under prolonged incubation periods, and in 

combination with testing endothelial cell function through their release of NO, ET-1 and prostacyclin. 

Further assessment of the ability of the cells to migrate to the inner layers of the scaffold and 

transdifferentiate to an ECM secreting phenotype is another factor to be considered. 

It has been previously shown that the native valve endothelium aligns on the direction of the 

underlying circumferential collagen fibres (65). To test if the modified material will influence a 

similar pattern of growth, BOECs cultured on the material under static conditions were stained with 

phalloidin. Phalloidin staining showed that the cells grow in alignment with the direction of the 

fibres, which mimics VECs behaviour on the circumferentially arranged ECM. The orientation of 

endothelial cells was previously suggested to influence normal function, where oriented endothelial 

cells show more resistance to inflammation and thrombosis (330). These findings should be further 

investigated under shear stress conditions, which further influence the alignment of endothelial cells 

(65).   

Important criteria to take into consideration when designing a biofunctionalised scaffold for in vivo 

tissue engineering applications is their ability to resist platelet adhesion, aggregation, and thrombus 

formation prior to the adhesion of EPCs and the formation of a protective endothelial cell layer. 

Thus, the modification applied in this study was performed using a maleimide crosslinker that 

contained PEG, which is known to have antifouling effects, reducing the adhesion of bacteria and 

non-specific proteins, in addition to its platelet inhibition abilities. Modifying PCL with PEGylated 

maleimide and TPS peptide reduced platelets adhesion to the scaffolds. This is important especially 

considering that the material will be in continuous contact with blood components in vivo. It 

indicates that the developed surface has antithrombotic effects. If these characteristics were 
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confirmed in vivo, the use of the developed material as a scaffold for tissue engineered heart valves 

will potentially omit the need for anticoagulation therapy, which is one of the main limitations of the 

available prosthetics. 

5.7 Limitations 

The main limitation of this chapter was the detection methods of the immobilised peptides to 

material surfaces. As mentioned before, access to the techniques for detection of crosslinking and 

surface characterisation were unavailable. Instead, the indirect detection of remaining cysteine and 

peptides was used in combination with FITC tagged peptides. The functionality of the resultant 

biocomposite achieved by the end of these experiments was a positive conformation of the 

crosslinking success. 

While this study tested the response of a variety of cells to TPS, the immune response of other blood 

circulating cells, such as monocytes/macrophages, should be evaluated. The release of other anti-

inflammatory and pro-inflammatory mediators by BOECs in response to TPS should be investigated. 

This chapter evaluated the interaction of platelets with the material and showed that it reduces 

platelet adhesion. Other factors to consider to further confirm haemocompatibility is by testing the 

responses of blood components to the modified material, investigating complement activation 

(using ELISA for example) and testing thrombin- anti- thrombin complex formation. 

5.8 Conclusion 

Viability of BOECs and their cytokine release in response to TPS indicate that this peptide is a good 

candidate for biofunctionalisation of tissue engineering scaffolds. In this chapter, TPS was 

successfully immobilised to PCL via sulfhydryl-crosslinking using heterobifunctional NHS-PEG-

maleimide, which ensured the functionality of TPS in the resulting biocomposite. The results showed 

that this biocomposite is able to specifically attract BOECs and enhance their proliferation under 

static conditions without affecting morphology or secretory function. The next step will be to 

determine the effect of shear on BOECs capture and behaviour on the biofunctionalised scaffolds.  
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CHAPTER 6. EFFECT OF FLOW ON BOECS FUNCTION ON TPS-DECORATED 

NANOFIBROUS PCL SCAFFOLDS  
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6.1 Rationale 

In the previous chapter, nanofibrous PCL scaffolds were successfully biofunctionalised using TPS 

peptide, and the functionality of the resulting material was validated through its ability to capture 

BOECs under static conditions. The ultimate aim of this thesis is to use these intelligent materials for 

valve replacements in situ.  One of the main challenges facing the development of such in situ 

replacements is the ability of the scaffold to become endothelialised while being exposed to the in 

vivo hemodynamic environment (50). The ability of a scaffold to recruit endogenous cells that can 

adhere, maintain a stable cell-matrix connection, form a confluent monolayer, and mimic native 

valve endothelial cells in terms of alignment and functionality in a hemodynamic environment is 

therefore a crucial requirement before translating the technology into the clinic (104).  

In order to assess the ability of a scaffolding material to sustain a functional endothelial cell layer 

under the hemodynamic conditions experienced by the aortic valve, two aspects should be 

considered: (i) understanding the behaviour of native VECs on the valve under side specific shear 

stress, and evaluating whether the cellularisation source is able to replicate this behaviour on the 

scaffolding material, and (ii) estimating the ability of the material to capture and recruit cells under 

dynamic conditions. 

Influence of Flow Patterns and Physical Cues on VECs Behaviour and Morphology 

As previously discussed, the hemodynamic forces surrounding the aortic valve are unique, where 

flow patterns are different on each side of the valve, and as such the endothelial cells residing on 

each side show differences in behaviour and function. The aortic side is exposed to low levels of 

shear stress and oscillatory flow, while the ventricular side of the valve is exposed to high levels of 

shear and unidirectional flow (66). For the aim of the endothelialisation of tissue engineered heart 

valves, assessing the effect of these forces on the adhered cells is essential. Furthermore, 

understanding the influence of the physical cues of the valve (i.e. the orientation of the underlying 

fibres) on the behaviour of the cells is essential for the design of the scaffolding material. Therefore, 
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one of the aims of the current chapter was to study the effect of flow directionality and structural 

cues on the morphology and alignment of VECs of the native valve. The second aim was to assess the 

effect of aortic and ventricular shear on BOECs cultured on TPS-modified PCL scaffolds using a cone 

and plate bioreactor. 

Influence of Flow on Cells Recruitment and Neo-Tissue Formation 

Besides the effects of hemodynamic conditions on cell behaviour and function, evidence suggests 

that these forces constitute a major factor in the process of neo-tissue formation through the 

modulation of cell recruitment and differentiation, developmental processes and immune responses 

(50, 331, 332). For example, Mahler et al. showed that exposing porcine aortic VECs to low levels of 

steady or oscillatory shear induced endothelial cell ability to invade 3D collagen matrix and resulted 

in the upregulation of gene and protein expression related to EMT and inflammation (279). Exposing 

endothelial colony forming cells (or BOECs) to shear stress was also shown to induce the expression 

of the stem cell marker CD44 (333), which is involved in cell homing, angiogenesis and proliferation, 

and is also associated with EPCs ability to repopulate damaged endothelium (334-337).  

To reach neo-tissue homeostasis, the interaction between the hemodynamic environment and the 

recruited cells to the biofunctionalised scaffold should be considered (50). Thus, in this chapter, 

experiments were conducted to determine the suitability of the TPS-modified nanofibrous PCL 

scaffold for in situ heart valve tissue engineering by determining the ability of the modified material 

to capture BOECs under dynamic conditions (non-physiological flow) and in a pulse duplicator 

(physiological flow). To address this second point, pulse duplicator optimisations were initiated using 

pulmonary valve-settings (rather than aortic valve settings) because (i) the minimal target of tissue 

engineered heart valves is to withstand the pulmonary conditions which will provide a faster clinical 

utility in replacement of pulmonary valves during the Ross procedure (338), and (ii) the 

hemodynamic forces are more modest ensuring a more likely successful cellular grafting. It was 

envisaged that a successful trial of cells engrafting to a scaffold under pulmonary valve flow 
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conditions would then be replicated using the harsher flow conditions of the aortic valve in future 

experiments. 

6.2 Hypothesis of the Chapter 

There are two overarching hypotheses of this chapter, these are: 

• ‘The morphology and alignment of valve endothelial cells are dictated by both the underlying 

fibres and the physical force generated by flow’ 

•  ‘TPS modified PCL is able to capture BOECs in suspension and allows the cells to maintain a 

stable monolayer under dynamic conditions that mimic the hemodynamic forces including 

those exposed by heart valves in vivo’. 

6.3 Aims of the Chapter 

1- Study the morphology and alignment of native VECs on either side of porcine aortic valves in 

fresh tissue and in tissue cultured under static conditions or exposed to aortic and 

ventricular flow in the cone and plate bioreactor for 24hrs. 

2- Study the effect of side specific flow on cell morphology, alignment and mediator release by 

BOECs pre-seeded into TPS-modified nanofibrous PCL scaffolds. 

3- Assess the ability of TPS-modified nanofibrous PCL scaffolds to capture BOECs from cell 

suspension under dynamic conditions.  
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6.4 Methods 

This is a summary of the methodology used in this chapter. Further details including methods, 

calculations and statistics are described in chapter 2 (General Methods). Relevant sub-sections are 

quoted in the summary below. 

Dissection and Preparation of Porcine Aortic Valves 

Whole porcine hearts were obtained from a local abattoir (Turners, Farnborough, UK). Aortic valve 

cusps were dissected from the aortic root, taking into consideration the specific sides of the valve 

cusps (aortic and ventricular sides), and were washed several times in DPBS. Dissected valves were 

then prepared for SEM imaging or used in cone and plate flow experiments. 

SEM Imaging 

Dissected valve leaflets were fixed in 2.5% glutaraldhyde and processed for SEM as described in 

section 2.15.  Images of side specific endothelium were taken by JEOL 6600 V Scanning microscope.  

Biofunctionalisation of Nanofibrous PCL using TPS Peptide 

PCL nanofibrous scaffolds prepared by jet spraying technique (Section 2.11.2) were biofunctionalised 

using sulfhydryl crosslinking of TPS peptide as previously described (Section 2.12). 

Cone and Plate Bioreactor 

Porcine valves were exposed to side specific flow using cone and plate bioreactor as described in 

section 2.10.2. Valves were aligned with the circumferential axis either in parallel or perpendicular to 

the direction of cone rotation (Figure 6.1 a). The aortic side of the valve was exposed to aortic 

(oscillatory) flow, while the ventricular side was exposed to ventricular (unidirectional) flow for 

24hrs, followed by enface staining by CD31 and phalloidin as described in section 2.3. Static controls 

were included. 

To test the effect of flow on BOECs cultured on TPS- modified PCL, BOECs isolated using selective 

plating as described previously (Section 2.2.1) were seeded on PCL/TPSGGGSC scaffolds at a density 

of 1 x 106 cells per scaffold, and were allowed to adhere over night at 37˚C and 5% CO2. Isolates used 
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in this section were from donors EPC007, 008, and CSQ17 (Table 3.1, Chapter 3). Scaffolds were 

exposed to aortic or ventricular flow for 24hrs in cone and plate bioreactor. Scaffolds were fitted in 

the bioreactor, with the fibres aligned parallel or perpendicular to the direction of cone rotation 

(Figure 6.1 b). Samples were exposed to shear for 24hrs, followed by fluorescent staining of CD31 as 

described in section 2.3. Static controls were included. Supernatant media was collected, and was 

used to measure CXCL8, ET-1 and 6-keto PGF1α using ELISA as described in section 2.5.  

Cell alignment and elongation were determined by measuring Feret’s angle - based % nuclei 

orientation, and circularity index, respectively (Section 2.10.3). Numbers of cells per 20x imaging 

fields were counted, and percentages of cell number were calculated relative to the static control.  

Using these figures the percentage of reduction in cell count was calculated as (100- average 

calculated percentage). This was done to estimate cell loss in response to the tested hemodynamic 

forces.  

 
Figure  6.1 Setup of a) porcine aortic valves, and b) nanofibrous PCL scaffolds in cone and plate 
bioreactor. Samples were fitted in the plate with the circumferential axis or the fibres aligned either 
with or against the direction of cone rotation. 
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Dynamic Rotational Cell Culture System 

To confirm the stability of crosslinking under dynamic conditions, scaffolds were modified using 

FITC-conjugated TPS peptide as described in section 2.13.3, and were then fitted into 48wells 

scaffdex (Scaffdex Oy, Finland), and then fixed using a homemade silicon holder inside 30ml filter 

tubes filled with sterile dH2O. The tubes were then placed in a rotator (SB2 rotator, Stuart, UK) set to 

15RPM, and were incubated for 1, 7, and 14 days. Images were obtained using confocal microscopy 

(confocal LSM 710 Zeiss)  of the modified surface at days 1 and 7, and also of cross-sections of PCL 

after embedding in OCT media, freezing on dry ice, and then sectioning at 8µm thickness using a 

microtome cryostat (LEICA CM 1850). 

Cell capture assays (Section 2.14.2) were performed by placing the modified scaffolds in filter tubes 

containing 10,000 BOECs in 30ml of 1% FBS EGM-2 media. Samples were placed in the rotator as 

described above, and were exposed to dynamic conditions for 1, 7, and 14 days. Scaffolds sections 

were prepared as described above and were heated at 37˚C for 30 min. Sections were then fixed in 

ice cold acetone for 5 min, followed by DAPI staining for 15 min. Images were obtained using a 

confocal microscope (confocal LSM 710 Zeiss), and cell infiltration through the scaffold thickness was 

analysed by Nikon NIS elements documentation software using bound top feature (Section 2.14.2). 

Pulse Duplicating Bioreactor 

To test the ability of the modified material to capture BOECs under physiological levels of shear 

stress, we started to optimise a pulse duplicator system using pulmonary valve settings. These 

settings were chosen because they provide lower levels of shear stress that could be easier to 

control and optimise, and also because tissue engineered heart valves are mainly intended to be 

used during the Ross procedure as a replacement of the pulmonary valve. The system used was an 

Aptus pulse duplicating Heart valve bioreactor (Aptus, Clemson, USA) which is designed to replicate 

the shear experienced by the semilunar valves and the mitral valve. This system is composed of (i) 3-
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chambers bioreactor (ventricular, arterial, and air chambers), (ii) ventricular and arterial reservoir 

tanks, (iii) optional pressurised compliance unit, (iv) pressure transducers, (v) flow meter (vi) an air 

source and (vii) sterile air filters (Figure 6.2) (339, 340). The ventricular and arterial chambers were 

filled with around 800 ml solution (water in case of non-sterile testing, and 1% FBS EGM-2 media in 

case of cell culture trials). The air chamber is separated from the ventricular chamber by a 

diaphragm, and is connected to an air source, which is controlled by a custom-made ventilator, and 

mentored through LabVIEW software. The air pushed into the air chamber causes the diaphragm on 

top of the air chamber to move, which in turn controls the movement of the media/water from the 

ventricular chamber, through the valve, and into the arterial chamber. When pressure is released in 

the air chamber, the membrane relaxes as a result of air “exhalation”. This allows the solution in the 

bioreactor chambers to push down on the diaphragm, resulting in a vacuum pressure in the 

ventricular chamber. The created difference in pressure between the arterial chamber and reservoir 

derives the solution form the chamber to the reservoir through a one-way valve. The solution is then 

pushed to the ventricular chamber again to start a new cycle (339). At this stage of the project, the 

optimisation of the system was not complete, and the capture ability of the cells was not tested. The 

optimisation outcomes are detailed in the results section of this chapter. 
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Figure  6.2 The pulse duplicating bioreactor is composed of a) arterial chamber, b) ventricular 
chamber, c) air chamber, d) compliance chamber, e) reservoir, f) flow meter, and g) sterile air 
filters. The tissue engineered valve is fitted into a metallic holder, and is situated between the 
ventricular and arterial chambers. 
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6.5 Results and Discussion 

 Morphology of VECs on Porcine Aortic Valves 6.5.1

6.5.1.1 SEM Images of Side Specific VECs on Porcine Aortic Valves 

SEM images were obtained to assess the alignment and morphology of native VECs on porcine aortic 

valves. These valves were imaged after being isolated from pigs, where they were continuously 

exposed to physiological hemodynamic conditions in vivo. Gross appearance of the isolated valves 

showed a rigid surface on the aortic side, and a smooth surface on the ventricular side.  SEM imaging 

showed that VECs on both sides of the valve presented with a clearly identifiable endothelial cell 

morphology. On the aortic side, where cells are exposed to non-directional (oscillatory flow) in vivo, 

cells on the coapting edge appeared to have the classical endothelial cobblestone morphology, being 

rounded and without any apparent alignment. However, despite being exposed to non-directional 

flow in vivo, cells in other regions including the middle and the hinge region appeared to align along 

the circumferential axis of the valve (Figure 6.3). Similarly, cells on the ventricular side of the valve 

which is exposed to unidirectional flow in vivo showed alignment and elongation, in a similar manner 

to cells exposed to directional shear stress. Interestingly, the alignment of the endothelial cells 

followed the orientation of the circumferential axis of the valve, in the direction of the collagen 

fibres (Figure 6.4), suggesting that the cue for alignment in this setting is the physical structure of 

the valve and not the directionality of the flow. These findings are in agreement with the previously 

reported description of VECs in dog (65) and rat  (341) valves.  

In terms of elongation, cells on the ventricular side (Figure 6.4) of the porcine valve appeared less 

elongated when compared with cells within the middle regions of the valve on the aortic side (Figure 

6.3). This variation in cell morphology is consistent with previous findings by Miragoli et al. (66).   
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Figure  6.3 SEM images of VECs on the aortic side of the porcine aortic valve. a) Schematic of the 
valve leaflet showing regions were images were obtained, and an image showing the whole leaflet 
on the aortic side (x25, scale bar is 500µm). VECs on the coapting edge as imaged at b) x200, c) 
x1000, and d) x2000. Cells at this region appear to be rounded. VECs on the middle at e) x200, f) 
x1000, and g) x2000. VECs on the hinge region at h) x200, i) x1000, and j) x2000.  Cells on the middle 
and the hinge appear to align and elongate along the circumferential axis of the valve.  
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Figure  6.4 SEM images of VECs on the ventricular side of the porcine aortic valve. a) Schematic of the 
valve leaflet showing regions were images were obtained, and an image showing the whole leaflet 
on the ventricular side (x25, scale bar is 500µm). VECs on the coapting edge at b) x200, c) x1000, and 
d) x2000. Some of the cells at this region appear to be rounded with indistinct direction of 
alignment. VECs on the Middle at e) x200, f) x1000, and g) x2000. VECs on the hinge region at h) 
x200, i) x1000, and j) x2000.  Cells on the ventricular side appear to align and elongate along the 
circumferential axis of the valve. 
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6.5.1.2 Effect of Flow in Cone and Plate Bioreactor on VECs on the Porcine Valve 

Clearly the topography and 3D structure of the valve along with the mechanical forces influence 

VECs morphology, and potentially, function. In order to better understand the role of flow 

directionality compared to orientation of the collagen fibres, porcine aortic heart valves were placed 

in the cone and plate bioreactor and exposed to aortic or ventricular flow for 24hrs. Using this 

approach it was possible to observe the effect of non-directional flow on VECs of the aortic side of 

the valve, and directional flow on VECs of the ventricular side. Importantly, for VECs of the 

ventricular side, it was possible to observe the effect of flow that was (i) in the same direction as 

that seen in vivo and (ii) perpendicular to the direction of that seen in vivo. Thus, to determine the 

effect of side specific flow produced by our cone and plate system on the alignment and morphology 

of native VECs on the intact valve, each side was exposed to the equivalent pattern of side specific 

flow using the cone and plate bioreactor, with the valve circumferential axis either aligned with or 

against the direction of cone rotation. Valves were exposed to flow for 24hrs, and then were stained 

with phalloidin and CD31. 

Under static culture conditions for 24hrs, VECs on the aortic side of the middle region of the valve 

where aligned along the circumferential axis of the leaflet, as previously demonstrated in the SEM 

images. Cells maintained a similar pattern of alignment when exposed to aortic (oscillatory) flow 

using cone and plate (Figure 6.5). 
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Figure  6.5 The aortic side of porcine aortic valves under a-b) static conditions, c-d) aortic flow with 
valve circumferential axis aligned in cone rotation direction, and e-f) aortic flow with valve 
circumferential axis aligned against cone rotation direction. In all cases, cells appeared to align along 
the circumferential axis of the leaflet. Images were obtained using 63X magnification. Top panel is 
stained with phalloidin, and lower panel with CD31. Scale bar is 20 µm. 
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Consistent with SEM images, VECs on the ventricular side of the valve aligned along the 

circumferintial axis, and showed less elongation than cells on the aortic side under static culture 

conditions. Under unidirectional flow conditions, VECs of the ventricular side showed a similar 

pattern of alignment, regardless to the directionality of flow (Figure 6.6). These experiments support 

the idea that alignment of VECs is, in part, dictated by the physical cues provided by the collagen 

structure, more than the directionality of the blood passing over them. 

 

Figure  6.6 The ventricular side of porcine aortic valves under a-b) static conditions, c-d) ventricular 
flow with valve circumferential axis aligned in cone rotation direction, and e-f) ventricular flow with 
valve circumferential axis aligned against cone rotation direction. In all cases, cells appeared to align 
along the circumferential axis of the leaflet. Images were obtained using 63X magnification. Top 
panel is stained with phalloidin, and the lower panel with CD31. Scale bar is 20µm. 
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 Effect of Aortic Valve Flow Patterns in a Cone and Plate Bioreactor on BOECs Cultured on 6.5.2

Modified Nanofibrous PCL  

To assess the stability of endothelial cell monolayer formation on TPS-modified nanofibrous PCL, 

BOECs were cultured on the biofunctionalised material, and were then exposed to aortic or 

ventricular flow in a cone and plate bioreactor for 24hrs and cell orientation and elongation were 

measured. To determine if cells alignment is a result of the directionality of flow, or the orientation 

of fibres, scaffolds were arranged with the fibres aligned either with or against the direction of the 

cone rotation. 

6.5.2.1 Aortic Side (Oscillatory) Flow 

BOECs cultured on modified PCL grew in the direction of the fibres. Exposing seeded scaffolds to 

shear stress in a cone and plate bioreactor resulted in the elongation of the nucleus, while the cells 

were still aligned with the direction of the underlying fibres under aortic flow (Figure 6.7 a-c). There 

was no difference in the percent of nuclei orientation between static and shear groups. In all groups, 

around 30% or more of the cells aligned in one direction as indicated by the percentage of cell 

orientation (Figure 6.7 d). There was a trend towards reduction in the circularity index of cells 

exposed to shear, but this decrease was not significant. However, cells appeared more elongated 

when exposed to shear (Figure 6.7 e).  
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Figure  6.7 BOECs response to aortic shear stress in a cone and plate system. a-c) BOECs stained with 
CD31 (green), nuclei stained with DAPI (blue), and the underlying fibres imaged by phase contrast 
(grey). The lower panel shows fibres only imaged by phase contrast. BOECs alignment was 
influenced by fibres direction in all conditions. d) graph shows nuclei orientation %, and e) calculated 
circularity index. Dotted lines indicate the average values of nuclei orientation % and circularity 
index of BOECs cultured on glass coverslips under static conditions. Data is mean ± SEM for n= 4 
using 2 isolates. Statistical analysis was performed using ANOVA followed by Bonferroni post hoc 
test, and * represents p-value < 0.05. Scale bar is 50µm. 
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6.5.2.2 Ventricular Side (Unidirectional) Flow 

BOECs cultured on TPS-modified nanofibrous PCL exposed to ventricular (unidirectional) flow for 

24hrs presented with an elongated morphology. Similar to their response to aortic flow, BOECs 

aligned along the direction of the fibres regardless to the directionality of the applied ventricular 

flow. There was no significant difference in nuclei orientation between static and shear groups, and 

around 40% of the cells were aligned in one direction in all cases. BOECs exposed to ventricular flow 

showed more elongation, as indicated by the significant reduction in nuclei circularity index (Figure 

6.8). 
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Figure  6.8 BOECs response to ventricular shear stress in a cone and plate system. a-c) BOECs stained 
with CD31 (green), nuclei stained with DAPI (blue), and the underlying fibres imaged by phase 
contrast (grey). The lower panel shows fibres only imaged by phase contrast. BOECs alignment was 
influenced by fibres direction in all conditions. Graphs show d) nuclei orientation %, and e) circularity 
index. Nucleus elongation was significant as indicated by circularity index (p= 0.017). Dotted lines 
indicate the average values of nuclei orientation % and circularity index of BOECs cultured on glass 
coverslips under static conditions. Data is mean ± SEM for n= 4 using 2 isolates. Statistical analysis 
was performed using ANOVA followed by Bonferroni post hoc test, and * represents p-value < 0.05. 
Scale bar is 50µm. 

 

 



P a g e  | 198 
 

 Effect of Aortic (Oscillatory) and Ventricular (Unidirectional) Flow on Numbers of  BOECs 6.5.3

Cultured on TPS-Modified Nanofibrous PCL Scaffolds 

To estimate the effect of aortic and ventricular flow patterns on the stability of BOECs grown on TPS-

modified nanofibrous PCL scaffolds, numbers of BOECs were estimated by counting nuclei and 

percentage of cell loss was quantified. Cell counts revealed that the number of cells was significantly 

reduced under both types of flow in comparison with static controls (p= 0.0026, n=4) (Figure 6.9 a). 

Exposing BOECs to aortic flow resulted in 28.37 ± 6.04 % cell loss, while ventricular flow resulted in 

about 43.10 ± 3.45 % reduction in cell counts (Figure 6.9 b). Similar results were previously shown in 

Chapter 3, section 3.7, in case of BOECs and VECs cultured on coverslips when exposed to valve flow 

patterns. 
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% Reduction in Cell Counts  
(Relative to Static Controls) 

Aortic Flow (AF) 28.37 ± 6.04 % 

Ventricular Flow (VF) 43.10 ± 3.45 % 

Figure  6.9 Effect of exposing BOECs monolayers cultured on modified PCL to shear stress on BOECs 
counts. a) figure shows average number of cells counted per field at 20x magnification. b) % 
reduction in cell counts was estimated in relation to static controls. Data is mean ± SEM for n= 4 
using 2 isolates. Statistical analysis was performed using ANOVA followed by Bonferroni post hoc 
test, and * represents p-value < 0.05. 
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6.5.3.1 Effect of Aortic (Oscillatory) and Ventricular (Unidirectional) Flow on Mediator 

Release from BOECs Cultured on TPS-Modified Nanofibrous PCL 

Mediator release by BOECs cultured on TPS-modified nanofibrous PCL was determined following 

24hrs of exposure to aortic or ventricular flow in cone and plate bioreactor. Both aortic and 

ventricular flow resulted in a reduction in the release of CXCL8 and ET-1 (Figure 6.10 a-b). These 

findings are consistent with the previous data presented in this study using BOECs cultured on 

coverslips (Chapter 3, section 3.7). However, prostacyclin release was not reduced but instead show 

a tendency to be increased under conditions of aortic flow and (further) under ventricular flow 

(Figure 6.10 c), consistent with the previous finding where BOECs cultured on coverslips released 

more prostacyclin in response to ventricular flow (Chapter 3, section 3.7). 
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Figure  6.10 Mediator release by BOECs cultured on biofunctionalised PCL under static conditions, 
aortic flow, and ventricular flow. a) CXCL8 release, b) ET-1 release, and c) prostacyclin release as 
indicated by 6-keto PGF1α. Mediator release was normalised to account for cell loss. Data is mean ± 
SEM for n=3 using 2 isolates. Statistical analysis was performed using ANOVA followed by Bonferroni 
post hoc test, and * represents p-value < 0.05. 
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 BOECs Capture by TPS-Modified Nanofibrous PCL under Dynamic Conditions 6.5.4

6.5.4.1 Dynamic Rotational Cell Culture System 

Stability of TPS Crosslinking Under Dynamic Conditions: Prior to testing the ability of TPS-modified 

nanofibrous PCL to capture BOECs under dynamic conditions, the stability of peptide crosslinking to 

PCL was assessed under these conditions, using FITC-tagged TPS. Samples incubated in a rotator at 

37°C were imaged to check if the peptide was present on the modified material. Fluorescent images 

of the surface showed that the peptide was present following 1 and 14 days of incubation (Figure 

6.11). 

 

Figure  6.11 Stability of peptide crosslinking under dynamic conditions and physiological 
temperature, scaffolds surface. PCL scaffolds modified with FITC-TPS peptide were incubated in a 
rotary shaker at 37˚C for 1 and 14 days. Images obtained from the surface of PCL shows that the 
peptide is still present after 14 days of incubation. Scale bar is 100µm. The top panel shows images 
taken using FITC channel alone. Lower panel shows merged FITC channel, red channel, and phase 
contrast to show PCL nanofibers. 

 

PCL/TPSGGGSC 1day PCL/TPSGGGSC 14days PCL/Untreated 

PCL Nanofibrous- Phase Contrast 
PCL Auto-fluorescence 
FITC- Linked TPS 
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In confirmation with surface images, cross sections of the biofunctionalised material showed that 

the peptide remains crosslinked to PCL at each of the time points studied (Figure 6.12). There was 

no significant change in fluorescent intensity at either time point. This indicates that TPS crosslinking 

to PCL scaffolds was stable under dynamic conditions in a rotator at 37°C. 

 

Day
 1

Day
 7

Day
 14

0

1.0×106

2.0×106

3.0×106

4.0×106

5.0×106
n=3

C
or

re
ct

ed
 T

ot
al

 F
lu

or
es

ce
nc

e

 

Figure  6.12 Stability of peptide crosslinking under dynamic conditions and physiological 
temperature, scaffold cross sections. PCL scaffolds modified with FITC-TPS peptide were incubated in 
a rotary shaker at 37˚C for 1, 7 and 14 days. The peptide was still present on PCL following 14 days of 
incubation as indicated by the fluorescent staining of the cross sections. Data is mean ± SEM for n=3. 
Statistical analysis was performed using ANOVA followed by Bonferroni post hoc test, and * 
represents p-value < 0.05. Scale bar is 100µm. 
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Cell Capture Ability in a Dynamic Rotational Cell Culture System: In order to test the cell capturing 

ability of TPS-modified nanofibrous PCL scaffolds under dynamic conditions, samples were incubated 

in filter tubes containing the BOECs in suspension, and cell adhesion and infiltration throughout the 

thickness of the scaffolds was determined at 1, 7 and 14 days of culture following sectioning of 

500µm thick PCL scaffolds and imaging of DAPI stained nuclei in the prepared cross-sections (Figure 

6.13). BOECs were able to infiltrate both untreated and TPS modified PCL, but the number of 

infiltrating cells was significantly higher in TPS-modified-scaffolds (P<0.05, n=3;  3.1±0.9, 2.1±0.9, and 

2.7±1.0 folds increase at 1,7, and 14 days respectively) (Figure 6.13 g).  
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Figure  6.13 BOECs capture and infiltration through the thickness of PCL scaffolds under dynamic 
conditions. Following exposure to dynamic flow for 1, 7, and 14 days, cross-sections of PCL scaffolds 
were prepared, and infiltrating cells throughout the thickness of the scaffold were stained by DAPI. 
The scale shows the distance from the surface in µm (a-f).  Number of cells per section was counted 
at 1, 7 and 14 days (g). Data is mean ± SEM for n=3. Statistical analysis was performed using 2 way 
ANOVA followed by Bonferroni post hoc test, and * denotes significance when compared to 
untreated control; *p < 0.05. Scale bar is 100µm. 
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Regional Distribution of BOECs Infiltrating the Nanofibrous PCL scaffold: In order to determine the 

distribution of infiltrating BOECs throughout the thickness of the nanofibrous PCL scaffold, cells were 

quantified at 10 equally spaced regions spanning from the two surfaces through to the middle of the 

material, which was approximately 500μm. BOECs were detected as infiltrating across the entire 

thickness of the nanofibrous PCL scaffold at each time point (Figure 6.14). There was a trend at day 7 

for more cells to be located within the middle regions of the PCL scaffold although by day 14 the 

distribution was more uniform. Whilst TPS modification of the PCL clearly increased the total 

number of BOECs present within the scaffold (Figure 6.13) it did not affect the regional distribution 

between the layers of the material (Figure 6.14). 
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Figure  6.14 Distribution of BOECs throughout the thickness of untreated, and TPS- modified PCL 
scaffolds at a) 1 day, b) 7 days, and c) 14 days. The percentage of cell infiltration was calculated from 
PCL sections at 10 equally spaced regions ranging from 10-100% of the scaffold thickness. The 
thickness of each PCL section was approximately 500μm. Percentages were normalised to the total 
number of cells per section.   
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 Pulse Duplicator Optimisation 6.5.5

The following experiments were initiated to test the ability of the TPS-modified PCL scaffold to 

capture BOECs from a media suspension (and ultimately EPCs from PBMCs) under flow conditions 

experienced by the pulmonary valve. To achieve this, it was first necessary to optimise the system 

and test the material under sterile conditions. The following sections detail the optimisation steps 

and outcomes. 

6.5.5.1 Preliminary Design of a Stented TPS-Modified Nanofibrous PCL Valve 

To facilitate the testing of TPS-modified nanofibrous PCL scaffolds using the pulse duplicating 

bioreactor, a stented tissue engineered valve was developed using the modified material. To that 

end, the design of Sorin Mitroflow Valve (Sorin Group Inc, Colorado, USA) was replicated (342). The 

dimensions of the stent were measured, and the stent was drawn using a 3D design software (Figure 

6.15).The design included small holes to allow the stitching of the material to the stent. The stent 

was then printed from poly (lactic acid) (RS Components Ltd, UK) using Ultimaker 2+ 3D printer 

(Ultimaker, UK) (Figure 6.15).  
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Figure  6.15 Design of a 3D printed stent based on Mitroflow stented valve. a) The original stent from 
Mitroflow valve. b) preliminary 3D drawing of the stent including holes for stitching (drawings were 
performed using 3D Max software, courtesy of Eng. Heba Marei, Qatar University). The top parts of 
the stent were not printed out due to the resolution of the printer. c) the drawing was modified to 
provide wider edges (drawings were performed using Autodesk Fusion 360 software, courtesy of Dr. 
Nicholas S. Kirkby, Imperial College).  d) the resultant 3D printed stent. 

A nanofibrous PCL sheet (non-biofunctionalised) was cut to match the dimensions of the bovine 

pericardium used in Mitroflow valves, with a slight modification. The pericardium in Mitroflow valves 

is cut in the shape of a rectangular, while the PCL sheet was cut to include the shape of 3 leaflets. 

The sheet was stitched to the stent using surgical sutures, USP size 7 (ETHICON LLC, US) (Figure 

6.16).  The PCL valve was then fitted into the valve adapter and the pulse duplicator was setup and 

filled with water for preliminary testing of the stability of the valve under pulmonary valve pressure. 

The pressure settings, and the ability of the valve to open and close were recorded.  
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Figure  6.16 Process of creating PCL stented valve based on the design of Sorin Mitroflow valve. a) 
The original design of Sorin Mitroflow valves, which are composed of an acetyl stent and a silicon 
base covered with polyester, and an outer layer of bovine pericardium (images adapted from 
Mylotte et al., 2012) (343). b) To develop PCL-stented valves, stents were 3D printed. PCL sheet was 
cut and fitted into the stent, and stabilised by stitching using a surgical suture.  

The heart rate was set to 65 beats per minute (BPM) and the systolic pressure was set to 20 mmHg. 

After the experiment was started, the flow rate and stroke volume have increased gradually, until 

they stabilised at 49ml and 3.14 L/min respectively. The valve was not fully closing due to the 

stitching being very tight. Further adjustments were therefore made to achieve optimal closure of 

the valve (Figure 6.17). 
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Figure  6.17 Pulse duplicator optimisation using stented PCL valve incubated in water. a) the pulse 
duplicating bioreactor was filled with 800 ml water, and the valve was fitted into the adapter. The 
valve was placed between the ventricular and atrial chambers. b) images show the valve while 
closing, and c) the valve while opening. d) The heart rate was set to 65 BPM and the systolic pressure 
was set to 20 mmHg. The flow rate and stroke volume stabilised at 49ml and 3.14 L/min respectively. 

6.5.5.2 Optimising the Biofunctionalisation of PCL Sheets 

The next step was to test the developed biofunctionalisation protocol on PCL sheets to create a 

biofunctionalised valve. In order to include a non-biofunctionalised control within the same run, one 

“leaflet” of the sheet was modified with TPS, while the other two leaflets were not. To ensure that 
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the biofunctionalisation in this manner is effective, the protocol was tested using FITC-tagged 

peptides.  

The modification was performed following the optimised protocol as previously described (Section 

2.12) The whole nanofibrous PCL sheet was modified with aminolysis and NHS-maleimide 

crosslinker.  When incubating with FITC-tagged-TPS peptide, one leaflet was only soaked in the 

peptide, and the other 2 leaflets were left untreated. Fluorescent imaging of the scaffold showed 

that the area soaked in the peptide was evenly stained. The mid area showed some staining in the 

area close to the peptide solution, while the area towards the untreated leaflet has not showed any 

staining of the fibres (Figure 6.18). Based on these results, it was decided to exclude the middle part 

when running the experiments with cell suspensions. 

 

Figure  6.18 Biofunctionalising PCL sheet using fluorescently tagged peptide. The used 
biofunctionalisation technique resulted in homogenous conjugation of the peptide to the treated 
leaflet (right). The middle area which was not soaked in the peptide showed some fluorescent 
staining in the area close to the peptide solution, indicating that the solution was absorbed by some 
parts of this area. The area adjacent to the untreated leaflet showed no staining. Thus, this area will 
be excluded in future experiments. The leaflet that was left untreated with the peptide showed 
negative fluorescent staining using FITC channel, indicating an un-biofunctionalised area (left).  
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6.5.5.1 Trial To Test BOECs Capture Under Dynamic Conditions in Pulse Duplicator  

The previous optimisation steps were all performed in non-sterile conditions. To test the ability of 

the biofunctionalised PCL to capture BOECs from media suspension, the material was 

biofunctionalised with TPS peptide as described above, and was then cleaned in 70% ethanol for 30 

min, followed by 3 washes with DPBS, each for 30 min. All parts of the bioreactor were autoclaved. 

The system was assembled inside a laminar flow hood. The system was filled with 800 mls of 1% FBS 

EGM-2 media containing 6 million cells. The bioreactor was placed into a cell culture incubator set to 

37°C and 5% CO2. The system was incubated for 3 days. During this run, a minor crack in one of the 

plastic parts occurred and resulted in leakage of media, which was not resolved. This resulted in a 

change in the hemodynamic parameters and meant that the system became exposed to the non-

sterile environment of the incubator causing contamination. Due to the failure of the system, results 

were not obtained from this experiment. Unfortunately, there was insufficient time and resources to 

optimise and repeat this part of this research, which is an essential step in the translation of the 

current work to the clinic (see further studies section below).   

 

 

 

 

  



P a g e  | 212 
 

6.6 Summary 

In this chapter, the morphology of native VECs on intact porcine valves was presented, and the 

effect of side specific flow was tested on cell morphology within these valves. VECs showed an 

elongated morphology under static and flow conditions, and were aligned along the circumferential 

axis of the leaflet. This is in agreement with previous findings, where VECs on the valve cusp were 

shown to align with the direction of the underlying collagen fibres, along the circumferential axis of 

the leaflet, and perpendicular to flow direction (65). This was done to show the natural arrangement 

of cells under their physiological hemodynamic environment, and if the cone and plate system used 

in this thesis would alter this arrangement. Theses samples served as controls to estimate whether 

BOECs cultured on the biofunctionalised PCL will be able to replicate the behaviour of the native 

cells. 

In testing the effect of side specific flow on the alignment of BOECs pre-seeded into TPS- modified 

nanofibrous PCL scaffolds, it was found that BOECs alignment was mainly influenced by the 

directionality of the underlying PCL nanofibers, rather than the type and directionality of the flow. 

BOECs release of CXCL8 and ET-1 was significantly reduced in response to both types of shear, while 

prostacyclin release was not reduced, but rather showed a tendency for increasing. In terms of what 

this means for the endothelium, these are positive findings since CXCL8 is an inflammatory mediator, 

ET-1 is vasoconstrictor and contributes to cardiovascular disease whilst prostacyclin is a 

cardioprotective endothelial mediator. To sum up, these results indicate the relative stability of 

BOECs adhesion to the modified material, and their ability to respond to both types of shear stress. 

Tailoring the microenvironment and the geometry of the scaffolding material is essential to 

influence appropriate cell behaviour and function. 

Exposing BOEC monolayers on TPS-modified nanofibrous PCL scaffolds to both types of valve flow 

resulted in a significant loss in cell numbers. Chapter 3 showed similar effect when exposing BOECs 

and VECs cultured on coverslips to shear stress in the cone and plate bioreactor. This could be the 
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result of the sample processing and the harsh environment of the used apparatus or it could be 

merely the effect of the tested shear stress levels on these cells.  It was previously reported that 

exposure of pre-seeded scaffolds to moderate shear stress improves monolayer formation, while 

high levels of shear results in damage of the reseeded endothelial cell layer in decellularised 

pulmonary valves (104).  

As the main aim of the construct is to capture EPCs that are continuously circulating in the blood, it 

was essential to estimate the ability of TPS-modified nanofibrous PCL scaffolds to attract cells under 

dynamic conditions. The stability of the crosslinked peptide was first tested under dynamic 

conditions in a rotator at 37˚C, which showed that the peptide is stable and remained crosslinked to 

PCL after 14 days of exposure. BOECs were able to adhere to modified PCL scaffolds under dynamic 

conditions and were able to infiltrate the scaffold and fully populate it by day 14 of culture. The 

ability of BOECs to infiltrate through the inner layers of the construct could be advantageous for the 

aim of complete cellularisation of the valve using these cells. It is known that BOECs are able to 

undergo EMT (124), and that, in theory, will allow them to form an ECM secreting cell population, 

mimicking the interstitial cell layer, in addition to the endothelial cell layer. 

While these results showed the ability of the biofunctionalised material to capture BOECs under 

dynamic conditions generated in the rotator system, the shear stress in this system doesn’t 

represent the physiological shear experienced by the heart valve. There was therefore a need to 

assess the ability of cell capture under physiological conditions using a specialised bioreactor such as 

the pulse duplicating system, which can reproduce flow conditions experienced by the aortic and 

pulmonary valves. It was previously hypothesised that the recruitment of endogenous cells by tissue 

engineering constructs on the ventricular side of the construct is unlikely due to the high levels of 

shear stress on that side (344, 345). This hypothesis should be tested using the biofunctionalised 

material under these conditions. 
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6.7 Limitations and Future Studies 

One of the limitations of this chapter was the use of porcine aortic valves rather than human valves 

as controls to assess VECs morphology and shear responses. This was due to the limited access to 

human valves. Species variations in the responses of VECs to shear stress were previously 

highlighted in the absence of underlying structured substrate in in vitro settings (66). Porcine VECs 

were shown to align perpendicular to the direction of flow when exposed to steady laminar shear 

stress at 20 dyn/cm2  (346). In contrast, human aortic VECs aligned with the direction of flow under 

laminar shear of the same strength (347), and also in response to orbital shear as showed in chapter 

3 (Section 3.6). On the other hand, examining VEC alignment on the native valve in the presences of 

the valve natural extracellular matrix have revealed that the cells are aligned with the underlying 

collagen fibres in canine (65) and rat (341) valves. This also agrees with the findings in this chapter 

on porcine valves. To our knowledge, this was not studied before in human valves. 

Another limitation is the methods used to study flow and shear effect. These methods represented 

isolated side specific flow patterns (cone and plate), or non-physiological flow levels (rotator). The 

effect of accumulative flow experienced by the heart valve should be tested using a system that can 

better mimic the physiological conditions, like the pulse duplicator. Estimating the ability of the 

biofunctionalised material to capture BOECs under side specific shear using the cone and plate 

bioreactor was not possible due to the use of a peristaltic pump in the system, which results in cell 

damage. Alternatively, the effect of side specific shear on pre-seeded scaffolds was studied, in 

addition to the use of a rotator to create a dynamic environment to evaluate cell capture under 

these conditions. While the resulting shear levels in that system were not calculated, it helped as an 

indicator of the scaffolds ability to capture cells under flow from a cell suspension. 

The use of a pulse duplicating bioreactor will replicate the physiological conditions surrounding the 

heart valve. Up to this point, the study only progressed to design a stented PCL valve, and to 

optimise the biofunctionalisation of the valve to include both unmodified and TPS modified leaflets. 
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Unfortunately, testing this system using sterile conditions was incomplete due to the leakage of 

media out of the system, and the resulting contamination. The future plan is to test the ability of the 

stented biofunctionalised PCL valve to capture BOECs from media suspension. To do that, the valves 

will be incubated in the bioreactor with BOECs media suspension for varying time points (for 

example: 3, 7 and 14 days) with regular media changes (each 3-4 days). After incubation, the leaflets 

will be dissected, and could be stained for endothelial cell markers (like CD31, eNOS and VWF), and 

for smooth muscle markers (as αSMA) to check any possible differentiation in response to shear, or 

the differentiation of cells migrated to the inner layers. Cell infiltration could be tested as performed 

in this chapter (Section 6.5.4), by obtaining sections of the valve, and counting the number of 

infiltrated cells. Sections could also be stained for hematoxylin and eosin, and for endothelial and 

mesenchymal cell markers to check if the cells are able to form a tissue mimicking the native 

structure of the valve. Side specific differences should also be considered. Samples from the inflow 

and outflow sides of the valve could be obtained to compare the number of adhered cells on each 

side. The ability of the cells to fully populate the valve should be investigated, as well as their 

alignment, cytokine release, and differentiation. If proved successful, the ability of the material to 

capture EPCs directly from PBMCs will be tested, and their differentiation will be studied. 

6.8 Conclusion 

BOECs cultured on TPS-modified nanofibrous PCL scaffolds were able to respond to aortic valve side 

specific shear conditions. Modified scaffolds were able to capture BOECs from a cell suspension 

under dynamic conditions in a rotator. The ability of the material to capture endothelial cells directly 

from peripheral blood mononuclear cells should be assessed. This will be the aim of the next 

chapter.
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CHAPTER 7. RECRUITMENT OF BOECS FROM PERIPHERAL BLOOD 

MONONUCLEAR CELLS BY TPS-DECORATED NANOFIBROUS PCL SCAFFOLDS 
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7.1 Rationale 

The ultimate aim of this thesis is to develop a tissue engineering scaffold capable of recruiting 

circulating EPCs from the blood and inducing their differentiation to endothelial cells. In the previous 

chapters, PCL scaffolds were biofunctionalised using TPS peptide to achieve this aim. However, TPS 

peptide was originally identified as having high specificity to mature human BOECs. While it was 

previously confirmed that BOECs are descendants from EPCs, the affinity of TPS for EPCs cannot be 

assumed. The efficiency of the TPS-modified PCL material described in previous chapters to attract 

EPCs and sustain BOEC differentiation from a PBMC population should be studied directly and so 

was the purpose of this chapter.  

All the previous evaluations in this thesis were performed in an environment enriched with BOECs, 

either through direct seeding of cells, or through the incubation of the material with a pure 

suspension of BOECs in a dynamic environment. Also, most of the previous studies conducted to 

evaluate the potential of EPCs to endothelialise constructs have adopted the same approach. In vivo, 

this is not the case. BOECs as we know them in vitro might not exist at the same degree of maturity 

and differentiation and even if they did, their concentrations are expected to be low as indicated by 

the low percentages of their precursors, EPCs. In addition, several other types of cells circulate in the 

blood, creating a more competitive environment for cell adhesion and proliferation. Also, the 

dynamic conditions surrounding the valve render cell recruitment more challenging. Furthermore, it 

was previously highlighted that the use of trypsin during routine cell culture processes to expand 

BOECs results in the damage of transmembrane proteins, which in turn affects cell adhesion and 

doesn’t give an accurate reflection of EPCs capture in situ (233). Thus, studying the ability of artificial 

constructs to capture EPCs and endothelial cells under such complex settings would give a more 

accurate indication of the functionality of the material. This could be closely replicated in animal 

models. But for the final part of this PhD thesis, a model was created using the TPS-modified PCL 

incubated with PBMCs, to evaluate endothelial cell colony formation under static and dynamic 
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conditions. Also, the levels of ET-1 and prostacyclin were measured as indicators of the functionality 

of any adhered endothelial cell colonies. 

7.2 Hypothesis of the Chapter 

The hypothesis of this chapter is that ‘TPS-biofunctionalised nanofibrous PCL scaffolds will be able to 

recruit EPCs/endothelial cells from PBMCs under static and dynamic conditions’. 

7.3 Aims of the Chapter 

1- Establish the ability of the modified scaffolds to recruit endothelial cells form PBMCs under 

static and dynamic conditions, through the quantification of the number of adhered EC like 

colonies. 

2- Determine non-specific cell binding to PCL under these conditions. 

3- Measure ET-1 and prostacyclin release in media supernatants as an indicator for endothelial 

cell function. 
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7.4 Methods 

This is a summary of the methodology used in this chapter. Further details including methods, 

calculations and statistics are described in chapter 2 (General Methods). Relevant sub-sections are 

quoted in the summary below. 

PCL Biofunctionalisation Using TPS Peptide 

PCL nanofibrous scaffolds prepared by jet spraying technique (Section 2.11.2) were biofunctionalised 

using TPS peptide using sulfhydryl crosslinking as described previously (Section 2.12). The modified 

material was washed several times using DPBS, followed by cleaning in 70% ethanol for 15 min. 

Samples were washed and then were fitted into 24 well scaffdex (Scaffdex Oy, Finland) for static 

experiments, and 48 wells scaffdex for dynamic experiments. Untreated PCL Scaffolds were included 

as controls. 

PBMCs Isolation and Seeding 

Three healthy donors were recruited for these experiments: (i) CSQ20, male, age group: 20-30 years,  

(ii) CSQ29, male, age group: 40-50 years, and (iii) CSQ31, female, age group: 20-30 years. PBMCs 

were isolated from the blood as previously described for BOECs isolation (Section 2.2.1). Briefly, 

blood was collected using BD vacutainer CPT containing Sodium Heparin/Ficoll. PBMCs were 

separated by centrifugation at 1600 RCF for 30 min at room temperature, followed by several 

washes. PBMCs were then resuspended in EGM-2 media with 10% hyclone FBS and were counted. 

For static experiments, 5x106 cells were seeded into untreated and TPS modified PCL scaffolds fitted 

into 24 well low attachment plates. A regular culture in collagen coated 6-wells plate was also 

included as a control. In addition, for one of the donors (CSQ31) glass coverslips were included to 

allow for fluorescent imaging and staining. Media changes were performed for the first 3 days 

following seeding with a washing step as previously described. Following day 4, media was changed 

every 2-3 days without washing. Cells from 3 donors were used for these experiments. Colonies 

emergence was observed in the 6-well control plates. Upon emergence of colonies, PCL samples 
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were fixed and stained for CD31 and VWF as described previously (Section 2.3). When colonies have 

not emerged in the control, samples were maintained for 25 days, followed by fixing and staining.  

For dynamic experiments, scaffolds were fitted into 50ml filter tubes using a silicon holder. PBMCs 

(5x106 cells) were resuspended in 30 mls of media, and the cell suspension was added to each tube. 

Media changes were made each 3-4 days. For that, media was collected and was centrifuged to 

retrieve any non-adhered PBMCs, and was then resuspended in a fresh volume of 10% FBS EGM-2 

media. Samples were incubated under dynamic conditions for 14 days (until a colony have emerged 

in the control) and were then fixed and stained for CD31 and VWF. These experiments were 

performed in 3 replicates from one donor. 

Scanning for EC like Colonies 

Samples were first scanned using a confocal microscope (confocal LSM 710 Zeiss) at 63X using tile 

scan for a total of 25 tiles and 9 stacks (z stacks). Positively stained cells in colony formation were 

closely examined in the individual tiles where they were identified, magnified at 63X (Figure 7.1). 

Double positive colonies for CD31 and VWF were counted.  
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Figure  7.1 Scanning for EC like colonies. Adhered cells were stained by CD31 (green), VWF (red), and 
DAPI (blue). PCL scaffolds were imaged using 5x5 tiles, where each tile is imaged at 63X. 

 

To estimate any non-specific cell binding to untreated and TPS modified PCL, average numbers of 

DAPI stained nuclei were estimated in areas that did not contain EC like colonies. This was 

performed in images obtained using 5x5 tiles using confocal microscope (confocal LSM 710 Zeiss), to 

cover a total area of 2.13 mm2 for samples tested under static conditions, and 674.76 µm2 for 

samples tested under shear conditions. 

ELISA 

Supernatant media was collected from each of the tested samples, and measurement of ET-1 and 

prostacyclin release was performed using ELISA, as previously described (Section 2.5). This was done 

to confirm the presence of any captured endothelial cells, and their functionality on the material. 
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7.5 Results and Discussion 

  Defining EC- Like Colonies 7.5.1

7.5.1.1 Colonies Morphology in Controls 

In these experiments, PBMCs from three donors were used; CSQ20, CSQ29, and CSQ31. Controls 

were included in collagen coated plates and glass coverslips. Colonies from two of the donors 

(CSQ29 and CSQ31) emerged at day 14 (Figure 7.2). Cells presented with cobblestone morphology as 

previously described (Chapter 3, section 3.1). Colonies on glass coverslips showed positive staining 

for CD31 and VWF. No colonies had emerged from CSQ20 control wells by the 14 day time point,  

and hence all the samples from this donor’s PBMCS were incubated for 25 days. This was done 

because in routine isolations under standard conditions there was a variability in the time of 

emergence of BOEC colonies in different wells from the same donor. Thus, the absence of colonies in 

the control well is not indicative of PBMCs inability to form colonies. It was not possible to track 

colony formation using light microscopy and thus the samples were incubated for the maximum 

period used in routine cultures.   

 

Figure  7.2 Colonies emerging on control collagen coated plates and glass coverslips. a) Light 
microscope image (10x) showing a colony that emerged at day 14 of culture (CSQ29) on a collagen 
coated plate,  b) (63X) image showing a colony emerging at day 14 (CSQ31) cultured on glass 
coverslip, stained for CD31 (green), VWF (red) , and DAPI (blue), c) split channels of CD31 (green) 
staining, and d) VWF (red) staining. Scale bar is 100µm in a, and 20µm in b-d. 
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7.5.1.2 Cells Morphology and Staining Patterns on Nanofibrous PCL Scaffolds 

The ability of the nanofibrous PCL scaffold to recruit endothelial cells from blood was tested by 

incubating untreated and TPS-modified PCL scaffolds with PBMCs for a maximum of 25 days, 

followed by staining of VWF and CD31.  Several cell types were identified on PCL samples (both 

untreated and TPS modified) after staining with CD31 and VWF. Identified cells were categorised 

into three groups according to their staining patterns (i) CD31-/VWF-, (ii) CD31+/VWF-  and (iii) 

CD31+/VWF+. Cells that were double negative were excluded from the colony counts. Cells in group 

ii (CD31+/VWF-) presented with either spindled shape or rounded morphology, with the presence of 

double or multiple nuclei in the later indicating these might be leucocytes. Cells in this group were 

also excluded from the colony count.  

EC colonies were defined as double stained for CD31 and VWF with endothelial cell morphology 

(group iii), and more than 3 cells clusters were considered a colony (Figure 7.3). Endothelial cell 

morphology was defined by BOECs morphology on nanofibrous PCL, which is elongated and/ or 

cobblestone, where cells grow on the fibres. 
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Figure  7.3  Examples of cells adhered to PCL/TPSGGGSC scaffolds from PBMCs. Cells were stained for 
VWF (red), and CD31 (green), and counterstained with DAPI (blue). a-b) VWF and CD31 negative 
cells. c-d) shows CD31 positive/ VWF negative cells, some of which had leucocyte morphology. e-f) 
Double positive staining for CD31 and VWF. In some identified colonies, Weibel-Palade bodies were 
visible (indicated by arrows). Scale bar is 20µm. 

  

VWF-/ CD31- VWF+/ CD31+ VWF-/ CD31+ 
a. 

b. 

c. 

d. 

e. 

f. 



P a g e  | 225 
 

 Recruitment of Endothelial Cells from PBMCs under Static Conditions 7.5.2

7.5.2.1 Identified Colonies on Untreated and TPS-Modified Nanofibrous PCL 

Figures 7.4 and 7.5 show some of the emerged colonies under static conditions from donors CSQ20, 

CSQ29, and CSQ31, in untreated and TPS modified nanofibrous PCL scaffolds respectively. 

 

Figure  7.4 Images of some CD31+/VWF+ colonies that emerged in untreated PCL scaffolds from 
donors CSQ20, CSQ29 and CSQ31 under static conditions. The first panel shows merged channels, 
followed by CD31 (green channel), VWF (red channel), and DAPI (blue channel). *Note:  CSQ29 and 
CSQ31 were fixed at day 14 after colonies have emerged in their controls, while CSQ20 was cultured 
for 25 days because no colonies have emerged in the control. Scale bar is 20µm. 
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Figure  7.5 Images of some CD31+/VWF+ colonies that have emerged in TPS-modified PCL scaffolds from donors CSQ20, CSQ29 and CSQ31 under static 
conditions. The first panel shows merged channels, followed by CD31 (green channel), VWF (red channel), and DAPI (blue channel). *Note:  CSQ29 and 
CSQ31 were fixed at day 14 after colonies have emerged in their controls, while CSQ20 was cultured for 25 days because no colonies have emerged in the 
control. Scale bar is 20µm. 
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Incubating TPS-modified PCL scaffolds with PBMCs under static conditions resulted in a significantly 

higher number of endothelial cell colonies when compared to untreated scaffolds (p= 0.035, n=3, 

untreated 1.7± 0.7, TPS-modified 4.7± 0.3, Figure 7.6). 

a. Number of VWF+/CD31+ EC Like Colonies 
Isolate ID PCL/Untreated PCL/TPSGGGSC 
CSQ20* 1 5 
CSQ29 3 5 
CSQ31 1 4 
*Note:  CSQ29 and CSQ31 were fixed at day 14 after colonies have emerged in their controls, 
while CSQ20 was cultured for 25 days because no colonies have emerged in the control.  
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Figure  7.6 Quantified double positive EC like colonies on PCL substrates under static conditions. a) 
The table shows the number of colonies quantified form each donor in untreated and TPS-modified 
PCL scaffolds, and b) the graph summarises the data. Data is mean ± SEM for n=3. Statistical analysis 
was performed using t-test, and * represents p-value < 0.05.  
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7.5.2.2 Non- Specific Cell Adhesion to Untreated and TPS-Modified PCL 

In order to test the effect of TPS-modification of the PCL on non-specific (i.e. non-endothelial) cell 

adhesion, nuclei of adhered cells in regions without BOEC/EC like colonies were counted. Non-

specific cell binding was detected on both untreated and TPS modified nanofibrous PCL. However, in 

line with the expectation of the modifications made to the PCL, which include a PEGylation step (that 

inhibits non-specific cell binding) there was a non-significant trend (p=0.0678, n=3, t-test) to lower 

non-specific cell binding to the TPS-modified nanofibrous PCL (Figure 7.7). 
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Figure  7.7 Average number of non-specific cells counted in a total area of 2.13 mm2. There was no 
significant difference in the number of non-specifically bound cells to untreated and TPS modified 
PCL scaffolds under static conditions. Data is mean ± SEM for n=3. Statistical analysis was performed 
using t-test, and * represents p-value < 0.05. 
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7.5.2.3 Endothelial Cell Mediator Release into Media Supernatants from PBMCs Cultures 

on PCL Scaffolds Under Static Conditions 

ET-1 is a highly specific endothelial cell mediator. Prostacyclin is also a mediator released by 

endothelial cells although other cell types also release it under some conditions. In an attempt to 

correlate endothelial cell function with colonies emergence, levels of these mediators were 

measured in the media of experiments described above in section 7.5.2. Levels of both ET-1 and 

prostacyclin were very low when compared to those detected from pure endothelial cell cultures; 

although it should be noted that the ratio of cells to media was relatively high in these protocols. 

There was a trend towards increase in the release of ET-1 by cells emerging on TPS-modified PCL 

scaffolds, but this increase was not statistically significant, with high variability between the samples 

tested (Figure 7.8a). Prostacyclin release was not different in media from either modified or 

unmodified PCL (Figure 7.8 b).  
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Figure  7.8 Mediator release in PBMCs cultured on PCL under static conditions. a) ET-1 release and b) 
prostacyclin release. Controls are PBMCs cultured on collagen coated plates. Data is mean ± SEM for 
n=3. Statistical analysis was performed by ANOVA followed by Bonferroni post hoc test, and * 
represents p-value < 0.05. 
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 Recruitment of Endothelial Cells from PBMCs under Dynamic Conditions 7.5.3

7.5.3.1 Identified Colonies on Untreated and  TPS-Modified PCL Scaffolds 

To examine the ability of the biofunctionalised material to recruit endothelial cells under dynamic 

conditions, untreated and TPS-modified PCL scaffolds were incubated with PBMCs in suspension and 

placed in a rotator to induce dynamic conditions.  Due to time constraints it was only possible to 

perform this experiment as a pilot study where samples were incubated for a total of 14 days, using 

PBMCs from one donor in three replicates (CSQ31). As above, cells were stained using CD31 and 

VWF, colonies counted, non-specific cells estimated and endothelial cell mediators measured. For 

this experiment, Figure 7.9 shows all the identified colonies from the tested replicates, and Figure 

7.10 shows the detailed numbers of identified colonies in each replicate. There was a tendency for 

TPS-modified PCL scaffolds to show more endothelial cell colonies than unmodified PCL although 

because this is a pilot study and cells from just one donor were used it is not possible to make a firm 

conclusion and these experiments should be repeated.  
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Figure  7.9 Images of CD31+/VWF+ colonies that have emerged in untreated and TPS-modified PCL scaffolds under dynamic conditions from donor CSQ31 (3 
replicates). The first panel shows merged channels, followed by CD31 (green channel), VWF (red channel), and DAPI (blue channel). Scale bar is 20µm.
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a. Number of VWF+/CD31+ EC Like Colonies 
Isolate ID PCL/Untreated PCL/TPSGGGSC 
Sample 1 0 0 
Sample 2 2 1 
Sample 3 0 3 
Samples are replicates of PCL scaffolds incubated under dynamic conditions in a rotator with 
PBMCs from donor CSQ31. Samples were fixed at day 14 after colonies have emerged in their 
controls.  
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Figure  7.10 Quantified double positive EC like colonies on PCL scaffolds under dynamic conditions. a) 
The table shows the number of colonies quantified in each replicate of untreated and TPS-modified-
PCL scaffolds, and b) the graph summarises the data. Data is mean ± SEM for n=3. Statistical analysis 
was performed using t-test, and * represents p-value < 0.05.  
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7.5.3.2 Non- Specific Cell Adhesion to Untreated and TPS-Modified PCL 

In terms of nonspecific adhesion of cells to scaffolds, there was no significant difference between 

untreated and TPS modified PCL scaffolds under dynamic conditions (Figure 7.11), but again this was 

a pilot study that requires repeating. 
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Figure  7.11 Average number of non- specifically adhered cells counted in a total area of 674.76 µm2. 
There was no significant difference in the number of cells non-specifically bound to untreated and 
TPS-modified PCL scaffolds under dynamic conditions. Data is mean ± SEM for n=3. Statistical 
analysis was performed using t-test, and * represents p-value < 0.05.  
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7.5.3.3 Endothelial Cell Mediator Release into Media Supernatants from PBMCs Cultures 

on PCL Scaffolds under Static Conditions 

There was no significant difference in the release of ET-1 and prostacyclin by cells adhered to 

untreated and TPS-modified-PCL scaffolds (Figure 7.12). 
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Figure  7.12 Mediator release in PBMCs cultured on PCL under dynamic conditions in a rotator. a) 
shows ET-1 release and b) shows prostacyclin release. Controls are cells cultured on collagen coated 
plates under static conditions.  Data is mean ± SEM for n=3. Statistical analysis was performed by 
ANOVA followed by Bonferroni post hoc test, and * represents p-value < 0.05.  
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7.6 Summary 

The ultimate aim of the this PhD thesis was to establish a viable bioengineered scaffold, designed for 

heart valve replacements, that could recruit ECs in situ to induce the endothelialisation and further 

cellularisation of nanofibrous PCL scaffolds. This final results chapter have built on the data 

presented in earlier sections and tested the ability of the TPS-modified nanofibrous PCL scaffolds to 

attract and recruit ECs directly from PBMCs. These experiments were performed under static 

conditions followed by a pilot study under dynamic conditions. The findings suggest that TPS-

modified nanofibrous PCL scaffolds were able to recruit endothelial cells from PBMCs under static 

conditions as indicated by the number of emerging EC colonies when compared to untreated PCL. 

The ability of these colonies to proliferate and to form a monolayer is beyond the scope of this PhD 

thesis but should be investigated in follow up studies. 

To further confirm the presence of endothelial cells on PCL scaffolds incubated with PBMCs, the 

endothelial mediators ET-1 and prostacyclin were measured. In both cases, the measured release 

under static conditions was very low, which is consistent with the low number of emerged colonies 

and the small number of ECs in these colonies. Because endothelial cell colonies have a delicate 

nature upon emergence and require slow and gentile media changes, non-adhered PBMCs were not 

totally washed, and these cells remained in the tested wells. So, the mediators release into the 

media was not purely caused by the adhered cells to the material, but also by the remaining non-

adherent PBMCs in the wells.  

Although non-significant, there was a trend towards an increase in the release of ET-1 in TPS-

modified PCL samples following incubation with PBMCs under static conditions. Prostacyclin release 

was not different between the tested samples. It was previously showed that PBMCs produce a 

basal level of prostacyclin, but not ET-1. This could be explained by the fact that ET-1 release is 

highly specific to endothelial cells whilst prostacyclin release can also come from PBMCs particularly 

after periods of culture (348). 
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Using cells from one donor in a pilot study incubating nanofibrous scaffolds with PBMCs under 

dynamic conditions confirmed that endothelial cells could be attracted and there was a trend for 

more colonies to be present in the TPS-modified material. This experiment showed promise but 

must be repeated with cells from more donors before firm conclusions can be made. 

The mechanism used to crosslink TPS to PCL ensured the incorporation of PEG into the modified 

surface through the use of NHS-PEG-Maleimide crosslinker. PEG is known to reduce nonspecific 

protein adsorption and cell adhesion. It was encouraging to see a strong trend for reduced non-

specific cell recruitment to the TPS-modified PCL scaffolds although this did not quite reach 

statistical significance. It is envisaged that with additional experimental repeats this result may 

become statistically significant. It should be noted however that since the number of cells was 

estimated by counting DAPI stained nuclei, the cells could either be fully adhered, or just simply 

trapped in the pores between the fibres. If these cells are fully adhered, the nonspecific binding 

could be reduced by using a longer PEG molecule. However, there is one disadvantage to this 

approach, as the longer PEG might mask the crosslinked peptide and in turn reduce the specificity of 

the modified material to blood ECs. Thus, further optimisation and testing are required. If the cells 

are only trapped without adhering to the fibres, this could be reduced by controlling the pore size 

and the distance between the fibres, through adjusting the rotation speed of the drum during PCL 

nanofibers synthesis. This should be further investigated, and the nature of adhesion of these cells 

should be confirmed. Phalloidin staining could be used to show the cytoskeleton of these cells and 

their morphology on the material, and adhesion molecules could be also tested. 

To our knowledge, the only similar attempt to evaluate the capture of ECs from PBMCs has been 

reported by Tan et al. (349). The authors have used POSS-PCU nanocomposite polymer modified 

with anti- CD34 antibody. They have quantified EPC colony formation following 7 days of PBMCs 

seeding under static conditions, relying on VEGFR2 and CD34 expression, and showed enhanced 

colony formation in the modified material. However, they have highlighted the presence of other 
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CD34 positive cells in the blood that will compete with EPCs to adhere to the immobilised antibody 

and have suggested the incorporation of other specific bioactive moieties.  

7.7 Limitations and Future Studies 

The main limitation to the studies in this chapter is the low n-values, particularly for the protocols 

conducted under dynamic conditions. In addition, the staining method used in this chapter was not 

conclusive and could account for lots of false negative or false positive results. An alternative 

method to resolve that is to use quantum dot /antibody conjugates (350). This method was 

previously used to quantify the numbers of adhered colonies to functionalised POSS-PCU using CD34 

antibody (349). While there are no definitive markers for EPCs, more markers should be used to 

confirm that the emerged colonies are EPCs, such as CD34, and VEGFR. 

Another limitation is the variability in the emergence of BOECs colonies within replicates of one 

sample in routine cultures under normal conditions in collagen coated plates. The screening and 

identification of BOECs colonies under the routine conditions has proved challenging due to the 

small starting size of the colony, and the presence of the other PBMCs that could mask these 

colonies. The routine cultures are performed in 6 wells size in 2 dimensional setting and could be 

examined using light microscopy to identify colonies based on morphology.  In this chapter, 

examining the used 3D scaffolds was more challenging, first because visualising cells on the material 

using light microspore is not possible, and second, there was a possibility of colonies emergence 

within the inner layers of the 3D structured scaffold, especially under dynamic conditions.  

Further validation is required using a pulse duplicator system that produces valve types of shear. The 

ability of the captured cells to adhere, proliferate, and form a continuous endothelial monolayer is 

essential. Another point to take into consideration is the effect of physiological shear on cell 

differentiation. Several studies showed that shear stimulates endothelial-to-mesenchymal transition 

in aortic valve endothelial cells. These effects should be investigated on captured endothelial cells 

from the blood. Their transdifferentiation will help establish the inner layers of the valve. Although 
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EMT is a developmental process that will aid in neo-tissue formation, it is also a contributor to valve 

disease and calcification. Thus, the prolonged effects of shear on the differentiation of the adhered 

cells should be examined in vivo. 

7.8 Conclusion 

The ability of TPS-modified PCL scaffolds to recruit endothelial cells from PBMCs under static 

conditions confirms its potential as an instructive implant for in situ endothelialisation of tissue 

engineered scaffolds.  However, this should also be confirmed under physiological flow conditions. 

In addition, colonies ability to proliferate should be investigated. 
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CHAPTER 8. GENERAL DISCUSSION 

  



P a g e  | 240 
 

 8.1 The Overall Picture 

Tissue engineering constructs that combine stem cells and intelligent biomaterials might help in 

developing the ‘next generation’ valve replacements. For that, this in vitro study focused on 

developing a biofunctionalised material using jet sprayed nanofibrous PCL scaffolds for in situ heart 

Decorating the surface of PCL scaffolds with TPS valve tissue engineering. The study hypothesis was ‘

peptide will promote the binding of circulating EPCs from the blood and will enhance the 

cellularisation of in situ tissue engineering heart valves. Adhered EPCs will form a monolayer with 

characteristics similarities to the native valve endothelium in response to dynamic loading’. To test 

this hypothesis, the specifically designed synthetic peptide (TPS) was chosen as a bioactive moiety to 

biofunctionalise jet sprayed nanofibrous PCL scaffolds adopting a sulfhydryl crosslinking mechanism 

through bifunctional NHS-maleimide crosslinkers. The overall concept of the approach was to be 

able to recruit EPCs from the blood using the biofunctionalised scaffold, which will allow the 

endothelialisation (and possibly the complete cellularisation) of the construct. In this way, the 

adhered cells are proposed to form a tissue around the scaffolding material through proliferation, 

migration, and ECM secretion (Figure 8.1). The biodegradable PCL scaffold will degrade overtime at a 

slow rate and is proposed to be replaced by the neo-tissue. 

 

Figure  8.1 A schematic diagram describing the approach taken in this study. Nanofibrous PCL 
scaffolds were modified using TPS peptide to capture circulating EPCs, which are proposed to form a 
covering monolayer, and to migrate to the inner layers and differentiate to a mesenchymal 
phenotype capable of secreting ECM. 
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 8.1.1 Study Findings and their Implications 

The key findings of this PhD Thesis are summarised in Figure 8.2, and their implications are discussed 

below. 

 
Figure  8.2 Summary of the key findings of the study. 

Cell Source Suitability and Biomaterial Biocompatibility: One of the basic considerations for tissue 

engineering applications is the suitability of the cell source, and its biocompatibility with the 

scaffolding material. The findings in chapters 3 and 4 support the suitability of BOECs as a source for 

the endothelialisation of tissue engineered heart valves, and their compatibility with PCL. This has 

been previously implicated in studies utilising BOCEs and PCL for other cardiovascular tissue 

engineering applications. 

Choice of the Decorating Molecule: The development of intelligent biomaterials requires the 

biofunctionalisation with instructive bioactive moieties. In the current work, the choice of TPS 

peptide was motivated by its specificity, high affinity, and pro-proliferative effect on human BOECs 

(215), which were also confirmed in the cell isolates in chapter 5. TPS might be more effective than 

the commonly used non-specific moieties that enhance general biocompatibility (such as RGD), as 
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these might result in non-specific binding of circulating cells. It is also thought that TPS is preferential 

 VEGF, to other endothelial cell specific molecules (such as RDEV peptide and antibodies against

VEGFR2, VWF, and CD31) (351-353) as being specific for BOECs. As such, these other moieties are 

likely to recruit other mature endothelial cells originating from denuded endothelium form the 

vasculature that circulate as a result of injury. Such circulating ‘injured’ endothelail cells may be 

dysfunctional, and their regenerative and differentiation capacity could be impaired (354).  The 

commonly used CD34 antibody provides lesser degrees of specificity in vivo as several hematopoietic 

cells and other circulating progenitors express this marker (355). While antibodies were previously 

shown to efficiently capture EPCs in vitro, they do not support (or in some cases prevent) the 

proliferation of cells and might block the action of some key surface receptors (351, 353).  

BOECs Capture Ability by the Intelligent Material:  Because the success of in situ tissue engineering 

relies on efficient cell recruitment using the intelligent material, it was essential to confirm the 

ability of the modified material to capture BOECs. TPS peptide was primarily synthesised for the 

purpose of capturing human BOECs and has been tested by the group that first introduced it into a 

(220)terpolymer matrix. They confirmed the specificity of the modified material to BOECs . Following 

that, several studies adopted the use of this peptide for its specificity and potential to recruit BOECs 

(221-225). In this study, covalent immobilisation of TPS to PCL substrates (films and scaffolds) proved 

successful, and their ability to specifically capture BOECs was confirmed under static conditions, as 

shown in chapter 5.  

BOECs Behaviour on the Modified Material:  The current study also confirmed the ability of seeded 

BOECs on TPS-modified PCL to form a monolayer and to maintain normal phenotypic characteristics 

without inducing any cytotoxicity or inflammatory response. Chapter 6 has also confirmed the 

alignment and mediator release of seeded BOECs on the material, which was not determinately 

altered. This in all indicates a normal behaviour of BOECs on the modified material. 
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Anti-fouling, Non-thrombogenic Surface: In their attempt to capture BOECs using TPS-modified 

terpolymer matrix, Veleva et al. showed that BOECs binding was eliminated in the presence of serum 

(220)proteins, and thus suggested the development of surfaces with anti-fouling properties . This is 

because the adsorbed serum proteins and nonspecific cells in vivo can obscure the immobilised 

peptide on the surface of the material, and thus reduce the specific adhesion of BOECs. In addition, 

the adhesion of plasma proteins to the material’s surface is the first initiator of variable biological 

responses by blood components, including coagulation and thrombosis (356). In other 

 biofunctionalisation attempts using TPS peptide, material modification using functional groups with 

high resistance to non-specific protein binding (such as zwitterionic groups) have been performed to 

(223)avoid this issue . In this study, the chosen crosslinker contained PEG, which is known to reduce 

(316, 317)protein adsorption and in turn limit non- specific cell binding and bacterial adhesion . The 

findings in chapter 5 confirmed  that the inclusion of PEG improved specificity to BOECs under static 

conditions, when incubated with mono-culture suspensions. Furthermore, testing the material using 

PBMCs in chapter 7 resulted in a clear trend showing that TPS modification reduced non-specific cell 

binding to nanofibrous PCL under static conditions. This effect was less clear when using dynamic 

conditions, but this could be due to the use of cells from just one donor. As mentioned previously, 

these cells could be merely trapped and not adhered to the material, suggesting that optimising 

pores size and PEG spacers length could be used to control cell trapping and non-specific adhesion 

respectively. 

One of the main issues facing the use of polymeric materials in biological systems is 

thrombogenicity. The direct interaction between the blood and the materials might trigger platelet 

adhesion leading to thrombosis (356). Since platelets are the main contributors to 

thrombogensis/haemostasis (357), the current study tested platelets adhesion to the material (in 

chapter 5) and confirmed that the modification created a surface with reduced thrombogenicity as 

indicated by the reduced platelet adhesion when compared to untreated materials. This is important 

since the material will be in continuous contact with blood components.  
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BOECs Capture Under Dynamic Conditions: Because EPCs are circulating in the blood under variable 

hemodynamic forces, the ability of the nanofibrous PCL material to capture BOECs was evaluated 

under dynamic conditions (chapter 6). This was performed using the previously described rotational 

system that tests the ability of cells to populate the scaffold in a dynamic setting created by the 

movement of media as a result of rotation (145, 358, 359). The key message that can be taken from 

these experiments is that BOECs are able to adhere to modified PCL and increase in number over 

time under these dynamic conditions. This should be further confirmed under the hemodynamic 

conditions experienced by the pulmonary and the aortic valves. It should be noted that the cells 

were able to infiltrate throughout the thickness of the scaffold which,  if proved true in vivo , will be 

useful for the complete cellularisation of the valve. Sales and colleagues have shown similar findings 

when seeding EPCs using dynamic rotation into nonwoven polyglycolic acid/ poly-4-hydroxybutyrate 

scaffolds (145). They further confirmed neo-tissue formation through the transdifferentiation of 

seeded EPCs to a mesenchymal cell type, and their ability to secret ECM (145). This should be tested 

for the material developed in this study.  

In terms of the efficiency of cell capture using biofunctionalised materials by bioactive moieties, a 

study by Smith et al. showed that biofunctionalisation using growth factors to capture EPCs in fluidic 

devices under intermediate levels of shear (15 dyn/cm2) had superior effects in comparison to 

modifications using antibodies, which were only efficient in capturing cells under extremely low 

levels of shear (4 dyn/cm2) (351-353). Another study by Wang et al. showed that the adhesion of 

EPCs to polymer modified surfaces with short peptides (such as RGD) in radial flow chamber is 

dependent on material wettability, peptide density, and shear rates. They have shown that there is 

an inverse relationship between cell adhesion and shear levels, due to the slower flow, allowing time 

for the ligand-receptor interaction to happen (360). In agreement with that, others have 

hypothesised that cell capture on the ventricular side of the aortic valve -which is exposed to high 

(344, 345)levels of shear- is unlikely . This should be tested and confirmed for the PCL material 

described in this thesis under physiological conditions and in animal models. Nevertheless, if that 
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was proven true, we propose that cell adhesion will start in the aortic side of the modified valve, and 

 that cells will proliferate to fully populate the valve. 

Endothelial Cell Recruitment from PBMCs: The findings in the final chapter showed the ability of TPS-

modified nanofibrous PCL to capture endothelial cells from PBMCs under static conditions. However, 

due to the limited time and pilot nature of the work in Chapter 7, the ability of the modified material 

to enhance capture under dynamic conditions was not confirmed. This should also be tested under 

physiological hemodynamic conditions using bioreactors, and animal models. 

8.2 Applications of the Developed Intelligent Material  

As mentioned earlier, further optimisation and testing is required to reach a final product that could 

be studied in animal models and applied therapeutically in humans. However, taking that the 

modification was successfully transferable from unstructured PCL films to structured nanofibrous 

scaffolds, we assume that this modification is transferrable to other structures of PCL, including PCL 

threads, woven structures, electrospun nanofibrous sheets, 3D printed conduits, and nanoparticles. 

In addition, the maleimide crosslinking technique used in this thesis is (in theory) applicable to any 

aminated surface and could be used to crosslink other cysteine-containing short peptides. For 

example, work is on-going by other members in our lab to optimise the crosslinking of the collagen 

inducing peptide (KTTKS) adopting the same crosslinking technique. In terms of clinical applications, 

the modification is applicable to cardiovascular conduits that require endothelialisation through EPC 

recruitment (mainly valves, vascular grafts, and stents). Of course design optimisation, appropriate 

structuring, and validation of cell responses for each specific setting is required.  

The main aim of this thesis was to produce an intelligent material that is able to recruit endothelial 

cells from the blood through the manipulation of its microenvironment. This will be at the end 

integrated within the bigger aim of establishing an intelligent, off-the-shelf tissue engineered heart 

valve replacement. For that, the technology used in this thesis should be incorporated with an 

optimal design that will be applicable to replace diseased valves. This could be achieved in two 
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formats: (i) fabricating stented valve constructs composed of 3 leaflets housed in a fixed ring, and (ii) 

re-creating the whole valve root and the valve; an approach that is being developed and optimised 

in our lab (Figure 8.3). Using either approach, the material should be manufactured to the desired 

structure, followed by modification using TPS peptide. The possibility of format (i) was highlighted in 

this study while optimising pulse duplicator experiments (Chapter 6). The biofunctionalisation of the 

construct in this approach is straight forward, where the 3 leaflets are biofunctionalised with the 

peptide. More considerations should be taken when biofunctionalising the whole root (format ii), as 

these constructs are big in size and will require much more volumes. The valve parts of the construct 

could be biofunctionalised alone; however, it might be of benefit to biofunctionalise the whole 

construct, to provide a complete coverage with EPCs.  

 

Figure  8.3 Approaches to design the final product. The first approach is to formulate a valve 
composed of 3 leaflets (a-c). The second approach is to replace the whole valve root with a tissue 
engineered customised replacement (d-e). Source for figures a and e: Fuster V et al., Images e) 
Curtesy of Yuan-TsanTseng (Imperial College, UK) and Julien Chapron (QF). 

One of the main advantages of utilising polymeric materials is the ease of fabrication and processing. 

The end product could be personalised to meet patients’ specific needs (361). This is also true for 

the used nanofibrous PCL scaffolds. The specific characteristics of patients’ valves could be 

determined using MRI, CT, or ultrasound, and an anatomically correct valve construct could be 

fabricated. This could be achieved by 3D printing of plastic moulds that will serve as templates to 

shape the final product (362). The mould could be used in place of the rotating drum on the 
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demonstrated jet spraying model (chapter 4), which would result in the deposition of the fibres on 

the desired shape (Figure 8.4). This is currently under development in our lab. This is important 

because the right geometry of the construct will guide neo-tissue development, to form an 

anatomically correct replacement with optimal hemodynamic function (363). Tissue engineering 

valves will most likely be use in the pulmonary position in the Ross operation, due to the lower 

pressure on the right side of the heart. Eventually the aim will be to use them as aortic valves, since 

this is where there is greatest clinical need. Thus, the valve should be able to withstand the 

hemodynamic conditions surrounding the aortic valve (338).  

 

Figure  8.4 Personalisation of the developed intelligent biomaterial. Images of 3D printed molds and 
PCL whole valve root curtesy of Yuan-Tsan Tseng (Imperial College, UK) and Julien Chapron (QF, 
Qatar). 
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To maximise the instructive ability of the intelligent material, other peptides could be also 

incorporated to further guide cells and control their differentiation and function. This could be 

performed through the modification of variable thin sheets that could be then combined to form the 

whole thickness of the valve replacement, or by combining crosslinkers that will target specific but 

variable amino acid residues within the peptides.  

One issue to consider when scaling-up the technology is the overall cost required to produce the 

final product. While PCL fabrication is relatively cheap, peptide synthesis on its own is quite 

expensive. In our study and in the previous reports, TPS was chemically synthesised using liquid or 

solid phase peptide synthesis (221-225). While these methods might be the most suitable for the 

size of TPS, a more cost- effective way is through the use of recombinant expression of the peptide 

using plasmids (364, 365). However, this would require optimisation to achieve an optimal yield. In 

all cases, it is speculated that the cost of using a tissue engineered construct will be cheaper than (or 

at least equivalent to) the currently available replacements (366). It is postulated that the ability of 

the construct to recruit endothelial cells is likely to reduce thrombosis and protect from calcification 

and degeneration.  This will potentially reduce the need for anti-coagulation therapy and will 

decrease the risk for reoperation, in turn reducing the total healthcare cost for heart valve disease 

patients (366). Prior to applying this technology, an “early health technology assessment” should be 

performed to assess the costs of the construct. This could be performed using conceptual models as 

the one developed by Huygens et al. specifically for the assessment of innovative intervention 

technologies as heart valve tissue engineering (367). 

8.3 Suggested Future Testing  

This PhD thesis has covered the in vitro testing of the modified material and confirmed its promising 

functionality. However, the in vitro evaluation is not sufficient and many other factors should be 

confirmed before clinical utility can be appreciated. It has been previously highlighted that the 

failure of medical devices is the result of substandard engineering or insufficient understanding of 
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the surrounding environment (368). Thus, it is essential to integrate the design of the device with 

the hemodynamic environment, and the ability of cells to establish cell- cell and cell- matrix 

interaction within these conditions, and their responses to the soluble factors and biochemical 

stimuli in addition to the physical stimuli surrounding the valve. For that, the modified material 

should be further evaluated using mechanistic testing, valve-on-chip strategy, and animal models. 

Figure 8.5 highlights the steps towards validating the use of the developed TPS-modified 

nanofibrous PCL material, and what has been accomplished so far. The aspects that should be 

 covered and confirmed using these models are highlighted below:

 a) Endothelial Cell Capture under Physiological Flow in Bioreactors: The ability of the material 

to capture endothelial cells from PBMCs and blood should be tested under physiological conditions. 

This could be replicated by a bioreactor system (such as pulse duplicator), seeded with a suspension 

of PBMCs in media, and exposing the modified material to pulmonary or aortic types of shear. The 

ability of the cells to adhere, proliferate and differentiate should be tested. In addition, their 

function in terms of endothelial mediator and inflammatory cytokine release, ECM secretion, and 

tissue formation should also be determined. The system will also allow the mechanistic validation of 

the developed valve and its function in response to the hemodynamic environment. This type of 

testing is a prerequisite prior to animal testing. 

 b) Foreign Body Responses: As mentioned in chapter 4, there are four different aspects to 

confirm biocompatibility of materials for in vivo applications, two of which were investigated in this 

thesis (haemcompatibility and material-cell compatibility). While the systematic compatibility of PCL 

in variable forms have been confirmed previously, it is important to study foreign body responses to 

(162)the developed material in its variable modification stages . This could be achieved through the 

measurement of cytokine release (such as CXCL8, CXCL1b and TNF-a), complement activation, and 

multinucleated giant cells activation following implantation into an animal model (369). The 

response of other cells such as macrophages and their role in the remodelling process should be 

considered (370). The borderline is to utilise the natural body responses to develop and remodel the 
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neo-tissue, but without eliciting any pathological processes leading to thrombosis, fibrosis, 

calcification, or rejection (338, 370). So achieving neo-tissue homeostasis is a key for the success of 

the developed construct. 

 c) Integration of the Formed Neo-tissue with Adjacent Tissues: The use of animal models will 

help estimate local compatibility at the site of implantation, the interaction of native cells with the 

implanted construct, and any inflammatory responses by these cells to the implant. 

 d) Calcification and Other Pathological Changes: Besides the unbalanced foreign body 

responses that may lead to valve pathology, the endothelial-mesenchymal-transition of EPCs 

themselves could be a contributing factor in such processes. It has been shown that valve 

endothelium ability to differentiate to an osteogenic phenotype is of the main contributes to valve 

(56, 260, calcification, which could be induced by pathological stimulus – such as oxidative stress 

371).  Thus, the long term remodelling of the construct and any pathological changes should be 

evaluated in animal models, to estimate if further modifications are necessary to control EMT in 

EPCs, and further instruct their responses. 

 e) Mechanical Stability in Balance with Material’s Biodegradation Rate: The scaffolding material 

should provide adequate mechanical strength to withstand the surrounding dynamic loading until 

the neo-tissue is formed (32). Thus, it is important to study how cell recruitment and tissue 

formation corresponds with PCL biodegradation. Biodegradation rate could be tested in vitro, but 

the balance between material biodegradation and tissue formation should be evaluated in vivo. As 

mentioned in chapter 4, PCL biodegradation rate is controllable, and could be tuned to match up the 

rate of tissue formation.  
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Figure  8.5 Validation steps of the developed intelligent material for the production of off-the-shelf 
valves. 

8.4 Limitations of the Approach and Suggested Solutions 

This thesis provided an evidence of the promise of the intelligent material that developed in this 

study for in situ heart valve tissue engineering. However, there are some limitations that need to be 

highlighted, and the potential ways to combat them need to be identified.  

One of the main concerns when targeting in situ recruitment of circulating EPCs is their low 

percentages in the blood (123). This could be resolved by local or systematic injection of autologous 

EPCs/BOECs to increase the number of potential cells that will populate the scaffold. Also, as we 

have suggested before, the attraction of EPCs could be boosted by incorporating more than one 

capturing molecule, pre-coating with growth factors, or incorporating growth-factor-releasing 

nanoparticles in the structure of the intelligent material.  

Another limitation of the in situ tissue engineering approach is the possible variability in the intrinsic 

regenerative potential between patients, which might be affected by heart diseases and by any 

other comorbidities (372). This is important to consider particularly because the whole concept of in 
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situ tissue engineering relies on the body’s regenerative potential and any impairment of this 

potential will affect the success of the construct (36). To avoid such failure, evaluating the safety and 

quality of the end product should be done (372). Also, enhancing the regenerative potential of EPCs 

by genetic modification -for example- represents a solution to this issue. A very promising example is 

eNOS-enhanced EPCs (373). 

Although maleimide is known to produce stable covalent bonds, evidence suggests that the 

thioether bond formed between maleimide and the cysteine residue in peptides can be reversed, 

resulting in a free maleimide that could interact with other thiol containing proteins in vivo (374). 

One approach to prevent that is by the rapid pre-hydrolysis of maleimide (succinimide) to succinic 

acid, which was shown to prevent the reverse reaction, and increase the stability of the thioether 

bond (375). Another alternative is to use other more stable maleimide variations, such as 

bromomaleimide (376). This will also protect from any non-specific binding of maleimide following 

the biodegradation of the scaffold. However, the biodegradation and bioresorption of the developed 

material should be studied in vivo. 

 Lessons Learnt about Valve Endothelium Biology8.5    

While the main focus of this study was on establishing an intelligent biomaterial to induce EPC 

recruitment in vivo, the controls used have given us some additional insight into the biology and 

function of the valve endothelium. The main outcomes from using VECs as controls were (i) 

characterising the cells in terms of phenotypic expression, cytokine release, and migration and 

invasion ability , (ii) evaluation of orbital shear stress and side specific shear stress on the side 

specific hVECs, and their cytokine release (chapter 3), (iii) the compatibility of PCL with hVECs, which 

was shown in chapter 4 by cells proliferation and normal cytokine release (chapter 4), and (iv) 

evaluating the side specific characteristics of VECs in terms of morphology and alignment on porcine 

aortic heart valve tissues (chapter 6). To our knowledge, the outcomes related to VECs in this study 
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are novel, and will further our understanding of the characteristics and responses of the native VECs; 

an important step for the establishment of a successful valve replacement. 

8.6 Conclusion  

In conclusion, this pre-clinical study has optimised an efficient ‘proof-of-concept’ 

biofunctionalisation method to enhance the capture and recruitment of BOECs/EPCs. This 

represents the first step towards the development of an off-the-shelf valve replacement and should 

be further validated in bioreactors and in animal models. Combined with the appropriate design and 

other bioactive moieties, we hope that this type of modification will be successful in allowing stable 

and balanced formation of a replacement tissue with optimal hemodynamic function.  
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APPENDIX 
 

Parameters of healthy human aortic heart valves 

Human Aortic Valve Thickness 0.3-1mm 

Human Aortic Valve Mechanical Properties Young’s Modulus 

Radial: 0.5 MPa 

Circumferential: 4 MPa 

Ultimate Tensile Strain (UTS) 

Radial: 100% 

Circumferential: 50% 

Characteristics of jet sprayed PCL scaffolds (highly aligned/ spraying at 23.2m/s, ~2000 RPM) 

Fiber Diameter 14µm 

Pores Size Diameter: 87 µm 

Area: 120 µm2 

Porosity percent: 99% 

Mechanical Properties Young’s Modulus 

Longitudinal: 0.7 MPa 

Orthogonal: 0.01 MPa 

Ultimate Tensile Strain (UTS) 

Longitudinal: 47% 

Orthogonal: 228% 

Anisotropic Ratio 

Young’s Modulus: 68 

UTS: 5 

Normal Parameters of pulmonary heart valve (Baseline for pulse duplicator experiments) 

Pulmonary Artery Pressure Systolic: 15 -30 mmHg 

Diastolic: 8 -15 mmHg 

Mean Pulmonary Artery Pressure 9 - 18 mmHg 

Stroke Volume 60 - 100 ml/beat 

Heart beats per minute 60-100 bpm 
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