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ABSTRACT  

Morteza Bazgir  

Fabrication, Characterisation and Optimisation of Biodegradable 
Scaffolds for Vascular Tissue Engineering 

Application of PCL and PLGA Electrospun Polymers for Vascular Tissue 

Engineering   

Keywords: 
Tissue Engineering of Vascular Graft (TEVG), Tubular Vascular Graft (TVG), 
Polycaprolactone (PCL), Poly (lactic-co-glycolic acid) PLGA, Degradation, 
Electrospinning, Nanofibers, Human Umbilical Vein Endothelial Cells 
(HUVEC), Human Vascular Fibroblast Cells (HVF), Tensile Test. 
 

Annually, about 80,000 people die in the United Kingdom due to myocardial 

infarction, congestive heart failure, stroke, or from other diseases related to 

blood vessels. The current gold standard treatment for replacing the damaged 

blood vessel is by autograft procedure, during which the internal mammary 

artery (IMA) graft or saphenous vein graft (SVG) are usually employed. 

However, some limitations are associated with this type of treatment, such as 

lack of donor site and post-surgery problems that could negatively affect the 

patient’s health. Therefore, this present work aims to fabricate a synthetic 

blood vessel that mimics the natural arteries and to be used as an alternative 

method for blood vessel replacement. Polymeric materials intended to be used 

for this purpose must possess several characteristics including: (1) Polymers 

must be biocompatible; (2) Biodegradable with adequate degradation rate; (3) 

Must maintain its structural integrity throughout intended use; (4) Must have 

ideal mechanical properties; and (5) Must encourage and enhance the 

proliferation of the cells. 

The feasibility of using synthetic biodegradable polymers such as poly (ε-

caprolactone) (PCL) and poly (lactide-co-glycolic acid) (PLGA) for fabricating  

tubular vascular grafts was extensively investigated in this work. Many 

fundamental experiments were performed to develop porous tissue-
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engineered polymeric membranes for vascular graft purposes through 

electrospinning technique to achieve the main aim. Electrospinning was 

selected since the scaffolds produced by this method usually resemble 

structural morphology similar to the extracellular matrix (ECM). Hence, four 

6mm in diameter tubular shape vascular grafts PCL only, PLGA only, coaxial 

(core-PCL and shell-PLGA), and bilayer (inner layer- PCL and outer layer-

PLGA) was designed and fabricated successfully. The structure and properties 

of each scaffold membrane were observed by scanning electron microscopy 

(SEM), and these scaffolds were fully characterized by Fourier-transform 

infrared spectroscopy (FT-IR), X-ray diffraction (XRD), thermogravimetric 

analysis (TGA), water contact angle measurements, mechanical tensile test, 

as well as cell culture studies were carried out by seeding human umbilical 

vein cells (HUVEC) and human vascular Fibroblast cells (HVF). Moreover, all 

polymeric grafts underwent degradation process, and the change in their 

morphological structure properties was studied over 12 weeks at room 

temperature. All scaffolds were also exposed to a controlled temperature of 

37°C for four weeks, in phosphate-buffered saline solution (pH, 7.3). 

It was found that all scaffolds displayed exceptional fibre structure and 

excellent degradability with adequate steady weight-loss confirming the 

suitability of the fabricated scaffolds for tissue engineering applications. The 

coaxial and bilayer scaffolds degraded at a much slower (and steadier) rate 

than the singular PCL and PLGA tubular scaffolds. Coaxial grafts fabricated 

via coaxial needle showed an increase in their fibre diameter and pore size 

volume than other membranes, but also showed to have significant tensile 

strength, elongation at fracture, and Young’s modulus.  To conclude, all 

scaffolds have demonstrated to be reliable to adhere and proliferate HUVEC, 

and HVF cells, but these cells were attracted to the PLGA membrane more 

than other fabricated membranes. 



III 
 

ACKNOWLEDGMENT  

 

The work presented in this thesis was performed at the University of Bradford, 

Faculty of Engineering & Informatics (Biomedical and Electronics Engineering 

Department), and the centre for Polymer Micro and Nano Technology 

(Polymer MNT). 

I wish to express my sincere gratitude to my supervisors, Dr Farshid Sefat and 

Dr Mansour Youseffi, for their guidance and instruction throughout my project. 

They have both provided me with the direction in my research and taught me 

the importance of creativity and perseverance in the lab. For all my colleagues 

at the university, especially the Nano Technology and Tissue engineering 

group, I owe my deepest gratitude for the pleasurable work atmosphere.  

Soon to be Dr Tehmeena Israr Raja, I would like to thank you for being such a 

good colleague and friend. Also, I would like to thank you for your contribution 

to the published book chapter.  

I want to thank Dr Jacob Ellis for the multidisciplinary collaboration between 

school of Pharmacy and Medical Science and Department of Medical 

Engineering, and I would like to thank Abolfazl Maasoumi Sarvestani, and Ka 

Min Tsui for their participation in cell studies for the electrospun scaffolds. I 

want to express my appreciation to the entire laboratory and technical 

personnel of the department, especially Dr Behruz Khagani and Mr Peter 

Widdop, for their technical help and assistance in labs. 

I owe my deepest gratitude to my lovely parents for their never-ending love, 

support, and prayers without them certainly I could not have achieved all of 

this. Also, I would like to thank my lovely siblings, especially my brothers 

Ahmed and Mohammad for believing in me and for all their support through all 

of these years.  

Above all, I would like to thank almighty God for enlightening me with sufficient 

knowledge and supporting me to proceed and make progress in this project. 

From day one, since I started this project, the achievement/ accomplishment 

seemed to be possible, and that was merely through God’s grace.    

 

This Thesis is dedicated to my beloved parents, who always supported 

and believed in me. 

 



IV 
 

LIST OF PUBLICATIONS  

 

Book Chapters 

1. Bazgir, M., Hancox, Z., Raja, T.I., Gentile, P., Ferreira, A.M., Zhang, W., 
Mozafari, M., Katsikogianni, M., Youseffi, M., Coates, P. and Sefat, F., 
2019. Scaffolds for blood vessel tissue engineering. In Handbook of 
Tissue Engineering Scaffolds: Volume One (pp. 659-684). Woodhead 
Publishing. 

 

Conference / Abstracts 

1. Bazgir, M., Zhang, W., Khan, N., Gentile, P., Ferreira, A.M., Paterson, 
T., Katsikogianni, M., Youseffi, M., Sefat, F. (2018) Material 
Characterisation of Tubular Electrospun PCL and PLGA for Vascular 
Tissue Engineering. P70 - Polymer Engineering International/ UK-China 
AMRI, Bradford, UK. 

 
2. Bazgir, M., Khan, N., Youseffi, M., Sefat, F. (2018) Degradation and 

Weight Loss of Electrospun Tubular Scaffold for Vascular Tissue 
Engineering. Bioinspired Materials 2018, Manchester Metropolitan 
University (MMU), Manchester, UK. 
 

 
3. Bazgir, M., Youseffi, M., Sefat, F. (2018) Material Characterisation of 

Electrospun Tubular Scaffolds for Vascular Tissue Engineering. (AIERC 
2018), Bradford, UK. 

 

4. Bazgir, M., Khan, N., Katsikogianni, M., Youseffi, M., Sefat, F. (2018) 
Material Characterisation of Electrospun Tubular Scaffold for Vascular 
Tissue Engineering. Recent Appointees in Polymer Science 
(RAPS2018), Bradford, UK. 

 

5. Bazgir, M., Sefat, F., Khan, N., Soon, C.F., Youseffi, M. (2018) 
Fabrication, Characterisation and Optimisation of Biodegradable 
Scaffolds for Vascular Tissue Engineering. MeDe Conference, Sheffield, 
UK. 

 

6. Sarvestani, A, M., Bazgir, M., Sefat, F., Elies, J., (2020) Investigation of 
Endothelial Cells Adhesion and Viability of Semi-Synthetic Blood 
Vessels. Special Issue: Abstracts from The Royal Pharmaceutical 
Society Science and Research Summit, 19th June 2020, London, UK, 
28(S2), PP.5-39 

https://onlinelibrary.wiley.com/toc/20427174/2020/28/S2
https://onlinelibrary.wiley.com/toc/20427174/2020/28/S2


V 
 

TABLE OF CONTENT  

ABSTRACT ................................................................................................................. I 

ACKNOWLEDGMENT ........................................................................................ III 

LIST OF PUBLICATIONS ..................................................................................... IV 

TABLE OF CONTENT ............................................................................................ V 

LIST OF FIGURES ................................................................................................. XI 

LIST OF TABLES ................................................................................................. XX 

LIST OF EQUATIONS ..................................................................................... XXIII 

LIST OF ABBREVIATIONS ........................................................................... XXIV 

GLOSSARY OF TERMS .................................................................................. XXVI 

1. CHAPTER 1 INTRODUCTION ............................................................... 1 

1.1 Introductory Comment ............................................................................................................. 1 

1.2 Introduction .............................................................................................................................. 2 

1.3 Economics considerations ........................................................................................................ 4 

1.4 Tissue Engineering ................................................................................................................... 4 

1.5 Tissue Engineered Vascular Grafts Via Electrospinning ......................................................... 5 

1.6 Limitation of Current Tissue Engineering Approaches to Blood Vessel Treatments ............. 11 

1.7 Aims and Objectives .............................................................................................................. 12 

1.8 Thesis Overview ..................................................................................................................... 15 

2. CHAPTER 2 LITERATURE REVIEW ................................................. 16 

2.1 Native Blood Vessels ............................................................................................................. 16 

2.2 Existing Disorders and Treatments Associated with Blood Vessels ...................................... 19 

2.3 Microstructural Design Requirements for Artificial Vascular Grafts .................................... 21 

2.3.1 Mechanical Requirements ............................................................................................... 22 

2.3.1.1 Mechanical Stretch and Burst Pressure ................................................................... 22 

2.3.1.2 Fatigue Resistance .................................................................................................. 23 

2.3.1.3 Suture Retention ..................................................................................................... 23 

2.3.2 Biomaterial Requirements ............................................................................................... 24 

2.3.2.1 Biodegradability ..................................................................................................... 24 

2.3.2.2 Biocompatibility ..................................................................................................... 25 

2.3.2.3 Biomechanical Interactivity .................................................................................... 25 

2.3.3 Scaffold Fibre Diameter and Porosity ............................................................................. 26 

2.3.4 Vasculogenesis and Angiogenesis ................................................................................... 27 

2.4 Polymers ................................................................................................................................. 28 

2.4.1 Natural Polymers ............................................................................................................. 29 

2.4.1.1 Collagen .................................................................................................................. 30 

2.4.1.2 Fibronectin .............................................................................................................. 31 



VI 
 

2.4.1.3 Fibrin/ Fibrinogen ................................................................................................... 31 

2.4.1.4 Gelatine ................................................................................................................... 31 

2.4.1.5 Chitosan .................................................................................................................. 32 

2.4.2 Synthetic Polymers .......................................................................................................... 32 

2.4.2.1 PLA ......................................................................................................................... 34 

2.4.2.2 PGA ........................................................................................................................ 34 

2.4.2.3 PLGA ...................................................................................................................... 35 

2.4.2.4 PCL ......................................................................................................................... 36 

2.4.2.5 PU’s ........................................................................................................................ 37 

2.4.3 Natural VS Synthetic Polymers ....................................................................................... 38 

2.5 Methods of Fabrication .......................................................................................................... 39 

2.5.1 Solvent Casting ............................................................................................................... 39 

2.5.2 Freeze-Drying .................................................................................................................. 40 

2.5.3 Self_Assembly ................................................................................................................ 41 

2.5.4 3D Bioprinting................................................................................................................. 42 

2.5.5 Electrospinning ................................................................................................................ 44 

3. CHAPTER 3 GENERAL MATERIALS AND METHODS ................. 48 

3.1 Introduction to the methods used ........................................................................................... 48 

3.2 Materials ................................................................................................................................. 49 

3.2.1 Polymer selection ............................................................................................................ 50 

3.2.2 Solvent Selection ............................................................................................................. 51 

3.3 Electrospinning Machine ........................................................................................................ 53 

3.4 Scaffold Characterisation ....................................................................................................... 55 

3.4.1 Scaffold Morphological Structure ................................................................................... 55 

3.4.1.1 Scanning Electron Microscope (SEM) ................................................................... 57 

3.4.1.2 ImageJ ..................................................................................................................... 58 

3.4.2 Scaffold Wettability ........................................................................................................ 58 

3.4.3 Scaffold Morphological Degradation and Mass Loss Studies ......................................... 59 

3.4.4 Scaffold Mechanical Testing Methods ............................................................................ 63 

3.4.5 Chemical Characterisation of Scaffolds (FT-IR Spectroscopy) ...................................... 66 

3.4.6 Scaffold Crystallinity (XRD- X-ray diffraction) ............................................................. 67 

3.4.7 Thermogravimetric Analysis (TGA) of The Electrospun Scaffolds ................................ 68 

3.4.8 Biological Assessment of Eletrospun Scaffolds (Viability and Proliferation) ................ 69 

3.5 Sterilization Process of the electrospun Scaffold ................................................................... 70 

4. CHAPTER 4 ELECTROSPINNING OF POLY (Ɛ-CAPROLACTONE) 

(PCL) AND THE EFFECT OF DIFFERENT VARIABLES ON THE 

PRODUCTION OF NONWOVEN MEMBRANE ............................................ 72 

4.1 Abstract .................................................................................................................................. 72 

4.2 Introduction ............................................................................................................................ 73 



VII 
 

4.3 Materials and Methods ........................................................................................................... 75 

4.3.1 Materials .......................................................................................................................... 75 

4.3.2 Preparation of polymeric solution and electrospinning process ...................................... 76 

4.3.3 Characterization process .................................................................................................. 80 

4.4 Results and Discussion ........................................................................................................... 83 

4.4.1 Effect of Solvents on the Polymeric Solution and Fibre Production ............................... 83 

4.4.2 Effect of Solution Concentration on Scaffold Morphology ............................................. 87 

4.4.3 Effect of Voltage and Feeding Rate on Scaffold Structure ............................................. 90 

4.5 Synopsis of the Key Findings in Chapter Four ....................................................................... 94 

5. CHAPTER 5 EFFECT OF INDEPENDENT VARIABLES ON 

MORPHOLOGICAL STRUCTURE OF ELECTROSPUN POLY (LACTIC-

CO-GLYCOLIC ACID) (PLGA) ........................................................................ 96 

5.1 Abstract .................................................................................................................................. 96 

5.2 Introduction ............................................................................................................................ 97 

5.3 Materials and Methods ........................................................................................................... 98 

5.3.1 Materials .......................................................................................................................... 99 

5.3.2 Solution Preparation and Electrospinning ..................................................................... 100 

5.3.3 Characterization Process ............................................................................................... 103 

5.4 Results .................................................................................................................................. 106 

5.5 Discussion ............................................................................................................................ 109 

5.5.1 Effect of PLGA Concentration on scaffold morphology and fibre diameter ................. 109 

5.5.2 Effect of Solvent System on scaffold morphology and fibre diameter .......................... 111 

5.5.3 Effects of applied voltage on fibre morphology and fibre diameter .............................. 112 

5.6 Synopsis of the key findings in chapter five......................................................................... 114 

6. CHAPTER 6 DEGRADATION AND CHARACTERIZATION OF 

ELECTROSPUN POLYCAPROLACTONE AND POLY (LACTIC-CO-

GLYCOLIC ACID) SCAFFOLDS FOR TISSUE ENGINEERING 

PURPOSES.......................................................................................................... 115 

6.1 Abstract ................................................................................................................................ 115 

6.2 Introduction .......................................................................................................................... 116 

6.3 Methodology ........................................................................................................................ 118 

6.3.1 Materials ........................................................................................................................ 119 

6.3.2 Solution Preparation and Electrospinning Procedure .................................................... 119 

6.3.3 Wettability Test ............................................................................................................. 121 

6.3.4 Scaffold Morphology Characterization ......................................................................... 121 

6.3.5 Degradation Procedure .................................................................................................. 122 

6.3.6 Tensile Testing procedure ............................................................................................. 123 

6.3.7 Statistical Analysis ........................................................................................................ 123 

6.4 Results .................................................................................................................................. 123 



VIII 
 

6.4.1 Water Contact Angle ..................................................................................................... 123 

6.4.2 Degradation Rate ........................................................................................................... 125 

6.4.3 Scaffold Morphology .................................................................................................... 126 

6.4.4 Fibre Diameter ............................................................................................................... 129 

6.4.5 Scaffold Pore Size ......................................................................................................... 131 

6.4.6 Surface Porosity (%) ..................................................................................................... 133 

6.4.7 Mechanical Properties ................................................................................................... 135 

6.4.8 Handleability ................................................................................................................. 137 

6.5 Discussion ............................................................................................................................ 138 

6.6 Synopsis of the Key Findings in Chapter Six ....................................................................... 140 

7. CHAPTER 7 FABRICATION AND CHARACTERIZATION OF 

PCL/PLGA COAXIAL AND BILAYER FIBROUS SCAFFOLDS FOR 

TISSUE ENGINEERING .................................................................................. 141 

7.1 Abstract ................................................................................................................................ 141 

7.2 Introduction .......................................................................................................................... 142 

7.3 Experimental Procedure ....................................................................................................... 145 

7.3.1 Materials ........................................................................................................................ 145 

7.3.2 Solution Preparation and Electrospinning Parameter .................................................... 145 

7.3.3 Scanning Electron Microscopy...................................................................................... 148 

7.3.4 Water Contact Angle (WCA) ........................................................................................ 148 

7.3.5 Degradation Process ...................................................................................................... 149 

7.3.6 Tensile Testing .............................................................................................................. 149 

7.3.7 Statistical Analysis ........................................................................................................ 150 

7.4 Results and Discussion ......................................................................................................... 150 

7.4.1 Wettability ..................................................................................................................... 151 

7.4.2 Degradation Rate ........................................................................................................... 152 

7.4.3 Scaffold Morphology .................................................................................................... 153 

7.4.4 Fibre Diameter ............................................................................................................... 156 

7.4.5 Scaffold Pore Size and surface Porosity (%) ................................................................. 158 

7.4.6 Mechanical Properties ................................................................................................... 161 

7.4.7 Handleability ................................................................................................................. 164 

7.5 Synopsis of the key findings in chapter seven ...................................................................... 165 

8. CHAPTER 8 FABRICATION AND CHARACTERIZATION OF A 

SINGLE AND DOUBLE LAYERED TUBULAR TISSUE ENGINEERED 

VASCULAR GRAFTS USING CO-AXIAL ELECTROSPINNING OF 

BIODEGRADABLE POLY (Ɛ-CAPROLACTONE) AND POLY (LACTIC-

CO-GLYCOLIC ACID) ..................................................................................... 166 

8.1 Abstract ................................................................................................................................ 166 

8.2 Introduction .......................................................................................................................... 167 



IX 
 

8.3 Experimental Section ........................................................................................................... 170 

8.3.1 Materials ........................................................................................................................ 170 

8.3.2 Fabrication of the porous tubular scaffolds procedure .................................................. 171 

8.3.3 Characterisation of Scaffolds ........................................................................................ 174 

8.3.3.1 Wettability ............................................................................................................ 174 

8.3.3.2 Degradation and Mass loss procedure (%) ........................................................... 175 

8.3.3.3 Scanning Electron Microscopy (SEM) ................................................................. 176 

8.3.3.4 FT-IR Analysis ..................................................................................................... 177 

8.3.3.5 X-ray Diffraction (XRD) ...................................................................................... 177 

8.3.3.6 Thermogravimetiric Analysis (TGA).................................................................... 177 

8.3.3.7 Tensile Property .................................................................................................... 178 

8.3.4 Sterilization Process ...................................................................................................... 179 

8.3.5 Statical analysis ............................................................................................................. 179 

8.4 Results .................................................................................................................................. 180 

8.4.1 Morphology ................................................................................................................... 180 

8.4.2 Water Contact Angle ..................................................................................................... 185 

8.4.3 Degradation and Mass Loss Measurements .................................................................. 187 

8.4.4 Fibre Diameter, Pore Size and Surface Porosity Measurements .............................. 189 

8.4.4.1 At Room Temperature .......................................................................................... 189 

8.4.4.2 At controlled temperature of 37°C ........................................................................ 192 

8.4.5 Fourier Transform Infrared Spectroscopy (FT-IR) ........................................................ 196 

8.4.6 Thermogravimetric Analysis (TGA) ............................................................................. 198 

8.4.7 X-Ray Diffraction (XRD) ............................................................................................. 200 

8.4.8 Mechanical Properties ................................................................................................... 202 

8.5 Discussion ............................................................................................................................ 205 

8.6 Synopsis of the key findings in chapter eight ....................................................................... 208 

9. CHAPTER 9 INVESTIGATION OF CELL ADHESION AND CELL 

VIABILITY OF THE ENDOTHELIAL AND FIBROBLAST CELLS ON 

ELECTROSPUN PCL, PLGA, AND COAXIAL SCAFFOLDS FOR 

PRODUCTION OF TISSUE ENGINEERED BLOOD VESSEL .................. 209 

9.1 Abstract ................................................................................................................................ 209 

9.2 Introduction .......................................................................................................................... 210 

9.3 Materials and Methods ......................................................................................................... 213 

9.3.1 Scaffold Materials ......................................................................................................... 214 

9.3.2 Solution Preparation and Electrospinning process ........................................................ 214 

9.3.3 Scaffold Morphology .................................................................................................... 215 

9.3.4 Scaffold Tensile testing process .................................................................................... 216 

9.3.5 Scaffold Sterilization Process ........................................................................................ 216 

9.3.6 Culturing HUVEC and HVF ......................................................................................... 217 



X 
 

9.3.7 Cell Counting ................................................................................................................ 218 

9.3.8 Cell Viability assessment MTT ..................................................................................... 219 

9.3.9 Cell Membrane Staining (DAPI) ................................................................................... 221 

9.3.10 Statistical analysis ....................................................................................................... 222 

9.4 Results and Discussion ......................................................................................................... 223 

9.4.1 Scaffold Morphology .................................................................................................... 223 

9.4.2 Cell Viability (MTT) ..................................................................................................... 225 

9.4.3 Cell Counting Haemocytometer .................................................................................... 227 

9.4.4 Cell Stanning Morphology ............................................................................................ 230 

9.4.5 Mechanical Properties ................................................................................................... 231 

9.6 Synopsis of the key findings of Chapter Nine ...................................................................... 233 

10. CHAPTER 10 FINAL SUMMARY ....................................................... 234 

10.1 Overall Conclusions ..................................................................................................... 234 

10.2 Recommendations and Future Works ................................................................................ 237 

Bibliography ........................................................................................................... 239 

11. Appendix .................................................................................................. 284 

Needles ....................................................................................................................................... 284 

Magnetic Stirrer ......................................................................................................................... 284 

Scaffold Characteristics .............................................................................................................. 285 

Scanning Electron Microscopy (SEM) ....................................................................................... 286 

Surface Contact Angle Measurements ....................................................................................... 287 

ImageJ ........................................................................................................................................ 288 

Applications of ImageJ software in this research ................................................................... 289 

Fibre Diameter ....................................................................................................................... 289 

Porosity and Pore Size ............................................................................................................ 291 

Pore Size................................................................................................................................. 295 

Scaffold Dimensions and Thickness .......................................................................................... 296 

Weight Scale .............................................................................................................................. 297 

MACH-1 Mechanical Testing Machine ..................................................................................... 297 

Incubator .................................................................................................................................... 298 

Solvents ...................................................................................................................................... 299 

Confocal Images of PCL and PLGA scaffolds ........................................................................... 303 

Chapter 4 .................................................................................................................................... 303 

Chapter 6 .................................................................................................................................... 304 

Chapter 7 .................................................................................................................................... 305 

Chapter 8 .................................................................................................................................... 308 

 



XI 
 

LIST OF FIGURES 

 

Figure 2.1. Schematic Illustration of blood vessels (Source: M. Bazgir). ............................. 17 

Figure 2.2 Three Different approach to produce vascular grafts by Self-Assembly (Pashneh-

Tala, et al., 2016), (A) Sheet based then rolled around mandrel; (B) Microtissue cell 

aggregation placed in a tubular mould; (C) Vascular graft fabricated by printing layer-by-layer 

with help of bioprinter. .......................................................................................................... 42 

Figure 3.1 Spraybase Electrospinning Machine (Source: M. Bazgir).................................... 53 

Figure 3.2 Typical Stress-Strain Curve of electrospun PLGA Flat Sheet (Source: M. Bazgir).

 ............................................................................................................................................... 64 

Figure 3.3 Typical Stress-Strain Curve of Tubular electrospun PLGA scaffold (Source: M. 

Bazgir). .................................................................................................................................. 65 

Figure 4.1 Chemical Structure of typical PCL polymer. ....................................................... 76 

Figure 4.2 SEM Micrographs of all 22 PCL Electrospun Samples at 1800X magnification, 

(A1) 10 wt% PCL, Chloroform & Methanol (85:15), (A2) 10 wt% PCL, Acetone, (A3) 10 

wt% PCL, Acetone with heat (37C), (A4) 10 wt% PCL, DMF and THF (50:50), (A5) 10 wt% 

PCL, DCM, (A6) 10 wt% PCL, Chloroform and Acetone (80:20), (A7) 10 wt% PCL, DCM & 

DMF (20:80), (A8) 13 wt% PCL, Acetone & Chloroform (80:20), (A9) 13 wt% PCL, Acetone 

& Chloroform (50:50), (A10) 15 wt% PCL, Acetone, (A11) 15 wt% PCL, Chloroform, (A12) 

15 wt% PCL, Chloroform & Methanol (80:20), (A13) 15 wt% PCL, Chloroform, (A14) 15 

wt% PCL, Chloroform, (A15) 15 wt% PCL, Chloroform & Acetone (80:20), (A16) 15 wt% 

PCL, Chloroform & methanol (85:15), (A17) 17 wt% PCL, Chloroform & Methanol (85:15), 

(A18) 17 wt% PCL, Chloroform & Methanol (85:15), (A19) 20 wt% PCL, Chloroform, (A20) 

20 wt% PCL, Chloroform, (A21) 20 wt% PCL, Chloroform & Methanol (85:15), (A22) 20 

wt% PCL, Chloroform (Source: M. Bazgir). ......................................................................... 82 

Figure 4.3 Show the SEM Images of electrospun 10%(w/v) PCL Solutions prepared in the 

following solvent A1) Chloroform and methanol (85:15). A2) Acetone, A3) Acetone with heat 

(37˚C), A4) DMF and THF (50:50), A5) DCM, A6) Chloroform and Acetone (80:20), A7) 

DCM & DMF (20:80). (Source: M. Bazgir) .......................................................................... 86 

Figure 4.4 Weight of Each all of 22 PCL Sample after electrospinning process (Source: M. 

Bazgir). .................................................................................................................................. 87 

file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76780982
file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76780982


XII 
 

Figure 4.5 SEM images of three different concentration of electrospun PCL Solution (Source: 

M. Bazgir). ............................................................................................................................. 89 

Figure 4.6 Average Fibre Diameter of all PCL Samples (Source: M. Bazgir). ..................... 89 

Figure 4.7 Average surface Pore Size Analysis of all 22 Samples (Source: M. Bazgir). ...... 89 

Figure 4.8 Scaffold Surface Porosity of All Electrospun PCL Samples (Source: M. Bazgir).

 ............................................................................................................................................... 90 

Figure 4.9 SEM micrograph of some electrospun scaffolds to illustrate the effect of applied 

voltage has on fibre production as well as on the Tylor cone formation (Source: M. Bazgir).

 ............................................................................................................................................... 93 

Figure 5.1Chemical structure of the PLGA polymer. ............................................................ 99 

Figure 5.2 SEM Images of all Electrospun PLGA Samples at 600X magnification(B1) 5 wt% 

PLGA, THF & Chloroform (50:50), (B2) 7.5 wt% PLGA, Chloroform, (B3) 7.5 wt% PLGA, 

Chloroform, (B4) 10 wt% PLGA, THF & DMF (50:50), (B5) 10 wt% PLGA, THF & DMF 

(60:40), (B6) 10 wt% PLGA, THF & DMF (50:50), (B7) 10 wt% PLGA, THF & DMF (50:50), 

(B8) 10 wt% PLGA, THF & DMF (50:50), (B9) 10 wt% PLGA, DCM, (B10) 10 wt% PLGA, 

THF & DMF (50:50), (B11) 10 wt% PLGA, THF & DMF (50:50), (B12) 12.5 wt% PLGA, 

DCM, (B13) 15 wt% PLGA, DCM (Source: M. Bazgir). ................................................... 105 

Figure 5.3 Average pore size analysis of all PLGA samples (Source: M. Bazgir). ............. 107 

Figure 5.4 Scaffold Surface porosity of all PLGA Samples (Source: M. Bazgir). .............. 108 

Figure 5.5 Average fibre diameter of all electrospun PLGA samples (Source: M. Bazgir). 108 

Figure 5.6  SEM images of three different concentration of electrospun PLGA Solution 

(Source: M. Bazgir). ............................................................................................................ 110 

Figure 5.7 SEM micrograph of some electrospun PLGA solution  to illustrate the effect of 

applied voltage has on fibre production as well as on the Tylor cone formation (Source: M. 

Bazgir). ................................................................................................................................ 113 

Figure 6.1 Schematics of Production Flat Sheet Electrospun Scaffolds (Source: M. Bazgir).

 ............................................................................................................................................. 120 

Figure 6.2 Degradation & Weight Loss Percentage Change of PCL and PLGA Scaffolds For 

12 Week Period (Source: M. Bazgir). .................................................................................. 126 



XIII 
 

Figure 6.3 SEM Images of Electrospun PCL and PLGA Scaffolds for Week 0,3,6,9 and 12 

(the degradation Period) at 1200X Magnification (Source: M. Bazgir). ............................. 127 

Figure 6.4 SEM images of Electrospun PCL and PLGA Scaffolds for Week 0,1,2,3 and 4 (The 

Degradation Period) at 1200X Magnification (Source: M. Bazgir). .................................... 128 

Figure 6.5 Average fibre diameter change (µm) of electrospun Scaffolds over degradation 

period of 12 Weeks, at room temperature (Source: M. Bazgir). .......................................... 130 

Figure 6.6 Average fibre diameter change (µm) of electrospun PCL and PLGA Scaffolds over 

degradation Period of 4 weeks, and under temperature-controlled condition (37˚C) (Source: 

M. Bazgir). ........................................................................................................................... 130 

Figure 6.7 Change In surface pore size (µm)² of electrospun PCL and PLGA scaffolds over 

12-week degradation period, at room temperature. ............................................................. 132 

Figure 6.8 Change In surface pore size (µm)² of electrospun PCL and PLGA scaffolds over 4-

week degradation period, and under temperature-controlled condition (37˚C) (Source: M. 

Bazgir). ................................................................................................................................ 132 

Figure 6.9 Change in Surface porosity Percentage of electrospun PCL and PLGA scaffolds 

over degradation period of 12 weeks at room temperature (Source: M. Bazgir). ................ 133 

Figure 6.10 Change in surface porosity percentage of electrospun PCL and PLGA scaffolds 

over degradation period of 4 weeks under temperature-controlled condition (37˚C) (Source: 

M. Bazgir). ........................................................................................................................... 134 

Figure 6.11 Tensile test of electrospun PCL and PLGA Scaffolds, photographs of flat sheet 

scaffold during tensile testing (A) 60 minutes PCL, (B) 60 minutes PLGA, and (C) Stress-

Strain Curve of electrospun nanofibrous structure (Source: M. Bazgir).............................. 136 

Figure 6.12 Handleability images of 90 minutes PCL and PLGA scaffold over 12-week period 

(Source: M. Bazgir). ............................................................................................................ 137 

Figure 7.1 Schematic illustration of Taylor cone Formation of polymeric solution at the tip of 

Coaxial Needle, where the Core (Inner needle) is PCL, and Shell is PLGA solution (Source: 

M. Bazgir). ........................................................................................................................... 144 

Figure 7.2 Schematics of production flat sheet electrospun Coaxial and Bilayer Scaffolds 

(Source: M. Bazgir). ............................................................................................................ 147 

file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781001
file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781001


XIV 
 

Figure 7.3 Recorded weight loss percentage for Coaxial and Bilayer Scaffolds over 12-week 

period at room temperature (Source: M. Bazgir). ................................................................ 152 

Figure 7.4 SEM images of Degradation Coaxial and Bilayer Scaffolds over 12-Week at room 

temperature, 1200X magnification (Source: M. Bazgir). .................................................... 154 

Figure 7.5 SEM images of degradation of Electrospun Coaxial and Bilayer scaffolds over 4-

Week period, under controlled condition (37˚C) at 1200X magnification (Source: M. Bazgir).

 ............................................................................................................................................. 155 

Figure 7.6 Analysis of change in fibre diameter (µm) of Scaffolds over degradation period of 

12-Weeks, at room temperature (Source: M. Bazgir). ......................................................... 157 

Figure 7.7 Change in fibre diameter (µm) of Coaxial and Bilayer scaffolds Over 4-weeks 

degradation period, and under temperature-controlled condition (37˚C) (Source: M. Bazgir).

 ............................................................................................................................................. 157 

Figure 7.8 Change in Surface Pore Size (µm)² of electrospun Coaxial and Bilayer scaffolds 

over 12-week degradation process at room temperature (Source: M. Bazgir). .................... 159 

Figure 7.9 Change In surface pore size (µm)² of electrospun Coaxial and Bilayer  scaffolds 

over 4-week degradation period, and under temperature-controlled condition (37˚C) (Source: 

M. Bazgir). ........................................................................................................................... 160 

Figure 7.10 Change in Surface porosity Percentage of electrospun Coaxial and Bilayer 

(PCL/PLGA) scaffolds over degradation period of 12 weeks at room temperature (Source: M. 

Bazgir). ................................................................................................................................ 160 

Figure 7.11  Change in surface porosity percentage of electrospun Coaxial and Bilayer  

scaffolds over degradation period of 4 weeks under temperature controlled condition (37˚C) 

(Source: M. Bazgir). ............................................................................................................ 161 

Figure 7.12 Tensile test of electrospun Coaxial and Bilayer Scaffolds, photographs of flat sheet 

scaffold during tensile testing (A) 90 minutes Coaxial, (B) 90 minutes Bilayer, and (C) Stress-

Strain Curve of electrospun nanofibrous structure (Source: M. Bazgir).............................. 163 

Figure 7.13 Handleability images of 90 minutes Coaxial and Bilayer scaffolds over 12-week 

period (Source: M. Bazgir). ................................................................................................. 164 

Figure 8.1 Schematic representation of fabrication tubular scaffolds via Electrospinning 

Machine (Source: M. Bazgir)............................................................................................... 172 



XV 
 

Figure 8.2 (A) 3-Dimentional image of PCL only tubular scaffold, (B) SEM micrograph of 

PCL at X2500 magnification and (C) Cross-Sectional Image of the Tubular Scaffold (D) 

Zoomed in image of scaffold thickness (Source: M. Bazgir). ............................................. 181 

Figure 8.3 (A) 3-Dimentional Image of PLGA only tubular scaffold, (B) SEM micrograph of 

PLGA at X2500 magnification and (C) Cross-Sectional Image of the Tubular Scaffold (D) 

Zoomed in Image of scaffold thickness (Source: M. Bazgir). ............................................. 182 

Figure 8.4 (A) 3-Dimentional Image of Coaxial tubular scaffold, (B) SEM micrograph of 

electrospun mat at X2500 magnification, (C) Cross-Sectional Image of the Tubular Scaffold 

(D) Zoomed in Image of scaffold thickness (Source: M. Bazgir). ....................................... 183 

Figure 8.5 (A) 3-Dimentional Image of the Bilayer Tubular scaffold. (B) SEM Micrograph of 

outer-layer PLGA electrospun mat at X2500 magnification, (C) SEM micrograph of inner-

layer PCL electrospun mat at X2500 magnification, (D) Cross-Sectional Image of the tubular 

Scaffold, and (E) Zoomed in Image of the scaffold which shows both PCL and PLGA Layers 

(Source: M. Bazgir). ............................................................................................................ 184 

Figure 8.6 The contact angle of the water droplet on (A) PCL, (B) PLGA, (c) Coaxial, and 

(D)Bilayer scaffold surface (Source: M. Bazgir). ................................................................ 186 

Figure 8.7 Degradation Curves of PCL, PLGA, Coaxial, and Bilayer Scaffolds at room 

temperature for Period of 12 Weeks (Source: M. Bazgir). .................................................. 188 

Figure 8.8 Degradation Curves of PCL, PLGA, Coaxial, and bilayer Scaffolds at Control 

temperature 37°C for 4 Weeks (Source: M. Bazgir). ........................................................... 188 

Figure 8.9 Morphology of Electrospun PCL, PLGA, Coaxial and Bilayer Scaffolds During 

Period of Biodegradability Test (Source: M. Bazgir). ......................................................... 190 

Figure 8.10 Average Fibre Diameter Change of Electrospun PCL, PLGA, Coaxial and Bilayer 

Scaffolds During 12 Weeks Degradation at Room Temperature (Source: M. Bazgir). ....... 191 

Figure 8.11 Average Surface Pore Size Change of Electrospun PCL, PLGA, Coaxial, and 

Bilayer Scaffolds During 12 Weeks degradation at room Temperature (Source: M. Bazgir).

 ............................................................................................................................................. 191 

Figure 8.12 Surface Porosity Percentage Change of Electrospun PCL, PLGA, Coaxial, and 

Bilayer Scaffolds During 12 Weeks degradation at room Temperature (Source: M. Bazgir).

 ............................................................................................................................................. 191 

file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781032
file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781032


XVI 
 

Figure 8.13 Morphology of Electrospun PC, PLGA, Coaxial, and Bilayer Scaffolds During 

Period of Biodegradation Test at Controlled temperature of 37°C (Source: M. Bazgir). .... 193 

Figure 8.14 Average Fibre Diameter Change of Electrospun PCL, PLGA, Coaxial, and Bilayer 

Scaffolds During 4 Weeks Degradation at Controlled temperature of 37°C (Source: M. 

Bazgir). ................................................................................................................................ 194 

Figure 8.15 Average Surface Pore Size Change of Electrospun PCL, PLGA, Coaxial, and 

Bilayer Scaffolds During 4 Weeks Degradation at Controlled temperature of 37°C (Source: 

M. Bazgir). ........................................................................................................................... 194 

Figure 8.16 Average Surface Porosity Percentage Change of Electrospun PCL, PLGA, 

Coaxial, and Bilayer Scaffolds During 4 Weeks Degradation at Controlled temperature of 

37°C (Source: M. Bazgir). ................................................................................................... 195 

Figure 8.17 FT-IR Spectra of electrospun nanofibers of PCL, PLGA, Coaxial, and Bilayer 

scaffolds (Source: M. Bazgir). ............................................................................................. 197 

Figure 8.18 TGA and DTG Curves of Electrospun PCL, PLGA, Coaxial, and Bilayer Scaffolds 

(Source: M. Bazgir). ............................................................................................................ 199 

Figure 8.19 XRD Patterns of PCL, PLGA, Coaxial, and Bilayer Electrospun Scaffolds 

(Source: M. Bazgir). ............................................................................................................ 201 

Figure 8.20 Photographs of tubular scaffolds during tensile testing (A) PCL, (B) PLGA, (C) 

Coaxial, (D) Bilayer, and (E) Stress-Strain Curve of Electrospun nanofibrous Structure 

(Source: M. Bazgir). ............................................................................................................ 204 

Figure 9.1 (A) Shows schematics of (B) which is scaffold arrangement in 24-well plate for 

Cell proliferation assessment of HUVEC, and figure(C) shows Schematic of (D) which is 

scaffold arrangement in 24-well plate for cell proliferation assessment of (HVF) (Source: M. 

Bazgir). ................................................................................................................................ 219 

Figure 9.2 Schematic of scaffold arrangement in a 96-well plate, the electrospun scaffolds 

were cut into different sizes and placed in ThermoFisherTM for cytotoxicity measurement. The 

top three rows were used for endothelial cells (HUVEC) and the bottom three rows for 

Fibroblast (HVF) (Source: M. Bazgir). ................................................................................ 220 

Figure 9.3 (A) Fabricated scaffold arrangement in 6 well-plate, (B) Schematic of well plate 

and shows what types of scaffold and cell were placed in each well, (C) A drop of media 

file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781036
file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781036


XVII 
 

containing cells placed on top of each scaffold, and (D) shows, later each scaffold were fixed 

via glass slide and placed under confocal microscope. ........................................................ 222 

Figure 9.4 Scanning Electron Microscope (SEM) images, A) 17% PCL, B) 14% PLGA and 

C) Coaxial (17% PCL / 14% PLGA) (Source: M. Bazgir). ................................................. 224 

Figure 9.5 (A) Shows 96-well plate at cell seeding stage, (B) it shows the well plates just after 

the MYS/PMS solution was added, and (C) A image of the well plate 2 hours after the solution 

was added. ............................................................................................................................ 225 

Figure 9.6 MTT results shows the percentage absorption of wells at 490nm for Endothelial 

cells (Source: M. Bazgir). .................................................................................................... 226 

Figure 9.7 MTT results shows the percentage absorption of wells at 490nm for Fibroblast cells 

(Source: M. Bazgir). ............................................................................................................ 226 

Figure 9.8 HUVEC live cells count over 72 hours of proliferation assessment for PCL, PLGA, 

and Coaxial scaffolds (Source: M. Bazgir). ......................................................................... 228 

Figure 9.9 HVF live cells count over 72 hours of proliferation assessment for PCL, PLGA, 

and Coaxial scaffolds (Source: M. Bazgir). ......................................................................... 229 

Figure 9.10 Confocal microscopy images of cultured human umbilical vein cells (HUVEC) 

and human fibroblast cells (HVF). The nuclei were stained with DAPI (blue) and the cell 

membranes were stained with cell MaskTM(green) . ............................................................ 230 

Figure 9.11 Photographs of flat sheet scaffolds during tensile testing, (A) PCL, (B) PLGA, (C) 

Coaxial, and (D) shows the stress-strain curves obtained for each samples (Source: M. Bazgir).

 ............................................................................................................................................. 232 

Figure 11.1 Set of needles range from 16G “first needle in the left” to 26G, (B) Coaxial Needle 

(Source: M. Bazgir). ............................................................................................................ 284 

Figure 11.2 Solution preparation with magnetic stirrer (Source: M. Bazgir). ..................... 285 

Figure 11.3 (A) TM3000 Scanning Electron Microscope (SEM) machine (B) Large Number 

of Different Types of scaffolds Placed on the Disk and Ready for Scanning (Source: M. 

Bazgir). ................................................................................................................................ 286 

Figure 11.4 VCA-optima Contact Angle Measurement Device (Source: M. Bazgir). ........ 287 



XVIII 
 

Figure 11.5 An example of measurement of static contact angle of a water droplet on the 

surface of PCL scaffold (Source: M. Bazgir)....................................................................... 288 

Figure 11.6 Select "Set Scale" for accurate measurement (Source: M. Bazgir). ................. 290 

Figure 11.7 Change the Known Distance and Unit of Length as it shown in button right of the 

image (Source: M. Bazgir). .................................................................................................. 290 

Figure 11.8 Measure the diameter length of 20 fibres (Source: M. Bazgir). ....................... 291 

Figure 11.9 Change the image type to 8-bit (Source: M. Bazgir). ....................................... 292 

Figure 11.10 Select Threshold (Source: M. Bazgir). ........................................................... 293 

Figure 11.11 Highlight the pores (Source: M. Bazgir). ....................................................... 294 

Figure 11.12 Highlight the fibres (Source: M. Bazgir). ....................................................... 294 

Figure 11.13 With help of using Wand (Tracing) Tool select 20 Pints of the highlighted areas 

(Source: M. Bazgir). ............................................................................................................ 295 

Figure 11.14 Display all the selected points and select the required data (Source: M. Bazgir).

 ............................................................................................................................................. 295 

Figure 11.15 A) Digital Calliper, b) Cross-sectional image of tubular scaffold with SEM 

(Source: M. Bazgir). ............................................................................................................ 296 

Figure 11.16 Mettler Toledo Scale (Source: M. Bazgir). .................................................... 297 

Figure 11.17 Mach-1 Mechanical Testing Machine (Source: M. Bazgir). .......................... 298 

Figure 11.18 A) Incubator, B) Various type of samples placed on the incubator tray (Source: 

M. Bazgir). ........................................................................................................................... 299 

Figure 11.19 Confocal Images of A) PCL and B) PLGA electrospun Scaffolds (Source: M. 

Bazgir). ................................................................................................................................ 303 

Figure 11.20 Handleability images of 30 minutes PCL and PLGA scaffolds over 12-week 

period (Source: M. Bazgir). ................................................................................................. 304 

Figure 11.21 Handleability images of 60 minutes PCL and PLGA scaffolds over 12-week 

period (Source: M. Bazgir). ................................................................................................. 304 



XIX 
 

Figure 11.22 Wettability Contact Angle Images of PCL and PLGA scaffolds (Source: M. 

Bazgir). ................................................................................................................................ 305 

Figure 11.23 Shows stages of Tylor Cone formation at the tip of Coaxial needle (Source: M. 

Bazgir). ................................................................................................................................ 305 

Figure 11.24 Handleability images of 30 minutes Coaxial and Bilayer scaffolds over 12-week 

period (Source: M. Bazgir). ................................................................................................. 306 

Figure 11.25 Handleability images of 60 minutes Coaxial and Bilayer scaffolds over 12-week 

period (Source: M. Bazgir). ................................................................................................. 306 

Figure 11.26 Wettability Contact Angle Images of Coaxial and Bilayer scaffolds (Source: M. 

Bazgir). ................................................................................................................................ 307 

Figure 11.27 Schematic representation of the fabrication of tubular Scaffolds: (1) Spray-Base 

Electrospinning machine, (2) 6mm mandrel wrapped with non-sticking aluminium kitchen 

foil, (3) Mandrel fastened to rotating machine before electrospinning process, (4) During 

electrospinning, (5) After electrospinning and finally (7) layers of polymeric scaffold on the 

tubular kitchen foil (the final product) (Source: M. Bazgir). ............................................... 308 

Figure 11.28 Images of produced Tubular Scaffolds (Source: M. Bazgir). ......................... 311 

 

 

 

 

 

 

 

 

 

 

 

file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781081
file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781081
file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781081
file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781081
file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781081


XX 
 

LIST OF TABLES  

Table 1.1 Examples of electrospun Tissue engineered Blood Vessels. ................................. 10 

Table 2.1. Structure and function of each tissue layer of blood vessel (Martini, 2001; Marieb 

& Hoehn, 2016; Lever, 2005). ............................................................................................... 18 

Table 2.2. The table represents several studies used electrospinning as a technique to produce 

tubular vascular graft with variety of polymers such as natural, synthetic and polymer blends.

 ............................................................................................................................................... 47 

Table 4.1: Properties of selected organic Solvents (Source: M. Bazgir). .............................. 76 

Table 4.2 Summary of the electrospinning parameters for PCL polymeric solution (Source: M. 

Bazgir). .................................................................................................................................. 79 

Table 4.3 A Summary of the morphology analysis of samples presented in figure 4.8 (Source: 

M. Bazgir). ............................................................................................................................. 93 

Table 5.1  Parameters of organic solvent used to dissolve PLGA Pellets (Source: M. Bazgir).

 ............................................................................................................................................... 99 

Table 5.2 Summary of the electrospinning parameters for PLGA polymeric Solution (Source: 

M. Bazgir). ........................................................................................................................... 102 

Table 5.3 Summary of morphological characterises of the electrospun PLGA solution (Source: 

M. Bazgir). ........................................................................................................................... 109 

Table 6.1 Electrospinning process parameters that was recorded during the experiment 

(Source: M. Bazgir). ............................................................................................................ 120 

Table 6.2 Mean ± SEM of contact angle measurements of PCL, PLGA Scaffolds (Source: M. 

Bazgir). ................................................................................................................................ 124 

Table 6.3 Weight Loss percentage change of PCL and PLGA scaffolds over 12 weeks 

Degradation (Source: M. Bazgir). ........................................................................................ 126 

Table 6.4 Percentage change in fibre dimeter of PCL and PLGA scaffolds at week 12 of 

degradation compared to week 0. Red arrow=decrease and blue arrow=increase (Source: M. 

Bazgir). ................................................................................................................................ 131 



XXI 
 

Table 6.5 Percentage change in pore size for PCL and PLGA scaffolds electrosun for 30, 60, 

and 90 minutes. Red arrow=decrease and blue arrow=increase (Source: M. Bazgir). ........ 132 

Table 6.6 Percentage change in surface porosity percentage for PCL and PLGA scaffolds 

electrosun for 30, 60, and 90 minutes. Red arrow=decrease and blue arrow=increase (Source: 

M. Bazgir). ........................................................................................................................... 134 

Table 6.7 Summary of mechanical properties for electrospun PCL and PLGA solutions for 30, 

60, and 90 minutes (Source: M. Bazgir). ............................................................................. 136 

Table 7.1 Electrospinning process parameters that was recorded during the experiment 

(Source: M. Bazgir). ............................................................................................................ 147 

Table 7.2 Mean ± SEM of contact angle measurements of Coaxial and Bilayer (PCL & PLGA) 

scaffolds (Source: M. Bazgir). ............................................................................................. 151 

Table 7.3 Weight loss percentage of coaxial and bilayer scaffolds over 12 weeks of degradation 

(Source: M. Bazgir). ............................................................................................................ 153 

Table 7.4 Percentage change in fibre diameter for coaxial and Bilayer scaffolds electrosun for 

30, 60, and 90 minutes. Red arrow=decrease and blue arrow=increase (Source: M. Bazgir).

 ............................................................................................................................................. 158 

Table 7.5 Percentage change in surface pore size for coaxial and Bilayer scaffolds electrosun 

for 30, 60, and 90 minutes. Red arrow=decrease and blue arrow=increase (Source: M. Bazgir).

 ............................................................................................................................................. 160 

Table 7.6 Percentage change in surface porosity percentage for Coaxial and Bilayer scaffolds 

electrosun for 30, 60, and 90 minutes. Red arrow=decrease and blue arrow=increase (Source: 

M. Bazgir). ........................................................................................................................... 161 

Table 7.7 Summary of mechanical properties of Coaxial and Bilayer scaffolds spun for 30, 60, 

and 90 minutes (Source: M. Bazgir). ................................................................................... 163 

Table 8.1 Electrospinning process parameter for production of the tubular grafts (Source: M. 

Bazgir). ................................................................................................................................ 173 

Table 8.2 Structural Parameter of Tubular PCL, PLGA, Coaxial, and bilayer scaffolds (Source: 

M. Bazgir). ........................................................................................................................... 185 



XXII 
 

Table 8.3 Contact Angles ± Standard Deviation for PCL, PLGA, Coaxial and Bilayer Scaffolds 

(Source: M. Bazgir). ............................................................................................................ 186 

Table 8.4 Weight loss percentage of tubular scaffolds over 12 weeks degradation at room 

temperature as well as 4 weeks at 37oC in incubator (Source: M. Bazgir). ......................... 189 

Table 8.5 Percentage change in fibre diameter of tubular scaffolds during 12 weeks 

degradation at room temperature compared to 4 weeks at 37oC in incubator. Red 

arrow=decrease and blue arrow=increase (Source: M. Bazgir). .......................................... 195 

Table 8.6 Percentage change in pre size  of tubular scaffolds during 12 weeks degradation at 

room temperature compared to 4 weeks at 37oC in incubator. Red arrow=decrease and blue 

arrow=increase (Source: M. Bazgir). ................................................................................... 195 

Table 8.7 Percentage change in surface porosity percentage of tubular scaffolds during 12 

weeks degradation at room temperature compared to 4 weeks at 37oC in incubator. Red 

arrow=decrease and blue arrow=increase (Source: M. Bazgir). .......................................... 195 

Table 8.8 Infrared Spectroscopy Peaks Values of The Fingerprint and Functional Groups 

region (Source: M. Bazgir). ................................................................................................. 197 

Table 8.9 Thermal properties of electrospun membranes. All samples temperature values may 

vary within ± 0.5°C (Source: M. Bazgir). ............................................................................ 200 

Table 8.10 Mechanical properties of tubular scaffolds for PCL only, PLGA only, Coaxial and 

PCL & PLGA (Source: M. Bazgir). ..................................................................................... 205 

Table 9.1 Recorded Parameters During the Electrospinning Process (Source: M. Bazgir). 215 

Table 9.2 Morphological Structural Parameters of PCL, PLGA, and Coaxial (Source: M. 

Bazgir). ................................................................................................................................ 224 

Table 9.3 Summary of average cell absorbance for each of the scaffolds that have recorded by 

the spectrophotometer. ......................................................................................................... 227 

Table 9.4 Number of cells Counted and calculated for Endothelial and Fibroblast cell 

proliferation assay (Source: M. Bazgir). .............................................................................. 229 

Table 9.5 Mechanical Properties of each PCL, PLGA, and coaxial electrospun scaffolds 

(Source: M. Bazgir). ............................................................................................................ 232 

Table 11.1 Properties of all selected organic solvents (Source: M. Bazgir). ....................... 302 



XXIII 
 

Table 11.2 Summary of morphological characterises as well as the weight of the electrospun 

PCL solution in chapter 4 (Source: M. Bazgir). .................................................................. 303 

 

 

 

LIST OF EQUATIONS  

Equation 3.1 Percentage change calculation for scaffold morphology and weight (Source: M. 

Bazgir). .................................................................................................................................. 62 

Equation 3.2 Equations used for Calculating mechanical properties of flat electrospun 

scaffolds (Source: M. Bazgir). ............................................................................................... 64 

Equation 3.3 Equations used for Calculating mechanical properties of electrospun Tubular 

Scaffolds (Source: M. Bazgir). .............................................................................................. 65 

Equation 4.1 Simple calculation that have been used for preparation different PCL solution 

with desired concentration wt% (Source: M. Bazgir). ........................................................... 77 

Equation 5.1: Simple Calculation that have been used for preparation different Polymeric 

PLGA Solution with desired Concentration (%) (Source: M. Bazgir). ............................... 100 

 

 

 

 

 

 

 

 

 

 

 

file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781126
file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781126
file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781127
file:///C:/Users/morte/Desktop/PhD%20Minor%20Correction/Morteza%20Bazgir%20PhD%20thesis%20to%20be%20Corrected/Morteza%20Bazgir%20PhD%20Thesis%20UoB-12026486.docx%23_Toc76781127


XXIV 
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PCL Poly (ɛ-caprolactone)   
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GLOSSARY OF TERMS  

 

Allogenic From individuals of the same species. 
Allograft Graft from a donor of the same species as the 

recipient but not genetically identical. 
Autograft           Graft obtained from one part of a patient’s body 

for use on another part. 
Autologous       Originating from the recipient rather than from a 

donor. 
Bioinert  Refers to materials that does not initiate a 

reaction with biological tissue when introduced in 
the body. 

 
Bioabsorbable           

Capable of being degraded or dissolved and 

subsequently metabolized within an organism. 

Biodegradable  Capable of being decomposed by bacteria or 
other living organism. 

Blend  A combination of two different materials. 
Cell proliferation assay  Is defined as the process that leads to increase 

in the number of cells and the balance between 
cell divisions and cell loss. 

Hydrophilic surface  Is a surface that can absorb water. 
Hydrophobic surface  Is a surface that can, or it does repel water. 
In vitro  Taking place in test tube, culture dish, or 

elsewhere outside a living organism. 
In vivo Taking place in a living organism. 

MTT assay Is a colorimetric assay for assessing cell 
metabolic activity. 

MTS assay  Is used to assess cell proliferation, cell viability 
and cytotoxicity. 
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1.  CHAPTER 1 INTRODUCTION  

1.1 Introductory Comment 

In any doctoral dissertation, especially one that involves many complex 

methods and experiments, the introduction is an opportunity to familiarize the 

reader with the entire project. Therefore, this section intends to lay the 

foundation for the project and explain the motivation behind it. Once the 

effective strategies required to advance existing protocols have been created, 

the practicality of the produced work will be further investigated.  

There are numerous parameters required to be considered in this project. 

These include the technical and biological development necessary to achieve 

a degree of success within a marketplace controlled by finance and ethics. 

The introductory chapter will provide a brief background for this dissertation.  

Also, it will include a brief review of tissue-engineered scaffold via 

electrospinning, and the use of biodegradable synthetic polymers for scaffold 

production. In the introduction, history, theories, and process parameters used 

for the optimization of the tissue-engineered scaffold will be briefly discussed. 

A brief review of the tissue-engineered blood vessel by electrospinning and 

the importance of using this method for the production of TEVG will be 

presented. Next, a summary of various design of tissue-engineered vascular 

grafts via electrospinning technique and the limitations associated with this 

technique is briefly discussed. Then, the introduction will conclude with a 

summary of the overall goals and objectives of the thesis. 
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1.2 Introduction  

The Number one cause of fatality worldwide are diseases associated with the 

cardiovascular (Zoghbi, et al., 2014). The World Health Organization (WHO) 

have estimated that ~ 17.7 million people die due to myocardial infarction, 

congestive heart failure, stroke, etc. and it has been estimated to be 31% of 

worldwide deaths (WHO, 2017). Disorders relative to blood vessels are 

becoming more of a focal point over time due to the constant increase in major 

cardiovascular health problems worldwide, affecting the quality of life, 

economic stability, and the healthcare industry. 

Treatments that currently class the gold standard include both surgical and 

non-surgical. Surgical treatments are inclusive of carrying out complex 

operations such as auto-grafts for various arteries and insertion of stents, with 

limitations consisting of instigating pain to the recipient, and dependence on 

donor sites for autografts, which in effect introduce secondary wounds, 

increasing the risk of infection and need for revision surgery. Non-surgical 

treatments include a change in lifestyle & diet, alongside consumption of 

various drugs, bringing about a predicament emphasising how these 

‘treatments’ only work to reduce the symptoms rather than preventing 

progression of the cause. 

Blood vessels, although having a particular set of mechanical properties, are 

extremely simple in terms of anatomy, with sizes ranging between 20µm and 

25mm, depending on the type of vessel, purpose & location within the body 

(Lever, 2005; Marieb & Hoehn, 2016). However, many patients worldwide 

suffer from vascular damage due to atherosclerosis; the need for bypass 
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surgery would be necessary for these situations. If the blood vessel completely 

blocked as the result of plaque, a new pathway for blood flow must be created. 

As it has been mentioned before, the gold standard procedure is the use of 

autologous graft, but still, there are limitations in replacement of small-diameter 

vascular grafts associated with using own patient vessel.  

The need and demand for developing more desirable man-made synthetic 

tube are increasing day by day. On the contrary, current advances in 

biomaterials and tissue engineering provide substantial funding to address the 

critical requirements for improving overall procedures related to vascular 

diseases. By successfully producing a synthetic graft based on world-class 

research biomaterials that can mimic the natural human extracellular matrix 

(ECM), can eliminate inconvenient procedures, and improve the health of 

patients. 

This thesis starts with the anatomy, physiology, and function of various blood 

vessels in the human body, diseases & disorders relative to the vessels with 

existing treatments before introducing biomaterials used to fabricate synthetic 

blood vessels, methods for manufacturing (inclusive of electrospinning) the 

implants & testing the efficacy of the synthesised implant with natural human 

anatomy. However, the main focus of this project is to fabricate tissue 

engineering vascular graft (TEVG) by using electrospinning technique and also 

to carry on some appropriate tests to understand the capability and the 

effectiveness of each produced scaffolds. 
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1.3 Economics considerations  

In the year 2018, the British Heart Foundation has reported the healthcare cost 

relating to CVD in the United Kingdom alone estimated at £9 Billion, with an 

annual cost to the wider economy of £19 Billion each year (BHF, 2020; PHE, 

2019). Globally, the number of patients that undergo bypass graft surgery is 

increasing each year, and it increases the global demand of synthetic blood 

vessel. According to a new study by Market Study Report LLC, the global 

Artificial Vascular Graft market is valued at 281.5 million US$ in 2020 and is 

projected to reach 302.2 million US$ by the end of 2026, with growing rate of 

1% each year during 2021-2026 (LLC, 2020).  Subsequently, the effective 

application of a strong TEVG might significantly diminish the NHS costs, 

especially if the tubular scaffolds produced by electrospinning procedure 

considered to be an alternative solution for replacing the damaged blood 

vessel. 

1.4 Tissue Engineering  

Tissue engineering is a multidisciplinary approach that has emerged more than 

30 years ago as an alternative method of treatments to traditional autografts 

and allografts procedures (Vunjak-Novakovic & Freshney, 2006; Ringe, et al., 

2002; Langer & Vacanti, 1993). This method can repair damaged and 

regenerate new human tissue by using many principles and techniques, such 

as using the knowledge of bioengineering, chemistry, material science, life 

science, cell biology, and medicine to deliver an alternative method for solving 

the problem of donor shortage (Langer & Vacanti, 1993). Tissue Engineering 
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mainly based on three components such as porous scaffold, cells, and growth 

factor.  

In general, the porous scaffold can be fabricated by many methods like solvent 

casting (Thomson, et al., 2000), self-assembly (Mandal & Shunmugam, 2020; 

Ding, et al., 2012), freeze-drying (Whang, et al., 1995), rapid prototyping 

(Yang, et al., 2002; Hoque, et al., 2005), particulate leaching (Wake, et al., 

1996), phase inversion/separation (Lo, et al., 1995) and electrospinning 

(Bhattarai, et al., 2004; Zhao, et al., 2007). Each of these methods poses its 

own characteristics as the morphological and structural characterises of the 

produced scaffolds are very different from each other. In past two decades, 

some of these fabrication methods have seen an increased in their popularity 

in tissue engineering field especially electrospinning technique as the 

morphology of the electrospun scaffold is similar to the extracellular matrix, 

and the pores created between the fibres can provide directed cell growth 

(Prabhakaran, et al., 2011; Cui, et al., 2010). However, this project will mainly 

focus on the production of tissue-engineered blood vessels via the 

electrospinning process. 

1.5 Tissue Engineered Vascular Grafts Via Electrospinning  

The evolution of vascular surgery began in 1896 when Jaboulay and Briau 

successfully performed arterial transplantation of the carotid artery (Jaboulay 

& Briau, 1896). It was surprising, given that they already held belief that sutures 

placed in the vessel would result in its premature thrombosis, yet anastomoses 

were imperfect and caused thrombosis. A year later in 1897, a successful end 

to the end of the arterial anastomosis of the femoral artery was performed by 
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John Murphy, his case followed significant experimental work with vascular 

anastomosis in canine and bovine subjects, and it paved the way for the next 

advances in the next century (Murphy , 1897). Since the late 19th century, 

more sophisticated techniques have been discovered and developed, and till 

this day autografts are routinely used in surgery as a gold standard method for 

replacing damaged blood vessel. However, the use and availability of 

autografts are limited, especially for arteries. Due to the limitation of autografts, 

it forced the researchers and scientists to investigate and develop an 

alternative method for replacing arterial vessels rather than using the 

conventional method. 

The artificial blood vessel was successfully developed and began clinical 

application in the 1950s. Voorhees discovered first Artificial porous scaffold et 

al., where they have produced tubular graft by folding and stitching a Vinyon 

“N” cloth to the desired sizes. To validate the effectiveness of the scaffold, they 

have carried out an in-vivo study on 15 Mongrel dogs, and a single tube was 

placed in the abdominal aorta of each dog. The preliminary result from this 

study showed promising results which encouraged more scientists to discover 

and develop alternative successful artificial blood vessel prosthesis (Voorhees 

, et al., 1952). Since then, more complex methods were implemented, and 

many different types of artificial blood vessel prosthesis were developed. 

Currently, most synthetic blood vessels that are clinically in use are made from 

synthetic non-degradable materials; this is mainly due to the ease and 

flexibility of modifying its mechanical properties. Most of these materials were 

introduced by the end of 1970s as a solution for aortic and lower extremity 

bypass, synthetic materials such as PTFE (Teflon) (Campbell, et al., 1976; 
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Soyer, et al., 1972; Tellis, et al., 1979)  and Dacron (DE Bakey, et al., 1958). 

These non-degradable synthetic grafts demonstrated to be useful as an 

alternative method to traditional autologous vessels or bypass grafting 

procedure. However, it has not been considered as a long-term solution due 

to the patency rate of these synthetic materials shown to be relatively poor 

over a long period of implementation and it was the common limitation of these 

vascular grafts which have driven investigation of further strategies. 

An alternative solution for the permanent and successful replacement of a 

small blood vessel believed to be by production of synthetic biodegradable 

porous scaffolds. The use of biodegradable polymeric scaffold on which cell 

layers can grow is an alternative tissue engineering technique for the 

development of a functional long-term vascular graft (Dahl & Kypson, 2011). 

The principle of using these types of degradable structure is that the scaffold 

to be replaced and reconstructed by extracellular matrix (ECM) secreted by 

the cells. Nevertheless, the prospering number of methods and inventive 

advances has been developed, since the first tissue-engineered blood vessel 

substitute was created by Weinberg and Bell in 1986, they generated a 

biological vascular graft with xenogeneic cells from bovine cells on layers of 

collagen gell supported by a Dacron mesh (Weinberg & Bell, 1986). Even 

though physiological weights were supported for 3-6 weeks, they did illustrate 

the viability of this grafts with human cells. Ever Since, many alternative 

approaches to blood vessel grafts have been developed which combine the 

concepts of bioresorbable and biocompatible polymers, those that are not toxic 

to the body on implementation, and that can exhibit controlled degradation and 

resorption in the body.  
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In past three-decade, approaches taken to create the best tissue-engineered 

vascular grafts were mainly focused on the surface coating and chemical 

modification of synthetic materials (Wetzels & Koole, 1999; Hsu & Chen, 2000; 

Lin, et al., 1994; Wang, et al., 2002), biodegradable scaffolds, and biopolymer 

(Badhe, et al., 2017; Goonoo, et al., 2013). Many processing techniques have 

been investigated for the production of synthetic porous vascular graft scaffold, 

and electrospinning has emerged as a new scaffold fabrication method. This 

method of fabrication can produce interconnected mesh with fibres ranges 

from few nanometres to several micrometres in diameter that mimics 

extracellular matrix of native tissue (Greiner & Wendroff , 2007; Matthews, et 

al., 2002). It has been noticed that most of the polymeric scaffold that has been 

produced by electrospinning procedure had outstanding structural integrity 

when it was compared to other conventional fabrication methods. Many of 

synthetic aliphatic polyesters such as PCL (Rabionet, et al., 2017), PLLA 

(Derakhshan, et al., 2016), PGA (You, et al., 2005), PLGA (Kwak, et al., 2016), 

and PLA (Gugutkov, et al., 2017) which have been conventionally commonly 

used for producing a variety of tissues, these polymers shown to have 

excellent processability in forming nanofibrous mesh through electrospinning. 

Table 1-1 below shows several studies based on the advancement of 

electrospinning or formally known as electrostatic spinning for production of 

the vascular prosthesis. 
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Material 

(Polymer)  

Method of 

Fabrication  

Year of 

study 

Clinical target Comment Reference 

Polyurethane 

elastomer PU 

 

Electrostatic 

Spinning  

1978 Vascular Protheses • In-Vivo test on 42 mini-Pigs was carried out, the 

Polyurethane vascular prothesis replaced 

thoracic aortic of the pigs. 

• Four early failures occurred due to fault in grafts 

material.  

• Mechanically some of the graft has survived its 9 

months of implantation, with approximately 40 

million pulses.  

• Overall, this protheses showed some positive 

results but needs further improvements as the 

pores were too small to allow complete growth of 

cells and vascularization through the wall. 

(Annis , et al., 

1978) 

PCL with 

heparin  

Electrospinning  2006 Vascular Prothesis  • In Vitro studies were carried to assess the 

efficacy of the PCL fibres as an implantable drug 

delivery device. 

• PCL fibre diameter found to be dependent on the 

concentration of heparin added.  

• Electrospun PCL fibres found to be feasible for 

drug delivery.  

• Heparin prevented VSMCs to proliferate.  

(Luong-Van, et 

al., 2006) 
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PCL, PLGA, 

Gelatin and 

Chitosan   

Electrospinning  2012 Blood Vessel  • Multi-layered artificial blood vessel was fabricated 

using double- ejection electrospinning. 

• Cross-link blood vessel showed a tensile strength of 

2.3 MPa compared to 2.0 MPa for the non-cross linked. 

• In vitro results of these scaffolds showed an excellent 

flexibility and promoted cell growth. 

(Nguyen & Lee, 

2012) 

PU / PLGA  Electrospinning  2010 Blood Vessel  • Polyurethane (PU) grafted with electrospun PLGA, and 

the surface of the scaffold was modified by 

microwave-induced argon plasma. 

• The plasma treatment increased the hydrophilicity of 

the scaffold, and it has increased the attachment of 

HUVECs (in-vitro). 

• The result suggests that modifying the surface of the 

elecrospun scaffold by plasma treatment can be 

effective tool for tissue engineering blood vessels by 

electrospinning. 

 

(Park , et al., 

2010) 

Polycaprolactone, 

Elastin, Collagen 

Electrospinning  2010 Blood Vessel • Three-layered electrospun scaffold was produced to 

mimic native human blood vessel. 

• Average uniaxial results demonstrated to be between 

2.0-11.8 MPa.  

(J. McClure, et 

al., 2010) 

Gelatin, Elastin, 

Polycaprolactone 

(PCL), and 

Poliglecaprone 

(PGC) 

Electrospinning  2010 Blood Vessel • Double layer highly porous scaffold was prepared, and 

PGC was to promote endothelization. 

• In Vitro testing showed that human aortic endothelium 

cells HAECs can proliferate and survive of this 

scaffold for minimum 11 days.  

• The results obtained from this type of scaffold showed 

to have potential uses for production of coronary 

artery. 

(Zhang, et al., 

2010) 

Table 1.1 Examples of electrospun Tissue engineered Blood Vessels. 
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1.6 Limitation of Current Tissue Engineering Approaches to 

Blood Vessel Treatments  

 

There are several physiological and accessible limitations in the current 

treatment model that must be addressed before beginning effective use. The 

problem of small-diameter vascular replacement remains a significant 

challenge that has not yet been overcome in the production of suitable vascular 

implants. Features of such implants must be maintained not only during the 

surgery but also for a long time after implantation.  The current issues that 

tissue-engineered blood vessel face are namely restenosis, thrombosis, and 

intimal hyperplasia (Shuhaiber, et al., 2002; Greisler, 1990). 

After all, two major ongoing issues are limiting synthetic nanofibers for efficient 

applications, and these problems are associated with the lack of cell 

identification sites across the scaffold surface which leads to insufficient cell 

attraction, as opposed to natural biopolymers (Rosso, et al., 2005; Hubbell, 

1995). The other drawback is hydrophobicity, of most electrospun scaffolds 

that have been produced from synthetic biodegradable polymers exhibit 

hydrophobic characteristics, which further affects cell seeding/adhesion and 

subsequent cellular activity (Chen, et al., 2000; Cai, et al., 2003). However, 

there are several studies that suggest electrospinning protein alongside 

synthetic polymers can help to increase cell adhesion (Zhang, et al., 2010; He, 

et al., 2009).  
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The tissue-engineered blood vessel that can grow, repair, and recover in vivo 

without requiring revision surgery will have clear benefits and will be a 

breakthrough in the field of tissue engineering (Greenwald & Berry, 2000; 

Arrigoni, et al., 2006). However, we are far away from producing such grafts 

unless may issues related to the production of synthetic vascular grafts are 

addressed carefully, cleverly solved, and designed to fit its purposes. 

 

1.7 Aims and Objectives  

Electrospun scaffolds have significant potential to be used as a graft for 

vascular tissue engineering because they exhibit the appropriate porosity 

content and large specific surface area for cell/tissue growth and hence better 

interactions with human body for replacing damaged or diseased 

tissues/organs/body parts. Also, electrospinning can produce 3D structures as 

scaffolds by incorporating multiple materials for enhancing and adapting the 

biological properties of the in vivo structures. This work aims to create a tubular 

scaffold that can meet the initial requirements of small-diameter vascular 

grafts, in terms of its morphology, reasonable degradation rate, appropriate 

structural, mechanical and surface properties such as pore size and porosity 

content to promote acceptable cell interaction, in particular cell adhesion and 

proliferation, with respect to endothelial cells and to prevent adverse cell 

reactions to avoid thrombosis. 
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In this work, therefore, the potential use of synthetic biodegradable polymers 

namely Polycaprolactone (PCL) and Poly (lactic-co-glycolic acid) as an 

alternative method for production of the tubular vascular graft have been 

investigated. To achieve this goal, the following objectives have been 

determined: 

 

1- A comprehensive review of the literature which includes the 

composition, structure, fundamental requirements of a successful 

synthetic blood vessel, and types of biomaterials used for the 

production vascular grafts prosthesis with an overview of tissue 

engineering consisting, of the main methods applied for scaffolds 

fabrication. 

 

2- Investigation and optimisation of the electrospinning parameters of 

Polycaprolactone (PCL).  

Optimisation parameters included polymer concentration, solvent 

system, solvent ratio, flow rate, applied voltage and investigation the 

morphological characterises of the electrospun scaffolds by SEM.  

 

3- Investigation and optimisation of the electrospinning parameters of 

Poly (lactic-co-glycolic acid). 

Optimisation parameters included polymer concentration, solvent 

system, solvent ratio, flow rate, applied voltage and investigation of the 

morphological characterises of the electrospun scaffolds by SEM.  

 

4- Fabrication of multiple and different types of scaffolds including PCL 

only, PLGA only, single layer scaffold with a mixture of both polymers 

PCL and PLGA with the help of a coaxial needle, and Bilayer scaffold 

with the inner layer of made of PCL polymer and the outer layer PLGA.  
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For each of the above-mentioned scaffolds, three different types of 

electrospinning time, i.e. 30, 60, and 90 minutes have, been used to 

investigate the followings parameters. 

- The effect of scaffold thickness on degradation rate and weight loss 

over 12 weeks degradation process at room temperature and four 

weeks under controlled conditions at 37°C. 

- The morphological changes that the electrospun scaffolds undergo 

during degradation experiments, and the assessment of the fibre 

diameter, pore size and porosity volume percentage for each scaffold. 

- Evaluation of the mechanical properties of each electrospun mat and 

studying the effect of scaffold thickness on the overall mechanical 

properties. 

- Assessment of scaffold handleability over degradation period. 

 

5- Fabrication and investigation of the characteristics of four different 

types of 6mm diameter tubular scaffolds including PCL only, PLGA 

only, single layer scaffold with a mixture of both polymers PCL and 

PLGA produced with the help of a coaxial needle (core=PCL and 

shell=PLGA), and Bilayer scaffold with the inner layer made of PCL 

polymer, and the outer layer with PLGA. 

The tubular scaffolds were electrospun for 120 minutes, and the 

following characteristics were investigated: 

- Degradation rate and weight loss over 12 weeks degradation process 

at room temperature and four weeks under controlled conditions at 

37°C. 

- Effect of degradation on scaffold morphology, specifically on fibre 

diameter, pore size and porosity content. 

- Assessment of the mechanical properties of each tubular scaffolds. 

- Assessment of the chemical and crystallinity of the electrospun 

scaffolds. 

6- Investigating the in vitro characteristics and biological/cell interactions 

of all electrospun scaffolds to evaluate their cell viability using specific 

cell lines including human umbilical vein endothelial cells (HUVEC) and 

human vascular fibroblast cells (HVF). 
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1.8 Thesis Overview 

The whole thesis is composed of 10 chapters and organised as follows. 

Chapter 1 gives a brief introduction of the research background, aims and 

objectives, and thesis overview. Chapter 2 is a literature review on the human 

blood vessel, design requirements of artificial blood vessels, i.e. mechanical 

requirements, biomaterial requirements, and background on various 

biodegradable polymers used for the fabrication of blood vessels and 

background on different types of fabrication methods. Chapter 3 consists of 

the materials and methods used throughout this project. Chapter 4 is on 

electrospinning of PCL polymer and the effect of different variables on the 

production of the nonwoven membrane. Chapter 5 is based on the effect of 

independent variables on the morphological structure of electrospun PLGA 

polymer. Chapter 6 is on fabrication and characterisation of single-layered 

PCL and PLGA electrospun mesh for tissue engineering purposes. Chapter 

7 is on the fabrication using coaxial electrospinning and developing core-

sheath structured nanofiber scaffolds, and bilayer scaffolds with the inner layer 

made of PCL polymer and outer layer from PLGA. Chapter 8 is on production 

and characterisation of tubular scaffolds. Chapter 9 covers the investigation 

of cell adhesion and cell viability of the endothelial and fibroblast cells on 

electrospun PCL, PLGA and Coaxial scaffolds for production of the tissue-

engineered blood vessel. Chapter 10 is the final chapter of this thesis and 

provides concluding remarks of the results obtained from this work as well as 

recommendations for future work.  
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2. CHAPTER 2 LITERATURE REVIEW  

2.1 Native Blood Vessels 

The human body consists of 5 main types of blood vessels including arteries 

(elastic and distributing), arterioles, capillaries, venules and veins (Gerad & 

Brayan, 2011; Martini, 2001). Each type of blood vessel is specialised in 

terms of structure as the characteristics allow for optimal functionality 

(Gerad & Brayan, 2011). Arteries carry blood away from the heart, and as 

the artery moves further away from the heart, the structure changes from 

large, elastic arteries to muscular arteries which are reduced in size (Gerad 

& Brayan, 2011). The size continues to reduce until the small arteries 

become arterioles, functioning to provide blood to various tissues. (Marieb 

& Hoehn, 2016). These arterioles branch into capillaries which have 

extremely thin walls (thin monolayer epithelial tissue covers all the blood 

vessel walls, skin, urinary tracks and organs), allowing for diffusion of 

various nutrients and oxygen between the tissue and blood. Capillaries then 

group together and merge to form venules, which further fuse to create 

veins; veins carry deoxygenated blood (rich in CO2) back to the heart 

(Martini, 2001). However, each blood vessel consists of different structure 

and characteristics, and can be broken down into 3 main structural forms 

which contain various cells for specialised activity. These 3 structural layers 

include: Tunica Interna (Intima), Tunica Media and Tunica Externa 

(Ratcliffe, 2000), as shown in Figure 2.1. 
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Figure 2.1. Schematic Illustration of blood vessels (Source: M. Bazgir). 

 

Both veins and arteries are made out of the same separate tissue layers, as 

shown schematically in Figure 2.1, which illustrates the main structural form of 

the blood vessel. However, in terms of structure, general appearance, and the 

function of each tissue layer appears to be different. Table 2-1 summarizes 

and compares the structure and role of these tissue layers in veins and 

arteries. (Marieb & Hoehn, 2016; Lever, 2005; Martini, 2001) 
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Tissue 

Layer 

Structure  Function  

Tunica 

Intima  

• Endothelium appears wavy 
in artery and smooth in 
veins. 

• Veins lacks internal elastic 
membrane, but it is present 
in large vessels. 

• Endothelium provide a 
boundary between the blood in 
the lumen and the vessel wall.  

• Endothelium releases 
endothelins which leads to 
tighten smooth muscle and 
increase of blood pressure. 
 

Tunica 

Media 

• It is the thickest layer in 
artery. 

• External elastic membrane 
present in large artery and 
absent in veins. 

• Contains smooth muscle 
and predominately made up 
of elastic fibres.  

• It increases and decreases the 
diameter of the vessel lumen by 
contraction and relaxation of the 
circular muscles. 

• The smooth muscle plays an 
active role in production of 
elastic fibres. 

Tunica 

Externa  

• This layer is the thickest 
layer in veins and consists 
of collagenous and mostly 
smooth fibres.  

• Smooth muscle fibre can be 
found in veins. 

• Predominantly collagenous 
and elastic fibre in artery.  

•  Overall function of this layer is 
to provide strong attachment to 
the blood vessels to 
surrounding tissues.  

Table 2.1. Structure and function of each tissue layer of blood vessel (Martini, 2001; Marieb & Hoehn, 2016; 
Lever, 2005). 
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2.2 Existing Disorders and Treatments Associated with 

Blood Vessels  

The vascular disease usually relates to problems that affect the way blood 

flows within the cardiovascular system, i.e., arteries, veins and lymphatic 

vessels. These problems generally occur due to the formation of stenosis and 

lipids, cholesterol, plaque and calcium, leading to narrowing of the blood flow 

channel and tissue damage due to inadequate nutrient supply (Pashneh-Tala, 

et al., 2016; Bunce & Ray, 2017; FIORICA, et al., 2012). 

There are two main methods which can be applied to cure the blood vessel 

disorders, approached by surgical or non-surgical treatments. Non-Surgical 

treatments range from the use of some specific pharmaceuticals or a simple 

lifestyle modification such as dietary changes and exercise, which can promote 

faster healing and prevent various disorders from taking place (Abdulhannan, 

et al., 2012; Kumar, et al., 2011).  Aspirin and antiplatelet drugs are used to 

thin the blood, in effect reducing the stickiness of platelets, preventing the 

formation of blood clots; Beta blockers, Vasodilators and Angiotension 

Converting Enzyme inhibitors (Ramipril, Enalapril, Captopil, Candesartan, 

valsartan and Losartan) prevent further heart attacks by dilating blood vessels 

in order to increase the quantity of blood passing through the vessel, hence 

decreasing the blood pressure; vasopressors increase blood pressure, cardiac 

output, heart rate and peripheral resistance by stimulating various receptors 

(Bunce & Ray, 2017).  
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However, in more severe cases, surgical treatments remain the treatment of 

choice; advancements in technology have allowed for surgical treatments to 

become more and more simplified overtime. An example of a common surgical 

treatment includes angioplasty followed by possible stent insertion, which 

enables the re-opening of a narrowed or blocked artery (Kumar, et al., 2011; 

Zhang, et al., 2007). There are many variations of this process, some including 

balloon valvoplasty, percutaneous transluminal coronary angioplasty, or when 

a stent is utilised, percutaneous coronary intervention. This invasive treatment 

includes the progression of a keyhole surgery from an artery; a thin wire is 

pushed through a distal artery towards the heart, and a balloon like structure 

at the end of the wire is inflated at the blockage site to clear the blood flow 

pathway (if a stent is utilised, the balloon like structure when inflated will have 

a surrounding stent) (Kumar, et al., 2011; Zhang, et al., 2007). The operative 

device is then flattened and removed from the body. If more than one artery is 

blocked, this method may be overlooked, and the preferred treatment would 

be an interposition grafting procedure (Bunce & Ray, 2017). Another Surgical 

treatment, endarterectomy, is a highly invasive process which refers to 

removal of fatty deposits, usually in the carotid artery. Prolonged blockage of 

this artery may cause strokes, and result in paralysis (Zhang, et al., 2007). 

Currently, vascular grafts or a bypass are used to replace damaged vessels, 

and procedures such as auto-grafts or allografts (includes replacement of 

vessels or the heart from a donor, not genetically identical to the recipient), 

although being highly invasive, are yet common choices for treatment. To 

avoid rejection, utilising an implantable cardioverter defibrillator, or a 
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pacemaker, may be used to create a regular electrical impulse for optimal 

blood flow cycles (Bunce & Ray, 2017). 

The favoured procedure is autologous vascular grafting due to its 

biocompatibility and lower risk of rejection by the body’s immune system 

(Nasser, et al., 2018; Antoniou, et al., 2013). But there are limited availability 

of these types of vascular grafts, due to their poor quality or potential infliction 

of harm to the donor site (Conte, 2013).  

 

2.3 Microstructural Design Requirements for Artificial 

Vascular Grafts  

An ideal scaffold should be able to maximally mimic the side of replacement 

and fulfil some certain design requirements to be fit for purpose (Pashneh-

Tala, et al., 2016). Often conflicting requirements, they must meet, some are 

desirable, and others are entirely essential (Conte, 1998). The replacement 

scaffold grafts must have good biocompatibility, be biodegradable, it should be 

porous to promote cell penetration and capable of interacting with the specific 

cell type(s) of interest, it should have appropriate mechanical properties 

matching site of implantation, it should be non-thrombogenic, non-toxic and 

resistant to infection (Conte, 1998; Pashneh-Tala, et al., 2016; 

Brahatheeswaran, et al., 2011; Langer & David , 2004; Hassan , et al., 2014). 
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2.3.1 Mechanical Requirements 

An ideal mechanical requirement for either small or large diameter tissue 

engineered vascular grafts (TEVG) can be summarized as follows: (a) 

mechanical properties similar to native blood vessels, (b) acceptable suture 

retention, (c) compression resistance and (d) burst pressure alike to native 

vessel (Catto, et al., 2014). 

 

2.3.1.1 Mechanical Stretch and Burst Pressure  

Burst pressure refers to the implants resistance to catastrophic rupture or 

tearing of the prosthetic device when blood is pumped at high forces. Testing 

must be carried out in vitro to ensure the implant can withstand a large range 

of pressures (Sarkar, et al., 2006; Kumar, et al., 2011; Pashneh-Tala, et al., 

2016). It must be taken into account that various blood vessels can withstand 

a variety of pressures, for example, closer to the heart, the arteries relevant 

may withstand pressures up to 110mmHg, however more distal, for example 

arteries within the leg commonly undergo pressures of approximately 

250mmHg as hydrostatic pressure is also applied; pressures as low as 60-

100mmHg have been recorded for various other blood vessels (higher flow 

rates and turbulence must be taken into account) (Sarkar, et al., 2006; Solan, 

et al., 2009). 
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 2.3.1.2 Fatigue Resistance  

Blood vessels are subjected to a constant cyclic flow (Zeigler & Nerem, 1994). 

Factors such as turbulence, heat, velocity and pressure all contribute to 

longevity of the blood vessel (Kumar, et al., 2011). The implant should be 

tested in vitro in such a manner, to see whether the microstructural scaffold of 

the implant itself can withstand the above factors to the extent of a natural 

blood vessel. Burst pressure must be reviewed before and after cyclic fatigue 

tests in order to determine the life cycle of the implant (Lsenberg & Tranquillo, 

2003; Kumar, et al., 2011; Hassan , et al., 2014).  

 

 2.3.1.3 Suture Retention  

Upon insertion of the implant, sutures are utilised to fix the implant to the 

neighbouring anatomical features (Kumar, et al., 2011; Pashneh-Tala, et al., 

2016). The implant must be strong enough to withstand the impairment and 

physical disfiguration which occurs upon insertion of a suture end, prevent 

dislodgement of the suture, alongside being able to communicate effectively 

with the host in order for cellular integration and healing to occur (Kumar, et 

al., 2011). 
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 2.3.2 Biomaterial Requirements  

 2.3.2.1 Biodegradability  

Some polymers, when in contact with bodily fluids, can increase in size or 

dissolve. Diffusion of the liquid into the polymeric scaffold can expand the 

distance between chains, increasing local stresses; degradation effects can be 

reduced by optimising polymers through integration of cross linkages, 

increasing molar mass through creation of blends or utilising materials with a 

higher crystallinity (Cheng, et al., 2017). Biodegradable polymers are a great 

choice for blood vessel scaffold production, as they resorb completely in the 

body, resulting in a biological structure made from solely biological tissue (Lu, 

et al., 2014; Katsuhisa Sakaguchi, 2015). 

The waste products created by the scaffold should be minimal, and also be 

non-toxic, removable from the body through natural bodily processes without 

causing further disturbances (Kumar, et al., 2011; L'heureux, et al., 1998). 

Novel approaches to tackle biodegradability issues include the use of 

combining natural moieties including collagen fibres, elastic fibres and 

glycosaminoglycan’s; due to their presence within the human body prior to 

insertion of the synthetic implant, rejection rates from the host immune 

response are reduced, and degradation of such products are not likely to 

create toxic waste (L'heureux, et al., 1998; Kaushiva, et al., 2007; Weinberg & 

Bell, 1986). 
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 2.3.2.2 Biocompatibility  

The material utilised to create the scaffold must be compatible with the host 

tissue alongside the surrounding blood (Kumar, et al., 2011). As blood flow will 

be in direct contact with the synthetic blood vessel, it is essential that the 

material utilised to create this implant will not wear or emit any toxic substances 

that will run through the blood stream (L'heureux, et al., 1998). Also, the 

material used to create the implant must allow for cellular integration and be 

perforated so as to allow for optimal diffusion rates of nutrients and various 

constituents, in effect, behaving as a natural blood vessel. Both in vitro and in 

vivo, the implant must allow for cellular proliferation, growth and integration, 

meanwhile suppressing any immune related responses (the implant must not 

be rejected by the host) (Kaushiva, et al., 2007; Kumar, et al., 2011).The 

implant must comply with the anastomoses and endothelial ends of the 

connecting vessels; mechanical mismatch will contribute to host rejection 

immune responses (Kumar, et al., 2011; Zeigler & Nerem, 1994). 

 

 2.3.2.3 Biomechanical Interactivity  

Many factors affect the biochemical interactivity of the implant. Upon insertion, 

the risk of infections caused by Staphylococcus aureus and Staphylococcus 

epidermidis is present (the risk has been stated to be as high as 6%) (Kumar, 

et al., 2011). The use of hydrophobic materials has been preferred previously 

due to the ability to promote blood protein adsorption; however, it is well known 

that blood vessels contain perforations, increasing the hydrophilic properties 

(L'heureux, et al., 1998). 
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It has recently surfaced that combining both hydrophilic nature of materials 

with resistance to non-specific protein adsorption, one can create surfaces with 

anti-platelet, anti-coagulant properties, which in effect prevent the generation 

of thrombus. Other factors which play well into biochemical activity of a 

synthetic blood vessel is the induction of various chemicals, including the use 

of stromal derived factor 1, plasma treatment of surfaces, and integration of 

smooth muscle cells, endothelial cells and various progenitor cells (Kumar, et 

al., 2011; L'heureux, et al., 1998; Niklason, et al., 1999). 

 2.3.3 Scaffold Fibre Diameter and Porosity  

The porosity and fibre diameter of a scaffold plays a crucial role in directing 

the formation and function of tissues; one major function of a scaffold is to act 

as a temporary Extracellular matrix (ECM) meanwhile regeneration of cells 

takes place (Kiziltay , et al., 2015). Scaffolds should have a highly porous 

structure; an increase in porosity can present a beneficial effect and can allow 

internal cellular growth, uniform cell distribution, diffusion of oxygen and 

nutrients, alongside host- cell infiltration and neovascularization 

(Brahatheeswaran, et al., 2011; liverani & Boccaccini, 2016). Average fibre 

diameter, fibre distribution, pore size, pore shape, pore wall roughness and 

pore distribution are important parameters which have to be considered during 

fabrication of a scaffold; if the pore diameter is too small, the pore will prevent 

extracellular matrix (ECM) production and cellular penetration (Oh , et al., 

2007; Dash & Konkimalia, 2012; Brahatheeswaran, et al., 2011). 
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2.3.4 Vasculogenesis and Angiogenesis 

The formation of new blood vessels follows the same general pattern in all 

types of tissues, and vascularisation of the tissue-engineered structure is a 

significant problem and a critical limitation in creating successful large tissue 

structures (Novosel, et al., 2011). Coronary vasculogenesis, angiogenesis, 

and arteriogenesis are the range of processes that lead to the vascular 

formation (Robich, et al., 2011). Methods established on vasculogenesis and 

angiogenesis are based on the natural processes in the body and simulate the 

physiological processes that occur during normal blood vessel growth by better 

reproducing the three-dimensional microvascular structure that leads to the 

creation of highly branched and interconnected microvascular structure 

networks (Lim, et al., 2013). Although there are some interactions between 

them in the early stages of development, angiogenesis and vasculogenesis 

are essentially two independent processes. It was thought that vasculogenesis 

only occurs during the development of blood vessels in the embryo, but many 

recent studies have demonstrated the role of vasculogenesis in adult 

(Kässmeyer, et al., 2009; Tongers, et al., 2010; Velazquez, 2007; Conway, et 

al., 2001; Luttun & Carmeliet, 2003). Whereas angiogenesis plays a critical role 

in the human body, such as it participates in the maintenance and preservation 

of the body during inflammation, wound healing, and more importantly on the 

stabilisation and destabilisation processes of the vascular network (Cassell, et 

al., 2002; Danza, et al., 2013). For a successful tissue-engineered construct, 

efficient vascularization strategies are essential for any regenerative implants 

to perform their biological functions and a significant prerequisite for the safe 

application of tissue-engineered vascular grafts in clinical practice (Frueh, et 
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al., 2017; Hegen, et al., 2011; Spiller, et al., 2014). Lack of adequate blood 

supply can lead to complete/partial necrosis, leading to infection, implant 

disconnection and sepsis (Naderi, et al., 2011; Shahin, et al., 2020). Hence, 

considerable attention has been paid to the stimulation of micro blood vessels 

in tissue-engineered membranes (Hendrickx, et al., 2011; Shahin, et al., 2020). 

Many different strategies have been used, and many studies have been 

conducted to stimulate angiogenesis in the biodegradable tissue-engineered 

structure (Lindsey, et al., 2016; Ortega, et al., 2015; Augustine, et al., 2014). 

Strategies based on vasculogenesis/angiogenesis can potentially be used to 

stimulate or otherwise achieve angiogenesis in tissue-engineered 

membranes. However, angiogenesis is still a significant issue in developing 

functionally engineered tissues and needs more detailed research in the 

future. 

 

 2.4 Polymers  

If the human blood vessels are replaceable, then what types of materials, 

natural, living, or non-living or synthetic are the best choice for these 

replacements? Polymers used for fabrication of vascular tissue engineering 

are classified into two categories, synthetic or naturally derived polymers. 

The most common approach in today’s day and age incorporates natural blood 

vessels as a replacement for the diseased vessel; a simple method for 

example, when considering atherosclerosis, allows for the damaged vessel to 

be removed before autologous transplants of vessels of a similar diameter, can 

be carried out (Tien, et al., 2005). Pre-existing vessels utilised for replacement 
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of damaged coronary arteries include internal mammary or radial artery, or 

even a small part of the saphenous vein; with over half a million procedures 

carried out per annum, ‘bypass’ surgeries of this kind are deliberated to be a 

generic standard (Tien, et al., 2005).  

The need for synthetic polymer substitutes is increasing due to availability 

issues regarding healthy natural autologous vessels; progressive research in 

tissue engineering allows for potential to manufacturing implantable vessels, 

or even entire networks, to an excellent quality, thereby simplifying the 

treatment of vascular disorders (Tien, et al., 2005). Further discussed in this 

chapter are both natural and synthetic polymers which are utilised for creation 

of blood vessels. 

 2.4.1 Natural Polymers  

Natural polymers, derived from natural tissues such as collagen based 

extracellular matrices, are looked towards for Tissue engineering of blood 

vessels due to their excellent biocompatible properties, in sense, preventing 

major chronic inflammation and toxic effects after implantation (Catto , et al., 

2014; Mano, et al., 2007). Properties of natural materials allow for an improved 

bio-active response, with regards to upregulations in cellular and protein 

interactions (Gentile, et al., 2014; Kiziltay, et al., 2015; Dhandayuthapani, et 

al., 2011). 

Polymers of great importance include naturally occurring structural proteins as 

discussed below, such as fibrin, elastin and collagen, which are abundant in 

native blood vessels. These materials can be used to further optimise 

synthetics, to improve their mechanical properties (Catto, et al., 2014). Further 
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changes in mechanical properties can be carried out by choosing specific 

manufacturing techniques, however comparison of mechanical properties 

becomes difficult due to the vast range of parameters considered during 

material characterisation, including for example crosshead speed, shape and 

size of the sample required, and applied load direction (Catto, et al., 2014).  

With regards to synthetic polymers, naturally occurring constituents of healthy 

tissue such as hyaluronan and various polysaccharides, can be incorporated 

with synthetic polymers to create blends with optimised responses. 

Extracellular matrix elements i.e., cellulose, amylose dextran, 

glycosaminoglycans, elastin, alginate, and agarose are commonly used to 

alter material strength, encapsulation and gelling properties, but when 

focussing on natural polymers themselves, the main materials of choice are 

deliberated below (Catto, et al., 2014; Dhandayuthapani, et al., 2011). 

2.4.1.1 Collagen  

Collagen is extracted from several cell types; however, Collagen type 1 is the 

most abundant (out of 27) (Tayebi & Moharamzadeh, 2017) in multiple tissue 

types. It is available in numerous forms i.e., gels, sponges, sheets and easy to 

process in a range of methods such as electrospinning and self-assembly. The 

mechanical strength and rate of absorption of collagen are factors of concern, 

hence, the need for cross-linkages to improve thermal and mechanical 

properties (McKenna, et al., 2012). Von Heimberg et al implanted a collagen 

scaffold in nude mice over a duration of 6-8 weeks, and discovered significant 

biological responses, including development of a layer of adipose tissue and 

blood vessels for vascularisation (Catto, et al., 2014; FIORICA, et al., 2012) .  
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2.4.1.2 Fibronectin  

Fibronectin is a glycoprotein, located on the surface and external to a range of 

cells. It communicates with a large variety of other cellular proteins i.e., 

fibrinogen, collagen, intracellular receptors and glycosaminoglycans, 

therefore, it induces optimal cellular responses and increases biocompatibility. 

Fibronectin is composed of repeating I, II, and III units of exclusively folded 

modules (Tayebi & Moharamzadeh, 2017).  

 2.4.1.3 Fibrin/ Fibrinogen  

These are constituents which are present in the extracellular matrix of naturally 

occurring blood vessels. Adhesion, proliferation and cellular integration is 

enhanced through the incorporation of fibrinogen fibres (Dhandayuthapani, et 

al., 2011). The fibrin usually contains blood proteins including fibrogen and 

thrombin (Catto, et al., 2014; Dhandayuthapani, et al., 2011). These proteins 

are created following injury as a repair response to obtain homeostasis (Catto, 

et al., 2014). Examples of scaffolds create through the use of fibrin or 

fibrinogen include those for filling bone cavities, vascular grafts, and repair of 

a range of soft tissues, due to the material’s optimal bioactivity response. Fibrin 

can be interlinked with synthetic polymers in blends, to enhance synthetic 

material properties (Catto, et al., 2014; Dhandayuthapani, et al., 2011) (Tayebi 

& Moharamzadeh, 2017).   

2.4.1.4 Gelatine  

This natural polymer is an insoluble collagen, treated with acid to create 

biodegradable and biocompatible gelatin. Gelatin is easily processed, 

therefore can be attained in various formats (powdered, gels etc.) and shapes 
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(Holland, et al., 2004; Kang, et al., 2006). It is known to, like collagen, increase 

possibility of a strong allergic response (Dhandayuthapani, et al., 2011). 

Gelatin scaffolds were implanted in vivo into nude mice and examined after a 

duration of 6 weeks; adipose tissue had developed upon the scaffold, 

demonstrating an upregulation in cellular integration (Catto, et al., 2014). Due 

to ethical reasons, such as cultures which do not accept materials containing 

animal derivatives, Gelatin is not a generalizable polymer for scaffold creation 

(Gentile, et al., 2014).  

 

2.4.1.5 Chitosan  

Chitosan is derived after the process of deacetylation from Chitin, abundant in 

crustacean exoskeletons. Properties of chitosan which make it an appropriate 

choice for natural polymer selection are optimal for wound dressing and drug 

delivery (Catto, et al., 2014; Brahatheeswaran, et al., 2011). It is easily 

processed into a range of structures including on a micro scale, such as 

spheres, pastes, fibres and sponges, meaning it can be manufactured into 

both membranes and scaffolds (optimised for desired porosity). Chitosan is 

known to increase the rate of healing in wounds, upregulates cytokine 

production and has natural inhibitory effects towards infections (Catto, et al., 

2014).  

2.4.2 Synthetic Polymers  

Surfaced polymers in research for creation of biodegradable blood vessels 

include Polylactic acid, Polyglycolic acid, Poly (lactic-co-glycolic acid) and Poly 
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(ɛ-caprolactone) (Cheng, et al., 2017). These polymers are known for their 

biocompatible properties, approved by the Food and Drug Administration 

legislations, however, in terms of degradation, local concentrations to the 

implants have become more and more of a concern. Scaffold degradation rate 

must be slower than tissue regeneration, as degradation of the scaffold prior 

to healing may increase risks of aneurisms (Guo & MA, 2014; Jerome & 

Lecomte, 2008; Xu, et al., 2014)  Biocompatibility is not the only parameter 

playing a large role in polymer selection however, as factors such as material 

chemistry, solubility, hydro-properties, surface energy and erosion 

mechanisms are also equally as important (Mayer, et al., 1997). 

Previous hydrophobic polymers with high crystallinity that have been used 

since the 1940’s for synthetic vascular grafts include polyethylene 

terephthalate (PET) (i.e., Terylene or Dacron) and polytetrafluoroethylene 

(PTFE) (i.e. Teflon or Gore-Tex) (Chlupáč, et al., 2009). 

Synthetic polymers are not only cheaper than biological scaffolds, but can be 

manufactured uniformly on a large scale, with an increased shelf life 

(Dhandayuthapani, et al., 2011). The ability to tweak synthetic polymers to 

optimise degradation, mechanical and chemical properties. demonstrates 

advantages over natural polymers, due to the vast range of scaffold types that 

can be manufactured.  

 A large range of synthetic polymers are under study for biocompatible scaffold 

production, with examples including polyglycolic acid (PGA), polylactic acid 

(PLA) (or a blend of both previously mentioned polymers), poly-𝜀-caprolactone 
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(PCL), and Polyurethanes (PU’s); pertinent polymers with regards to blood 

vessels, are conferred below (Cheng, et al., 2017).   

2.4.2.1 PLA 

PLA is one of the most common synthetic polymers utilised for creation of 

adipose tissue scaffolds (Catto, et al., 2014). PLA is naturally water repellent 

due to an extra methyl group on an atomic scale (Guo & MA, 2014). 

Being FDA approved, it is much sought after, with some researchers 

commending the degradation rate, and others labelling it a factor of concern 

(Catto, et al., 2014). The hydrolysis based degradable polymer scaffold is 

quickly resorbed, entirely over a duration of 6 months, and emits a non-toxic 

glycolic acid; Glycolic acid, after metabolisation, is eliminated through the 

tricarboxylic acid cycle as water and carbon dioxide, however, long term 

effects of the acid on local tissues is not fully understood (Catto, et al., 2014; 

Cheng, et al., 2017).  

2.4.2.2 PGA  

PGA is a hydrophilic, linear aliphatic polyester of the simplest form, widely used 

to produce scaffolds (Guo & MA, 2014; Kiziltay, et al., 2015). It is synthesized 

by ring opening polymerization of glycolide (Gentile, et al., 2014).  Its 

crystallinity is high (45-55%), the high tensile modulus and a melting point of 

255 degrees makes it difficult to manufacture in most available methods, but 

is highly possible to produce 3 structural scaffolds by dissolving the polymer in 

certain solvents and then run it through the electrospinning machine  (Ercolani, 

et al., 2015).  
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Dexon® has created an absorbable suture out of PGA, which due to its fast 

hydrolysis-based resorption, loses approximately 50% of its strength after a 

duration of 2 weeks, and after 4-6 months, it would be completely absorbed. 

The waste product as a result of rapid degradation is glycolic acid (Cheng, et 

al., 2017; Guo & MA, 2014); the long term effects of this acidic by-product on 

the local tissues is not yet fully understood, however is thought to cause short 

term inflammation in surrounding sights of inflammation (Catto, et al., 2014). 

2.4.2.3 PLGA  

PLA exhibits different chemical, physical and mechanical properties to PGA 

due to the existence of a methyl group, attached to the alpha carbon; PLGA is 

a co polymer created from a blend of PLA and PGA (Guo & MA, 2014; Gentile, 

et al., 2014). The blend of the 2 polymers can be altered to achieve a desired 

degradation rate (Guo & MA, 2014; Cheng, et al., 2017). PLGA has been highly 

praised for its biocompatibility, tailored biodegradability, culturally friendly 

(where animal derivatives are not permissible) and modification parameters 

(Gentile, et al., 2014).  

Fastest degradation can be achieved when the ratio of each polymer is 1:1 

(Cheng, et al., 2017). PLGA is frequently utilised to create scaffolds linked to 

adipose tissue engineering, and extensive research, both in vitro and in vivo, 

supports the use for this co-polymer to be utilised for production of 

biocompatible scaffolds (Catto, et al., 2014). Hasan et al (2014) tested the 

mentioned composition to make a small diameter blood vessel, comparing 

various parameters with a native rabbit aorta prior to seeding. Significance was 

found in terms of promising mechanical strength, with higher tensile strength 
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in the scaffold than the aorta of the rabbit (Cheng, et al., 2017; Hassan , et al., 

2014)  

Kim et al (2008) studied the in vivo parameters of electrospun PLGA small 

5mm diameter tubular scaffolds. The scaffold was seeded with both 

endothelial and smooth muscle cells before implantation as a substitute for an 

artery in an adult canine for a duration of 3 weeks. It was portrayed that the 

parameters of the preseeded scaffold were commendable, supporting 

neointimal formation, when compared to a non-seeded vascular graft (Gentile, 

et al., 2014; Kim, et al., 2008). 

 

2.4.2.4 PCL  

PCL is a synthetic semi-crystalline polymer with respectable properties for 

blood vessel scaffolds (Guo & MA, 2014). The breakdown of PCL targets ester 

linkages through hydrolysis; its delayed degradation rate varies over a period 

of 2 to 3 years, providing an efficient amount of time for natural regeneration 

of local tissue, and the by-products emitted through degradation, water soluble 

hydroxycaproic acid monomers, are non-toxic (Rai, et al., 2012; Wang , et al., 

2002). 

In terms of manufacturability, PCL has a low melting point of 60 °C, allowing 

ease of scaffold production (Cheng, et al., 2017). Although this polymer 

already has a high mechanical toughness, the parameters of PCL can be 

tapered to optimise the strength of the scaffold required, in turn, allowing for 

the best bio-reaction for the desired tissue type; cell type which have been 

successfully reactive in terms of cellular adhesion and proliferation. Scaffolds 
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produced from PCL include fibroblasts, smooth muscle and mesenchymal 

cells, alongside chondrocytes for harder tissues (Min Zhang, 2012; Qin & 

Dequn, 2012). 

Native vessels, as mentioned previously, contains 3 distinctive layers, all of 

which can be created through dissolving PCL in varying solvents (Cheng, et 

al., 2017). The dissolved solvents can then be utilised through electrospinning 

to create scaffolds with varying properties. Utilising acetone to dissolve PCL, 

before electrospinning, can create dense fibres with an approximate diameter 

of ~700 nm (57-62) (Roh, et al., 2008; Lü, et al., 2009; Piterina , et al., 2009), 

orUtilising dichloromethane to dissolve PCL, can create large fibres of a 

porous nature with an approximate diameter of ~8 μm through electrospinning 

(Roh, et al., 2008; Lü, et al., 2009; Piterina , et al., 2009)  

 

PCL has been used for an extended period of time, with its commendable 

biocompatibility apparent through the vast amount of FDA approved 

implantable devices; the properties of this material such as mechanical, 

degradation rates, porosity and viscoelasticity, may be further enhanced 

through incorporation of natural polymers from the extracellular matrix, or other 

synthetic polymers (Catto, et al., 2014; Grassel, et al., 2002; Swartz , et al., 

2005; Yao , et al., 2008; Uchida, et al., 2008). 

2.4.2.5 PU’s  

Polyurethanes are a family of FDA approved elastic polymers with a diverse 

range of properties, varying on their processing conditions and molecular 

composition (Kiziltay, et al., 2015; Chlupáč, et al., 2009). They have been 
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exploited over a duration of almost a century, and have been classed as 

compatible with blood, however improvements in terms of overall 

biocompatibility are still undergoing (Kiziltay, et al., 2015; Kutay S, 1990; 

Kayirhan N, 2001; Nelson CE, 2012) . The base of this polymer is composed 

of amino acids, conveying its excellent ability to interact with cells, increasing 

adhesive and proliferation properties (Guo & MA, 2014). 

The segmented –block structure for this material contains both amorphous 

‘soft’ and crystalline ‘hard’ divisions; the softer areas are long chains of polyols, 

and the harder segments are classified as reactive localities of isocyanates & 

chain extenders (Kiziltay, et al., 2015; Chlupáč, et al., 2009). These varying 

divisions allows the polymer to be ideal for optimisation, in terms of fine-tuning 

parameters for the best blood vessel scaffold (Guo & MA, 2014). Traditionally, 

due to the large range of ideal parameters such as durability, biocompatibility 

and stability, this material has been utilised for the creation of heart valves, 

catheters, vascular grafts and other prosthetic devices (Santerre JP, 2005). 

The base of this polymer is composed of amino acids, conveying its excellent 

ability to interact with cells, increasing adhesive and proliferation properties 

(Guo & MA, 2014). 

 2.4.3 Natural VS Synthetic Polymers  

An advantage of natural over synthetic polymers includes the fact that 

polymers derived from some natural sources, such as extracellular matrix, 

collagen and gelatin WILL display similar biological and mechanical properties 

of the host tissue (Catto, et al., 2014). Synthetic polymers on the other hand 

can undergo and withstand a large range of processing i.e., electrospinning, 
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solvent casting and 3D printing (Swartz , et al., 2005). When manufacturing 

synthetic polymer base scaffolds, one can easily control microstructure (pores, 

fibre diameter), can taper mechanical strength, optimise stiffness and 

degradation rates through the use of blends (Dhandayuthapani, et al., 2011). 

Synthetic polymers are also cheaper that natural polymers, readily available, 

alongside having a longer shelf life. Although synthetic polymers are not likely 

to be rejected by the host, novel tissue engineering procedures focus on 

incorporating natural body fluids into the synthetic polymer to allow for better 

physiological infiltration (Zhang, et al., 2007). 

 

2.5 Methods of Fabrication  

In the last decade, many methods have been used to process natural and 

synthetic polymers to fabricate tissue engineered scaffolds of high porosity and 

surface area (Hutmacher, 2001; Lu, et al., 2013). Various fabrication methods 

come together to produce porous  scaffolds with micro and nanoscale fibres 

such as, self-assembly (Peck , et al., 2011), solvent casting (Xiaohua & Ma, 

2004), freeze drying (Murphy & Mikos, 2011) and electrospinning (Chung , et 

al., 2010) have been developed and applied in the field of tissue engineering 

and regenerative medicine. However, each of these mentioned techniques has 

its own advantages and disadvantages, a description of different techniques 

are as follows. 

2.5.1 Solvent Casting  

Solvent casting process is very simple, inexpensive and easy method to 

fabricate polymeric scaffold with micro size porous. This technique is solely 
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depending on the solvent evaporation, and there are two possible ways to get 

the desired scaffold. Either by placing the desirable mould into the polymer 

solution or by placing the polymer solution into the mould, then allow sufficient 

time for the solvent to vaporize. As a result of evaporation of the solvent a layer 

of scaffold has been created. Although, this method is very useful and easy 

way to produce porous polymeric scaffold, it has a major drawback due to 

highly toxic solvents involved in this process which can lead to denature 

proteins and other molecules. There is a solution to overcome this problem 

and removing of toxic solvents within the scaffolds, the most sufficient process 

is to fully dry scaffolds by a vacuum process, but this is very time consuming 

and labour intensive. However, this method only works perfectly with thin 

structured scaffolds (Sin, et al., 2010; Subia, et al., 2010). 

 

2.5.2 Freeze-Drying  

Freeze-drying technique is one of several methods which can be used in the 

production of porous tissue engineered scaffold based on natural and synthetic 

polymers. In the past two decades, the use of this technique has been widely 

studied for production of 3D porous scaffolds (Murphy & Mikos, 2011). 

Numerous polymers such as collagen and chitosan (Zhang , et al., 2006; 

Buttafoco, et al., 2006), PLGA, PGA, PLLA, and PLGA/PPF blends (Zhang & 

Ma, 1999; Ohya, et al., 2004) have been used to produce tissue engineered 

scaffold by this technique.  Freeze-drying is a three-step process, but solely 

depends upon sublimation principle. Chosen polymer first dissolved in a 

solvent to form a liquid material with desired concentration and cooled down 

into its solid form.  Then the frozen liquid is removed later by vacuum in a 
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freeze dryer. Lastly, the excessive bound water is removed from scaffold by 

secondary drying. The pore size of the fabricated scaffold can only be affected 

and controlled by certain process parameters such as freezing rate, freezing 

temperature, ph and chamber pressure (Doillon , et al., 1986; Sachlos & 

Gzernuszka, 2003). In many cases it has been noticed that the higher freezing 

temperature or lower freezing rates creates less large ice crystal and more 

organized scaffold structure.  Although, this technique doesn’t require high 

temperature nor separate leaching step, but it has a major drawback due to 

long processing time and smaller pore size (Subia, et al., 2010). 

2.5.3 Self_Assembly  

In general, self-assembly technique is defined by build-up of nano-scale fibres 

by using smaller molecules and organizing it into well-defined structure as 

requested for specific function (Zhang, 2003). This technique has many 

advantages over other methods, as it is capable of producing much thinner 

fibres, also it can provide cells with their own extracellular matrix in which can 

deliver natural habitat for the cell in order to thrive and express their own 

characteristics (Ma, 2008; Auger, et al., 2000; Tondreau & Aguer).Various 

techniques have been investigated by others (Gauvin, et al., 2010; Kelm, et 

al., 2010; Laflamme, et al., 2006) in the production of vascular tissue 

engineering with help of self-assembly technique. Karine Vallieres and 

colleagues (Vallières, et al., 2015) were the first people to successfully 

engineer human vascular graft solely based on ASC cell by self-assembly in 

10 weeks only. During their research no scaffolds were involved, and the cells 

used were obtained by liposuction procedure.  What makes their work very 

valuable, is that they have shown the TEVG can withstand the in vitro 
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physiological blood pressure, it also has high compliance with the native site 

of implementation (Vallières, et al., 2015). The main disadvantage of this 

process, it is very time consuming and complicated process in design and 

planning.  To date many methods have been used to fabricate vascular grafts 

by using this technique and Figure 2.2 bellow shows the most popular ways to 

tissue engineer vascular graft by self-assembly.  

 

Figure 2.2 Three Different approach to produce vascular grafts by Self-Assembly (Pashneh-Tala, et al., 2016), 

(A) Sheet based then rolled around mandrel; (B) Microtissue cell aggregation placed in a tubular mould; (C) 

Vascular graft fabricated by printing layer-by-layer with help of bioprinter. 

 

2.5.4 3D Bioprinting  

The concept of bioprinting is essentially an extension of 3D printing 

manufacturing technology used to create complex structures by a layer-by-

layer process that has already proven its feasibility in various medical 

applications, including customised prosthetic limbs and dental restorations or 

orthopaedic implants such as hips and knees (Mai, et al., 2017; Dodziuk, 2016; 
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Paish, et al., 2020; Pati, et al., 2016). This approach enables rapid prototyping 

millimetre to a centimetre-sized biological structure by simultaneously 

bioprinting numerous cell types and biomaterial (Pati, et al., 2016; Fedorovich, 

et al., 2008). It provides a 3D environment that mimics the native extracellular 

matrix, and for more than a decade, it has gained popularity and interest 

among tissue engineering and regenerative medicine researchers 

(Guvendiren, et al., 2016; Cornelissen, et al., 2017). To date, many organs 

have been fabricated via the bioprinting process, such as the heart 

(Matthieussent, 2019), Kidney (Carreno-Galeano, et al., 2020), liver (Zhong, 

et al., 2016), trachea (Crowley, et al., 2015), small diameter blood vessel 

(Zhou, et al., 2020), and the results obtained from these studies show that this 

method can be very promising long term solution for lack of organ donor 

transplantation. Moreover, in 2015 scientists at biotechnology company 

Sichuan Revotek Co. claimed to develop the world’s first vessel bioprinter, and 

a year later, in 2016, they have successfully implanted the live 3D tubular blood 

vessel in Rhesus monkeys (Saunders , 2016; Brusco, 2015). There is no doubt 

that this exciting breakthrough could completely change healthcare as this 

process can print stem cells while they are differentiating into mature cells. It 

is too early to conclude because the method is in the prototyping and validation 

phase. However, the introduction of 3D bioprinter blood vessels instead of 

traditional grafts may in the future change the way we deal with cardiovascular 

disease. 
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2.5.5 Electrospinning  

Nowadays, the most popular technique used for the production of scaffold in 

the field of vascular tissue engineering is the use of electrospinning technique.  

Also, it is known as one of the most traditional method for fabricating 

biomaterials into scaffolds. Electrospinning technique uses electric force to 

produce scaffolds with fibre diameter ranging from Nano to micro scale (Hiep 

& Lee, 2010), it is controlled by high intensity of electric filed between the 

positively charged electrode placed at the tip of the needle and the grounded 

electrode at the surface collector. When the electric charge becomes bigger 

than the surface tension of the polymer solution at the needle tip, it leads to 

evaporation of solvent and creation of polymer jet which then allows for the 

fabrication of constant Nano- or micro scale polymer fibres to the collector to 

produce scaffold with the desired thickness.  The overall thickness of scaffold 

mainly depends on solution concentration, flow rate and the amount of polymer 

dispensed. The connection between voltage output and fibre diameter have 

been investigated in some studies (Deitzel, et al., 2001; Beachley & Wen, 

2009), and have been noticed that the higher voltage applied to the polymer 

solution the thinner the fibre diameter. 

Electrospinning has many advantages over all other conventional methods 

available for scaffold fabrication: it is capable of producing scaffold with very 

thin fibres, high surface area, high porosity, also capable to produce scaffolds 

with specific structural features suitable for cell growth (Zhang, et al., 2012; 

Stitzel, et al., 2006). Although it is the quickest and the simplest method to 

fabricate 3D structural scaffold, but still there is engineering challenge to 

fabricate scaffold with complex structure for various tissue engineering 
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applications (Lu, et al., 2013). Since the electrospun mats mimics the natural 

extracellular matrix of body tissues, it has been employed in various field of 

tissue engineering and regenerative medicine including bone (Yoshimoto, et 

al., 2003), muscle (Riboldi, et al., 2005), skin (Kumbar, et al., 2008) and blood 

vessel (Marelli, et al., 2010). 

The last decade, numerous studies have been carried out to fabricate scaffolds 

for vascular tissue engineering and the use of electrospinning have raised 

popularity among researchers in this particular filed due to its versatility. A wide 

range of polymers such as synthetic, natural, polymer blends with and without 

drugs loaded with active agents or chromophores, also non-polymeric 

materials including metals and ceramics can be applied by electrospinning 

(Akduman & Kumbasar, 2017; Greiner & Wendroff , 2007; Hassan , et al., 

2014).  An appropriate synopsis of the additional references relevant to this 

area of investigation is given in Table 2.2 below.  

 

 

 

 

 

 

 

 

 



 

46 
 

Polymer Method of 
Fabrication 

Comment Reference 

N
a
tu

ra
l 

Silk 
Fibroin 

 

Electrospinning, 
the natural 
polymer was 
electrpspun into 
6mm rotating 
mandrel. 

• The mechanical test 
has been 
undertaken and the 
calculated 
physiological 
pressure of silk 
fibroin tube showed 
better compliance 
than femoral artery. 

• The electrospun silk 
fibroin scaffold 
exhibited good cell 
viability with NIH T3 
fibroblasts.  

(Marelli, et 
al., 2010) 

Silk 
Fibroin + 
Collagen 
Type I  

Electrospinning, 
the polymer 
was 
electrospun into 
6mm rotating 
Mandrel. 

• Morphological 
analysis showed a 
homogeneous 
hybridization of 
collagen throughout 
the electrospun Silk 
Fibroin scaffold. 

• The mechanical test 
showed that the 
tubular scaffold was 
similar to the one of 
saphenous vein.   

(Marelli, et 
al., 2012) 

 

 

 

 

 

 

 

S
y
n

th
e

ti
c
 

 

PCL and 
PLGA  

 

 

Electrospinning, 
the polymers 
were 
electrospun into 
flat sheet 
collector then 
rolled up into 
3mm multi-
layered tube.  

• The electrpspun 
membrane showed 
a significant ability to 
support cell growth, 
due to space 
between layers was 
large enough for 
nutrient delivery and 
cell growth.  

• The burst pressure 
of 3mm PCL-PLGA 
tube was 
significantly higher 
than normal blood 
pressure of the 
human body. Thus, 
making it robust 
enough for in vivo 
experiment.    

(Cheng, et 
al., 2017) 
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PCL  

The polymer 
was 
electrospun into 
2mm rotating 
Mandrel. 

• The tubular 
scaffolds were 
investigated as 
replacement model 
for rat abdominal 
aorta, this study 
carried out for 18 
months on 15 rats. 

• The scaffolds 
showed excellent 
structural integrity 
throughout the 
study. The 
endothelialisation, 
cell growth and 
neovascularization 
rapidly increased on 
the graft wall 
membrane for 
months, then a 
cellular regression 
was observed.   

(Valence, 
et al., 
2012) 

N
a
tu

ra
l 
a
n

d
 S

y
n

th
e

ti
c
 

   

 

Blend of 
elastin + 
PCL + 
Collagen 
type I 

 

The Polymers 
were 
electrpspun at 3 
different layers 
into 2mm 
rotating 
mandrel 
collector. 

• Collagen and elastin 
were used due to 
throughout the 
native artery both 
elements play a 
crucial role in 
providing a 
mechanical support, 
preventing vessel 
rupture and most 
importantly helping 
recovery under 
deformation.  

(McClure, 
et al., 
2010) 

Blend of 
Collagen 
Type 1 
and PCL  

 

 

 

The tubular 
scaffold was 
produced with 
help of rotating 
mandrel.  

• Over the course of 
one month the 
PCL/Collagen 
scaffolds maintain 
high structural 
integrity in Vivo. 

• Under pulsatile flow 
conditions these 
scaffolds are 
capable to support 
endothelial and 
muscle cell growth. 

(Tillman, et 
al., 2009)  

Table 2.2. The table represents several studies used electrospinning as a technique to produce tubular vascular 

graft with variety of polymers such as natural, synthetic and polymer blends. 
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3. CHAPTER 3 GENERAL MATERIALS AND METHODS  

 

3.1 Introduction to the methods used 

This chapter will briefly introduce the primary resources used to characterise 

and analyse the electrospun scaffolds, including various types of materials 

used and how testing was carried out in this project. The main task for this 

section of the thesis is to describe what was carried out experimentally in detail 

and the reason behind it. The characterisation methods used for this work 

include scanning electron microscopy, assessment of scaffold surface 

hydrophobicity or hydrophilicity by using VCA-Optima contact angle 

measurement device, conduction of degradation test in PBS solution, tensile 

testing of electrospun scaffolds by using Mach-1 mechanical testing machine. 

Further characterisation was also carried out to investigate the chemical 

composition of the scaffolds using Fourier transform infrared (FTIR) 

spectroscopy, and scaffold crystallinity was studied using X-ray diffraction and 

Thermogravimetric analysis (TGA) to investigate the weight loss 

characteristics of the electrospun scaffolds. Finally, biological properties, i.e. 

cell viability and cell proliferation of the electrospun scaffolds, were 

investigated using human endothelial and fibroblast cells (via associated cell 

lines). 

 



 

49 
 

3.2 Materials  

Synthetic polymer implants bypass the limitation of tissue availability and 

rejection associated with Allograft/xenograft and can be created by a variety of 

methodologies, including the most controversial method, which is the 

electrospinning technique (Best, et al., 2016; Morsi, 2014). Generally, in tissue 

engineering polymers that are not toxic to the body while undergoing 

degradation process are preferable, and they are classified as biocompatible 

degradable polymers (Kwon & Furgeson, 2007). Toxicity can occur in 

biologically compatible polymers usually due to leaching of plasticisers and low 

molecular weight additives in used polymers, and It is essential to characterise 

the quality of polymer in use (HILL, 2005). Although multiple manufacturers 

produced the same types of polymer, the final product that produced by each 

of the manufacturers may not have the same quality, and some impurities and 

additives may present (HILL, 2005; Rothen-Weinhold, et al., 2000). When 

biodegradable polymers exposed to liquids such as body fluids, they may swell 

or dissolve. The small molecules of the liquid may disperse into the polymer, 

squeezing or pushing the chains apart and causing an increase in degradation 

rate. This may occur preferentially in scratches on the surface, leading to local 

tensile stress and causing of environmental stress breakage, and in the 

extreme case, dissolution can occur (HILL, 2005; Laycock, et al., 2017). The 

degradation rate of fabricated polymers can be reduced by cross-linking, by 

increasing the molar mass, and by increasing the degree of crystallinity of the 

polymeric scaffolds (Yang, et al., 2015; Quynh, et al., 2007). Bioresorbable 

polymers are designed to degrade within the body after performing its function, 
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and they are preferred for tissue-engineered scaffold as often these materials 

degrade to give normal metabolites of the body (Ulery, et al., 2011). 

3.2.1 Polymer selection  

For tissue engineering application, polymer properties play a crucial factor in 

its useability success and must be considered carefully. Each polymer has its 

own DSC trace to explain its crystallinity and implying its flexibility (Schick, 

2009). As the crystallinity of the polymer decreases, its brittleness decreases 

and its elasticity increases (Vincent, 1960). Many studies were carried to 

produce synthetic blood vessel from natural polymers (Weinberg & Bell, 1986; 

Boland, et al., 2004; Yang, et al., 2010). However, due to the lack of 

mechanical strength of natural polymers, researchers focused more on using 

synthetic biodegradable polymers such as PLGA and PCL to improve the 

mechanical properties of the electrospun scaffolds (Sofi, et al., 2019; Kakisis, 

et al., 2005). The mechanism by which the polymer breaks down is essential 

because the polymer must be broken down in a way that preserves its 

mechanical properties, the degradation products must be non-toxic to 

surrounding cells and tissues; also, the degradation rate of polymeric scaffolds 

must be stable (Wu, et al., 2018). Today, technologies and knowledge of 

polymer science are testing all these characteristics to design and produce a 

scaffold to fit its intended use.  

Synthetic biodegradable aliphatic polyesters, namely poly (lactic-co-glycolic 

acid) (PLGA) copolymer and poly(ε-caprolactone) (PCL) polymers were used 

in this work and have been approved by the US Food and Drug Administration 

(FDA) to be used in such applications. Although different methods can 
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manufacture these types of polymers, a common characteristic that both have 

is that their chemical structure contains the ester bond (-COO-) which make 

them susceptible to hydrolysis. However, the degradation rate of the polymeric 

scaffold is heavily reliable on the pH level, as they intend to degrade faster 

under acidic and alkaline conditions than they are at neutral pH (Lam, et al., 

2008; Athanasiou, et al., 1998).   

These biodegradable polymers are produced from substances that are not 

found in nature, and these scaffolds that are made from such materials 

degrade over time, and eventually, they will not be as part of graft anymore. 

PLGA is an amorphous copolymer which is created by monomers used to 

make polylactic acid (PLA) and polyglycolic acid (PGA), these two polymers 

are the most investigated biodegradable polymers in the tissue engineering 

field. The combination of both copolymers has been developed to accelerate 

the degradation rate for both medical devices and drug delivery applications. 

However, polycaprolactone is a semi-crystalline polymer with a melting point 

of about 60°C and glass transition temperature of -60 °C, it has good 

permeability to low molecular weight in drugs in the delivery system, desirable 

mechanical properties, and due to its hydrophobic and semi-crystalline nature, 

it degrades within 24 months. The main aim of this study is to investigate the 

useability and applications of PCL and PLGA electrospun polymers for 

vascular tissue engineering.  

3.2.2 Solvent Selection  

For the electrospinning process to begin, it requires a solvent carrier to 

transform polymer materials from one solid form to a solution (Bosworth & 
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Downes, 2012). The polymer solution must develop sufficient charges so that 

the repulsive forces in the solution can overcome the surface tension of the 

solution (Ramakrishna, et al., 2005). The extension or drawing of an 

electrospinning jet solely depends on the ability of the solution to carry 

electrical charges. Solvent selection is the most essential phase in improving 

the electrospinning process, by selecting the correct type it can guarantee to 

dissolve the selected polymer into solution without destroying its molecular 

chains (Luo, et al., 2010). However, the roles of the solvent are controlling the 

electrical conductivity, viscosity, and surface tension of the solution, as it can 

significantly affect the solution spinnability and the resultant morphology of the 

electrospun fibres (Luo, et al., 2010; Xie, et al., 2008).  

Solvents are often classified as toxic and hazardous, and there is little focus 

on the impact which it can have on the environment and to the health of the 

user. Although it can be argued there isn’t any implication as the solvent will 

completely evaporate during the electrospinning process, it must be noted that 

the people who are conducting this work are still exposed to the fumes of these 

harmful solvents (Horzum, et al., 2019). Hence, the exposure of users to these 

harmful fumes, particularly over long electrospinning period and during mass 

production, could have a long-term adverse effect on the health. So, it is 

necessary to use more non-toxic and harmless solvents such as acetone.  But, 

in this project, the use of acetone as a solvent for synthetic biodegradable 

polycaprolactone (PCL) and of poly (lactic-co-glycolic acid) PLGA was found 

to be non-practical, other types of organic solvents were, therefore used to 

prepare the polymeric solution. Table 11-1 in the appendix section provide 
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detailed information in regards to all the organic solvents used throughout this 

project. 

3.3 Electrospinning Machine  

 

Electrospinning (Figure 3.1) is an ultra-thin fibre production technology, 

created in the late 1980’s from the term of “electrostatic spinning” used earlier. 

The original idea of using high electrical forces to cause the formation of liquid 

droplets can be attributed to more than 100 years (Cooley , 1902; Morton, 

1902), and Formhals attempted to produced polymeric fibres from such 

technology during 1934 and 1944, and despite the discovery, it didn’t gain any 

public nor researchers interest in that time (Formhals, 1934). However, the real 

interest started 1990’s when a group of researchers have discovered that 

organic polymers can be processed by this method to produce ultrafine nano 

to microscale fibre diameter (Reneker & Chun, 1996). Now electrospinning is 

getting more and more attention from both academia and industry.  

 

Figure 3.1 Spraybase Electrospinning Machine (Source: M. Bazgir). 
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Electrospinning is an efficient, relatively simple, and low-cost procedure to 

produces a scaffold with fibres ranging from several nanometres to few 

micrometres in diameter (Lannutti, et al., 2007). The technical simplicity of the 

process gives it the biggest advantage than other conventional methods. The 

interconnect, nanofibrous, porous polymer mesh which is the usual final 

product produced by this method, making them an excellent candidate for 

potential application in tissue engineering.  

A typical electrospinning setup requires three basic elements to initiate a 

spinning process, such as high voltage power supply, syringe pump and 

collector as shown above in Figure 3.1. All these essential elements provide 

the foundation for electrospinning. However, regardless of the relatively 

simplistic setup, numerous critical parameters dictate the final structural 

morphology of the fabricated polymeric scaffolds. During electrospinning 

process, the high voltage applied to enforce the solution to overcome the 

surface tension and forms a Tylor cone at the tip of the needle, and jet ejection 

is formed at the tip of Tylor cone which subsequently fibres are formed and 

collected on the grounded metallic sheet known as a collector. 

Many Processing variables could influence the electro spinnability of a 

polymeric solution and result in fibre morphology, and these variables are 

classified into three groups, such as:  

1) Solution properties: such as viscosity, molecular weight, the 

concentration of the polymer, electric conductivity, surface tension and 

vapour pressure. 

2) Operation condition: such as applied voltage, the distance between 

the collector from the spinneret, feeding rate. 
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3) Ambient parameters: includes temperature, humidity, airflow, and 

electromagnetic field interferences. 

The effects of these three types of variables have been extensively 

monitored and investigated in this work for the production of PCL and 

PLGA scaffolds via electrospinning, and the findings have been 

reported in chapter 4 and 5. 

 

3.4 Scaffold Characterisation  

Polymeric scaffolds must have many fundamental properties that would benefit 

tissue engineering, including a highly porous structure with a vast surface area, 

adequate degradation/weight loss rate, structural strength, and stable thermal 

and chemical characteristics. These properties are primarily determined by 

scaffold fabrication method and materials used. Cell adhesion and proliferation 

in the in-vitro and in-vivo environment mainly depends on these types of 

characterisations. To date, a variety of successful fabrication methods have 

been developed for processing various natural and synthetic bioresorbable 

materials into three-dimensional polymer scaffolds for use in tissue 

engineering and regenerative medicine. The characterisation of electrospun 

scaffolds can be defined by several aspects to understand what kind of 

qualities that the produced scaffold has. The characterisation methods used in 

this study are as follows. 

3.4.1 Scaffold Morphological Structure 

Tissue-engineered scaffolds must have a highly permeable interconnected 

structure with large surface area, thereby allowing growth of cells, uniform cell 

division and promoting the formation of a new blood vessel in the structure 
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(Dhandayuthapani, et al., 2011). The average fibre diameter, pore size, 

surface porosity percentage, and the connectivity of pores are the most 

significant parameters to be considered when designing tissue-engineered 

scaffolds. These parameters provide an encouraging biological environment 

for the surrounding tissues to use it as a temporary spot for growth and 

regeneration of new tissues (Coombes, et al., 2004). The fibre diameter of the 

electrospun biodegradable polymer has a direct impact on several aspects on 

the final characteristics of the tissue-engineered scaffolds such as on its 

mechanical properties, degradation period of the scaffolds in in-vivo or in-vitro 

environments, pore size and the distribution of pores. In several studies, it has 

been seen as a direct relationship between fibre diameter and degradation/ 

weight rate of the electrospun scaffolds (Peng, et al., 2008) . The thinker fibre 

diameter tends to prolong the degradation time and hold the structural integrity 

of the scaffolds for longer sufficient time. 

The pore size and overall porosity of the electrospun scaffolds mostly depend 

on the polymeric fibre distribution as well as the diameter of the fabricated 

fibres (Lowery, et al., 2010). In most tissue-engineered scaffolds via 

electrospinning technique studies have seen a similar trend, the wider the fibre 

diameter, the wider pore size will be (Zhu, et al., 2008; Vaquette & Cooper-

White, 2011). However, there is a major drawback to increasing the pore size, 

and the overall porosity of the scaffold as this phenomenon will reduce the 

mechanical stability of the scaffold (Kim, 2008; Bose, et al., 2012; Velasco, et 

al., 2015). Therefore, it is mandatory to have an optimum porosity and 

mechanical strength for the engineered scaffolds. In this study, several 
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methods have been used to determine the morphological structure of the 

electrospun scaffolds, and they are as follows. 

 

3.4.1.1 Scanning Electron Microscope (SEM)  

Understanding the morphology of the electrospun scaffolds is crucial, so a 

qualitative assessment of the structure can provide an in-depth look at the 

physical aspects of the mesh. Throughout this study, the Scanning electron 

microscopy applied extensively to understand morphological changes. This 

procedure produces images of the sample surface by scanning it with a 

focused beam of electrons instead of light (Bozzola & Russell, 1999). The 

procedure begins with accelerated beams of electrons from the lens towards 

the sample surface. Then it detects the secondary electrons emitted from the 

sample. The number of electrons detected depends on the variation of the 

whole sample. The surface topography can be reconstructed by scanning the 

electron beam and detecting changes in the number of electrons emitted. 

Electron branches can further ionise atoms and emit X-rays. Radiant energy 

depends on the initial composition of the sample. By reanalysing the beam and 

detecting the energy of the x-rays, it is possible to understand the three-

dimensional properties of the fabricated scaffolds. 

The different types of beam-surface interactions permit the user to perform 

further analysis and to have a better knowledge of the construct. Finally, the 

image is obtained by detecting and calculating the emitted rays and converting 

the detected signals into grey values, which then it is reconstructed and 

displayed as a grayscale image.  In this project, the Hitachi scanning electron 
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microscope TM300 was applied to evaluate the scaffolds fabricated via 

electrospinning. 

3.4.1.2 ImageJ  

 

Information Extraction from images is a fundamental aspect of an experimental 

workflow, especially when developing tissue-engineered scaffolds. Each step 

of the experimental work usually requires the use of various software tools to 

evaluate and understand the microstructural characteristics of the electrospun 

scaffolds. Although there is plenty of open-source software available for 

biomedical image processing, due to its ease of use and accuracy, it has been 

found ImageJ to be the most useful program for this study. ImageJ is a Java-

based program developed by the National Institutes of Health. In the field of 

regenerative medicine and tissue engineering, using this software is very 

useful for analysing the following parameters of the scaffold, such as fibre 

diameter, pore size, and surface porosity percentage. The pore size is 

measured by calculating the space between a single strand of polymeric fibre 

to the many neighbouring fibres. This software has been used in all-

experimental chapter in this project.  

3.4.2 Scaffold Wettability  

One of the critical factors that can indicate how the scaffold would perform with 

cells is surface wettability test (Chang & Wang, 2011). Wettability refers to the 

hydrophobicity or hydrophilicity of the material. Wettability is generally 

associated with free surface energy, which is understood as a measure of 

adhesion energy (Dewez, et al., 1996). To determine the solid surface tension 
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of the scaffold, a wettability study is essential (Shafrin & Zisman, 1960). The 

contact angle also provides information about the strength of the solid/liquid 

interaction. The smaller the contact angle, the stronger interaction is. Material 

with a contact angle greater than 90° corresponds to a low wettability; 

therefore, it is hydrophobic, and material with a contact angle lower than 90° 

corresponds to high wettability, thus being hydrophilic. 

The ability to predict and control intuitively cellular scaffolds is a prerequisite 

for the judicious planning of biocompatible implants, and normal organs and 

tissues. Therefore, for the determination of the wettability of the scaffolds, 

deionised water (DH2O) and Dulbecco’s Modified Eagles Medium (DMEM) 

were used to measure the contact angles of fabricated scaffolds. The reasons 

for choosing these solutions are due to their chemical and physical properties 

alongside their suitability for future work such as degradation and cell culture. 

The static contact angle goniometer (VCA Optima) was used to determine the 

hydrophobicity and hydrophilicity of the membrane. Where a single drop of 3µl 

of liquid was deposited on the membrane, and the high-speed camera then 

subsequently monitored the absorption of the liquid. 

3.4.3 Scaffold Morphological Degradation and Mass Loss Studies 

Scaffold degradation is an expression used to describe polymers that loses 

weight after a specific time in a biological environment (Ikada & Tsuji, 2000). 

In the field of tissue engineering, the degradation studies are often conducted 

to evaluate the suitability of the membrane for use as a temporary scaffold and 

a temporary matrix for in-vitro growth of specific tissue cells (Xue & Greisler, 

2003). Biodegradation is a necessary factor in vascular tissue regeneration. 
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An ideal tissue-engineered membrane must degrade in the body at a 

controlled rate so space could be created for the growth of new cell tissues 

(Langer & Vacanti, 1993), and the degradation rate must be similar to the 

tissue formation of the replacement site. 

The goal of tissue engineering is to allow human cells to replace the implanted 

scaffold over time. Therefore, the scaffold must be biodegradable in order for 

cells to produce their extracellular matrix. The by-products of this 

decomposition must also be non-toxic and able to leave the body without 

disrupting the functioning of other organs (Boffito, et al., 2014). One of the most 

potent preconditions for evaluating the effectiveness of a polymer processing 

system is understanding the degradation/corrosion of the scaffold in a 

biological environment (Azevedo & Reis, 2005). Degradable polymers can be 

divided into two categories according to their biodegradability methods: 

heterogeneous (surface) and homogeneous (bulk) (Göpferich, 1996). With 

surface biodegradation, polymer erosion is limited by the surface of the 

material, so the material loses its thickness over time while maintaining its 

structural integrity at all stages of deterioration (Treiser, et al., 2013; Lin & 

Anseth, 2013). Surface corrosion occurs when the rate of bond breaking 

(hydrolysis) is higher than the rate of water diffusion into the polymer 

(Middleton & Tipton, 2000). Contrary to surface corrosion, when the rate of 

water penetration into the material exceeds the rate of polymer hydrolysis, 

overall corrosion occurs. As a result, the corrosion of the entire material causes 

a sudden and rapid loss of structural integrity and mechanical strength, as well 

as changes in molecular weight and an increase in water content in the 
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polymer, followed by the release of soluble monomers and chain components 

(Gajjar & King, 2014; Lin & Anseth, 2013). 

In a biological environment, polymers can be chemically degraded by 

hydrolysis or enzymatic degradation. Synthetic polymers (such as polyesters) 

are further degraded by hydrolysis, while enzymatic reaction usually degrades 

biopolymers (Göpferich, 1996).  Hydrolysis polymer decomposition is the result 

of many events. First, the water enters the polymer structure and causes 

swelling, then the water molecules split covalent bonds between repeating 

units to form oligomers, which causes the polymeric structure to become 

uneven and porous (Engineer, et al., 2011; Grizzi, et al., 1995; Semler, et al., 

1997). In polymer structure, the polymer chain can be crystalline or 

amorphous. The amorphous structure consists of polymer chains with random 

spacing, whereas the crystal structure is very regular, and similar to the 

arrangement of structures within a crystal structure (Kavesh & Schultz, 1969; 

Allen, 1993). The semi-crystalline structure consists of these two structural 

regions and have shown to be useful in the tissue engineering field (Nair, et 

al., 2004; Kim, et al., 2013). 

There are several methods by which the degradation test can be conducted to 

check the feasibility of the electrospun scaffold. In this study, two different 

kinds of degradation test were considered for all fabricated scaffolds, i.e., 12 

weeks degradation at room temperature as well as four weeks at controlled 

temperature 37°C.  All samples were cut in a rectangular shape of 5mm X 

10mm and then submerged in PBS solution with 0.05% sodium azide (NaN3) 

to prevent microbe growth. Then every week, the samples were removed from 

the solution and rinsed two times with distilled water to remove any minerals 
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deposited by the PBS solution. These samples were left at room temperature 

in sterilised laboratory hood overnight to allow any remaining liquid to 

evaporate. When the scaffolds were completely dried, they are weighted and 

compared with the initial start date. Later, samples were further analysed 

under SEM to understand the structural behaviour of the scaffolds under 

degradation process condition.  Further measurements were conducted for the 

fabricated scaffolds, to understand their morphological behaviour when they 

undergo degradation process. Calculating the percentage change in the 

scaffold weight, average fibre diameter, pore size, and surface porosity (%) 

were calculated. Therefore, the following equations where applied. 

1) Percentage change in scaffold weight: 

Weight Loss (%) = 
𝑊0−𝑊𝑓

𝑊0
𝑥100 

  Where: W0: Scaffold weight at week Zero. 

               Wf: Scaffold Weight at Final week.  

2) Percentage change in fibre diameter (%): 

Fibre Diameter Percentage Change= 
𝑓0− 𝑓𝑓

𝑓0
𝑥100 

  Where: f0= Average fibre diameter at week zero. 

               ff= Average fibre diameter at final week. 

3) Percentage change in pore size:  

Pore Size (%) Change= 
𝑃0− 𝑃𝑓

𝑃0
𝑥100 

    Where: P0= Average pore size at week zero. 

                 Pf= Average pore size at final week.  

4) Percentage change in surface porosity (%):  

Surface Porosity (%) Change= 
𝑃0− 𝑃𝑓

𝑃0
𝑥100 

    Where: P0= Average surface porosity percentage at week zero. 

                 Pf= Average surface porosity percentage at final week.  

Equation 3.1 Percentage change calculation for scaffold morphology and weight (Source: M. Bazgir). 
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3.4.4 Scaffold Mechanical Testing Methods  

Since the tissue-engineered scaffolds it is designed to be as a transient 

extracellular matrix, these scaffolds must provide mechanical support to the 

tissues in vitro and in vivo until full integration or reintegration occurs (Chan & 

Leong, 2008). If the strength of the fabricated membrane is not sufficient, it 

may fail during or shortly after implantation. These problems are well-known 

with the tissue-engineered scaffolds. Therefore, determining the mechanical 

properties is vital for the vascular characteristics of TE, as these characteristics 

and other elements influence the success rate of implantation. The mechanical 

properties of tissue-engineered scaffolds determine the health and phenotype 

of blood vessel cells and can control the mechanical properties of the resulting 

tissue. In natural human tissues, ECM provides the mechanical strength 

needed for membrane integrity (Lutolf & Hubbell, 2005).  

However, as  mentioned in chapter 2, the general mechanical requirements of 

TEV includes the mechanical stretch, burst pressure, fatigue resistance, and 

suture retention. Since these specific types of equipment required to measure 

the burst pressure, fatigue resistance, and suture retention of the tubular 

scaffold were not available, only the tensile properties of fabricated scaffolds 

were evaluated. 

The uniaxial tensile test is one of the most widely used methods to evaluate 

the tensile properties. This method is capable of measuring the tensile 

properties of both the flat sheet and the tubular scaffold (Opitz, et al., 2004; 

Berglund, et al., 2004; Swartz , et al., 2005). The tensile properties are 

measured by clamping a sample to the tensile testing machine and pulling it 



 

64 
 

firmly until it breaks. Figures 3.2 and 3.3 illustrate the typical stress-strain 

curves of tubular and flat sheet scaffolds, respectively. From the data provided 

via these figures, the mechanical properties of both scaffolds were calculated 

using equations 3.2 and 3.3. 

 

Figure 3.2 Typical Stress-Strain Curve of electrospun PLGA Flat Sheet (Source: M. Bazgir).  

The equations below are used to calculate the mechanical properties of flat 
sheet electrospun scaffolds: 
 

1) Area: 
𝐴𝑟𝑒𝑎 = 𝑊𝑖𝑑𝑡ℎ × 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠  

 
2) Young’s Modulus: 

𝐸 =
𝜎 

𝜀
  

Where: 𝜎 = Stress 
             𝜀 = Strain 
          
 

3) Stress:  

𝜎 =
𝐹𝑜𝑟𝑐𝑒 

𝐴𝑟𝑒𝑎 
=  

𝐹

𝐴
 

4) Strain:  

𝜀 =  
𝐸𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛  

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ 
=  

∆𝐿 

𝐿 
 

5) % Elongation:  

% Elongation = 
𝐹𝑖𝑛𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ−𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ 
 𝑋 100 

Equation 3.2 Equations used for Calculating mechanical properties of flat electrospun scaffolds (Source: M. 
Bazgir). 
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The equations below are used to calculate the mechanical properties of tubular electrospun 

scaffolds: 

 

1) Cross Sectional Area of Tubular Scaffold: 

AT= 𝜋(
𝑑𝑜

2
)2 − 𝜋(

𝑑𝑖

2
)2 

 

Where:  

do= Outside diameter of tubular scaffold (depends on scaffold wall thickness)  

di= Inside diameter of tubular scaffold (6mm)  

AT= Cross sectional of tubular scaffold wall area 

 

2) Young’s Modulus: 

𝐸 =
𝜎 

𝜀
  

Where:  𝜎 = Stress 

              𝜀 = Strain   
 

3) Stress:  

𝜎 =
𝐹𝑜𝑟𝑐𝑒 

𝐴𝑟𝑒𝑎 
=  

𝐹

𝐴
 

4) Strain:  

𝜀 =  
𝐸𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛 

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ 
=  

∆𝐿 

𝐿 
 

5) % Elongation:  

% Elongation = 
𝐹𝑖𝑛𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ−𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ 
 𝑋 100 

 Equation 3.3 Equations used for Calculating mechanical properties of electrospun Tubular Scaffolds (Source: M. 
Bazgir). 

Figure 3.3 Typical Stress-Strain Curve of Tubular electrospun PLGA scaffold (Source: M. Bazgir). 
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3.4.5 Chemical Characterisation of Scaffolds (FT-IR Spectroscopy) 

 

Fourier transform infrared spectroscopy was used in this work to investigate 

the chemical composition of the optimum scaffolds fabricated for this project 

due to the fact that it is a validated method for evaluating synthetic tissue 

formation and specific properties. For many years, people have known that 

FTIR imaging and microscopy techniques can analyse the molecular structure 

of organic and inorganic materials, it has been successfully applied to study 

the composition and structure of engineered synthetic scaffolds as well as the 

human cells and tissues by measuring the vibration of particles excited by 

infrared radiation within the specified wavelength range (Diem, et al., 2004; 

Boskey & Camacho, 2007; Baker, et al., 2014; Chan & Kazarian, 2016). 

However, FI-IR spectroscopy is still widely used in biomaterials and 

nanotechnology field, especially in the fabrication of tissue-engineered 

vascular grafts (Webin, et al., 2019; Reid & Callanan, 2020).  

The principle of FTIR spectroscopy is that the difference in vibration energy 

levels is within the infrared (IR) radiation range. The infrared frequency 

absorbed by the chain is affected by the vibration frequency. The atomic mass 

and chain properties modify the vibration frequency of the chain. Which 

means, for some molecules, the proper adsorption of the chain depends on 

other chains of atom pairs in the molecule and intermolecular/molecular effects 

(i.e., hydrogen bonding and π-π accumulation, etc.). The unique feature of this 

method can provide valuable and accurate information in a non-destructive 

way (Ramírez-Hernández, et al., 2019). The infrared (400-4000 cm-1) and 
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near-infrared (4000-12500 cm-1) vibrational spectra provide specific 

information on the molecular vibration of functional groups and provide general 

composition and absorption results. The frequency bands, in the MIR region, 

usually are weaker and wider, which corresponds to the typical combination of 

vibration and fundamental vibration in the MIR spectrum (Querido, et al., 2017; 

Siesler, et al., 2008). The most important part of the FTIR spectrophotometer 

is the interferometer. An interferometer is a light-emitting optical device used 

to differentiate and combine emitted light. When radiation passes through a 

sample, it absorbs specific wavelengths and binds them. It vibrates the 

chemical bonds inside the material, such as shrinking and bending. Then use 

Fourier analysis to analyse the interface. Then a graph is plotted, where Y-axis 

represents the absorption or transmittance, and the x-axis represents the 

wavenumber (cm -1). 

3.4.6 Scaffold Crystallinity (XRD- X-ray diffraction)  

In this work, X-ray diffraction was used to determine the polymer morphology 

and to analyse the degree of crystallinity of the fabricated structures. This 

method can also provide chemical information for elemental analysis. In 

addition to evaluating chemical properties, XRD is also beneficial for stress 

measurement and texture analysis. For functionality, the XRD analysis sample 

must have some degree of crystallinity; however, this method can achieve the 

clarity of the polymer (Nasrazadani & Hassani, 2016).  This method is a 

versatile technique that can be used in many applications, such as the 

identification of crystalline materials, the quantification of sample crystallinity 

percentage, the identification of various polymorphous forms, and the most 
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important thing is to distinguish between amorphous and crystalline materials 

(Nasrollahzadeh, et al., 2019). Many researchers have addressed the 

useability of this technique for determining the degree of crystallinity of 

electrospun scaffolds (Ramakrishna, et al., 2005).  In this project, X-ray 

diffractometer ULTIMA IV XRD system, Cu Kα radiation, Rigaku, Japan was 

used to measure the crystalline structure of tubular nanofibers scaffolds 

produced by electrospinning machine as can be seen in chapter 8.  

3.4.7 Thermogravimetric Analysis (TGA) of The Electrospun 

Scaffolds  

The thermal analysis was carried out using the standard TGA procedures 

which are extensively used by polymer scientists to assist in the production 

and processing of new polymeric products by measuring and studying their 

thermal processing and degradation behaviour. This technique is particularly 

beneficial for measuring the thermal stability, oxidative stabilities, estimating 

the material lifetime, the effect of the controlled reactive atmosphere on 

materials structure, and measuring the moisture and volatiles of the substance. 

Thermogravimetric analysis (TGA) is a thermal analysis method used to 

evaluate the weight change of various materials over the function of 

temperature and time. This method is one of the most commonly used 

analytical technique to study the degradation of polymer materials in a 

controlled atmosphere at different temperatures (Sepe, 1997). Besides, 

various TGA-specific application also provides valuable information, such as 

material selection, improvement of measurement modes, product evaluation 

and improvement of product quality; also this technique has proven its 
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usefulness in serval research studies for characterisation of the produced 

tissue-engineered blood vessels (Jaganathan, et al., 2017; Rez, et al., 2017; 

Wan, et al., 2018; Zadehnajar, et al., 2020). 

The TGA equipment consists of three main parts, such as a sensitive weight 

scale, an oven-controlled by an air management system, and computer 

software for drawing and recording data. The test involves heating the sample 

to a specific temperature and checking the weight over time. This change may 

be caused by the removal of residual solvent or degradation of the polymer. 

The data collected during the TGA process is usually displayed as a TGA 

curve, where weight percentage (%) (y-axis) is plotted against temperature (x-

axis). The first drop of weight indicates that the polymeric sample began to 

degrade, and it will show at which temperature the sample have degraded 

completely (Hatakeyama & Quinn, 1999; Price, et al., 2006). 

3.4.8 Biological Assessment of Eletrospun Scaffolds (Viability and 

Proliferation)  

Biological assessment of electrospun scaffolds provides essential knowledge 

of how the fabricated scaffold would react with specific cells and determine its 

biocompatibility with the biological tissue (Godbey & Atala, 2002). Hence, in 

in-vitro testing, the biocompatibility term is often misused. The biocompatibility 

of any biomaterials or implant can only be evaluated in-vivo, within the living 

organisms such as humans or animals, and the correct term for in-vitro 

assessments of any tissue-engineered scaffolds is called cell compatibility 

(Pearce, et al., 2007). The in-vitro studies can provide information on cell 

viability, proliferation, differentiation, and genotoxicity of tissue-engineered 
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mesh, and it is more affordable, straightforward, and easy to study compared 

to the in-vivo test (Mattioli-Belmonte, et al., 2003; Groeber, et al., 2011). 

In contrast, in vitro tests cannot show the tissue's response to the substance-

on the contrary, due to the relatively short lifespan of the culture system, they 

are limited to cell line responses, and cell culture analysis may amplify the 

severity of the substance and limit Acute study (Pizzoferrato, et al., 1994). In 

this study, two types of cells were used for determining the fabricated scaffolds 

cytotoxicity, i.e. the human umbilical vein endothelial cells (HUVEC) and the 

human fibroblast cells (HVF). More information regards the biological 

assessments of electrospun scaffolds can be obtained in chapter 9. 

 3.5 Sterilization Process of the electrospun Scaffold 

After the scaffold production process, it is essential to disinfect and sterile the 

electrospun scaffold before any characterisation process and during cell work. 

There have been many published works that have stated the real risks of 

cross-contamination (Markovic & Markovic, 1998; Nelson-Rees, et al., 1981; 

Masters, et al., 2001). At the beginning of the project, the UV-treatment was 

considered as a method of sterilisation for the scaffold, due to its disinfection 

properties (Katara, et al., 2008). Although the method deemed to be effective 

in the beginning, it had to be reconsidered for cell studies. During the cell 

studies, the electrospun scaffold was shown to kill the cell-seeded on them 

much faster than anticipated; later on, the leading problem has been 

discovered. It was found, after electrospinning process, the fabricated 

scaffolds had some traces of the organic solvent of the polymeric solution, and 

as it has been discussed in numerous studies, these kinds of solvents are toxic 
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to the cells. After figuring the leading cause of killing cells, different sterilisation 

process was considered. In each of experimental chapter, the considered 

process of sterilisation is included. An additional precaution was considered 

for the sterilisation process as it is known to lead changes in mechanical 

properties of the biodegradable scaffolds (Dai, et al., 2016; Münker, et al., 

2018). 
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4. CHAPTER 4 ELECTROSPINNING OF POLY (Ɛ-

CAPROLACTONE) (PCL) AND THE EFFECT OF 

DIFFERENT VARIABLES ON THE PRODUCTION OF 

NONWOVEN MEMBRANE 

 

4.1 Abstract  

The present study aims to prepare a porous polymer scaffold with poly(ε-

caprolactone) PCL by electrospinning. Six Solvents including acetone, 

methanol, dimethylformamide (DMF), tetrahydrofuran (THF), dichloromethane 

(DCM), chloroform (CF), and methanol] with different properties such as 

density(g/ml), solubility parameter, molecular weight(g/mol), boiling point (˚C) 

and dielectric constant without prior purification were used to prepare 

electrospun polycaprolactone (PCL) fibrous membrane sheet. Due to the 

PCL's molecular weight (wt. Mn 80,000), it was found that with the increase of 

the polymer concentration, a better-homogenised solution was obtained. With 

an increase of %polymer content in the solution thicker fibre diameter and the 

more organised scaffold was obtained. In most cases, the fibre diameter 

increased with the increase of applied voltage. However, the increasing 

voltage could have a negative impact on scaffold morphology if the other 

parameters (e.g., flow rate (ml/h), temperate(˚C), solution concentration (%), 

and solvent used) not taken into consideration initially. Among all the solvents 

studied, chloroform was the best solvent that provided PCL fibres with the 

highest productivity and optimal morphological characteristics. The beadless, 

well-aligned PCL fibres with an average fibre diameter of 6.576 µm, the 

average pore size of 346.335 (µm)², and average % surface porosity of 33.42 

was produced from the solution of 15% (w/v) of PCL in chloroform at an applied 

electrostatic field of 7.7 (kV)/95mm and flow rate of 1 ml/h. 
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4.2 Introduction  

Polycaprolactone (PCL) have a chemical structure consisting essentially of 2-

Oxepanone homopolymer, 6-Caprolactone polymer and 6-Hexanolacone 

(C6H10O2)n, and it is one of the biodegradable and biocompatible polymers 

which has been used extensively in biomedical applications due to its cost 

efficiency, and toughness of the polymer (Merck, 2019; Cho, et al., 2015; Oh , 

et al., 2007; Siddiqui, et al., 2018; Mishra, et al., 2008).  Nevertheless, there 

are at least two main problems in using PCL scaffolds for tissue engineering 

purposes as it possesses some unique properties such as being a hydrophobic 

polymer and having very poor interaction with surrounding biological fluids 

which leads to poor cell adhesion and proliferation (Abedalwafa, et al., 2013; 

Dash & Konkimalia, 2012; Patrício, et al., 2013). However, these limitations 

can be resolved by surface modification of PCL with Arginine-glycine-aspartic 

acid (RGD), human bone-derived osteoblasts, and plasma treatments (Zheng, 

et al., 2012; Marletta, et al., 2005; Fu, et al., 2012; Wulf, et al., 2011). 

By comparing the PCL with other biodegradable polyesters, it degrades at a 

much slower rate than other aliphatic polyesters such as PGA or PLA, and this 

property could be helpful for controlled release of certain types of drugs in 

targeted tissue over a certain period (Woodruff & Hutmacher, 2010; 

Gunatillake & Adhikari, 2003). Human organs are composed of tissues and 

systems which formed as three-dimensional (3D) structures.  To produce 

successful synthetic tissues and organs, these layers must be constructed 

from various perspectives to enhance cell distribution and regenerate new 

tissue (Weigel, et al., 2006; Vacanti, 2003). 
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Several methods for producing porous scaffolds from biodegradable PCL 

polymers have been reported, such as solvent casting (Ghosal, et al., 2018; 

Patrício, et al., 2014), 3D printing (Wang, et al., 2016), phase separation 

(Katsogiannis, et al., 2015), and the most controversial and used 

manufacturing technology today, namely the electrospinning (Chen, et al., 

2007). Although these methods can successfully produce PCL fibres with 

specific micro-nano-scale structures and morphologies, there are still 

limitations and defects, such as use and removal of solvents, complex 

processes, low encapsulation efficiency, time-consuming, and expensive. 

Nevertheless, the electrospinning technique can overcome some of these 

limitations, and by comparing it to other techniques, it is much easier to work 

with to fabricate 3D, interconnected, nanofibers structure for various tissue 

engineering purposes. In the electrospinning process, many parameters will 

greatly affect the performance of the resulting fibre (Deitzel, et al., 2001). 

These parameters includes applied voltage (Thompson, et al., 2007), polymer 

solution concentration (Jacobs, et al., 2010), flow rate (Zargham, et al., 2012), 

solvent used (Qin & Dequn, 2012; Enis, et al., 2017), and ambient parameters 

such as the humidity and temperature (Robb & Lennox, 2011; Tan, et al., 

2005).  

This study aims to compare the effects of different parameters on the 

production of PCL electrospun scaffolds and select the best solvent to dissolve 

polycaprolactone pellet, considering the desirable parameters as gold 

standard procedure for fabrication of porous electrospun PCL scaffolds for the 

rest of this work. 
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4.3 Materials and Methods  

The issue of solvent suitability for electrospinning process is complicated. In 

this case, a lot of energy and time has been spent on developing and finding 

the best solvent to dissolve the synthetic polymer. As it is known, the viscosity, 

surface tension and conductivity of the solution will directly affect the 

characteristics of the electrospinning mat and fibre, and the operating 

conditions of the electrospinning will also affect such properties, so it should 

be considered. A large number of PCL polymer solutions were prepared and 

electrospun. Details of the materials and methods used are as follows. 

 

4.3.1 Materials  

PCL was chosen due to its high toughness, biocompatibility and capable of 

holding drugs for drug delivery. However, the most critical feature of PCL is in 

its physiological conditions since it degrades much slower than other 

biodegradable polyesters. This polymer was purchased from Sigma-Aldrich 

with an average molecular wt. Mn 80,000 and density of 1.145 g/ml at room 

temperature. N, N-dimethylformamide (DMF), tetrahydrofuran (THF), 

dichloromethane (DCM), acetone (AC), chloroform (CF), and methanol without 

prior purification were used as solvents. Figure/Table 4.1 below illustrates the 

chemical structure of PCL polymer and the properties of each selected organic 

solvent used to prepare the polymeric solutions. 
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Figure 4.1 Chemical Structure of typical PCL polymer. 

Solvents  Chemical 

formula  

Density 

(g/ml) 

Molecular 

Weight 

(g/mol) 

Solubility 

parameter= 

(cal/𝑪𝑴𝟑)
𝟏

𝟐⁄  

Boiling 

Point 

(˚C) 

pH 

level  

Dielectric 

Constant 

Acetone C3H6O 0.791 58.08 9.77 56 7 20.7 

Chloroform CHCl3 1.492 119.38 9.21 61 6.7 4.8 

Dichloromethane 

(DCM) 

CH2Cl2 1.325 84.93 9.93 39.8-

40.0 

Not 

Known 

8.93 

N, N 

Dimethylformamide 

(DMF) 

C3H7NO 0.944 73.10 12.14 152 6.6-

8.0 

36.71 

Methanol CH4O 0.792 32.042 12.91 64.7 7 32.6 

Tetrahydrofuran (THF) C4H8O 0.889 72.11 9.52 65-67 7-8 7.47 

Table 4.1: Properties of selected organic Solvents (Source: M. Bazgir). 

 

4.3.2 Preparation of polymeric solution and electrospinning process  

Preparation of polymeric solution: Before preparing the polymeric solution, 

the PCL pellets were tested for solubility in DMF, THF, DCM, acetone, 

methanol, and chloroform. If the results were satisfactory, then various 

solutions with different polymer concentration, ranged from 10% to 20% were 

prepared. Solutions were prepared by dissolving PCL pellets in each of six 

solvents and stirred for 12h to 24h depending on the solvent used at room 
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temperature. For each sample 5ml solution was prepared, and the parameter 

of each solution sample can be observed in table 4-2 below.  

Example on how to prepare 10ml of 15% PCL solution with Chloroform: 

Density of PCL pellet: 1.145 g/ml 

Density of Chloroform: 1.492g/ml 

10mL of 15% PCL Solution= (1.5x1.145) +(8.5x1.492) = 14.4g                                                                         

                                                 (1.7175 g of PCL) + (12.682 g of chloroform) 

 

 Equation 4.1 Simple calculation that have been used for preparation different PCL solution with desired concentration 
wt% (Source: M. Bazgir). 
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Electrospinning Process: Briefly, polycaprolactone (PCL) solutions were placed in a sterile 5mL syringe. During the electrospinning 

process, needle size (20G), distance from the tip of the needle to the collector (95mm), and the time (30 minutes) of electrospinning 

process for all sample solution were fixed. Random feeding rate and applied voltage were selected for each electrospinning process 

ranged from 0.5 ml/h to 3 ml/h and at 5.8 kV to 11.91kV, respectively. However, due to the process was carried out at room 

temperature conditions, the Temperature (T,˚C) and humidity (%) for each process were different as it can be seen in Table 4.2. 

Sample 
Name 

Solvent’(s) used Solution 
Concentratio
n % PCL by 
weight (w/v) 

Voltage 
(KV) 

Needle 
Type 

Distance from 
tip of the 
needle to the 
collector (mm) 

Type of 
collector 

Flow 
Rate 
(ml/h) 

T (°∁) Humidi
ty (%)  

Time 
(min) 

Polymer  
Dispensed  
(ml) 

A1 Chloroform & 
Methanol (85:15) 

10% 7.8 20G 95 Flat 1.0 22.1 33 30 0.496 

A2 Acetone 10% 9.60 20G 95 Flat 0.5 24.3 31 30 0.257 

A3 Acetone with heat 
(37C) 

10% 7.5 20G 95 Flat 1.0 26 39 30 0.502 

A4 DMF and THF (50:50) 10% 9.6 20G 95 Flat 1.0 25 39 30 0.511 

A5 DCM 10% 8.50 20G 95 Flat 1.0 25 26 30 0.540 

A6 Chloroform and 
Acetone (80:20) 

10% 8.78 20G 95 Flat 1.5 22 33 30 0.630 

A7 DCM & DMF (20:80) 10% 11.72 20G 95 Flat 2.0 23.1 36 30 1.040 

A8 Acetone & Chloroform 
(80:20) 

13% 11.72 20G 95 Flat 2.0 22.8 36 30 1.031 

A9 Acetone & Chloroform 
(50:50) 

13% 9.7 20G 95 Flat 2.5 22.3 44 30 1.567 

A10 Acetone 15% 9.54 20G 95 Flat 3.0 24.5 45 30 1.540 

A11 Chloroform 15% 11.91 20G 95 Flat 1.0 22.7 55 30 0.520 
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A12 Chloroform & 
Methanol (80:20) 

15% 7.47 20G 95 Flat 1.0 23 54 30 0.567 

A13 Chloroform 15% 6.76 20G 95 Flat 1.0 23.6 55 30 0.545 

A14 Chloroform 15% 7.7 20G 95 Flat 1.0 22 45 30 0.522 

A15 Chloroform & Acetone 
(80:20) 

15% 7.72 20G 95 Flat 1.0 23.2 39 30 0.507 

A16 Chloroform & 
methanol  
(85:15) 

15% 7.6 20G 95 Flat 2.0 23 29 30 1.033 

A17 Chloroform & 
Methanol (85:15) 

17% 7.84 20G 95 Flat 1.0 22.8 46 30 0.499 

A18 Chloroform & 
Methanol (85:15) 

17% 10.45 20G 95 Flat 1.5 21.8 53 30 0.766 

A19 Chloroform 20% 
 

7.89 20G 95 Flat 1.0 22.8 55 30 0.590 

A20 Chloroform 20% 9.72 20G 95 Flat 1.0 23.1 54 30 0.466 

A21 Chloroform & 
Methanol (85:15) 

20% 9.16  20G 95 Flat 2.0 23.1 54 30 1.011 

A22 Chloroform 20% 7.41 20G 95 Flat 1.0 23.7 55 30 0.463 

Table 4.2 Summary of the electrospinning parameters for PCL polymeric solution (Source: M. Bazgir). 
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4.3.3 Characterization process  

As for morphology analysis, different microscopy strategies can be applied to 

characterise the structures of electrospun scaffolds. Electron microscopy is an 

accurate device that can photo bio-nanofibers, and it can track biomaterials in 

nanomaterials. Also, it can measure the surface physical properties of 

electrospun scaffolds. There are two main types of electron microscopy SEM 

and TEM, and SEM is one of the widely used methods to determine the surface 

characteristics of electrospun scaffolds. 

 In this study, all electrospun scaffolds were observed under scanning electron 

microscopy SEM (Hitachi TM3000 Tabletop device, Japan). All electrospun 

scaffolds were cut with scissors to the size of 5mm2, and the images were 

captured through a vacuumed environmental SEM operated at an accelerating 

voltage of 5KV. The SEM images were later analysed with ImageJ (Java-

based image processing program developed at the national institutes of health 

and the laboratory for optical and Computational instrumentation, University of 

Wisconsin, USA) to determine average fibre diameter(µm), average pore size 

(µm)2, and % surface porosity and for each parameter the average value was 

calculated from 20 measurements per image). Figure 4.2 bellow shows SEM 

micrographs of all 22 electrospun PCL samples at 1800X magnification. 
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Figure 4.2 SEM Micrographs of all 22 PCL Electrospun Samples at 1800X magnification, (A1) 10 wt% PCL, Chloroform & Methanol (85:15), (A2) 10 wt% PCL, Acetone, (A3) 10 wt% PCL, Acetone 
with heat (37C), (A4) 10 wt% PCL, DMF and THF (50:50), (A5) 10 wt% PCL, DCM, (A6) 10 wt% PCL, Chloroform and Acetone (80:20), (A7) 10 wt% PCL, DCM & DMF (20:80), (A8) 13 wt% PCL, 

Acetone & Chloroform (80:20), (A9) 13 wt% PCL, Acetone & Chloroform (50:50), (A10) 15 wt% PCL, Acetone, (A11) 15 wt% PCL, Chloroform, (A12) 15 wt% PCL, Chloroform & Methanol (80:20), 
(A13) 15 wt% PCL, Chloroform, (A14) 15 wt% PCL, Chloroform, (A15) 15 wt% PCL, Chloroform & Acetone (80:20), (A16) 15 wt% PCL, Chloroform & methanol (85:15), (A17) 17 wt% PCL, 

Chloroform & Methanol (85:15), (A18) 17 wt% PCL, Chloroform & Methanol (85:15), (A19) 20 wt% PCL, Chloroform, (A20) 20 wt% PCL, Chloroform, (A21) 20 wt% PCL, Chloroform & Methanol 
(85:15), (A22) 20 wt% PCL, Chloroform (Source: M. Bazgir).  
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4.4 Results and Discussion  

It should be mentioned that although about forty-five polymer solution were 

prepared and electrospun, only those solutions which could produce fibres with 

reasonable properties were initially characterised. Few other electrospun 

sheets were selected and characterised to compare them to other membranes 

to understand which parameter has affected the polymeric solution to transfer 

it to micro or nano size fibre structure while electrospinning process continued. 

Some higher concentration polymer solutions such as 15% and 20% PCL 

showed encouraging results. It was possible to produce decent fibres without 

too much difficulty, and these solution concentrations were prepared multiple 

times with different solvents, electrospun, and studied in some detail to 

understand which parameter is more effective for having interconnected, 

organised fibre, and highly porous structure mesh. 

4.4.1 Effect of Solvents on the Polymeric Solution and Fibre 

Production  

The most critical requirement of the electrospinning process is to have the right 

type of solvent for dissolving and preparing any polymeric solution. The solvent 

used should be able to evaporate quickly enough in order for the fibres to keep 

their integrity when it reaches the collector, but it should not evaporate so fast 

that allows the fibre to harden before it reaches micro or nanometer range 

(Costa, et al., 2010; Zhang, et al., 2019). Surface tension and viscosity of the 

solvents must not be too large as it could affect the electrospinning process 

negatively and preventing it from jet form, neither it should be too small to let 

the solution drain freely from the needle tip (Theron, et al., 2004; Deitzel, et al., 
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2001; Fong, et al., 1999). Each solvent has a different level of 

electrospinnability and different effect on the polymer. As mentioned before, 

PCL polymer is widely used in the fields of medical tissue engineering due to 

the properties that it has, such as being biocompatible, biodegradable, and 

semi-crystalline polyester (Chawla & Amiji, 2002; Kweon, et al., 2003; 

Ródenas-Rochina, et al., 2013). PCL scaffolds that have been produced by 

the electrospinning process have more potential advantages in the tissue 

engineering field than any other conventional methods, as the advantages of 

electrospinning has been discussed extensively in chapter 3. However, the 

selection of a suitable solvent for dissolving (PCL pellets) and preparing the 

polymeric solution for electrospinning process is one of most important and it 

is the main point to take into consideration, since it does not only influence the 

chemical properties of the polymeric solution, but it also impacts the 

characterises of final obtained fibre structure such as the average distributed 

fibre diameter, pore size, overall scaffold %porosity, and its morphology. 

Additionally, the formation of the Tylor cone, elimination of electrospun 

polymer droplets, and solidification of micro or nanoparticles also depend on 

the solvent system. 

All six solvents were used to dissolve the polycaprolactone (PCL), and in about 

ten cases a combination of two different solvents were used to see if it could 

contribute for having a better Tylor cone-shaped, and consistent polymer 

distribution on the collector. Most of the solvents dissolved the PCL pellet 

sufficiently well within the period of 12h on stirring machine, but acetone took 

a bit longer to dissolve the polymer, within 20 hours and then all solutions were 

placed in a sonic bath for about two hours to remove any air bubble that was 



 

85 
 

present in solution. It worth mentioning that the dielectric constant of the 

solvent had a significant influence on electrospinning. While characterising the 

electrospun scaffolds, it was noticed that solutions with greater dielectric 

property increased the formation of the bead and reduced the diameter of the 

resultant electrospun fibre. However, that was not the case when the solution 

concentration increased, the result showed to be a total opposite as the 

formation of the beads reduced, and fibre diameter increased. In the early 

stage of the experiment, it was noticed when a small amount of solvent of 

higher dielectric constant is added to a solution it does not only improve the 

electrospinnability of the solution but also in some cases it did slightly improve 

overall fibre formation except for sample A15 when acetone was added to 

chloroform solvent solution it did improve the electro-spinnability process, but 

it increased the formation of the beads. Figure 4.3 below shows SEM images 

of electrospun 10%(w/v) PCL solutions. It was found that acetone at room 

temperature and heated acetone at 37˚C, combining DMF and THF (50:50), 

DCM and DMF (20:80) are not the best solvents to dissolve or prepare PCL 

polymer solution for electrospinning purposes. However, some fibre formation 

was noticed when chloroform was involved in dissolving the PCL.  
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Figure 4.3 Show the SEM Images of electrospun 10%(w/v) PCL Solutions prepared in the following solvent A1) 
Chloroform and methanol (85:15). A2) Acetone, A3) Acetone with heat (37˚C), A4) DMF and THF (50:50), A5) 

DCM, A6) Chloroform and Acetone (80:20), A7) DCM & DMF (20:80). (Source: M. Bazgir) 
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4.4.2 Effect of Solution Concentration on Scaffold Morphology 

The solution concentration has a significant impact on the final structural 

morphology of the electrospun scaffolds, i.e. as the polymer concentration 

increased, the mass of PCL polymer deposited in given time increased as 

shown in Figure 4.4 for sample A11 (15%w/v) and A19 (20%w/v) noting that 

both samples were dissolved in chloroform only and electrospun with a flow 

rate of 1ml/h. Although the polymer concentration plays a crucial part for 

producing dense scaffold at a given time, it is not the only parameter that 

affects the overall density of the scaffold, other parameters such as flow rate 

and applied voltage play a direct role. 

 

Figure 4.4 Weight of Each all of 22 PCL Sample after electrospinning process (Source: M. Bazgir).  

 

When various types of solvent used to prepare PCL solutions with the same 

concentration, different consistency of polymer solutions were observed. By 

preparing many types of polymeric solutions, it was noted that the consistency 

of solution had been affected by two main factors, namely solvent type and 
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polymer concentration. Typical structure in the electrospun polymer for 

different concentration can be observed in Figure 4.5, for PCL solution with 

10%w/v, 15%w/v, and 17%w/v which were electrospun for 30min each. The 

SEM images showed when a solution of 10%w/v PCL was electrospun most 

of polymer obtained on the collector where spherical beads and with some 

sub-micron fibres, however, it was not the case for 15%w/v and 17%w/v 

solutions. Because of the low concentration of PCL, the organic solvent may 

not evaporate fully before it reaches the collector, which can lead to surface 

dissolution, accumulation, and creation of beads. Due to the formation of many 

beads by using the 10% w/v PCL solution, the study was not extended to a 

concentration below 10% w/v.  

 The results show that by adding additional 5% of polymer in solution, it has 

not just eliminated the formation of beads only but also better fibre alignment, 

pore size (µm)², and higher % surface porosity was observed. However, by 

comparing the sample A12 (15% w/v) and A17 (17% w/v), a significant 

difference in their morphological characteristics can be observed where the 

average fibre diameter, pore size, and porosity percentage of the scaffold 

decreased significantly from 8.153 µm, 199.8577 µm2, and 44.11% to 2.561 

µm, 23.81 µm2, and 24% respectively. Increasing the polymer concentration in 

the solution can help significantly to eliminate the beads, but it could have a 

significant negative impact on scaffold structure if other essential parameters 

were not adjusted correctly based on the concentration of the solution solvent 

used. 
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Figure 4.5 SEM images of three different concentration of electrospun PCL Solution (Source: M. Bazgir).  

 

Figure 4.6 Average Fibre Diameter of all PCL Samples (Source: M. Bazgir).  

 

 

Figure 4.7 Average surface Pore Size Analysis of all 22 Samples (Source: M. Bazgir).  
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Figure 4.8 Scaffold Surface Porosity of All Electrospun PCL Samples (Source: M. Bazgir).  

 

4.4.3 Effect of Voltage and Feeding Rate on Scaffold Structure 

An essential element in electrospinning is the use of high voltage for the 

solution (Bosworth & Downes, 2012). The high voltage creates the necessary 

changes in the solution, and with the external electric field, it initiates the 

electrospinning process right after when the electrostatic force in the solution 

overcomes the internal voltage of the solution (Jaworek, 2008; Cloupeau & 

Prunet-Foch, 1989). The amount of voltage applied to the needle and the 

collector (grounding the collector in this case) is one of the parameters 

necessary for the optimisation of the control process because it affects the jet 

and then the Taylor cone at the tip of the needle (Martin, et al., 2012; Smeets, 

et al., 2017). 

By increasing the voltage, it leads to a gradual increase in electrostatic forces 

acting on the surface of the dispensed solution, and in Figure 4.9 bellow it has 
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been noticed that the distribution of the electrospun fibres was uneven when a 

higher voltage was applied to the solution. In some cases, depending on the 

flow rate and the concentration of the solution, a higher voltage may be 

required to maintain the Tylor cone and evenly distribute the electrospun 

polymer on the collector (Zhang, et al., 2019).  

As mentioned PCL polymer solution was prepared in a different solvent, with 

different concentration, and electrospun with various applied  voltages as 

summarised in Table 4.2. Generally, by comparing and analysing the average 

fibre diameter and scaffold structure as presented in Figure 4.6, an unusual 

trend was noticed. When the same 15% w/v PCL solution electrospun for 30 

minutes at three different voltages a significant change in its morphology was 

observed, the average fibre diameter was increased each time when the 

applied voltage was increased. However, the average surface pore size and 

porosity % showed to reduces at very high voltage outputs.  

The exact measurement can be seen in Table 4.3 bellow, for example when 

15% w/v PCL solution was electrospun with 7.7KV (sample A14) which is only 

about 1KV increase compared to A13 sample, this slight increase of output 

voltage showed to have a significant improvement on the overall structure of 

the scaffold especially on the average pore size and the porosity percentage 

of the scaffold. However, once the output voltage was increased to 11.91KV, 

the fibre diameter increased further, but the average pore size and porosity of 

scaffold decreased from 346.335 (µm)², 33.42% (sample A14) to 212.26(µm)², 

26.58% (sample A11) respectively.  
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In general, increasing the voltage output increases the diameter of PCL 

nanofibers. However, this increase is not very significant in the case of 20% 

w/v (Chloroform) solutions as the morphology analysis of the scaffolds showed 

that the higher voltage output is the thinner the fibres become, due to higher 

voltage will lead to a more significant stretch polymeric solution.  Also, the 

higher applied voltage is the greater volume of solution will be ejected from the 

tip of the needle, which can lead to smaller and less stable Tylor cone as can 

be seen in Figure 4.9 below. When the ejection of the solution to the collector 

is faster than the programmed feed rate of the solution, the Tylor Cone may 

fade into the needle as it can be seen for sample A11. 
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Figure 4.9 SEM micrograph of some electrospun scaffolds to illustrate the effect of applied voltage has on fibre 
production as well as on the Tylor cone formation (Source: M. Bazgir). 

 

 A11 A13 A14 A19 A20 A22 

Average Fibre Diameter 
(µm) 

8.413 2.251 6.576 4.3 4.164 4.828 

Average Surface Pore 
Size (µm)² 

212.26 25.92 346.335 58.329 58.649 33.484 

Surface Porosity % 26.58 29.49 33.42 38.27 29.19 21.47 
Table 4.3 A Summary of the morphology analysis of samples presented in figure 4.8 (Source: M. Bazgir).  
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 4.5 Synopsis of the Key Findings in Chapter Four 

In this study, with the help of the electrospinning process, it was possible to 

produce a wide range of structures with Poly(Ɛ-Caprolactone). Many PCL 

polymeric structure were therefore observed, including beads, fibres, or a 

combination of both. The combination of beads and fibres is known as beads-

on-strings in the field of electrospinning. This morphology can be observed 

under many conditions, as shown in the sample in Figure 4.2 (A1, A5, A6, A9, 

and A15). From the data obtained during this study, it was found that the 

leading cause of beads formation is the concertation of polymer in the solution, 

and majority of the low % concentration of PCL solution showed to produce 

spherical beads due to lack of sufficient amount of polymer molecule chain in 

polymeric solution to combine to produce a homogenise solution.  The 

selection of the solvent for dissolving and preparing the PCL solution had a 

significant impact on the homogenisation of PCL particles in the solution, for 

example, the use of chloroform showed to have a positive role for combining 

PCL particles in the solution, whereas, when the Dimethylformamide (DMF) 

and Tetrahydrofuran (THF) were used to prepare the PCL solution, these 

chlorinated and ether organic solvents did not combine the polymer chains in 

the solution, but also destroyed the polymeric chain and forced it to separate 

and to coagulate in the solution, an electrospun sample of these solutions can 

be seen in Figure 4.2 (A4, A7). In most cases, an increase in polymer 

concentration leads to elimination of beads formation and promotes fibre 

production due to presence of high molecular weight of the PCL in the solution 

and allows it to maintain a sufficient molecular chain even while solvent 

evaporation occurs during the electrospinning process. 

For most samples with a concentration below 15%, the critical voltage of the 

jet ejected from the Taylor cone is measured to be between 6 to 8 kV. 

However, due to high molecular weight of the polymer used at higher solution 
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concertation such as for 17% w/v and 20% w/v the jet formation from Tylor’s 

Cone had different characteristics as the jet formation did not break to multi-

jet before it reached the collector as it was observed for lower solution 

concentrations. However, in this case, from the beginning of jet formation, the 

jet started to elongate more and more until it reached the collector. In any case, 

the formation of multi-jet was possible by increasing the applied voltage, but 

the final structure of the scaffold would turn to not be desirable for tissue 

engineering purposes as a result of unorganised fibre alignments. 

Form all the 22 electrospun samples, the characteristics and the parameters 

of sample A14 was preferred for production of PCL scaffold for tissue 

engineering purposes. This is because the fibres were evenly distributed on 

the collector, and that the scaffold had a better fibre arrangements. The 

average pore size of the scaffold was 346.335(µm)², and this is in good 

agreement with most relevant studies confirming that the optimal pore size of 

the scaffold typically should be in a range of 20-500 µm as wider pore size and 

higher structural porosity of the scaffold could increase the migration of cells 

inside the scaffold, including nutrition and waste exchange. 
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5. CHAPTER 5 EFFECT OF INDEPENDENT VARIABLES ON 

MORPHOLOGICAL STRUCTURE OF ELECTROSPUN 

POLY (LACTIC-CO-GLYCOLIC ACID) (PLGA) 

5.1 Abstract  

The present work aims to produce porous polymeric scaffolds with poly (lactic-

co-glycolic acid) (PLGA) by electrospinning. The effects of process variables 

such as solution concentration, voltage, and solvent system on the structure 

have been studied. Variety of organic solvents such as Chloroform, 

Dichloromethane, N, N Dimethylformamide (DMF) and Tetrahydrofuran (THF), 

were tested to dissolve the synthetic PLGA (82/18) polymer. The physical 

phenomena associated with the electrospun scaffolds has been characterised 

by scanning electron microscopy (SEM). The data show that electrospun 

polymers can have a wide variety of structural morphologies. Solid and hollow 

submicron spheres can be obtained by electrospinning the polymeric solution. 

Two pairs of solvent mixtures, namely dimethylformamide (DMF)-

tetrahydrofuran (THF), have been determined to provide a stable cone nozzle 

and highly interconnected fibres at low applied voltage. Although, the other 

solvents used to dissolve and prepare PLGA solution for electrospinning have 

shown to have more satisfactory fibre morphology compared to THF: DMF. 

However, It was not as easy to handle the fabricated scaffolds that were not 

prepared by THF: DMF, as they used to, turned to cotton fluff consistency 

(especially the ones that have dissolved in DCM) as soon they were pealed 

way form the collector plate.  In this case, THF and DMF were considered the 

best option to dissolve and prepare the PLGA solution for the electrospinning 

process. 
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5.2 Introduction  

PLGA is an aliphatic polyester copolymer that can be prepared in different 

ratios between two complex monomers (lactic acid (LA) and glycolic acid (GA)) 

(Avgoustakis, 2008). Semi-crystalline LA, GA is highly crystalline, and PLGA 

is usually amorphous (Mitra , et al., 2013; Gentile, et al., 2014). PLGA has 

been developed for many years which approved by the US FDA it has been 

widely used in medical applications, such as suture materials, cardiovascular 

diseases, cancer, long-acting drug delivery systems, and tissue engineering 

(Gliding & Reed, 1979; Mir, et al., 2017; Sharma, et al., 2016; Lee, et al., 2019; 

Zong, et al., 2005). Synthetic scaffolds must have many essential properties 

including high porosity, structural strength and specific 3D shapes before being 

used as materials for tissue engineering. These properties are determined by 

the construction technology and should be developed without adversely 

affecting the biological compatibility of the construction material (Gang, et al., 

2012).  

Over the years, many new processing methods have been developed to 

produce scaffolds with specific characteristics for proving the regeneration of 

human tissues. Each method has its unique advantages, such as ease of 

processing, structural strength, biological response, and no methods can be 

considered as an ideal method for making membrane that can be used for all 

tissue regenerative purposes. However, In the past two decades, the 

electrospinning technique has seen a spike in its popularity among tissue 

engineers due to the process of simplicity,  cost-effectiveness compared to 

other techniques, and most importantly it has been found that electrospun 

fibres can mimic the structure of human extracellular matrix (ECM) well (Li, et 

al., 2004; Liao, et al., 2006; Zhu, et al., 2008; Li, et al., 2002).  
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Electrospinning uses a high voltage for the polymeric solution, thereby 

generating an electric charge in the solution (Lee, et al., 2003). When the 

charge in the liquid reaches a critical value, Taylor-shaped cone will start to 

form at the tip of the needle, and at this moment electrospinning procedure 

usually starts (Vaseashta, 2007). The electrospinning nozzle usually flows to 

the low potential of the grounded collector. Mainly the electrospinning 

procedure is carried out by using a polymer solution, and many factors can 

affect the shape and the morphology of the fibre (Li & Xia, 2004). The most 

prominent factors are the viscosity of the solution, the surface tension and the 

voltage applied to the polymeric solution (Haider, et al., 2018; Shenoy, et al., 

2005). Sufficiently high polymer concentrations can cause crosslinking, which 

is known to be as an essential part of the electrospinning process (Duan, et 

al., 2006; Jose, et al., 2009). Therefore, optimising electrospinning parameters 

are of great interest, and in this study parameters that affect the morphology 

of PLGA scaffolds such as polymer concentration, applied voltage, the solvent 

used, and ambient conditions will be investigated. 

5.3 Materials and Methods  

The issue of solvent suitability for electrospinning process is complicated. In 

this case, a lot of energy and time has been spent on developing and finding 

the best solvent to dissolve the synthetic polymer. As it is known, the viscosity, 

surface tension and conductivity of the solution will directly affect the 

characteristics of the electrospinning mat and fibre, and the operating 

conditions of the electrospinning will also affect such properties, so it should 

be considered. Many PLGA polymer solutions were prepared and electrospun. 

The details of the materials and methods used are as follows. 
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5.3.1 Materials  

PLGA with a molar ratio of 82/18 (L-lactide/Glycolide) and inherent viscosity 

midpoint of 1.8dl/g was purchased from PURASORB (Netherland). This 

polymer mainly used for medical device applications, and it is suitable with all 

conventional polymer processing techniques. Solvents used to prepare the 

polymeric solutions were as follows: N, N-dimethylformamide (DMF), 

tetrahydrofuran (THF), dichloromethane (DCM), and chloroform (CF) without 

prior purification were used as solvents. Figure 5.1 and Table 5.1 below show 

the chemical structure of PLGA polymer and the properties of each selected 

organic solvent used to prepare the polymeric PLGA solutions. 

 

Figure 5.1Chemical structure of the PLGA polymer. 

 

Solvents Chemical 
formula 

Density 
(g/ml) 

Molecular 
Weight 
(g/mol) 

Solubility 
parameter= 

(cal/𝑪𝑴𝟑)
𝟏

𝟐⁄  

Boiiling 
Point 
(˚C) 

pH 
level 

Dielectric 
Constant 

Chloroform CHCl3 1.492 119.38 9.21 61 6.7 4.8 

Dichloromethane 
(DCM) 

CH2Cl2 1.325 84.93 9.93 39.8-
40.0 

Not 
Known 

8.93 

N, N 
Dimethylformamide 

(DMF) 

C3H7NO 0.944 73.10 12.14 152 6.6-
8.0 

36.71 

Tetrahydrofuran 
(THF) 

C4H8O 0.889 72.11 9.52 65-67 7-8 7.47 

Table 5.1  Parameters of organic solvent used to dissolve PLGA Pellets (Source: M. Bazgir). 
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5.3.2 Solution Preparation and Electrospinning  

Before preparing the spinning solutions, the PLGA tested for solubility in 

chloroform, dichloromethane (DCM), N, N Dimethylformamide, and 

tetrahydrofuran (THF). When the PLGA polymer shown to have a good and 

satisfactory solubility with these selected solvents, then different polymeric 

solutions with different concentration were prepared. Solution concentration 

was varied between 5wt% and 15wt% PLGA as it can be seen in Table 5-2. 

Before preparing any solution, the amount of polymer (in grams) and the 

selected solvent (in grams) for the targeted concentration was calculated. 

Equation 5-1 below give an example of how the 10wt% PLGA solution was 

prepared, and for all solution concentration, the same calculation was used.  

The solution was prepared by mixing the PLGA particles with each of the four 

solvents in a sealed glass container and stirred at room temperature for at least 

16 hours. Since the density of each selected solvent is different, each solution 

had a different viscosity. 

 

Electrospinning Process: Briefly, the poly (lactic-co-glycolic acid) PLGA 

solutions were placed in a sterile 10ml syringe. During the electrospinning 

process, needle size(20G) was used, a distance of 95mm from the tip of the 

needle to the collector was selected, and all the polymeric solutions were 

electrospun for 30 minutes only. The flow rate and voltage are adjusted 

Example on how 10ml of 10% PLGA solution with dichloromethane (DCM) was prepared: 

10mL of 10% PLGA Solution= (1g of PLGA) + (9g of Dichloromethane) 

 Equation 5.1: Simple Calculation that have been used for preparation different Polymeric PLGA Solution with 
desired Concentration (%) (Source: M. Bazgir). 
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explicitly according to the response of droplets and jet formation at the 

beginning of the electrospinning process, and sometimes random parameters 

were selected to have a better understanding of the effects these parameters 

have on the process and the scaffold structure.  After each process, the 

fabricated mesh was placed in the vacuum chamber at room temperature for 

a minimum of 24 hours to allow any excess solvent to be evaporated. Table 

5.2 provides a specific solution and processing parameter settings for the 

different wt% solutions tested for each test.
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Sample 
Name 

Solvent’(s) used Solution 
Concentration 

% PLGA by 
weight (w/v) 

Voltage 
(KV) 

Needle 
Type 

Distance from 
tip of the needle 
to the collector 

(mm) 

Type of 
collector 

Flow 
Rate 

(ml/h) 

T (°∁) Humidit
y (%) 

Time 
(min) 

Polymer 
Dispensed 

(ml) 

B1 THF & Chloroform 
(50:50) 

5% 6.54 20G 95 Flat 1.0 20.1 43 30 0.496 

B2 Chloroform 7.5% 9.3 20G 95 Flat 3.0 21 44 30 1.489 

B3 Chloroform 7.5% 8.03 20G 95 Flat 1.0 24.1 53 30 0.5 

B4 THF & DMF (50:50) 10% 11.58 20G 95 Flat 1.0 22.2 35 30 0.541 

B5 THF & DMF (60:40) 10% 11.58 20G 95 Flat 1.0 22.2 35 30 0.539 

B6 THF & DMF (50:50) 10% 11.71 20G 95 Flat 1.0 22.5 36 30 0.522 

B7 THF & DMF (50:50) 10% 8.43 20G 95 Flat 1.0 22 44 30 0.502 

B8 THF & DMF (50:50) 10% 9.45 20G 95 Flat 1.0 22.8 34 30 0.478 

B9 DCM 10% 10 20G 95 Flat 1.5 22.3 44 30 0.736 

B10 THF & DMF (50:50) 10% 8.36 20G 95 Flat 1.0 22 47 30 0.490 

B11 THF & DMF (50:50) 10% 7.66 20G 95 Flat 1.0 21 40 30 0.5 

B12 DCM 12.5% 7.8 20G 95 Flat 1.0 21 40 30 0.499 

B13 DCM 15% 9.7 20G 95 Flat 1.0 24.1 53 30 0.528 

Table 5.2 Summary of the electrospinning parameters for PLGA polymeric Solution (Source: M. Bazgir). 
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5.3.3 Characterization Process  

For sufficient microscopic detail of the electrospun mesh, all electrospun 

scaffolds were cut with surgical scissors to size of 5mm2 and were mounted 

onto a carbon disk. The morphological of the scaffolds was observed via 

scanning electron microscopy SEM (Hitachi TM3000). To obtain a detailed 

image, the sample was placed in an air vacuum SEM environment at an 

acceleration voltage of 5kV. The SEM image was then analysed using ImageJ 

(a Java-based image processing program developed by the National Institutes 

of Health and the University of Wisconsin Optical and Computational 

Instruments Laboratory) to determine the average fibre diameter (μm) and 

average pore diameter(μm)2 and surface (%) porosity (the average value of 

each image is based on 20 measurements of each image). Figure 5-2 below 

represents SEM images of all 13 electrospun PLGA solutions at 600X 

magnification. 
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Figure 5.2 SEM Images of all Electrospun PLGA Samples at 600X magnification(B1) 5 wt% PLGA, THF & Chloroform (50:50), (B2) 7.5 wt% PLGA, Chloroform, (B3) 7.5 wt% PLGA, Chloroform, (B4) 
10 wt% PLGA, THF & DMF (50:50), (B5) 10 wt% PLGA, THF & DMF (60:40), (B6) 10 wt% PLGA, THF & DMF (50:50), (B7) 10 wt% PLGA, THF & DMF (50:50), (B8) 10 wt% PLGA, THF & DMF (50:50), 

(B9) 10 wt% PLGA, DCM, (B10) 10 wt% PLGA, THF & DMF (50:50), (B11) 10 wt% PLGA, THF & DMF (50:50), (B12) 12.5 wt% PLGA, DCM, (B13) 15 wt% PLGA, DCM (Source: M. Bazgir).  
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5.4 Results  

The porosity of these biodegradable scaffolds plays an essential role in tissue 

formation in vivo and in vitro. Formation of blood vessels and proliferation of 

cells; Interconnected networks with open hydrophilic surfaces are required for 

nutrition to migrate and to create new tissues (Balguid, et al., 2009). Also, it 

promotes mechanical interlocking between the implanted biomaterial and the 

natural constraints of the environment, which increases the mechanical 

stability of the critical surface (Karageorgiou & Kaplan, 2005; Loh & Choong, 

2013). Measurement of electrospinning parameters, in conjunction with; stable 

polymer/solvent combinations, the solution flow rate, applied voltage, distance 

from the tip to the collecting plate, and solution concentration were monitored. 

Since this is a multi-parameter method, therefore, changing multiple 

parameters at once has a more significant impact on fibre diameter and 

structure of the membrane than changing only one parameter. Regardless of 

the parameters applied to the polymer solution, the SEM micrographs show 

significant changes in fibre formation and morphology, depending on the 

original polymer concentration. Figures 5.3 – 5.5 shows the bar charts of 

average pore area (µm)2, scaffold surface porosity (%), and average fibre 

diameter (µm) of electrospun variety of PLGA polymeric solutions. As can be 

seen in Figure 5.2, SEM micrographs of electrospun mats show a clear 

difference in the morphology of each electrospun polymeric solution. 

Electrospun nanofibers can have a variety of morphologies and structures, 

such as well organised and interconnected fibre matrix, a beaded structure like 

sample B1, or bead-on-string structure like sample B7 and B10.  
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The beads formation usually occurs at a lower polymer concentration, the 

formation and elimination of beads can be attributed to three forces such as 

polymer concentration, solvent used, and applied voltage (Tomczak, et al., 

2005). Although the beaded fibre scaffolds have attracted a lot of interest as a 

drug delivery scaffold for tissue engineering applications (Li, et al., 2017; Li, et 

al., 2015; Esmailian, et al., 2018), but the occurrence of this phenomena is not 

desired for the current project. Through further analysis, the micrographs with 

a concentration of 10% w/v, especially samples B7 and B10, proved that there 

is a considerable amount of beading between the fibres. It can be noticed that 

beads are formed only when the 10% w/v in THF: DMF (50:50), is electrospun 

at a voltage of 8-9 kV. However, when these solutions were electrospun under 

conditions below or above 8kV, no beads were detected. 

 

Figure 5.3 Average pore size analysis of all PLGA samples (Source: M. Bazgir). 
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Figure 5.4 Scaffold Surface porosity of all PLGA Samples (Source: M. Bazgir).  

 

 

 

Figure 5.5 Average fibre diameter of all electrospun PLGA samples (Source: M. Bazgir).  

 



 

109 
 

 

Table 5.3 Summary of morphological characterises of the electrospun PLGA solution (Source: M. Bazgir). 

 

5.5 Discussion  

 

5.5.1 Effect of PLGA Concentration on scaffold morphology and fibre 

diameter  

Controlling the viscosity of the polymer solution by changing the concentration 

of the polymer and solvent used plays an important role in determining the size 

and shape of the fibre and the shape of the scaffold during the electrospinning 

process. If the viscosity of the solution is too low, electrospray occurs instead 

of electrospinning (Robb & Lennox, 2011). Further investigation in regard to 

the influence of different mass concentrations was done by varying the PLGA 

concentration at an increment of 10% w/v from 12.5% w/v to 15% w/v in 

dichloromethane (DCM). Figure 5.6 shows the resulting composite nanofibers 

under SEM at a magnification of 600X. Based on the SEM images, the 

variation of the average diameters, pore size, and surface porosity percentage 
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are plotted as a bar chart in Figure 5.3-5.5. In most research studies, there 

was similar trend related to the PLGA concentration in the solution and fibre 

produced by the electrospinning process, as the fibre diameter increases with 

increasing the concentration of the polymer in the solution (Fong & Reneker, 

1999; Jacobs, et al., 2010).  

However, if we analyse samples B9 and B12, an increase in the fibre diameter 

can be seen as the fibre diameter increased from 7.698 (μm) to 8.236 (μm). 

Due to the inherent viscosity midpoint of the PLGA used is 1.8 dl/g, at higher 

solution concentration the solution will become very viscous and hard to 

process it via electrospinning as an example sample B13 below, there is an 

uneven arrangement of the fibres also the average diameter of the produced 

fibre has decreased from 8.236 (µm) to 6.53 (µm) when it is compared to 

sample B12.  At higher concentration, it was much harder to process the 

polymeric solution, because the 15% polymeric solution used to become hard 

before it reaches the tip of the needle and creates a blockage.  Although it is 

somewhat true that by increasing the concentration of the polymer in the 

solution will lead to an increase in the fibre diameter, to do so many other 

parameters must be considered before taking that step. 

 

Figure 5.6  SEM images of three different concentration of electrospun PLGA Solution (Source: M. Bazgir). 
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5.5.2 Effect of Solvent System on scaffold morphology and fibre 

diameter  

Solution properties such as viscosity, surface tension, conductivity, and 

dielectric constant of the solvent solution significantly affect the structure of 

electrospun polymers as well as it plays crucial roles in controlling the 

morphology (Fong & Reneker, 1999). Baji et al. (2010) have discussed the 

connection between the rapid evaporation of the solvent and scaffold 

development by the electrospinning process. They have suggested that the 

solvent's fast evaporation could result in less development in the scaffold fibre 

morphology (Baji, et al., 2010). In this case, it was observed that the solvent 

system used to prepare the PLGA solution played a vital role in the scaffold 

morphology and fibre diameter. Figure 5.2 shows the SEM image of the 

scaffold morphology obtained from all four different solvents used to dissolve 

and prepare the PLGA solutions. The use of chloroform as a solvent in 

electrospinning resulted in the production of fibres without bead-on-string 

morphology and producing considerably large fibre diameter and pore sizes at 

low polymer concentration 7.5% w/v; this may be due to high volatility of 

chloroform and its dielectric constant. You et al. (2006) reported the effect of 

the dielectric constant of the solvent of the fibre diameter of electrospun PLGA 

nanofibres. The structural morphology of the electrospun polymeric solutions 

strongly dependent on a dielectric constant of the solvent, the average fibre 

diameter of the synthetic PLGA polymer tends to be much wider when it is 

compared to other PLGA solution that was prepared with a higher dielectric 

constant (You, et al., 2006). From Summary of morphological characteristics 

of the electrospun PLGA solutions, the average fibre diameter (3.888 µm) and 
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the average pore size (76.55 µm2) of nanofibers electrospun from THF: DMF 

(60:40) solvents were much smaller than that (9.532 µm) and the average pore 

size (1077.77 µm2) of nanofibers electrospun from nonpolar chloroform solvent 

at lower solution concentration. When comparing solution or sample B5 fibre 

diameter which is 10% w/v to other solution we can see the proportion of the 

ratio of the solvent used to prepare the solution it does affect the overall 

morphology of the scaffolds. Thus, by the obtained data, it can be concluded 

that the diameter of electrospun PLGA nanofibers strongly depends on the 

dielectric constant of the solvent. 

 

5.5.3 Effects of applied voltage on fibre morphology and fibre 

diameter  

The applied voltage defines the strength of the electric field encountered in the 

solution, which has a major effect on the breakdown of the jet (Robb & Lennox, 

2011). The amount of voltage applied is vital for the electrospinning process, 

for the process to start it needs a voltage to be at a higher potential than the 

surface tension of the polymeric solution (Unnithan, et al., 2015). However, 

from Figure 5.7 below can obtain some understanding of how the voltage 

applied to the solution can influence the overall morphology of the fibre and 

the fibre alignments. In this case, a 10% w/v polymer solution prepared in THF: 

DMF was chosen for this particular study. The feeding rate was kept constant 

at 1ml/h, no jet and Taylor cone were observed when the voltage was less than 

7kV. Consequently, when the applied voltage was increased to 7.66kV, a well-

shaped Taylor cone with the jet was obtained. The same polymeric solution 
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was electrospun at three different applied voltage. Every time the applied 

voltage was increased, the Taylor cone formation became more unstable, and 

the distribution of the polymer on the collector became uneven. 

Yu et al. (2014) have investigated the useability of PLGA polymer to produce 

potential scaffolds to be used for cardiac tissue engineering and they Indicated 

a higher fibre diameter uniformity at higher voltages (Yu, et al., 2014). Although 

in this experiment, the fibre diameter increased slightly when applied voltage 

was increased, the average pore size, and surface porosity of the scaffold has 

seen a decrease in their value. When the applied voltage to the solution 

increased from 7.66 to 11.71kV, the fibre diameter increased from 2.606µm to 

2.824µm, respectively. Nevertheless, the average pore size and surface 

porosity have decreased from 30.342 µm2 and 32.21% to 20.823µm2 and 

26.74%, respectively.  

 

Figure 5.7 SEM micrograph of some electrospun PLGA solution  to illustrate the effect of applied voltage has on 
fibre production as well as on the Tylor cone formation (Source: M. Bazgir). 
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5.6 Synopsis of the key findings in chapter five 

By using conventional organic solvent for electrospinning, defect-free synthetic 

PLGA microfibre membranes were successfully manufactured. The 

adaptability and applicability of these solvents in the electrospinning process 

have been studied to produce an electrospun membrane with well-defined 

micro porosity for tissue engineering purposes. Adjusting porosity is a complex 

interaction between material properties and electrospinning parameters. By 

analysing the electrospun scaffold, the direct relationship between the pore 

size and fibre diameter is shown. When the diameter of the fibre produced 

increases, the surface pore size of the scaffold increased significantly. By 

observing the data obtained, we can understand the significant influence of 

solution concentration has on electrospun polymers' morphology.  

The electrospinning process parameters were optimized for a solution of 10 

wt% PLGA in DMF and THF (50:50) to determine the final electrospinning 

scheme for further study. Flow rate, ambient conditions and applied voltage 

are parameters that are adjusted to optimize the process. The solution's 

viscosity and electrospinning parameters must be balanced to create a stable 

jet and compatible fibre morphology. Due to the project's scale and the 

electrospinning capability of a 10wt% PLGA solution, the Spin B11 process 

parameters will be used for all other PLGA studies. Spin 11 processing 

parameters are beneficial for the final protocol in terms of time and efficiency. 

However, the SPIN 11 generates a consistent, stable jet and does not waste 

polymer due to random stray flow or random accumulation around the collector 

and concealed chamber. From all the electrospun samples, it can be seen that 

only a small amount of random polymer collected around the flat collector when 

the applied voltage was within 7.66 - 8kV range. 
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6. CHAPTER 6 DEGRADATION AND CHARACTERIZATION 

OF ELECTROSPUN POLYCAPROLACTONE AND POLY 

(LACTIC-CO-GLYCOLIC ACID) SCAFFOLDS FOR TISSUE 

ENGINEERING PURPOSES 

6.1 Abstract  

The current study aimed to evaluate the characteristics, and the effect of 

degradation has on the structural properties of Poly (lactic-co-glycolic acid) 

PLGA, and polycaprolactone (PCL) based nanofibrous scaffolds. Six scaffolds 

were prepared by electrospinning, three of which were PCL 15% (w/v) and 

three PLGA 10% (w/v), and with the electrospinning processing time of 30, 60 

and 90 minutes. Both types of scaffold displayed more robust mechanical 

properties by increasing the spinning times. The tensile strength of both with 

90 minutes electrospun membranes did not show significant difference in their 

strength as the PCL and PLGA scaffolds measured to be at 1.492 MPa  ± 

0.378 SD and 1.764 MPa ± 0.7982 SD, respectively. All membranes showed 

to be hydrophobic when they underwent the wettability test. A degradation 

behaviour study was performed by immersing all scaffolds in phosphate-

buffered saline (PBS) solution at room temperature for 12 weeks and four 

weeks at 37°C. The effect of degradation was monitored by taking each sample 

out of the PBS solution every week and the structural morphological changes 

were investigated under scanning electron microscope (SEM).  The PCL and 

PLGA scaffolds showed excellent fibre structure and excellent degradability 

throughout the experiment and the fibre diameter increased slightly, therefore, 

it is an example of fibre water intake and progressive degradation. The 

percentage weight loss of the scaffold has increased each week which, further 

support the porous membrane's degradability. The pore size and the porosity 

percentage of all scaffold decreased substantially over the degradation period. 

The conclusion drawn from this experiment is that PCL and PLGA, along with 

appropriate tests, hold great promise for production and it’s application in 

tissue engineering and regenerative medicine. 
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6.2 Introduction  

Tissue engineering research holds promises for treating tissue loss or severe 

organ injuries/failure, and since human tissue is a diverse and complex system 

that requires various strategies in different locations (Subramanian, et al., 

2012). Although allografts and autograft remain the clinical gold standard 

technique to treat most organ failures, it does not guarantee a successful 

method for treating such a defect, as allograft could be rejected by the recipient 

body and cause inflammation or necrosis if not treated properly before 

implementation (Malloy & Hilibrand, 2002; Jackson, et al., 1996; Goldberg, 

1992). However, by comparing these two treatment methods in most cases, 

allografts are considered to be more advantageous as it prevents donor site 

pain and morbidity, which often caused by the autograft harvesting (Sasso, et 

al., 2005; Hoffman, et al., 2013).  While allograft is a standard method used for 

treating patients with faulty organ/tissues, most of the times this type of 

transplantation requires the patient to be on the waiting list to receive a 

matching organ/tissue, also it raises many ethical issues including how the 

organ it has been obtained and some of the recipient’s religious believes does 

not permit them to receive such treatment. Yet, it is desirable to develop a 

potential biodegradable synthetic membrane that could facilitate, regenerate, 

and replace the damaged human tissues or organs without the need for 

secondary revision surgery. 

Biomaterials present a crucial role in the field of tissue engineering. Recently, 

many research have been conducted to measure the feasibility of using 

scaffolds made from biomaterials for tissue regeneration purposes, especially 
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biodegradable polymeric scaffolds. Some of these kinds of biodegradable 

polymers have shown that the three-dimensional scaffolds can allow diffusion 

of nutrients, also support cell adhesion, proliferation, and differentiation for 

functional tissue regeneration (Vasanthan, et al., 2012; Wen & Tresco, 2006; 

Kuppan, et al., 2012).  An ideal tissue-engineered depends on the location of 

intended use, and it should have many specific characteristics such as the 

fabricated polymeric scaffolds should be biodegradable, biocompatible, have 

appropriate mechanical properties, be porous with ideal pore size to allow cells 

and nutrition to migrates in the scaffold structure, and it should mimic the native 

extracellular matrix (ECM) (Amado, et al., 2008; Vats, et al., 2003; Li, et al., 

2002). Therefore, the choice of biomaterials and the kind of scaffold fabrication 

technique has a significant role in determining the required characteristics and 

the success of the tissue-engineered membrane. Scaffolds from synthetic poly 

(ε-caprolactone) and poly (lactide-co-glycolide) polymers have been 

extensively studied for various applications such as for skin, vascular grafts, 

neural, cartilage, and bone tissue engineering (Franco, et al., 2011; 

Maurmann, et al., 2017; Mehrasa, et al., 2015; Subramanian, et al., 2012; Han, 

et al., 2011; Alves da Silva, et al., 2010; Padalhin, et al., 2014). There are many 

manufacturing methods can be used to fabricate 3D scaffolds from these 

biodegradable synthetic polymers, but in recent years there has been more 

attention drawn toward the usability of electrospinning process in the field of 

tissue engineering, as it can produce a three-dimensional nano-scale fibrous 

membrane with an extremely high surface and structural porosity (Agarwal, et 

al., 2009; Jayaraman, et al., 2004). A variety of components, combined with 

the ability to precisely control mechanical properties, structural properties, and 
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work capacity, have led to the widespread use of electrospinning technology 

in the regenerative medicine field (Liu, et al., 2012).  

The development of electrospun membrane (random and aligned) mimics the 

natural ECM, and it has generated significant interest in various tissue 

engineering applications  (Xu, et al., 2004; Zamanlui, et al., 2018). Due to the 

impact of the electrospinning process has on the scaffold morphology, 

mechanical properties, and biodegradability, it has been selected as main 

method to produce the synthetic polymeric scaffolds. In this chapter, the PCL 

and PLGA micro-fibrous membranes were prepared by electrospinning. The 

current study aimed to evaluate the structural morphology, wettability, 

mechanical properties, and the effect of degradation on the electrospun PCL 

and PLGA structural at room temperature and 37 OC. The fabricated scaffolds 

were characterised by means of the scanning electron microscope (SEM), 

contact angle (CA), degradation testing, and tensile tester. 

6.3 Methodology  

In this study, numerous materials and methods used to produce porous 

synthetic scaffolds. Moreover, in this section, the primary methods was used 

to conduct the characteristics of the electrospun scaffolds. Scanning electron 

microscopy (SEM) was used in this study to assess degradation of the 

scaffolds (at room temperature as well as in controlled condition 37°C), and 

tensile test. Based on the previous experiments in chapters 4 and 5, it has 

been found that the optimum solution concentration for electrospinning the 

PCL is 15wt% and 10wt% for PLGA solution. For this particular study, these 
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concentration percentages were considered for scaffold production via 

electrospinning. 

6.3.1 Materials  

PURASORB poly (lactic-co-glycolic acid) 82:18 obtained from Corbion 

Netherlands and Poly (ɛ-caprolactone) with an average molecular weight wt. 

Mn 80,000 and density of 1.145 g/ml at room temperature, purchased from 

Sigma-Aldrich. N, N-dimethylformamide (DMF), tetrahydrofuran (THF), and 

chloroform (CF), supplied by Fisher Scientific, UK, without prior purification 

were used as solvents. 

6.3.2 Solution Preparation and Electrospinning Procedure  

The polymeric solutions were prepared by dissolving 4.5 grams of PCL pellets 

in 25.5 grams of Chloroform, and 3 grams of the PLGA in 13.5g of THF and 

13.5g of DMF (50:50). The solutions were placed on magnetic stirrer in a 

sealed glass container for a minimum 16 hours; then when the polymer pellets 

were entirely dissolved in the solution, the glass vials were placed in the 

ultrasonic bath for additional 2 hours to eliminate any bubbles that have been 

produced during the mixing procedure. 

The basic electrospinning set up is schematically shown in Figure 6.1. When 

the polymeric solutions were ready for electrospinning procedure, with the help 

of 16G needle the solution was drawn in sterile NORM-JECT 20ml syringe and 

mounted to the syringe pump, then tube with internal capillary delivery of 1mm 

diameter was attached. For this study, the 20G needle was used. Three 

different electrospun mesh with three different time intervals (30 minutes, 60 
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minutes, and 90 minutes) were produced. Adjust the high voltage each time 

according to the behaviour of the solution at the needle tip. The voltage was 

increased each time until the Tylor cone was observed. Table 6-1 below 

provides a summary of the parameters recorded during electrospinning 

procedure. However, after each electrospinning procedure, the fabricated 

scaffolds were then placed in the vacuum chamber at room temperature for a 

minimum 24 hours to remove any remaining of solvent residuals. 

 

Figure 6.1 Schematics of Production Flat Sheet Electrospun Scaffolds (Source: M. Bazgir).  

 

Electrospinning  Sample  

Name  

Voltage 

(KV)   

Needle 

Type 

Distance 

from tip 

of the 

needle 

to the 

collector 

(mm)  

Type of 

Collector  

Flow 

Rate 

(ml/h)  

T (°∁) Humidity 

(%) 

Time 

(min) 

Solution 

Dispensed 

(ml) 

PCL only  A1 7.90 20G 95 Flat 1 22.1 46 30 0.498 

A2 7.91 20G 95 Flat 1 22.3 46 60 1.01 

A3 7.36 20G 95 Flat 1 22.3 44 90 1.507 

PLGA Only B1 7.90 20G 95 Flat 1 22.2 46 30 0.509 

B2 8.56 20G 95 Flat 1 23.1 39 60 1.005 

B3 8.74 20G 95 Flat 1 23.1 39 90 1.576 

Table 6.1 Electrospinning process parameters that was recorded during the experiment (Source: M. Bazgir).  
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6.3.3 Wettability Test  

Wettability of electrospun PCL and PLGA nanofibrous scaffolds were 

conducted by static contact angle instrument (VCA-optima, AST Inc. USA). 

Glass slides were used to hold the scaffolds flat for analysis. A micro-syringe 

was used to drop 3µl of deionised water onto the surface of the membrane. A 

few seconds later, an image was captured, and the contact angles of the 

droplet were analysed and calculated. Generally, a contact angle of 90O or 

lower indicates better wettability with hydrophilic surface while a contact angle 

above 90O signifies the surface of the measured materials is hydrophobic.  

6.3.4 Scaffold Morphology Characterization  

In order to perform morphological analysis of each sample, a 5mm2 square 

was cut from the dried electrospun PCL and PLGA scaffolds before and during 

the degradation test. This process was repeated every week to evaluate the 

morphological changes of the membrane during the degradation process. 

Samples were then viewed using a field emission scanning electron 

microscope (Hitachi TM3000) at 1200X magnification and with an acceleration 

of 5kV. The average fibre diameter (µm), average pore size (µm)2, and scaffold 

surface porosity percentage were determined by using SEM-assisted image 

analysis software. All measurements were performed by using ImageJ 

software; this software uses grey level on the SEM image to characterise the 

micrograph at the original magnification. At least 20 fibres and 20 pores were 

analysed for each sample image, and the average value was determined for 

each sample. 
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6.3.5 Degradation Procedure  

The bioresorbable polymers are designed to degrade within a living body after 

performing its role. When a researcher or inventor wants to validate their 

product's success rate, the most accurate results can be obtained from in-vivo 

testing, either by implanting the tissue-engineered scaffold in an animal or 

human being. Nevertheless, these types of test are hazardous, dangerous, 

time-consuming, and expensive. However, some non-invasive procedures can 

be performed within the laboratory environment that could provide the 

researcher with some preliminary results on how their invented bioresorbable 

polymeric scaffolds would react if it were implanted within the body. These 

types of tests are very beneficial within the biomedical and tissue-engineering 

field. In this study, two hydrolytic degradation tests were carried out in a PBS 

solution. The Phosphate buffered saline solution (PBS) was produced by 

dissolving five tablets, supplied by Fisher Scientific, USA, in 1 litre of deionised 

water (0.1M, pH7.4). The considered experiments were 12 weeks of 

degradation at room temperature and four weeks at controlled temperature 

37°C. All samples were cut in a rectangular shape of 5mm X 10mm and then 

submerged in PBS solution with 0.05% sodium azide (NaN3) to prevent 

microbe growth. Every week, the samples were removed from the solution and 

rinsed two times with distilled water to remove any minerals deposited by the 

PBS solution. These samples were left at room temperature in sterilised 

laboratory hood overnight to evaporate any remaining liquid. When the 

scaffolds were dried, they are weighted and compared with the initial start date. 

Later, samples were further analysed under SEM to understand the scaffolds' 

structural behaviour change under degradation process condition. 



 

123 
 

6.3.6 Tensile Testing procedure  

The Mechanical Properties of the electrospun nanofibrous scaffolds were 

measured with a uniaxial testing machine (MACH-1 mechanical tester) using 

single-axis 10Kg load cell under the velocity of 0.5 mm/s at room temperature 

condition. All samples (n=3) were prepared in the form of rectangular shape 

with dimensions of 35 mm X 6mm using surgical scissors. The thickness of 

each sample was measured by both digital micrometre and digital calliper. At 

least three samples were tested for each type of electrospun mesh. 

6.3.7 Statistical Analysis  

All the data (at least triplicate) in this study were expressed as mean ± standard 

deviations (SD). One-way ANOVA analysis determined statistical differences, 

and differences were considered statistically significant at P < 0.05. 

 

6.4 Results  

6.4.1 Water Contact Angle  

The measurement of the contact angle of water wetting illustrates the liquid's 

interaction with the structures' surface. The nature of the 

hydrophobicity/hydrophilicity of the membrane layer directly influences its use. 

For example, hydrophobic membranes are preferred when a membrane is 

required that prevents liquid absorption. However, a scaffold designed for 

tissue engineering purpose is preferred to be hydrophilic to encourage the 

required cells to penetrate the scaffold pores and proliferate. The wettability of 
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the electrospun fibre sheet's surface determined by using a contact angle 

measuring device, a droplet of 3μL of deionised water dispensed from a 

syringe onto the sample surface. The contact angle of the drop on the sample 

surface measured at room temperature, and for each sample, three 

measurements were performed at different locations of the sample surface, 

and the average results were calculated. Overall, due to the use of 

hydrophobic polymers with high molecular weight, all the samples were found 

to be a hydrophobic as the contact angles showed to be greater than 90˚, 

which can be problematic for cell attachment and cell proliferation. 

Surprisingly, the PLGA membranes showed to be slightly more hydrophobic 

than the PCL membranes. Table 6-2 below provides the calculated average of 

surface contact angle measurements of all electrospun samples. 

 

Scaffold with 

Spinning Period (min) 

Mean ± SD                                                                                                          

(DH2O) 

Left Angle  Right Angle  

PCL  30 min (A1) 122.77° ± 3.72 122.40°± 4.51 

60 min (A2) 111.40°± 3.23 123.13°± 2.70 

90 min (A3) 125.57°± 4.75 125.07°± 4.80 

PLGA 30 min (B1) 127.83°± 6.16 129.03°± 3.55 

60 min (B2) 131.73°± 3.46 132.73°± 3.32 

90 min (B3) 129.83°± 5.93 129.27°± 5.60 

Table 6.2 Mean ± SEM of contact angle measurements of PCL, PLGA Scaffolds (Source: M. Bazgir). 
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6.4.2 Degradation Rate  

Figure 6.2 below shows the weight-loss percentage (%) for 30,60,90 minutes 

electrospun scaffolds for the two driving polymeric solutions, i.e. PCL and 

PLGA. Temporary scaffolds need to have a consistent degradation rate for 

tissue growth, as each of these scaffolds showed different degradation 

characteristics over the 12 weeks of degradation period. The mass loss and 

the changes in the morphology were investigated. Every week, one sample 

from each scaffold type removed from the batch, the sample was then dried 

and lined with an absorbent paper towel to remove any moisture, then the 

sample was left in the dry environment for a minimum of 24 hours before 

weight measurement. Due to the scale's sensitivity, it was difficult to obtain one 

accurate figure; therefore, each sample was removed and placed three times 

before an average was calculated. 

According to pervious studies by various researchers the semi-crystallinity of 

polymers tended to become more crystalline during degradation period once 

they subjected to room temperatures and therefore, this matter has an effect 

on degradation rate because room temperature is unstable and scaffolds 

undergo secondary amorphous phase crystallization (Yoshioka, et al., 2010; 

Peponi, et al., 2012; Vroman & Tighzert, 2009). The 30- and 60-min PCL 

scaffolds showed higher weight loss percentage over 12-week period 

compared to the initial start date weight of the scaffolds, but it appears that 

PCL scaffolds electrospun for 90 minutes degraded slower compared to the 

90min electrospun PLGA scaffold. These results were expected due to the 

high ratio of lactic acid in PLGA polymer, making them more hydrophobic and 
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less susceptible to degradation in PBS solution at room temperature 

(Luckachan & Pillai, 2006).   

 

Figure 6.2 Degradation & Weight Loss Percentage Change of PCL and PLGA Scaffolds For 12 Week Period 
(Source: M. Bazgir). 

 

 

Table 6.3 Weight Loss percentage change of PCL and PLGA scaffolds over 12 weeks Degradation (Source: M. 
Bazgir). 

 

6.4.3 Scaffold Morphology  

The degradation procedure in the phosphate-buffered saline solution can 

impact many aspects of the polymeric scaffolds. The saline solution is alkaline, 

and it can provide useful information about how these biodegradable scaffolds 

would perform in-vivo in terms of its morphology, fibre diameter, pore size, and 

percentage of surface porosity (%) changes. Figures 6.4 and 6.5 below show 

representative SEM images of all electrospun scaffolds during 12-weeks  

 Percentage Change in Scaffold Weight  

30 Min 60 min 90 min 

PCL 12 Weeks  53.50 29.65 18.01 

PLGA 12 Weeks 30.50 26.21 24.42 
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 Figure 6.3 SEM Images of Electrospun PCL and PLGA Scaffolds for Week 0,3,6,9 and 12 (the degradation Period) at 1200X Magnification (Source: M. Bazgir). 
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Figure 6.4 SEM images of Electrospun PCL and PLGA Scaffolds for Week 0,1,2,3 and 4 (The Degradation Period) at 1200X Magnification (Source: M. Bazgir). 
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at room temperature and four weeks at a controlled temperature of 37°C, 

respectively. These SEM images show that the electrospun membranes form 

a very highly interconnected web, with adequate surface porosity, and 

relatively smooth. However, due to the electrospinning process of these 

polymeric solutions were optimized in our previous studies, no jet instabilities 

and beads were detected.  With ImageJ software's help, further image analysis 

carried out and the average fibre diameter, average pore size and %porosity 

were measured from these SEM images. 

6.4.4 Fibre Diameter  

One of the essential characteristics of the electrospun tissue engineering 

scaffold is its fibre morphology. The way that fibre connects and cumulates 

upon each other does not only affect the scaffold's structural integrity and 

mechanical properties. Nevertheless, it can significantly impact how the cell 

integrates and proliferates, due to an increase of the fibre diameter size 

reduces the overall porosity and pore area volume. The Data presented in 

Figures 6.6 and 6.7 shows bar charts of the average fibre diameter changes 

over 12 weeks at room temperature and four weeks in controlled condition at 

37°C, respectively. Because of the moisture absorption of polymer fibres, an 

increase in the fibre diameter was observed in most scaffolds except for 30 

and 90 minutes PCL scaffolds which the fibre diameter reduced by 9.04 and 

1.72 percent respectively, as well as the 90 minutes PLGA scaffold which is 

reduced in its diameter size by 1.38 percent during 12 weeks degradation at 

room temperature. However, all the electrospun scaffolds showed a significant 

increase in their fibre diameter when subjected to a controlled temperature of 
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37°C, in particular, the 30min PLGA scaffold had a staggering 88.07% 

increase in its fibre diameter, as shown in Table 6-3 below. 

 

 

Figure 6.5 Average fibre diameter change (µm) of electrospun Scaffolds over degradation period of 12 Weeks, at 
room temperature (Source: M. Bazgir). 

 

 

Figure 6.6 Average fibre diameter change (µm) of electrospun PCL and PLGA Scaffolds over degradation Period 
of 4 weeks, and under temperature-controlled condition (37˚C) (Source: M. Bazgir). 
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Table 6.4 Percentage change in fibre dimeter of PCL and PLGA scaffolds at week 12 of degradation compared to 
week 0. Red arrow=decrease and blue arrow=increase (Source: M. Bazgir). 

 

6.4.5 Scaffold Pore Size                                                                                                                            

On the other hand, although the pore size or pore volume distribution between 

the fibres is of obvious importance, it is somewhat more challenging to 

characterize and is reported less frequently. So far, a couple of methods have 

been reported to determine the pore size of electrospun interconnected fibrous 

membranes, such as by using liquid extrusion porosimeter/ mercury intrusion 

porosimeter or by using ImageJ software (Tornello, et al., 2018; Kwon, et al., 

2005; Haeri & Haeri, 2015; Heydarkhan-Hagvall, et al., 2008). In this case, the 

ImageJ was used to measure the changes in the pore size area on the scaffold 

surface. Overall, all scaffolds showed a similar trend in their pore size volume, 

which the average pore sizes reduced substantially due to scaffolds shrunken 

during both types of degradation processes. Table 6-4 below provide an 

accurate calculation of percentage change in pore size for both PCL and PLGA 

scaffolds. Noticeably the pore size of some of the scaffolds increased in their 

volume in the first two weeks but then started to decrease in their size, but with 

further analysis, it was concluded that this phenomenon occurred due to the 

decrease in fibre diameter of these electrospun scaffolds as it can be noticed 

in previous figures and tables. 
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Figure 6.7 Change In surface pore size (µm)² of electrospun PCL and PLGA scaffolds over 12-week degradation 

period, at room temperature. 

 

Figure 6.8 Change In surface pore size (µm)² of electrospun PCL and PLGA scaffolds over 4-week degradation 
period, and under temperature-controlled condition (37˚C) (Source: M. Bazgir). 

 

Table 6.5 Percentage change in pore size for PCL and PLGA scaffolds electrosun for 30, 60, and 90 minutes. Red 
arrow=decrease and blue arrow=increase (Source: M. Bazgir). 
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6.4.6 Surface Porosity (%)  

Having a porous scaffold on the surface has several advantages, such as 

increasing the surface area and providing more binding sites for drug loading, 

which are useful properties for tissue engineering applications. It also helps 

increase cell attachment and tissue compatibility. Finally, the porous structure 

influences the roughness and wettability of the frame and the specific 

permeability process (Kim, et al., 2006). Figures 6.10 and 6.11 show a bar 

chart of surface porosity percentage each week of 12 weeks at room 

temperature and four weeks at constant 37°C in the incubator. The total 

percentage change in surface porosity of the porous PCL and PLGA 

membranes throughout the degradation period are listed in Table 6-5 below, 

and it showed the same trend as overall pore size change as it had a significant 

reduction in its overall pore distribution.   

 

Figure 6.9 Change in Surface porosity Percentage of electrospun PCL and PLGA scaffolds over degradation period 
of 12 weeks at room temperature (Source: M. Bazgir). 
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Figure 6.10 Change in surface porosity percentage of electrospun PCL and PLGA scaffolds over degradation 
period of 4 weeks under temperature-controlled condition (37˚C) (Source: M. Bazgir). 

 

 

Table 6.6 Percentage change in surface porosity percentage for PCL and PLGA scaffolds electrosun for 30, 60, 
and 90 minutes. Red arrow=decrease and blue arrow=increase (Source: M. Bazgir). 
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6.4.7 Mechanical Properties  

Figure 6.12 illustrates the different mechanical behaviour of the electrospun 

30-, 60-, and 90-minutes PCL and PLGA samples, and simply by looking at 

the stress-strain curves it is easy to conclude that PLGA scaffolds shown to be 

stronger and more elastic than the PCL scaffolds. However, none of the 

membranes showed a definite yielding sign, which is common in most of the 

tissue-engineered biodegradable polymeric scaffolds.  Figure 6.11 below 

demonstrate that, there is a strong correlation between electrospinning time 

and tensile strength and as the electrospinning time increases, the outcome 

will be stronger and thicker scaffolds. Regardless of the electrospinning time 

and type of polymeric scaffold, the elongation values at the break did not 

change significantly with thickness. 

The average values of the tensile strength, elongation at break, and the 

young’s modulus of the electrospun membranes are reported in Table 6-7 

below. By considering the 90 minutes electrospinning time of both scaffolds, 

the PLGA membrane shown to be more elastic and tougher than the PCL 

membrane, with 1.76 MPa ± 0.79 SD and 36.33 % ± 2.96 SD to 1.49 MPa ± 

0.37 SD and 28.15 % ± 2.94 SD, respectively. One of the reasons that might 

lead porous scaffolds to have greater strength over other porous membranes 

is to do with reducing its pore size or the gap between interconnected fibres 

(Zhao, et al., 2018; Diego, et al., 2007). 
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Figure 6.11 Tensile test of electrospun PCL and PLGA Scaffolds, photographs of flat sheet scaffold during tensile 
testing (A) 60 minutes PCL, (B) 60 minutes PLGA, and (C) Stress-Strain Curve of electrospun nanofibrous structure 

(Source: M. Bazgir). 

 

Sample 

name 

T
im

e
  

L
e

n
g

th
 (m

m
) 

T
h

ic
k

n
e

s
s

 (m
m

) 

W
id

th
 (m

m
) 

A
re

a
 (m

m
)² 

T
e

n
s

ile
 S

tre
n

g
th

 

(M
P

a
 ±

 S
D

) 

E
lo

n
g

a
tio

n
 a

t 

B
re

a
k

 (%
 ±

 S
D

) 

Y
o

u
n

g
 M

o
d

u
lu

s
 

(M
P

a
 ±

 S
D

) 

PCL 30 35 0.06 6 0.36 0.99 ± 0.17 24.03 ± 2.24 8.07 ± 2.14 

60 37.31 0.09 5.6 0.504 1.32 ± 0.49 29.83 ± 3.9 11.71 ± 2.96 

90 37.2 0.11 5.69 0.625
9 

1.49 ± 0.37 28.15 ± 2.94 13.69 ± 3.14 

PLGA 30 35 0.09 5.8 0.522 1.03 ± 0.25 34.36± 5.77 10.15 ± 1.64 

60 35 0.12 6 0.72 0.92 ± 0.45 21.74 ± 3.28 9.64 ± 2.17 

90 35 0.12 5.9 0.708 1.76 ± 0.79 36.33 ± 2.96 15.15 ± 5.14   

Table 6.7 Summary of mechanical properties for electrospun PCL and PLGA solutions for 30, 60, and 90 minutes 
(Source: M. Bazgir). 
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6.4.8 Handleability  

As mentioned earlier in Chapters 2 and 3, an ideal scaffold should have many 

properties, such as adequate biodegradability, biocompatibility, promote cell 

attachment, and have sufficient mechanical properties. However, if the 

fabricated scaffolds achieve all above characteristics the tissue/organ will not 

be functional if fabricated tissues were not easy to work with during the surgical 

procedure. Handleability of the tissue-engineered membrane after the initiation 

of degradation process or cell seeding/proliferation in vitro is vigorously crucial 

for bioengineering applications (Takahashi, et al., 2016). Figure 6.13 below 

shows that the subjective assessment of all membranes' physical handling 

after the degradation process showed that membranes had strong physical 

integrity, indicating that these scaffolds can sustain its structural integrity for a 

long culture duration. 

 

Figure 6.12 Handleability images of 90 minutes PCL and PLGA scaffold over 12-week period (Source: M. Bazgir). 
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6.5 Discussion  

 

Although the fibres produced by the electrospinning process have diameter 

ranges of 0.1-100µm, it can control and change other electrospun membrane 

structure features (Rutledge & Fridrikh, 2007). Reducing the fibre diameter will 

increase the surface porosity with smaller pore areas and vice versa, affecting 

specific cells to attach and proliferates (Eichhorn & Sampson, 2010).  

However, in this study similar trend was observed during the degradation 

process as the fibre diameter increased in its size due to the water intake the 

pore sizes (µm)2 and the surface area to pore ratio decreased substantially. 

Regardless of medical applications, appropriate degradability is an essential 

factor that must be considered while designing and manufacturing scaffolds 

for tissue engineering purposes. As shown in figure 6.2, an obvious connection 

was observed between the electrospinning time and mass loss %, and the 

thicker scaffold achieve gets a more prolonged reduction in their weight loss. 

For instance, PCL scaffold represented a reduction in its weight loss by more 

than 32% when it was electrospun for additional 60 minutes while increased 

its thickness from 0.06mm (30min) to 0.11mm (90min) and the same reduction 

in mass loss (only 6.08%) observed for PLGA scaffold and this loss was not 

as significant as the scaffolds. It has also been found that the thickness of the 

scaffolds also significantly affected the rate of degradation (Lu, et al., 1999). 
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The collected data also revealed several issues related to degradation 

patterns, possible potential phenomena, and practicality that must be resolved. 

The first and possibly the most important issue that needs to be mentioned is 

in the shape of the data itself: the data fluctuated and caused an unpleasant 

error not only for weight loss measurements but also for measuring structural 

morphology, for example, for fibre diameter, pore size and porosity (% ). The 

reason for this apparent variation is mainly related to the characteristics of 

sample size and weight. The second issue that must be addressed is that the 

synthetic polymeric scaffolds tend to shrink during the degradation period, and 

it was not depending on the environmental temperature (either room 

temperature or in the incubator at 37°C) and for this reason we can assume 

that the membrane shrinkage was due to polymer chain relaxation. However, 

there are several studies demonstrated that the scaffolds produced from the 

synthetic biodegradable polymers can have entirely different characteristics 

than the natural polymeric scaffolds.  When the synthetic polymeric scaffolds 

soaked in alkaline solution at controlled temperature of 37˚C, the fibres tend to 

swell up in size which then causes changes in the structural morphology of the 

scaffolds as the pore size and pore distribution decreases substantially, which 

eventually can negatively affect and prevent cell penetration in the pores and 

proliferates within the extracellular matrix of the scaffolds. Whereas some of 

the natural polymer scaffolds showed complete opposite characteristic as the 

fibre diameter increases in size, then the pore size/ volume ratio increases too, 

and this feature could be beneficial for colonisation by cells (Tonda-Turo, et 

al., 2013; Phipps, et al., 2012). While the pore size and pore distribution are 

crucial for cell migration, proliferation, and vascularisation if these pores are 
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not well connected to each other, it would make them unfunctional due to the 

vascularization might not occur properly (Yang, et al., 2001; Karageorgiou & 

Kaplan, 2005). By observing the confocal images of the fabricated PCL and 

PLGA membranes Figure 11.19, it can be proven that these scaffolds have 

very well interconnected pores and fibres.  

 

6.6 Synopsis of the Key Findings in Chapter Six  

 

To conclude, this study's results indicated that crosslinking was successfully 

achieved and observed in all electrospun mats, and it had a positive impact on 

the mechanical properties of the scaffolds and increased its integrity over the 

degradation period. Due to the size, weight and thickness of the scaffolding; 

surprisingly, the mechanical properties were adequate for the tissue 

engineering process. However, both polymer scaffolds' characteristics in this 

study can be adjusted by changing some manufacturing methods using the 

electrospinning process. Further scaffold optimisation is needed to either 

increase the hydrophilicity of the scaffold or to increase the crystallinity of both 

PCL and PLGA membranes to prevent shrinkage in PBS solution or for future 

in-vitro cell works. Performing optimisation should be done with extra care to 

make sure not to reduce the mechanical integrity of the fabricated membranes. 
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7. CHAPTER 7 FABRICATION AND CHARACTERIZATION 

OF PCL/PLGA COAXIAL AND BILAYER FIBROUS 

SCAFFOLDS FOR TISSUE ENGINEERING 

 

7.1 Abstract  

Electrospinning is an innovative new fibre technology that aims to design and 

fabricates membranes suitable for a wide range of Tissue Engineering (TE) 

applications. This study dealt with fabricating and characterising bilayer 

structures comprised of an electrospun sheet made of polycaprolactone (inner 

layer) and an outer layer made of Poly (Lactic-co-glycolic Acid), and coaxial 

porous scaffold with micrometre fibre structure was successfully produced at 

13.8 – 16.6 KV, 0.5 ml/h for each of the pumps, and 95mm needle/collector 

distance. The membranes' suitability for intended biomedical applications was 

assessed by evaluating their morphological structure / physical properties and 

structural integrity when they underwent the degradation process. A scanning 

electron microscope (SEM) was used to assess changes in the electrospun 

scaffolds structural morphology such as, fibre diameter, pore size (μm), and 

porosity of the scaffold surface which was measured with ImageJ software. 

Throughout the 12-week degradation at room temperature, most of the 

scaffold showed a similar trend in their degradation rate except the 60 min 

scaffolds. The coaxial scaffold had significantly less mass loss compared to 

the bilayer PCL/PLGA scaffold with 1.348% and 18.3%, respectively. The 

mechanical properties of the fibrous membranes were measured by MACH-1 

mechanical tester. Overall, the coaxial scaffolds showed greater tensile 

strength and elongation at break (%) compared to bilayer scaffolds. According 

to the results obtained in this study, it can be concluded that a scaffold made 

with a coaxial needle is more suitable for tissue engineering applications due 

to the improved quality and functionality of the resulting polymeric membrane 

compared to the basic electrospinning process. 
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7.2 Introduction  

The electrospinning process is considered to be the easiest, most versatile, 

and cost-effective way to produce nonwoven fibrous porous structures  

(Agarwal, et al., 2009; Fuller, et al., 2014). Nanofibers can be obtained both 

from a polymer melt or from a solution. In the field of tissue engineering, most 

of the scaffolds fabricated by the electrospinning process were solution-based. 

Various solutions, including natural and synthetic polymers and polymer 

blends, have been electrospun into interconnected fibre structures ranging in 

diameter from nanometres to micrometres (Bognitzki, et al., 2001; Zhang & 

Mo, 2013; Li, et al., 2006). Some of the synthetic polymers lack some preferred 

properties in tissue engineering such as being hydrophilic, promoting cell 

adhesion; however, some of these polymers have adequate and robust 

mechanical properties (Nasr, et al., 2020). In order to overcome these 

problems, it is preferable to use two or more other polymers to make a porous 

scaffold (Jawad, et al., 2007; Chen, et al., 2001). Another way to produce a 

multi-polymer scaffold is by preparing the polymeric blend solution prior to the 

electrospinning process. However, the chemical, molecular structure, and 

solubility of most of the polymers are different and when combined/blended in 

solution the possibility of not getting a well homogenised polymeric solution is 

higher, which could affect the electrospinning procedure negatively. 

Aside from blending the polymer to obtain composite polymers into single 

nanofibers, another form of composite nanofibers can be obtained as the core 

and the shell of fibre to be made of entirely different types of polymeric 

solutions. This kind of fibres structure can be produced with a specialized 
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needle known as the coaxial needle, Figure 7.1 below shows a simple 

schematic illustration of events that would occur at the tip of a coaxial needle 

during electrospinning. Loscertales et al. were the first to demonstrate the 

possibility of electrospraying two separate liquid solutions by the coaxial 

needle (the inner "core" liquid was coloured ethylene glycol (EG), and the outer 

solution was DuPont photopolymer Somos 6120), a year later the method was 

further developed by Sun et al., 2003 which used this process to produce 

nanofibers which the core and the shell of the fibres made by the same 3 wt% 

poly(ethylene oxide) solutions (Loscertales, et al., 2002; Sun, et al., 2003). 

Since then, coaxial electrospinning has become very popular in the 

biomedical/regenerative medicine and the pharmaceutical industries (Zhang, 

et al., 2004; Romano, et al., 2016; Wang, et al., 2015). Coaxial electrospinning 

depends on the same process parameters as the single nozzle 

electrospinning, and arguably it is one of the cheapest and most efficient ways 

to produce very small diameter biopolymer composite fibres (Yu, et al., 2012; 

Agarwal, et al., 2008; Wang, et al., 2012). The fibre core material mainly 

determines the mechanical properties, and the polymer shell provides 

functions or properties such as cell adhesion and hydrophobicity/hydrophilicity 

(Duan, et al., 2016; Huang, et al., 2005; Alharbi, et al., 2018). 

Additionally, fabricating bilayer or multi-layers of the electrospun membrane 

can be useful for designing a material that will traverse multiple cell types to 

enhance cell infiltration and vascularization for tissue regeneration applications 

(Pu, et al., 2015; Figueira, et al., 2016). This method has the potential to 

develop polymer scaffolds with different degradation and mechanical 

characteristics that can be used as functional devices that will accurately mimic 
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the complex natural components of the extracellular matrix. The novel bilayer 

electrospun biodegradable polymers have been evaluated in several studies 

as potential scaffolds for wound dressing, skin and bone regeneration, as well 

as artificial blood vessels (Cai, et al., 2012; Etemadi, et al., 2020; Priya, et al., 

2008; Arasteh, et al., 2016; Radakovic, et al., 2017; Elsayed, et al., 2016). 

Although multi-layer electrospinning has excellent biomedical potential, it is 

worth noting that the potential problems include selecting suitable 

biodegradable polymers with controlled porosity and wettability, choice of cell 

culture conditions and optimization of cell seeding methods should be solved 

to avoid in vivo implantation failure (Srouji, et al., 2008; Zhang, et al., 2013; 

Okuda, et al., 2010). In this study, both methods were used to produce 

scaffolds out of Poly (ɛ-caprolactone) and Poly (lactic-co-glycolic acid). For 

each of the selected methods, three scaffolds were fabricated with three 

various time intervals (30, 60 and 90 minutes). The following characteristics of 

the electrospun membranes were evaluated such as i) degradation rate at 

room temperature for 12 weeks vs four weeks at controlled 370C temperature, 

ii) mechanical properties of the coaxial and bilayer scaffolds via uniaxial tensile 

testing machine, iii) effect of degradation on the scaffold morphology (e.g., 

surface porosity %, pore size (µm), and fibre diameter), iv) surface wettability, 

and finally v) scaffold mass loss % over 12 weeks degradation period. 

 

Figure 7.1 Schematic illustration of Taylor cone Formation of polymeric solution at the tip of Coaxial Needle, 
where the Core (Inner needle) is PCL, and Shell is PLGA solution (Source: M. Bazgir). 

 

 

 

 

   



 

145 
 

7.3 Experimental Procedure  

The materials and the methods of characterisation used in this chapter are the 

same as the previous chapter (chapter 6). The only difference in this study is 

the methods used to produce the coaxial and bilayer scaffolds. These scaffolds 

are fabricated by combining both polymeric solutions PCL and PLGA, either 

by using the Coaxial needle or by producing a two-layered structured mesh. 

The bilayer scaffolds fabricated by equally separating the electrospinning time 

to two half and the first half indicated for PLGA solution and the second half 

for the PCL solution. 

7.3.1 Materials  

PURASORB poly (lactic-co-glycolic acid) 82:18 obtained from Corbion 

Netherlands and Poly (ɛ-caprolactone) with an average molecular weight wt. 

Mn 80,000 and density of 1.145 g/ml at room temperature, purchased from 

Sigma-Aldrich, UK. N, N-dimethylformamide (DMF), tetrahydrofuran (THF), 

and chloroform (CF), supplied by Fisher Scientific, UK, without prior 

purification were used as solvents. The properties of each selected organic 

solvents are presented in Table 11-1 in the Appendix section.   

7.3.2 Solution Preparation and Electrospinning Parameter  

The core and shell solutions used for coaxial electrospinning were PCL 

(15wt%) and PLGA (10wt%), respectively.  With the same batch of polymeric 

solutions, the bilayer scaffolds were fabricated, where the inner layer is PCL, 

and the outer layer is made of PLGA nanofibers. The Polymeric solutions were 

prepared by dissolving 9 grams of PCL pellets in 51 grams of chloroform, 6 
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grams of PLGA in 27g of THF and 27g of DMF (50:50). The Solutions were 

placed on magnetic stirrer in a sealed glass container for a minimum 24 hours: 

then when the polymer pellets were completely dissolved in the solution, the 

glass vials were placed in the ultrasonic bath for additional 3 hours to eliminate 

any bubbles that have been produced during the mixing procedure. 

The basic electrospinning set up is schematically shown in Figure 7.2. For 

coaxial electrospinning procedure two accurate, computerised syringe pumps 

were necessary for dispensing both polymeric solutions. When the solutions 

were ready for the electrospinning procedure, solutions were drawn in the 

sterile Norm-JECT 20ml syringe and mounted to the syringe pumps. For 

coaxial electrospinning, a special needle (coaxial needle) was used, an image 

of the coaxial needle can be seen in Figure 11.1 (B) in Appendix. However, for 

bilayer scaffolds, the 20G needle was used. Three different electrospun mesh 

with three different time intervals (30 minutes, 60 minutes, and 90 minutes) 

was produced. Adjust the high voltage each time according to the behaviour 

of the solution at the needle tip. The voltage was increased each time until the 

Tylor cone was observed. Table 7-1 below provides a summary of the 

parameters recorded during electrospinning procedure. However, after each 

electrospinning procedure, the fabricated scaffolds were then placed in the 

vacuum chamber at room temperature for a minimum of 24 hours to eliminate 

any remaining of solvent residuals present in the membrane. 
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Electrospinning  Sample  

Name  

Voltage 

(KV)   

Needle 

Type 

Distance 

from tip 

of the 

needle 

to the 

collector 

(mm)  

Type of 

Collector  

Flow 

Rate 

(ml/h)  

T (°∁) Humidity 

(%) 

Time 

(min) 

Solution 

Dispensed 

(ml) 

Coaxial C1 13.84 Coaxial 95 Flat Pump1: 

0.5 

pump2: 

0.5 

21.6 43 30 0.251 each 

pump 

C2 14.84 Coaxial 95 Flat Pump1: 

0.5 

pump2: 

0.5 

22 44 60 0.532 for 

each pump 

C3 16.53 Coaxial 95 Flat Pump1: 

0.5 

pump2: 

0.5 

22.2 26 90 0.751 for 

each pump 

PCL & PLGA D1 Voltage 

for PCL: 

7.55 

 Voltage 

for PLGA: 

7.05 

20G 95 Flat 1 21.2 28 15min 

for PCL 

15min 

for PGA 

PCL: 

0.278ml 

PLGA: 

0.273ml 

D2 Voltage 

for PCL: 

7.52 

Voltage 

for PLGA: 

7.00 

20G 95 Flat 1 21.2 28 30min 

for PCL 

and 

30min 

for 

PLGA 

PCL: 

0.543ml 

PLGA: 

0.545ml 

D3 Voltage 

for PCL: 

7.52 

Voltage 

for PLGA: 

7.11 

20G 95 Flat 1 21.2 28 45min 

for PCL 

and 

45min 

for 

PLGA  

PCL: 

0.756ml 

PLGA: 

0.752ml 

Table 7.1 Electrospinning process parameters that was recorded during the experiment (Source: M. Bazgir). 

 

 

Figure 7.2 Schematics of production flat sheet electrospun Coaxial and Bilayer Scaffolds (Source: M. Bazgir). 
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7.3.3 Scanning Electron Microscopy  

Images of the scaffold surface's morphological structure were acquired on a 

Hitachi TM3000 scanning electron microscope (SEM) with a 5kV accelerating 

voltage. The images were taken at 1200X magnification. The average fibre 

diameter (µm), average pore size (µm)2, and scaffold surface porosity 

percentage were determined using SEM-assisted image analysis software. All 

measurements were performed using ImageJ software; this software uses 

grey level on the SEM image to characterise the micrograph at the original 

magnification. At least 20 fibres and 20 pores were analysed for each sample 

image, and the average value was determined for each sample. 

 

7.3.4 Water Contact Angle (WCA) 

Wettability of electrospun Coaxial and Bilayer nanofibrous scaffolds were 

conducted by static contact angle instrument (VCA-optima, AST Inc. USA). 

Glass slides were used to hold the scaffolds flat for analysis. A micro-syringe 

was used to drop 3µl of deionised water onto the surface of the membrane. A 

few seconds later, an image was captured, and the contact angles were 

analysed and calculated. Generally, a contact angle of 90O or lower indicates 

better wettability (to be hydrophilic), and a contact angle above 90O signifies 

the surface of the measured materials is hydrophobic. 

 



 

149 
 

7.3.5 Degradation Process 

In this study, two hydrolytic degradation tests were carried out in a PBS 

solution. The phosphate-buffered saline solution (PBS) was produced by 

dissolving five tablets, supplied by Fisher Scientific, USA, in 1 litre of deionised 

water (0.1M, pH7.4). The considered experiments were 12 weeks of 

degradation at room temperature as well as four weeks at controlled 

temperature 37°C. All samples were cut in a rectangular shape of 5mm X 

10mm and then submerged in 50ml of PBS solution with 0.05% sodium azide 

(NaN3), to prevent microbe growth. Every week, one of each sample was 

removed from the solution and rinsed two times with distilled water to remove 

any minerals deposited by the PBS solution. These samples were left at room 

temperature in sterilised laboratory hood overnight to evaporate any remaining 

liquid. When the scaffolds were dried, they were weighed and compared with 

the initial start date. Later, samples were further analysed under SEM to 

understand the scaffolds' structural behaviour change under degradation 

process condition. 

7.3.6 Tensile Testing  

The Mechanical Properties of the electrospun nanofibrous scaffolds were 

measured with a uniaxial testing machine (MACH-1 mechanical tester) by 

using single-axis 10Kg load cell under velocity of 0.5 mm/s at room 

temperature condition. All samples (n=3) were prepared in the form of 

rectangular shape with dimensions of 35 mm X 6mm using surgical scissors. 

The thickness of each sample was measured by both digital micrometre and 
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digital calliper. At least three samples were tested for each type of electrospun 

mesh. 

7.3.7 Statistical Analysis 

All the data (at least triplicate) in this study were expressed as mean ± 

standard deviations (SD). The analysis of one-way ANOVA determined 

statistical differences, and differences were considered statistically 

significant at P < 0.05. 

 

7.4 Results and Discussion 

The significance of this work lies primarily in its demonstration and the ability 

to produce porous scaffolds which the fibre core and shell are made from two 

distinct polymer solutions with the help of a coaxial needle, as well as 

producing a bilayer membrane out of the same solution to compare their 

differences. Then, mainly using scanning electron microscope and appropriate 

image processing software, these scaffolds are characterized by morphology: 

fibre diameter, pore area, and pore distribution. Furthermore, these scaffolds 

have also undergone hydrolytic degradation to observe their structural 

behaviour in the controlled temperature environment, at 37˚C. Compared with 

most other literature, these results can be considered reasonable, and 

according to the analytical methods used, the results are accurate. Compared 

to most other research, these results can be deemed to be reasonable and 

depending on the analytical methods used, and the results were accurate 

(Zhao, et al., 2016; Franco, et al., 2013; Duan, et al., 2007; Zeng, et al., 2004). 
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7.4.1 Wettability  

Studies have illustrated that tissue-engineered scaffolds' wettability not only 

affects the type of protein intake, but it has a significant impact on cell 

proliferation and adhesion, and in-field tissue engineering and wound healing 

the hydrophilic membranes are more desired due to cells can attach and 

proliferate much more efficiently on these surfaces  (Song & Mano, 2013; Lee, 

et al., 1998; Arima & Iwata, 2007). Since the fibre alignments and pore sizes 

within the porous membranes could impact the contact angle measurements, 

the contact angle below 90° indicated that scaffold surface to be hydrophilic 

and above 90° hydrophobic (Yuan & Lee, 2013; Huang, et al., 2008; Krok-

Borkowicz, et al., 2019). As shown in Table 7-2 below, all electrospun porous 

scaffold shown to be very hydrophobic, which can be attributed to the nature 

of the PLGA and PCL polymers (Perumal, et al., 2020; Hsu & Shivkumar, 2004; 

Ajalloueian, et al., 2014; Vasita, et al., 2010). 

Scaffold with 

Spinning Period (min) 

Mean ± SD                                                                                                        

(DH2O) 

Left Angle  Right Angle  

Coaxial 30 min (C1)  122.8°± 12.3 122.7°± 13.8 

60 min (C2) 110.425°± 21.5 107.425°± 19.3 

90 min (C3)  106.425°± 35.9 106.2°± 33.4 

PCL & 

PLGA 

30 min (D1) 120.375°± 22.5 120.65°± 23.3 

60 min (D2) 120.45°± 13 120.8°± 13.3 

90 min (D3) 116.725°± 17.5 115.45°± 16.5 

Table 7.2 Mean ± SEM of contact angle measurements of Coaxial and Bilayer (PCL & PLGA) scaffolds (Source: M. 
Bazgir). 
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7.4.2 Degradation Rate  

Figure 7.3 below shows the degradation process of 30, 60, and 90 minutes 

Coaxial and Bilayer scaffolds. One of the essential characteristics of a tissue 

engineering scaffold is its habitation time in the organism, mainly if it is to be 

used for wound healing applications. The degradation rate's function 

measured the scaffolds weight loss percentage over the 12 weeks at room 

temperature. Every week the weight loss percentage of each sample was 

calculated and compared to the initial start date. Table 7-3 indicates the weight 

loss percentage over the degradation period, both the 30- and 90-minute 

scaffolds had almost the same degradation rate. However, the 60-minute 

coaxial scaffold had significantly less weight loss than bilayer membranes, with 

percentage weight loss of 1.348 % and 18.3, respectively. 

 

Figure 7.3 Recorded weight loss percentage for Coaxial and Bilayer Scaffolds over 12-week period at room 
temperature (Source: M. Bazgir). 
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Table 7.3 Weight loss percentage of coaxial and bilayer scaffolds over 12 weeks of degradation (Source: M. 
Bazgir). 

 

7.4.3 Scaffold Morphology  

The SEM micrographs representing coaxial and bilayer membranes over 12 

weeks of degradation at room temperature and four weeks at controlled 37C, 

as shown in Figures 7.4 and 7.5. With the help of SEM images, it is possible 

to understand better the effect of degradation processes on structure, 

morphological changes, fibre diameter, pore size and pore distribution.
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Figure 7.4 SEM images of Degradation Coaxial and Bilayer Scaffolds over 12-Week at room temperature, 1200X magnification (Source: M. Bazgir). 
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Figure 7.5 SEM images of degradation of Electrospun Coaxial and Bilayer scaffolds over 4-Week period, under controlled condition (37˚C) at 1200X magnification (Source: M. Bazgir).
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7.4.4 Fibre Diameter  

Figures 7.6 and 7.7 show the change in mean fibre diameter of coaxial and 

bilayer scaffolds over 12 weeks at room temperature and four weeks at 37 °C. 

Both of the scaffolds displayed well-proportioned and uniform fibre diameter 

with an average fibre diameter of 2.907 µm ± 0.625 SD for coaxial scaffolds 

and 1.758 µm ± 0.4536 SD for bilayer scaffolds. As early as day seven, there 

was an apparent change in fibre diameters, and it was evident that polymer 

fibres had absorbed the moisture and swelling of the fibres took place. The 

fibre diameter of the 60- min coaxial scaffold increased from 3.1 µm to 5.1 µm 

by week 10, then it started to decrease significantly to 2.78 µm by the end of 

the 12-week at room temperature. Table 7.4 below the same coaxial scaffold 

showed a significant increase in its fibre diameter when it was subjected to 

37°C. However, in the case of other scaffolds, the fibre diameter 

measurements were different each week and showed irregularity, yet by 

comparing them to the coaxial scaffold, it was observed that the fibre diameter 

increased by the end of 12 weeks, as well as four weeks at 37 °C for all bilayer 

membranes. Besides their differences, all scaffolds have shown that they have 

some properties in common. 
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Figure 7.6 Analysis of change in fibre diameter (µm) of Scaffolds over degradation period of 12-Weeks, at room 
temperature (Source: M. Bazgir). 

 

Figure 7.7 Change in fibre diameter (µm) of Coaxial and Bilayer scaffolds Over 4-weeks degradation period, and 
under temperature-controlled condition (37˚C) (Source: M. Bazgir). 
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Table 7.4 Percentage change in fibre diameter for coaxial and Bilayer scaffolds electrosun for 30, 60, and 90 
minutes. Red arrow=decrease and blue arrow=increase (Source: M. Bazgir). 

 

7.4.5 Scaffold Pore Size and surface Porosity (%) 

Since the scaffold's stability is critical for cell seeding and tissue engineering 

operations, having scaffolds with sufficient pore size for facilitating cell 

migration and infiltration is extremely important. As the tissue-engineered 

scaffolds made from biodegradable polymers, observing the morphological 

changes, especially the pore size during the scaffolds degradation rate in 

controlled temperature (37˚C) is vital.  However, Before the degradation 

experiment, the pore size and pore distribution over the membranes' surface 

were measured.  The average pore size of coaxial scaffolds showed to be 

much bigger than the bilayer scaffolds, however, the volume of pore 

distribution seen to be very similar with 56.03 µm2 ± 17.47 SD and 38.44 % ± 

1.84 SD for coaxial and 20.16 µm2 ± 2.95 SD and 37.28 % ± 4.38 SD for 

bilayer, respectively.  

The average change of surface pore size area and porosity of all electrospun 

coaxial and bilayer scaffolds were measured during the degradation 

procedures and presented in the charts below. The visible change was 

observed as early as the first week, and all the electrospun mats showed to 

have some properties in common. As the weeks progressed, the porosity and 
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the pore size of the scaffold decreased significantly and steadily. Despite the 

sharp decrease in the pore size and porosity over the degradation process, all 

scaffolds showed to maintain an adequate pore size of bigger than 20 µm2 

over three weeks at 37˚C environment which is a good indication that illustrates 

these scaffolds are capable of allowing certain cells with a size smaller than 

20 µm2 to penetrate and proliferate within this period in-vitro environment. 

 

Figure 7.8 Change in Surface Pore Size (µm)² of electrospun Coaxial and Bilayer scaffolds over 12-week 
degradation process at room temperature (Source: M. Bazgir). 
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Figure 7.9 Change In surface pore size (µm)² of electrospun Coaxial and Bilayer  scaffolds over 4-week 
degradation period, and under temperature-controlled condition (37˚C) (Source: M. Bazgir). 

 

Table 7.5 Percentage change in surface pore size for coaxial and Bilayer scaffolds electrosun for 30, 60, and 90 
minutes. Red arrow=decrease and blue arrow=increase (Source: M. Bazgir). 

 

Figure 7.10 Change in Surface porosity Percentage of electrospun Coaxial and Bilayer (PCL/PLGA) scaffolds over 
degradation period of 12 weeks at room temperature (Source: M. Bazgir). 
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Figure 7.11  Change in surface porosity percentage of electrospun Coaxial and Bilayer  scaffolds over 
degradation period of 4 weeks under temperature controlled condition (37˚C) (Source: M. Bazgir). 

 

 

Table 7.6 Percentage change in surface porosity percentage for Coaxial and Bilayer scaffolds electrosun for 30, 
60, and 90 minutes. Red arrow=decrease and blue arrow=increase (Source: M. Bazgir). 

 

7.4.6 Mechanical Properties  

Characterization of the electrospun biodegradable membranes is meaningless 

unless the design of such porous membranes mimics the natural ECM of 

human tissues. In addition, the need to have a reliable and robust scaffold is 

to mechanically support cell growth and regenerate new tissues, as the 

mechanical properties proved to play a vital role in cell behaviour (Pauly, et al., 

2016; Lee, et al., 2008). The changes in the polymers' mechanical properties 

usually associated with changes in its microstructures, however, when these 
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materials are processed via electrospinning to produce fibrous scaffolds, their 

mechanical properties are more dependent on the structure, fibre alignments 

and porosity of the scaffolds. Mechanical properties of the electrospun coaxial 

and bilayer scaffolds, with process variation of 30,60, and 90 minutes were 

evaluated by tensile strength testing and their representative stress-strain 

curves provided in Figure 7.12 below. The graph shows that each type of 

membrane has different rigidity, by comparing these two kinds of process 

methods the scaffolds produced by the coaxial needle shows to hold the 

highest tensile strength and elongation at break. The average Young’s 

modulus and tensile strength values for all coaxial and bilayer samples before 

the degradation are shown in Table 7.7 below. Although the scaffold that 

produced by the coaxal technique was much thinner than its counterpart 

bilayer scaffolds, it was much stronger and more elastic than the bilayer 

membranes, i.e. the 60-minute scaffolds fabricated the coaxial membrane with 

a thickness of 0.06mm had a tensile strength of 3.879 MPa ± 1.234 SD and 

average elongation at break of 41.965 % ± 2.48 SD compared to bilayer 

scaffold which electrospun for 60 min had tensile strength of  0.867 MPa ± 

0.127 SD and average elongation 21.445 % ± 7.14 SD. However, the thicker 

coaxial scaffold exhibited smaller elongation at the break. On the other hand, 

the bilayer membrane showed that with increasing the electrospinning time, it 

could produce more elastic membrane, which will affect the tensile strength of 

the scaffold. 
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Figure 7.12 Tensile test of electrospun Coaxial and Bilayer Scaffolds, photographs of flat sheet scaffold during 
tensile testing (A) 90 minutes Coaxial, (B) 90 minutes Bilayer, and (C) Stress-Strain Curve of electrospun 

nanofibrous structure (Source: M. Bazgir).  
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30 35.6 0.04 5 0.2 3.29 ± 1.65 29.16 ± 4.02 21.74 ± 3.45 

60 34 0.06 5.5 0.33 3.87 ± 1.23 41.96 ± 2.48 29.44 ± 7.14 

90 35.3 0.075 6.2 0.465 5.39 ± 1.64 31.23 ± 6.74 33.84 ± 4.21 

Bilayer 30 26.8 0.17 5.3 0.901 0.68 ± 0.1 17.86 ± 3.11 3.77 ± 1.53 

60 26 0.18 5.5 0.99 0.86 ± 0.12 21.44 ± 7.14 4.31 ± 1.22 

90 27.1 0.21 4.52 0.949 2.94 ± 0.52 22.35 ± 3.64 7.40 ± 2.15 

Table 7.7 Summary of mechanical properties of Coaxial and Bilayer scaffolds spun for 30, 60, and 90 minutes 
(Source: M. Bazgir). 
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7.4.7 Handleability  

From a practical point of view, the membrane's mechanical properties should 

be parallel to the anatomical part of the implantation site, and it should be 

elastic and easy to work with throughout the entire implantation or surgical 

process (O'brien, 2011). Scaffold handling is an essential factor in this study 

as it provides useful information on the impact of degradation which has on the 

scaffold's physical behaviour. Hence, assessing the scaffolds' handleability is 

a straightforward process but a vital tool to check the fabricated membranes' 

functionality in various application of biomaterials in tissue applications. 

Throughout the experiment, the membranes were assessed weekly, and week 

0, 3, 6, 9, and 12 were selected for the measurement. Both Coaxial and Bilayer 

scaffolds exhibited satisfactory handling and were transportable. 

 

Figure 7.13 Handleability images of 90 minutes Coaxial and Bilayer scaffolds over 12-week period (Source: M. 
Bazgir). 
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7.5 Synopsis of the key findings in chapter seven 

 

In conclusion, two different electrospun porous membranes including coaxial 

(core-PCL and shell-PLGA), and bilayer (inner layer-PCL and outer layer-

PLGA) were developed successfully. The coaxial fibrous scaffolds proved to 

positively change the overall graft properties regarding fibre diameter, pore 

size, and mechanical properties. However, in terms of morphological changes 

during the degradation period none of the scaffolds can be preferred over the 

other as they all have acted differently in terms of fibre diameter changes. On 

the other hand, scaffolds shrink and encouraged pore size and porosity of all 

scaffolds to decrease in a significant way. However, all membranes were able 

to retain their structural integrity over 12 weeks at room temperature, as well 

as scaffolds that were four weeks in incubator at 37°C. Overall, it can be 

concluded that the coaxial needle can be very advantageous for the field of 

tissue engineering, mainly when the scaffolds are produced by 

electrospinning. 
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8. CHAPTER 8 FABRICATION AND CHARACTERIZATION 

OF A SINGLE AND DOUBLE LAYERED TUBULAR TISSUE 

ENGINEERED VASCULAR GRAFTS USING CO-AXIAL 

ELECTROSPINNING OF BIODEGRADABLE POLY (Ɛ-

CAPROLACTONE) AND POLY (LACTIC-CO-GLYCOLIC 

ACID)  

 

8.1 Abstract  

In this study, four distinct 6mm tubular scaffolds of biomaterials were 

fabricated, and their potential use as singular and bilayer scaffold for blood 

vessel bioengineering applications was assessed. Poly (ε-caprolactone) (PCL) 

and poly (lactide-co-glycolic-acid) (PLGA) have been used to fabricate the 

hollow scaffolds by using the electrospinning technique. The structural 

morphology investigated by scanning electron microscopy (SEM), and these 

scaffolds were fully characterized by Fourier-transform infrared spectroscopy 

(FT-IR), X-ray diffraction (XRD), Thermogravimetric analysis (TGA), water 

contact angle measurements and mechanical test. Moreover, the 

biodegradability properties of both polymers were also studied over 12 weeks 

at room temperature. Also, these scaffolds were exposed to a controlled 

temperature of 37°C for four weeks. Overall, all four scaffolds displayed 

exceptional fibre structure, and excellent degradability throughout the 

experiment and reasonable/steady weight-loss, which motivated us to do 

further investigations. These biodegradable polymers significantly impacted 

the scaffolds mechanical property and exhibited the most optimal structural 

integrity during the degradation process. The coaxial and bilayer scaffolds 

degraded at a much slower and steadier rate than the singular PCL and PLGA 

tubular scaffolds. The obtained mechanical properties showed that the coaxial 

needle’s scaffolds had the highest tensile strength (6.74 MPa ± 1.44 SD), % 

elongation at fracture 141.77 % ± 45.01 SD, and Young’s modulus 17.35 MPa 

± 8.28 SD. 
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8.2 Introduction  

The expansion of new therapies leads to an increase in population life 

expectancy, and more tissue needs to be rebuilt or replaced over time. 

Although transplantation is considered the gold standard for tissue 

replacement procedures, there are still limitations associated with these 

methods as it depends on the presence of healthy autologous blood vessels, 

has limited availability, and is associated with the donor site's morbidity 

(Grigioni, et al., 2003). On the other hand, the use of the cryopreserved 

homograft’s such as human allograft was stopped since early 1960’s due to 

the difficulties to preserve the characteristics and functionality of such grafts 

(Dardik, et al., 2002; Fahner, et al., 2006; Kieffer, et al., 2004). Nowadays, the 

increased incidences of cardiovascular disease and problems associated with 

surgical interventions have prompted researchers to pay more attention to 

vascular tissue engineering (Neuenschwander & Hoerstrup, 2004). Tissue 

engineering is a new innovative technology which is a multidisciplinary field 

that aims to regenerate natural tissues from viable sources that have led the 

researchers to investigate this technique's practicality as an alternative way to 

replace the damaged blood vessels (Tabata, 2001; Nemeno-Guanzon, et al., 

2012). Although vascular grafts still have not been successfully manufactured 

using tissue engineering techniques, if this method proves to be a practical 

method for producing synthetic vascular grafts, it can overcome many  

problems facing the medical community today and therefore synthetic grafts 

will be available in the market in various sizes and shapes (Fuchs, et al., 2001; 

Naito, et al., 2011). The polytetrafluoroethylene (ePTFE) and Dacron 

(polyethylene terephthalate fibre) are still the most widely used synthetic 
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materials for synthetic blood vessels production (Moreno, et al., 2011; Hiob, et 

al., 2017). The tubular membranes that have been fabricated out of these 

synthetic materials tend to have a high success rate in larger diameter vessels 

(> 5mm) than smaller diameter vessels as being at higher risk to cause 

thrombosis, infection, and hyperplasia (Niklason & Langer, 1997; Edelman, 

1999; Kannan, et al., 2005; Ravi & Chaikof, 2010; Swain III, et al., 2004; 

Guidoin, et al., 1993). 

Alternatively, the use of polymeric or biological scaffolds for tissue engineering 

represents a novel approach to overcoming issues related to small-diameter 

artificial vascular grafts. However, membranes made from these polymers 

have many disadvantages, such as thrombosis, anticoagulation, compliance 

mismatch, and neointimal hyperplasia (Teebken & Haverich, 2002). 

Nonetheless, there may be solutions to overcome these disadvantages, since 

manufacturing technologies have been highly developed over the past two 

decades, and various porous tissue scaffolds with different sizes and shapes 

can be produced by processing these synthetic biodegradable polymers, 

which have great potential in terms of their functionality and availability. One 

of the promising methods to produce a nanofibers porous biodegradable 

scaffolds for many biomedical applications is via electrospinning technique. 

Scaffolds fabricated via this method have shown encouraging results for 

medical applications such as wound dressing, drug delivery, and tissue-

engineered tubular vascular grafts (Binulal, et al., 2010; Khil, et al., 2004; 

Theron, et al., 2010; Ye, et al., 2015; Popryadukhin, et al., 2017). 

The fabrication of artificial vascular grafts results in many challenges, 

especially when there are many requirements that they must meet such as 
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biocompatibility, adequate biodegradability, mechanical properties, and ease 

of making such membranes (Isenberg, et al., 2006).  Tubular membranes must 

withstand tensile, and shear forces and have sufficient retention capacity to 

withstand sutures strength comparable with physiological values (Baguneid, et 

al., 2006; Nerem, 2003). Furthermore, while scaffold going under mechanical 

challenges, the membrane should not possess high plastic behaviour 

properties as it could lead to aneurysm formation after a long implementation 

period, after all for the realistic approach the polymeric scaffolds should 

maintain structural ECM and mechanical properties similar to human blood 

vessels (Sarkar, et al., 2006; Xu, et al., 2004). Since the replacement of small-

diameter vascular grafts still has may limitations, there is an increasing 

demand and need to develop more ideal grafts. This study focuses on 

developing and fabricating an ideal 6mm diameter biodegradable tubular grafts 

out of PCL and PLGA polymers. The scaffolds' physical/chemical properties, 

mechanical integrity, pore structure, and hydrophilicity were determined at 

room temperature (12 weeks) and at controlled temperature of 37°C (4 weeks), 

the behaviour and its effect on electrospun polymeric scaffolds were 

monitored. 
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8.3 Experimental Section 

The typical scaffold must be made of biodegradable materials, and its 

degradation rate should match the regeneration stage of the host tissue 

(Enomoto, et al., 2010). Also, the degradation of products should be non-toxic 

and metabolized through physiological and metabolic pathways. The biological 

stability of many engineered membranes depends on many factors, such as 

strength, elasticity, and absorbency at the interface of the materials, as well as 

its chemical degradation. After considering these two functions, the 

Polycaprolactone (PCL) and poly (lactic-co-glycolic acid) (PLGA) were 

considered for this work. 

 

8.3.1 Materials  

PURASORB poly (lactic-co-glycolic acid) 82:18 obtained from Corbion 

Netherlands and Poly (ɛ-caprolactone) with an average molecular weight wt. 

Mn 80,000 and density of 1.145 g/ml at room temperature, purchased from 

Sigma-Aldrich, UK. N, N-dimethylformamide (DMF), tetrahydrofuran (THF), 

and chloroform (CF), supplied by Fisher Scientific, UK, without prior 

purification were used as solvents. The properties of each selected organic 

solvents are presented in Table 11-1 in the Appendix section.   
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8.3.2 Fabrication of the porous tubular scaffolds procedure  

Solution Preparation: Two polymeric solutions were prepared for 

electrospinning 15wt% PCL and 10wt% PLGA. The PCL solution was 

prepared by dissolving 7.5 grams of PCL pellets in 42.5 grams of chloroform, 

and for PLGA solution 5 grams of the polymer was dissolved and mixed in 

22.5g of THF and 22.5g of DMF (50:50). The Solutions were placed on 

magnetic stirrer in a sealed glass container for a minimum 24 hours; then when 

the polymer pellets were completely dissolved in the solution, the glass vials 

were placed in the ultrasonic bath for 2 hours to eliminate any bubbles that 

have been produced during the mixing procedure. 

Electrospinning Process: A three-dimensional, tubular (6mm) scaffolds that 

mimic the extracellular matrix (ECM) of the blood vessel was successfully 

designed and fabricated via electrospinning polymeric solution on 6mm 

rotating mandrel. The prepared polymeric solutions were drawn in sterile 20ml 

Norm-JECT syringe and mounted to the syringe pump. Table 8-1 below 

provides a summary of the parameters recorded during the electrospinning 

process. It can be seen many parameters and methods have been considered, 

with each parameter carefully monitored and adjusted to suit the overall 

outcome of the fabricated scaffolds. However, four different types of tubular 

scaffolds were produced, and each of the scaffolds was electrospun for 120 

minutes. For PCL only, PLGA only, and bilayer scaffolds the 20G needle was 

used. Hence, for semi mixed PCL/PLGA tubular scaffold coaxial needle was 

used, where the core is PCL and PLGA for the shell. The voltage was adjusted 

each time until the Tylor cone was observed. Later, each of the fabricated 
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scaffolds placed in a sterile vacuum chamber at room temperature for 24 hours 

to remove any remaining solvent residual in the membrane. Figure 8.1 shows 

the basic schematic of the production process of the tubular scaffolds via 

electrospinning. Finally, the electrospinning processing was repeated six times 

for 120 minutes to produce four identical tubular scaffolds for each mentioned 

scaffold, so in total 24 tubular scaffolds with dimensions of 6mm in diameter 

and 50mm in length were ready for characterisation process. 

 

 

Figure 8.1 Schematic representation of fabrication tubular scaffolds via Electrospinning Machine (Source: M. 
Bazgir).
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Electrospinning  Sample  

Name  

Voltage 

(KV)   

Needle 

Type 

Distance 

from tip 

of the 

needle 

to the 

collector 

(mm)  

Type of 

Collector  

Flow 

Rate 

(ml/h)  

T 

(°∁) 

Mandrel   

Speed 

(RPM) 

Humidity 

(%) 

Time 

(min) 

Solution 

Dispensed 

(ml) 

PCL    A 14.92 20G 95 6mm 

Mandrel 

1 23.2 820 37 120 2.004 

PLGA  B 9.45 20G 95 6mm 

Mandrel 

1 22.8 820 34 120 2.018 

Coaxial  C 14.09 Coaxial 95 6mm 

Mandrel 

Pump1: 

0.5 

Pump2: 

0.5 

21.7 825 39 120 1.052 for 

each pump 

Bilayer PCL / 

PLGA  

D PCL=12.5 

 

PLGA=10.24 

20G 95 6mm 

Mandrel 

1 21.8 754 31 60 

min 

for 

PCL 

& 60 

min 

for 

PLGA 

1.019 for 

PCL and 

1.011 for 

PLGA 

Table 8.1 Electrospinning process parameter for production of the tubular grafts (Source: M. Bazgir). 
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8.3.3 Characterisation of Scaffolds  

Tissue-engineered vascular grafts have great potential to be an alternative 

method for replacement of the blood vessel, given that these scaffolds can 

provide a 3D structure for supporting and mimicking the natural ECM for 

specific cell types (Lim & Mao, 2009; Kidoaki, et al., 2005). Therefore, to have 

a successful tissue-engineered scaffold, it is crucial to study and understand 

the scaffold surface structure. Studying the surface includes both 

topographical and chemical characteristics (Perumal, et al., 2017; Boyan, et 

al., 1996). For having a better understanding of the properties of the fabricated 

tubular scaffolds, various methods of characteristics were carried out in this 

research study, and they are as follows. 

8.3.3.1 Wettability  

To quantify the surface wettability, the water contact angle measured via VCA-

optima Gonimeter, AST Inc. USA. For determination of the surface wettability 

of the scaffold, deionised water (DH2O), and Dulbecco’s Modified Eagles 

Medium (DMEM) was used for measurements. The reasons for choosing 

these solutions are due to their chemical and physical properties as well as 

their suitability for future work such as degradation and cell culture. Scaffolds 

were cut to rectangular shape 6mm X 15mm, and with the help of glass slides, 

the scaffolds were held flat for analysis. A micro-syringe was used to drop 3µl 

of the liquids onto the surface of the membrane. A few seconds later, an image 

was captured, and the contact angles of the droplet were analysed and 

calculated for determination of the scaffold hydrophilicity and hydrophobicity. 
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8.3.3.2 Degradation and Mass loss procedure (%)  

 

Biodegradable polymers have transformed the use of biomaterials in the field 

of drug administration and implants in tissue engineering purposes. 

Degradation of such materials either caused by mechanisms involving 

biological processes (such as enzymes) or by chemical/physical methods 

(Azevedo & Reis, 2005). The degradation and weight loss test aims at 

evaluating the decay rate of the membrane in a PBS solution, before using the 

material in a biological environment, provide quantitative parameters to study 

the durability of the material in wet environments (Gunatillake & Adhikari, 

2003). 

In this study, two hydrolytic degradation tests were carried out in a PBS 

solution. The phosphate-buffered saline solution (PBS) was produced by 

dissolving five tablets, supplied by Fisher Scientific, USA, in 1 litre of deionised 

water (0.1M, pH7.4). The considered experiments were 12 weeks of 

degradation at room temperature as well as four weeks at controlled 

temperature 37°C. All scaffolds were cut cross-sectionally with a length of 

3mm and divided into two groups; 48 specimens were allocated for 

degradation test at room temperature, and 16 specimens for the controlled 

condition. Before carrying out the degradation tests, each of the specimens 

was carefully measured on the Mettler Toledo weighing scale, and the data 

were well documented for initial starting day. Then all specimens were 

immersed in 50ml of Phosphate Buffered Saline (PBS) solution with 0.05 wt% 

sodium azide (NaN3). Throughout the dissolution experiment, in order to 
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maintain the PH level of the PBS solution constant, every week new batch of 

PBS solution was made and replaced with the old one. Then every week, one 

of each sample were removed from the solution and rinsed two times with 

distilled water to remove any minerals deposited by the PBS solution. These 

samples were left at room temperature in class II sterilised laboratory flow hood 

overnight to allow any remaining liquid to evaporate. When the scaffolds were 

dried, they were weighed and compared with the initial start date. Later, 

samples were further analysed using SEM to understand the structural 

behaviour change of the scaffolds under degradation process condition. 

 

8.3.3.3 Scanning Electron Microscopy (SEM) 

 

By explaining the importance of the surface structure of the TE scaffolds, 

scanning electron microscopy (SEM) device was extensively used to 

understand the architecture in terms of the arrangement of the fibres, fibre 

diameter, and porosity of the fabricated mesh surface. The morphology of each 

specimen was assessed by Hitachi TM3000 scanning electron microscope 

(SEM) with a 5kV accelerating voltage. The images were taken at 1200X 

magnification for the degradation of behaviour studies samples. The average 

fibre diameter (µm), average pore size (µm)2, and scaffold surface porosity 

percentage were determined by using SEM-assisted image analysis software, 

ImageJ. At least 20 fibres and 20 pores were analysed for each sample image, 

and the average value was determined for each sample. 
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8.3.3.4 FT-IR Analysis  

Fourier transform infrared (FTIR) spectroscopy analysis was carried out using 

NicoletTM iS50 FTIR spectrometer (Thermo Scientific). For the test, the tubular 

scaffolds were cut from the middle with surgical scissors to small 7mm X 7mm 

square-shaped samples. All spectra were recorded in absorption mode at 4 

cm-1 intervals and over a wavelength range 4000-800 cm-1. 

 

8.3.3.5 X-ray Diffraction (XRD)  

X-ray diffraction (XRD) scans were performed by mounting samples with 

dimensions of 10mm X 10mm onto the X-ray diffractometer (ULTIMA IV XRD 

system, Cu Kα radiation, Rigaku, Japan). The diffractometer was 

performed to characterize the crystalline structure of the electrospun 

tubular scaffolds. Scans were carried out from 5° to 45° (2ϴ) with a 

speed of 1°/min, and the operating X-ray voltage and current were 

maintained at 40kV and 40mA, respectively. 

 

8.3.3.6 Thermogravimetiric Analysis (TGA)  

TGA analysis is a method which can be used to monitor the weight loss of the 

fabricated scaffolds while applying high temperatures to the structure. 

Specimens with a weight range between 10-15 mg were sealed in one-time 

use 80µl Aluminium pan, and heated from 30°C to 600°C with a heating rate 

of 10°C/min. To check the reliability of the obtained TGA graph, two 

measurements were taken for each fabricated membrane. 



 

178 
 

 

8.3.3.7 Tensile Property  

The appropriate mechanical properties of biomaterials for tissue engineering 

applications are critical to the success of transplantation. Tissue-engineered 

membranes must have adequate mechanical properties and degradation rates 

of bioactive surfaces to promote rapid tissue regeneration (Nair & Laurencin, 

2007). However, the mechanical properties of the tubular membranes were 

evaluated by the uniaxial tensile testing machine. Due to the structural shape 

of the tissue-engineered scaffolds being different to the previous flat sheet 

scaffolds and unavailability of specific tensile testing equipment’s for 

measuring the tensile properties of the tubular scaffolds, various methods were 

considered at the beginning, and only one method showed to be the easiest, 

accurate, and practical. Two Allen keys was used with 1.5mm in diameters and 

these were mounted to the MACH-1 mechanical tester sensors, and initially 

the machine was calibrated precisely. Each of the tubular scaffolds was cut 

cross-sectionally to a length of 7mm, and the thickness of each scaffold was 

calculated by micrometre for having accurate data for mechanical property 

calculations. The mechanical properties of the tubular scaffolds were 

measured using single axis 10kg load cell under the velocity of 0.5mm/s at 

room temperature conditions. At least three samples were tested for each type 

of electrospun mesh. 
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8.3.4 Sterilization Process  

After the electrospun scaffolds were fabricated, one of the main focuses is to 

remove any solvent remaining in the scaffold. For this, all fabricated 

membranes were placed in a sterile vacuum chamber at room temperature for 

24 hours and then placed in a sterile vacuum chamber at a controlled 

temperature of 37°C for another 24 hours. In order to sterilize the scaffolds, 

they were placed in a sterile chamber under direct ultraviolet light for 12 hours. 

 

8.3.5 Statical analysis  

All the data (at least triplicate) in this study were expressed as mean ± 

standard deviations (SD). The analysis of one-way ANOVA determined 

statistical differences, and differences were considered statistically 

significant at P < 0.05. 
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8.4 Results  

8.4.1 Morphology 

3D Schematics of the tubular electrospun grafts such as PCL, PLGA, coaxial (core-

PCL and shell-PLGA), and bilayer (inner and outer layers made from PCL and PLGA) 

are shown in Figures 8.2 – 8.5 below. The provided SEM micrographs illustrate each 

fabricated structures' fibre alignments and the layered scaffold at a magnification of 

2500X. After removing the scaffold from the 6mm mandrel collector, both coaxial and 

bilayer scaffolds have firmly maintained its tubular structural integrity. The cross-

section SEM image below further confirms that these two scaffolds are better in holing 

their tubular hallow features than singular polymer scaffolds. 

The cross-section image also showed the thickness of individual scaffolds and most 

importantly, the ratio between the PCL and PLGA layer for the bilayer scaffolds. As 

the PLGA was electrospun on top of the PCL surface, the formed PLGA layer was not 

as dense as the PCL layer, which is arguably understandable as the PLGA solution's 

concentration is much lower to PCL solution 10 wt% to 15 wt%, respectively. Scaffolds 

dimensions and their morphological structure measurements, including  fibre 

diameter, pore size, and surface pore distribution volume listed in table 8-2 below. The 

average fibre diameter for PCL, PLGA, and coaxial tubular scaffolds were 2.41 µm ± 

0.39 SD, 2.11 µm ± 1.05 SD, and 3.38 µm ± 2.3 SD, while the calculated average pore 

sizes were 38.85 µm2 ± 10.89 SD, 25.59 µm2 ± 16.93 SD, and 37.14 µm2 ± 34.46 SD, 

respectively. However, the scaffold that prepared via a coaxial needle or its fibre had 

the combination of both polymeric solutions did not only dominated other membranes 

by its structural morphology but also by its electrospun layer thickness which 

measured at 0.926 mm, compared to 0.575 mm (PCL) and 0.142 mm (PLGA). 
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Figure 8.2 (A) 3-Dimentional image of PCL only tubular scaffold, (B) SEM micrograph of PCL at X2500 magnification and (C) 
Cross-Sectional Image of the Tubular Scaffold (D) Zoomed in image of scaffold thickness (Source: M. Bazgir). 
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Figure 8.3 (A) 3-Dimentional Image of PLGA only tubular scaffold, (B) SEM micrograph of PLGA at X2500 magnification and 
(C) Cross-Sectional Image of the Tubular Scaffold (D) Zoomed in Image of scaffold thickness (Source: M. Bazgir). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B C 

 

D 



 

183 
 

 

Figure 8.4 (A) 3-Dimentional Image of Coaxial tubular scaffold, (B) SEM micrograph of electrospun mat at X2500 
magnification, (C) Cross-Sectional Image of the Tubular Scaffold (D) Zoomed in Image of scaffold thickness (Source: M. 

Bazgir). 
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Figure 8.5 (A) 3-Dimentional Image of the Bilayer Tubular scaffold. (B) SEM Micrograph of outer-layer PLGA electrospun 
mat at X2500 magnification, (C) SEM micrograph of inner-layer PCL electrospun mat at X2500 magnification, (D) Cross-
Sectional Image of the tubular Scaffold, and (E) Zoomed in Image of the scaffold which shows both PCL and PLGA Layers 

(Source: M. Bazgir). 
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Scaffold  Average 

Fibre 

Diameter 

(µm ± SD) 

Average 

Pore 

Size 

(µm² 

±SD) 

Porosity 

(% ± SD) 

Length 

(mm) 

Diameter 

(mm) 

Thickness 

(mm) 

 

PCL   2.41 ± 0.39 35.85 

±10.89 

36.44  50 6 0.575 

PLGA  2.11 ± 1.05 25.59 ± 

16.93 

37.94  50 6 0.142 

Coaxial 

PCL / 

PLGA 

3.38 ± 2.3 27.14 ± 

34.46 

39.31  50 6 0.926 

Bilayer PCL 1.976 ± 0.93 20.48 ± 

3.08 

35.05  50 6 0.402  

PLGA 1.55 ±0.684 12.57 ± 

5.57 

31.26  0.107 

Table 8.2 Structural Parameter of Tubular PCL, PLGA, Coaxial, and bilayer scaffolds (Source: M. Bazgir). 

 

8.4.2 Water Contact Angle  

Contact angle measurements of porous PCL, PLGA, and coaxial membranes 

were determined using VCA-optima. This method is the most frequently used 

in the tissue engineering field to determine the engineered scaffold's 

wettability, as the probability of cell penetrate and proliferate is much higher in 

hydrophilic membranes than the hydrophobic ones (Cho, et al., 2015; Russo, 

et al., 2016; Taylor, et al., 2007).  Figure 8.6 shows the contact angle of the 

single 3µl water droplet on all four porous tubular membranes. No matter on 

which type liquid was used on the scaffold surface the PCL, PLGA, bilayer 

scaffolds resulted in a contact angle higher than 100˚, which indicates the 

meshes to be hydrophobic. However, only coaxial membrane showed to have 

a contact angle of 88.8˚ ± 16.9 SD (L˚) with dH2O and 95.30° ± 5.37 SD with 
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DMEM droplets, which indicates these scaffolds have a tendency to lean 

toward hydrophilicity regions. 

 

Figure 8.6 The contact angle of the water droplet on (A) PCL, (B) PLGA, (c) Coaxial, and (D)Bilayer scaffold 
surface (Source: M. Bazgir). 

 

Scaffold  Contact Angle  

 

 

 Left Angle ± SD Right Angle ± SD 

PCL 

 

 DH2O 126.90°± 6.5 130.80°±9.3 

DMEM 118.10 º ± 1.74 118.90 º ± 2.35 

PLGA 

 

DH2O 104.40°± 12.1 103.80° ± 13.4 

DMEM 105.23 º ± 2.56 15.40 º ± 2.37 

Coaxial PCL / 

PLGA 

 

DH2O 80.80°±16.9 80.80° ± 18.5 

DMEM 95.30 º ± 5.37 96.43 º ± 4.37 

Bilayer PCL / 

PLGA 

 

DH2O 114.50°±8.6 111.70°± 8.6 

DMEM 103.67 º ± 1.30 104.93 º ± 3.21 

Table 8.3 Contact Angles ± Standard Deviation for PCL, PLGA, Coaxial and Bilayer Scaffolds (Source: M. Bazgir). 

 

 

A B 
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8.4.3 Degradation and Mass Loss Measurements  

The degradation of biodegradable polymer is the process which changes the 

physicochemical properties of the polymer, including the loss of mass and 

quality of the polymeric scaffolds through the influence of one or many factors 

such as heat, environmental, alkaline minerals solutions, or even applied force 

(Alhosseini, et al., 2012; Speight, 2019). The degradation behaviour and mass 

loss of all four tubular scaffolds were conducted for 12 weeks at room 

temperature and four weeks in a controlled temperature environment at 37OC 

in an incubator using PBS immersion methods.  The results are shown in 

Figure 8.7 (12 weeks room temperature) and Figure 8.8 (4 weeks at 37OC). 

For the controlled group, all porous scaffolds' degradation rate was linear, and 

the scaffolds degraded continuously, whereas the weight loss of the samples 

at room temperature fluctuates each week. Throughout the degradation 

studies, the weight loss of the biodegradable scaffolds was very noticeable in 

both conditions. However, the rate of degradation varies significantly when 

comparing them side by side. 

The mass of all four scaffolds decreased as a function of dissolution time, 

under both test conditions. In general, mass change with time was slow up to 

4 weeks at room temperature for PCL, Coaxial, and bilayer scaffolds. 

Nevertheless, the case was different for PLGA scaffold as the weight loss was 

noticeable from week 2. In both testing conditions, it is noticeable that the 

coaxial scaffold had the least and the steadiest dissolution during the 

experiment. Although the PCL and PLGA showed to be more hydrophobic 
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under the contact angle test, these two scaffolds have degraded in a much 

faster rate than the Coaxial and Bilayer scaffolds. 

 

Figure 8.7 Degradation Curves of PCL, PLGA, Coaxial, and Bilayer Scaffolds at room temperature for Period of 12 
Weeks (Source: M. Bazgir). 

 

 

Figure 8.8 Degradation Curves of PCL, PLGA, Coaxial, and bilayer Scaffolds at Control temperature 37°C for 4 
Weeks (Source: M. Bazgir). 
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Table 8.4 Weight loss percentage of tubular scaffolds over 12 weeks degradation at room temperature as well as 
4 weeks at 37oC in incubator (Source: M. Bazgir).   

 

8.4.4 Fibre Diameter, Pore Size and Surface Porosity Measurements  

The morphology of the electrospun mats observed using a scanning electron 

microscope (SEM), and with the help of ImageJ software the average fibre 

diameter, average pore size and %porosity were measured from obtained 

SEM images.   

8.4.4.1 At Room Temperature  

Figure 8.9 presents the microscopic images of all electrospun scaffolds during 

12-week degradation at room temperature. As these images provide 

qualitative and visual analysis of the changes in the surface morphology, the 

bar charts provide the quantification of those changes through the average 

fibre diameter, pore size, and porosity evaluations as shown in Figures 8.10-

8.12. Visually, the original fibrous structure seemed to remain unaffected after 

84 days of immersion in PBS solution at room temperature. Although there 

was no visible disintegration of fibre structure, an in-depth assessment of the 

fibrous structure showed three differentiated behaviours. As shown in Tables 

8.5 to 8.7, an increase in fibre diameter was found all four scaffolds by the end 

of 12 degradation period, and the most significant increase in fibre diameter is 

held by the bilayer scaffold with 88% change compared by the initial start date, 

however, with the increase in fibre diameter the size of the gaps or the pores 



 

190 
 

between each fibre as well as the overall porosity have reduced significantly. 

Another factor that can substantially impact the overall pore sizes and pore 

distribution is the membrane's shrinkage. 

 

 

 

 

 

12 Weeks Room Temperature 
PCL PLGA Coaxial  Bilayer  

    

    

    

    

    
 

 

Figure 8.9 Morphology of Electrospun PCL, PLGA, Coaxial and Bilayer Scaffolds During Period of Biodegradability Test (Source: M. Bazgir). 
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Figure 8.10 Average Fibre Diameter Change of Electrospun PCL, PLGA, Coaxial and Bilayer Scaffolds During 12 
Weeks Degradation at Room Temperature (Source: M. Bazgir). 

 

Figure 8.11 Average Surface Pore Size Change of Electrospun PCL, PLGA, Coaxial, and Bilayer Scaffolds During 12 
Weeks degradation at room Temperature (Source: M. Bazgir). 

 

Figure 8.12 Surface Porosity Percentage Change of Electrospun PCL, PLGA, Coaxial, and Bilayer Scaffolds During 
12 Weeks degradation at room Temperature (Source: M. Bazgir). 
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8.4.4.2 At controlled temperature of 37°C  

 

Figure 8.13 below shows the morphological images of all electrospun 

membranes during the four weeks in the incubated environment at 37°C. 

Instead of visual judgements, these images further analysed with ImageJ 

software to measure the differences in fibre diameter, pore size and porosity 

in controlled temperature and compare them with the measurements obtained 

from room temperature degradation experiment. 

In terms of fibre diameter, all membranes showed a similar trend as the room-

temperature samples. However, coaxial scaffold shows a significant decrease 

in its fibre diameter compared to its initial start date with further analysing 

graphs in Figures 8.14 and 8.10. It was noticed that the coaxial samples also 

had a slight decrease in their average fibre diameter in room temperature 

degradation sample.  To sum up, none of the samples were predictable in their 

degradation rate nor in their morphological structure behaviours when 

immersed in the PBS solution. 
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4 Weeks Incubation at (37°C) 
PCL PLGA Coaxial  Bilayer  

    

    

    

    

    
 

 

 

Figure 8.13 Morphology of Electrospun PC, PLGA, Coaxial, and Bilayer Scaffolds During Period of Biodegradation Test at Controlled temperature 
of 37°C (Source: M. Bazgir). 
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Figure 8.14 Average Fibre Diameter Change of Electrospun PCL, PLGA, Coaxial, and Bilayer Scaffolds During 4 
Weeks Degradation at Controlled temperature of 37°C (Source: M. Bazgir). 

 

Figure 8.15 Average Surface Pore Size Change of Electrospun PCL, PLGA, Coaxial, and Bilayer Scaffolds During 4 
Weeks Degradation at Controlled temperature of 37°C (Source: M. Bazgir). 
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Figure 8.16 Average Surface Porosity Percentage Change of Electrospun PCL, PLGA, Coaxial, and Bilayer Scaffolds 
During 4 Weeks Degradation at Controlled temperature of 37°C (Source: M. Bazgir). 

 

Table 8.5 Percentage change in fibre diameter of tubular scaffolds during 12 weeks degradation at room 
temperature compared to 4 weeks at 37oC in incubator. Red arrow=decrease and blue arrow=increase (Source: 

M. Bazgir). 

 

Table 8.6 Percentage change in pre size  of tubular scaffolds during 12 weeks degradation at room temperature 
compared to 4 weeks at 37oC in incubator. Red arrow=decrease and blue arrow=increase (Source: M. Bazgir). 

 

Table 8.7 Percentage change in surface porosity percentage of tubular scaffolds during 12 weeks degradation at 
room temperature compared to 4 weeks at 37oC in incubator. Red arrow=decrease and blue arrow=increase 

(Source: M. Bazgir). 
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8.4.5 Fourier Transform Infrared Spectroscopy (FT-IR)  

FTIR spectroscopy was performed on the synthesized electrospun PCL, 

PLGA, Coaxial, and bilayer membranes to observe each membrane's spectral 

changes. The IR radiation frequency leads to the membranes' molecular bond 

to experience a different type of vibrations, like bending and stretching 

(Ramírez-Hernández, et al., 2019). The infrared spectra of all four electrospun 

tubular membranes are presented in Figure 8.17, and the dotted vertical line 

separate two regions of measurements. Due to complicity of picking out the 

correct individual bonds in the fingerprint region (600 to 1500 cm-1) most of the 

measurements were taken in the functional group region (1500 to 4000 cm-1). 

All the electrospun membranes had similar observed wavelength pattern in 

various regions of the IR spectrum. Both PCL and coaxial membrane spectra 

exhibited similar carbonyl stretching around 1,722 cm-1 and PLGA at 1755.8 

cm-1. The C-O bond in the 1,018-1,262.5 cm-1 regions in all four spectra 

demonstrates the easter group's presence. These vibration frequencies are 

similar to the peaks that have been recorded for PCL and PLGA fibrous 

membranes (Sadeghi-Avalshahr, et al., 2017; Erdem, et al., 2017; Srikanth, et 

al., 2019). By further analysing the recorded data in Table 8.8 and the FT-IR 

spectra graph below, hydroxyl groups peaks observed above 2,700 cm-1 for all 

membranes.    
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Figure 8.17 FT-IR Spectra of electrospun nanofibers of PCL, PLGA, Coaxial, and Bilayer scaffolds (Source: M. 
Bazgir). 

 

 Wavenumber (cm-1) 

Scaffold Amide 

I       

Amide 

II 

Amide 

III 

C-O* C=O O-H (acid) 

PCL 1614.38 1538.9 - 1045.5, 

1091.8, 

1162.1, 

1242, 

1260.91 

1722.2 2848.7, 2917.62, 

3280.7 

PLGA 1614.3 1538.14 1396.7 

 

1047, 

1090.8, 

1183.5, 

1261.7,  

1755.8 2848.6, 2917.6, 

3264.5 

Coaxial  1613.91 1538.17 1397.4 1046.7, 

1093., 1181, 

1262.5  

1722.74 2848.6, 2917.5  

Bilayer  1614.6 1538.23 1397.4 1018.6, 

1091.1, 

1184.1, 

1261.4 

- 2848.6, 2917.5, 

3270.8 

Table 8.8 Infrared Spectroscopy Peaks Values of The Fingerprint and Functional Groups region (Source: M. 
Bazgir).  
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8.4.6 Thermogravimetric Analysis (TGA)  

The potential use of synthetic biodegradable-based polymer scaffolds for 

vascular grafts application requires thermal stability. Therefore, the 

electrospun tubular fibrous membranes' thermal behaviour was examined by 

the TA Discovery TGA machine under a nitrogen atmosphere with the gas flow 

(20ml/min), as it can measure the weight loss of the sample as a function of 

applied temperature and time. Changes in the weight of polymeric materials 

can occur due to decomposition, oxidation, and evaporation. Thermal 

degradation of all electrospun samples presented in Figure 8.18, by visual 

analysing the graphs, it is evident that the singular polymeric membranes have 

only one point of degradation when compared coaxial and bilayer scaffold. 

However, the membranes that have been fabricated by a mixture of both 

polymers undergo two stages of active weight loss with elevating temperature.  

The thermal degradation of PCL and PLGA scaffolds occurred above 376.3 °C 

and 323.8 °C, respectively. Surprisingly, both coaxial and bilayer membranes 

were shown to have degradation starting point blow the PLGA membrane but 

significantly higher total weight loss temperature point than the PLGA, as it has 

been recorded and presented in Table 8.9. It must be noted that the residual 

mass % refers to burnout residue of the polymeric membrane, and no burned 

residue was recorded for PLGA and bilayer samples. The observations for 

PCL and PLGA membranes are in agreement with the studies of (Kim, et al., 

2014; Yu, et al., 2015; Ayyoob & Kim, 2018). 
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Figure 8.18 TGA and DTG Curves of Electrospun PCL, PLGA, Coaxial, and Bilayer Scaffolds (Source: M. Bazgir). 
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Note: All samples temperature values may vary within ± 0.5°C. Starting point temperature is 
defined by 1wt.% weight loss; T1s= is the start of first stage decomposition; T2s= is the start of 
second stage decomposition; T1end (°C) = is the ending if first stage weight loss; T2end(°C) = is 
the endpoint of second point of degradation. 

Sample Starting 

Point (°C) 

T1S (°C) T1end (°C) T2s
 (°C) T2end (°C) Residual 

Mass % 

at 600 °C  

PCL 376.3 - - 398.6 417.0 1.5 

PLGA 323.8 - - 348.9 363.4 N/A 

Coaxial  323.5 346.3 364.7 396.5 416.4 1.39 

Bilayer  321.2 346.2 359.6 397.5 416.7 N/A 

Table 8.9 Thermal properties of electrospun membranes. All samples temperature values may vary within ± 
0.5°C (Source: M. Bazgir). 

 

8.4.7 X-Ray Diffraction (XRD)  

X-ray diffraction is commonly used to determine crystallinity and structural 

organization, two primary properties of the polymeric fibrous membrane, 

defining their applications. When X-rays strike a crystalline or semi-crystalline 

polymer, they decay in a predictable way depending on their internal structure 

(Ryland, 1958; Inai, et al., 2005; Cho, et al., 2011). The crystalline structures 

of the electrospun biodegradable membranes were characterized by the X-ray 

diffraction (XRD) as seen in Figure 8.19. The diffraction curves for PCL, 

coaxial, and bilayer fibrous membranes had similar observed fraction patterns, 

with very and narrow strong peaks roughly at the same locations 2ϴ: 21.38° 

and 23.84° suggesting a reduced amorphous region. On the other hand, the 

PLGA membrane contributed to one broad wide peak cantered at 2ϴ:22.62°. 

By combining both crystalline and amorphous polymers, the degree of 



 

201 
 

crystallinity of PCL polymer in the scaffold samples reduces noticeably, and 

the bilayer membrane showed a much reduction in its peaks than the coaxial 

scaffolds. However, it illustrates that when amorphous PLGA polymer was 

added, both of the PCL's strong intensity peaks can be reduced much lower 

than their initial state. The recorded XRD spectra curve for PCL and PLGA 

electrospun membranes have similar peaks values to those recorded by 

(Wang, et al., 2019; Russo, et al., 2016; Aragon, et al., 2017) which confirms 

the crystalline and amorphous nature of the PCL and PLGA, respectively. 

Furthermore, the results obtained can prove that the electrospinning technique 

can be very helpful tool to hamper the degree of crystallinity of the polymeric 

fibrous membranes (Zhao, et al., 2014).  

 

Figure 8.19 XRD Patterns of PCL, PLGA, Coaxial, and Bilayer Electrospun Scaffolds (Source: M. Bazgir). 
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8.4.8 Mechanical Properties  

 

The mechanical properties of the 6mm diameter electrospun PCL, PLGA, 

coaxial, and bilayer tubular fibrous scaffolds investigated by uniaxial tensile 

testing and the protocols of conducting such procedure provides in 

experimental section 8.3.3.7. Figure 8.20 (A-D) shows photographs of the 

tubular samples during tensile testing, and Figure 8.20 (E) illustrates the typical 

stress-strain curves of the electrospun tubular membranes. By visual 

observation of the stress-strain curves, due to the semi-crystalline property of 

the PLGA polymer, the yield strength point can only be observed for the PLGA 

membrane. However, the electrospun PCL scaffold showed some elastomer 

characteristics behaviours under the tensile testing procedure as it can be 

stretched to nearly more than 40% of its original shape before it shows a 

noticeable resistance. However, by including both PCL and PLGA polymer 

solutions to make membranes by coaxial or even electrospinning of both 

polymer solutions to create a bilayer membrane, it was observed that the 

coaxial framework not only showed better tensile strength than any other 

framework, but it also had the greatest elongation. However, the bilayer 

membrane's tensile strength significantly reduced, but it became more elastic 

compared to PCL and PLGA membranes. The average tensile strength, 

Young's modulus and elongation at the break of the tubular membranes are 

reported in Table 8.10 below. The coaxial scaffold shown to hold the highest 

tensile strength (6.74 ± 1.44 MPa) and elongation at break (141.77 % ± 45.01 

SD), compared to the PCL ( 6.53 MPa ± 2.57 SD and 139.03 % ± 12.7 SD), 

PLGA ( 6.4473 MPa ± 0.82 SD and 111.8 % ±15.7 SD), as well as the bilayer 
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tubular membrane (6.74 MPa ± 1.44 SD and 141.77 % ± 45.01 SD). The 

tensile properties obtained in this study correspond to or higher than to the 

stress-strain curves and mechanical properties reported by other researchers, 

as well as values similar to those of native blood vessels (Zhang, et al., 2010; 

Jeong, et al., 2007; Zong, et al., 2003; Soffer, et al., 2008; Wang, et al., 2009; 

Plikk, et al., 2009). However, the initial results indicates that the coaxial 

membranes can be very beneficial for production of tissue-engineered 

vascular grafts as the mechanical properties of such construct are mainly 

determined by the fibre core material, with the outer polymeric shell can be 

produced from biocompatible hydrophilic polymers to facilitate cell adhesion 

and proliferation  (Han & Steckl, 2019). 
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Figure 8.20 Photographs of tubular scaffolds during tensile testing (A) PCL, (B) PLGA, (C) Coaxial, (D) Bilayer, and 
(E) Stress-Strain Curve of Electrospun nanofibrous Structure (Source: M. Bazgir). 
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Sample 

name 

Length 

(mm) 

Inner 

Diameter 

(mm) 

Thickness 

(mm) 

Cross 

Sectional 

Area 

(mm)² 

Tensile 

Strength 

(MPa) 

Elongation at 

Break (%) 

Young 

Modulus 

(MPa) 

PCL 

Only 

7 6 0.575 5.6789 6.532±2.57 139.03±12.7 10.1708±3.5 

PLGA 7 6 0.142 1.3541 6.4473±0.82 111.866±15.707 10.363±1.74 

Coaxial 7 6 0.926 9.4007 6.7473±1.44 141.775±45.009 17.357±8.28 

PCL & 

PLGA 

7 6 0.509 5.0006 5.2265±1.73 135.475±37.81 13.205±2.75 

Table 8.10 Mechanical properties of tubular scaffolds for PCL only, PLGA only, Coaxial and PCL & PLGA (Source: 
M. Bazgir). 

 

 

8.5 Discussion  

Fabricating porous membranes via electrospinning technique can provide 

many beneficial elements, especially when processing biodegradable 

polymers like PCL and PLGA. Processing such polymers by this method 

allows the user to control the morphological structure of the membrane and 

the degradation rate of such polymeric scaffolds. Although the degradation of 

any implants considered to be unsafe and undesirable for most medical 

application, however, for tissue regeneration purposes such biodegradable 

membranes are extremely important and desired for the long-term success of 

the tissue-engineered construct as the materials waste of such materials does 

not cause any harmful effects in the body, while it degrades and replaced by  
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tissues (Lengalova, et al., 2016; Kurzydłowski, et al., 2007; Sung, et al., 2004). 

The data collected in Table 8.4 show that the degradation of scaffolds made 

from either poly (lactic-glycolic acid) or poly (ɛ-caprolactone) was faster than 

coaxial and bilayer scaffolds. It can also be confirmed that scaffolds composed 

exclusively of PLGA polymers degrade faster than PCL fibrous scaffolds 

because of the lower molecular weight and the hydrophilic side chain of the 

PLGA polymers (Giunchedi, et al., 1998). Nevertheless, the presence and 

relatively slow degradation rate of the PCL can help the tissue-engineered 

membrane to maintain its structural and mechanical strength during the 

degradation process, as well as it can help the necessary cells to adhere and 

proliferate and replace the membrane with tissue during the dissolution period 

(Salerno, et al., 2010). 

The morphological structure of any tissue-engineered membrane is a critical 

part for determining its success for medical applications, due to the scaffold 

ECM, pore size, and overall pore distribution volume can make them either to 

be beneficial or prevent them from cell adhesion and growth (Rnjak-Kovacina 

& Weiss, 2011). Yet, the porosity of the membrane has a significant impact on 

the rate of degradation and mechanical properties of the construct (Le Huec, 

et al., 1995; Athanasiou, et al., 1998; Lu, et al., 2000). Other crucial factor that 

can have effect is to have tissue-engineered vascular graft with adequate 

mechanical properties with a choice of materials and polymer selection, as 

Hasan et al. investigated and discussed extensively for the role and the 

connection between such factors (Hassan , et al., 2014). However, as all four 

electrospun tubular membranes exhibited a tensile strength ranges 

between   5.22 MPa ± 1.73 SD and    6.74 MPa ± 1.44 SD comparable to those 
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reported for native saphenous veins, 4.2 MPa by (Stekelenburg, et al., 2009), 

3 MPa by (Donovan, et al., 1990), and femoral artery of with ultimate tensile 

stress of 1-2 MPa by (Yamada & Evans, 1970). As a result of the human 

saphenous vein's diameter is with a margin of 6mm, it can be concluded that 

all the produced scaffolds in this study have excellent mechanical properties 

to those of native blood vessels.  

The contact angle measurements obtained during the wettability test 

demonstrated that all the electrospun tubular membranes have hydrophobic 

surface characteristics which can be problematic for cell migration, 

penetration, and proliferation (Kurusu & Demarquette, 2019).  The importance 

of reducing the hydrophobicity nature of the electrospun PCL and bilayer 

membranes, as well as the remarkable impact on the biological activities, such 

as cell adhesion and proliferation study reported by (Jeon & Kim, 2014). 

However, the wettability of hydrophobic polymeric membranes can be 

improved by several ways such as; 1) Either by electrospinning two separate 

polymeric solution simultaneously with two-nozzle electrospinning process on 

the same collector This method can combine hydrophobic fibrous polymer like 

PCL and PLGA, with extremely hydrophilic polymers such as Chitosan; 2) By 

coaxial electrospinning, where Surucu and Sasmazel have illustrated the 

improvement on their scaffold wettability, as they have fabricated 

PCL/Chitosan (core-Shell) membrane by coaxial electrospinning. At first, they 

have conducted the wettability test on the PCL sample and then PCL/ chitosan 

sample, which they have seen a significant improvement and the measured 

CA were 114.015° ± 3.15 SD and 78.214° ± 2.544 SD for PCL and PCL-

Chitosan, respectively, and they have proved that not only a hydrophilic 
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membrane can be obtained by this method but also an increase in the scaffold 

tensile strength was observed (Surucu & Sasmazel, 2016); 3) Structural 

modification of electrospun polymeric scaffold modification by plasma 

treatment (Yan, et al., 2011; Prabhakaran, et al., 2008; Jeon & Kim, 2014). 

8.6 Synopsis of the key findings in chapter eight  

Four 6mm tubular membrane having elasticity and strength suitable for blood 

tissue regeneration applications successfully fabricated from Poly (ɛ-

caprolactone) (PCL) and Poly (lactic-co-glycolic acid) (PLGA), synthesized by 

electrospinning polymeric solutions on rotating 6mm mandrel. The PLGA tube 

was more ductile and had the least elongation than the other three 

membranes, whereas the coaxial (Core= 15 wt% PCL and Shell= 10 wt% 

PLGA) was somewhat stronger with higher stiffness. However, all the scaffolds 

after 12 weeks degraded at room temperature and four weeks at controlled 

temperature 37 °C in PBS revealed PLGA membranes start the structural 

weight loss much faster than others. In terms of their morphological structure, 

all scaffolds experienced an increase in fibre diameter and a significant 

decrease in pore size as well as overall porosity due to the shrinkage of 

polymeric membranes. Nevertheless, after the degradation test, no physical 

nor visual differences were detected, and therefore, all the tubular scaffolds 

were easy to handle. Moreover, due to the tensile properties compatible to the 

native blood vessel, structural morphology, biocompatibility, and 

biodegradability of such 6mm tubular scaffolds, the primary data indicated that 

such polymeric scaffolds have the tendency to become an alternative method 

to the blood vessel replacement. 
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9. CHAPTER 9 INVESTIGATION OF CELL ADHESION AND 

CELL VIABILITY OF THE ENDOTHELIAL AND 

FIBROBLAST CELLS ON ELECTROSPUN PCL, PLGA, AND 

COAXIAL SCAFFOLDS FOR PRODUCTION OF TISSUE 

ENGINEERED BLOOD VESSEL 

9.1 Abstract 

Endothelialisation of artificial scaffolds is considered an effective strategy for 

increasing the efficiency of vascular transplantation. This study aimed to 

design three individual biodegradable fibrous membranes with surface porosity 

to exceed 70%, and with average pore diameter larger than 25(µm)2 to 

facilitate the adhesion and proliferation of the endothelial and fibroblast cells 

accordingly. Poly (ɛ-caprolactone) (PCL) and Poly Lactic-co-Glycolic Acid 

(PLGA) were processed using Spraybase® electrospinning machine. Scaffold 

structural morphology was assessed using a scanning electron microscope, 

and the obtained micrographs were processed with ImageJ software to 

measure the average fibre diameter in µm, pore size in µm2 and surface 

porosity percentages (%). Cell culture studies were carried out by seeding 

human umbilical vein cells (HUVEC) and human vascular fibroblast cells (HVF) 

onto three distinct scaffolds including PCL only, PLGA only, and Coaxial 

scaffold where the fibre core and sheath was made from PCL and PLGA, 

respectively. Cell proliferation assays were carried out by manual cell counting 

using a haemocytometer (Neubauer Chamber) at 24, 48 and 72 h. The cell 

adhesion was further investigated under confocal fluorescence microscopy to 

assess the morphology of cells attached to the fabricated biodegradable 

membranes. It was found that all biodegradable polymeric scaffolds had 

demonstrated to be a reliable host to adhere and proliferate HUVEC, and HVF 

cells, particularly the PLGA membranes performed much better than 

anticipated, and appeared to enhance cell proliferation. These biodegradable 

membranes are also shown to have sufficient mechanical properties to be 

used for constructing potential tissue-engineered vascular graft. 
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9.2 Introduction  

 

The ability to fabricate synthetic, functional, and successful human body parts 

has always been the goal of the human exploration of science.  Whether this 

is a prosthetic limb, or bioinert implant replacing damage organ, skin tissue or 

blood vessel. Although our understanding of the diseases linked to coronary 

artery has been improved significantly over several decades the widespread 

adoption of minimally invasive therapies (such as balloon angioplasty and 

stents) has been widely adopted, the gold standard for treating high-risk 

patients is still coronary artery bypass graft (CABG) (Onuma, et al., 2007). 

Human tissues are arranged in three-dimensional (3D) structures according to 

organs and organ systems. In order for tissues and organs to work 

appropriately, scaffolds must be designed to promote direct cell transfer to 

three-dimensional structure and support tissue reconstruction (Freed, et al., 

1994; Nguyen & Lee, 2012; Weigel, et al., 2006). The tissue engineering 

approach provides an attractive method for transplanting cell vessels, the 

primary strategy being to create tubular scaffolds by attaching autologous cells 

to natural, synthetic, or hybrid porous scaffolds under appropriate in-vitro 

conditions (Shin'oka, et al., 2001; L'Heureux, et al., 2006). Cell culture has 

many advantages in tissue engineering and biomaterials, as it can easily 

provide information on how a certain cell type does respond to biomaterials. 

Most importantly, it can also reduce the needs for animal testing at most stages 

of biomaterial development (Selvakumaran & Jell, 2005).  
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The importance of macro-porosity in electrospun fibres is highlighted by the 

pores that allow cell penetration into the electrospun mat, taking into account 

the fibrous structure's density (Sun, et al., 2014; Dash & Konkimalia, 2012). 

Usually, the cells can stick to the surface without penetrating surface pores of 

the scaffolds (Liverani & Boccaccini, 2016). The interaction between these 

dimensions and porosity is a fundamental element of tissue engineering 

related to cell type and the target tissue (Oh , et al., 2007). Modern prosthetic 

small-diameter coronary grafts are often blocked and cause complete failure 

due to early thrombosis (blood clot) and late internal enlargement (Walpoth, et 

al., 2007). The reason for choosing PLGA is that compared to commonly used 

synthetic polymers (such as PLLA and PCL/PU), it performs better in cell 

survival, allows for pseudo vascularization in-vitro, and cell proliferation (Ellis 

& Chaudhuri, 2007; Jirofti, et al., 2018). Scaffolds that have been fabricated 

from these types of biodegradable polymers are preferred, due to the 

endothelial layer can be formed easily on the surface of the synthetic grafts, 

and this kind layer on the scaffold surface can help to prevent the formation of 

thrombosis and hyperplasia (Niklason, et al., 1999). As the method used to 

fabricate the polymeric scaffold is electrospinning, any area of the electrospun 

scaffold must be covered by the endothelial cells, as in many studies have 

been demonstrated how easily can the thrombosis occurs when there was an 

absence of a complete endothelium (Ardila, et al., 2019; Rüder, et al., 2012; 

Aslani, et al., 2019; Lijnen & Collen, 1997). Although biodegradability and 

biocompatibility are well-studied properties of PLGA polymer, the fragility and 

significant degradation rate associated with this synthetic polymer restrict its 

use in tissue regeneration purposes (Kim & Cho, 2009). Besides, PCL is a 
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known flexible biodegradable polyester that can overcome the vulnerability 

and low elongation characteristics of PLGA, yet PCL is more hydrophobic than 

PLGA, limiting its cell adhesion and proliferation (Ouyang, et al., 2002). 

 

As mentioned earlier, successful tissue engineering scaffolds depend on many 

microstructure design requirements; many of these requirements have been 

partially studied and characterised in the previous chapters except the 

biocompatibility of the scaffolds. To have functional tissue-engineered vascular 

graft, two primary cells such as endothelial (EC) and smooth muscle cells 

(SMCs) must be able to proliferate and survive in the porous scaffolds.  

Having adequate EC layer can reduces the risk of tissue-engineered blood 

vessel failure due to thrombosis. Since the endothelial cell surface is rich in 

heparin-like glycosaminoglycans, and the microvascular endothelium is the 

main site of active thrombin inactivation in the body, the combination with these 

glycosaminoglycans also provides a rich source of the antithrombin function 

(Marcum, et al., 1984; Esmon, 1995; Pearson, 1999). 

In addition, the smooth muscle cells adhere may responsibilities such as  

extracellular matrix construction, vasoconstriction, and vasodilatation, 

however, in the absence of smooth muscle cells, the blood vessel expansion 

and contraction response will be much lower than the normal vascular 

response (Neff, et al., 2011; Kaushal, et al., 2001; Bacakova, et al., 2018). 

Hence, developing a stable synthetic blood vessel membrane requires a deep 

understanding of how the two cells interact in vitro.  
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The purpose of this work in this chapter is, therefore to study the biological 

response of biodegradable scaffolds synthesised with specific cells, namely 

human vascular fibroblasts (HVF) and human umbilical vein endothelial cells 

(HUVEC).  

 

9.3 Materials and Methods  

The surface of the scaffold is the main part that interacts with surrounding cells 

and tissues. Since most cells used in tissue engineering depend on 

attachment, it can be interpreted that the material and the architecture of the 

scaffold should promote cell attachment. Therefore, a membrane with large 

and accessible pores are desired (Dhandayuthapani, et al., 2011). In tissue 

engineering, membranes that have been produced by bioresorbable polymers 

are more advantageous than grafts that are made of non-degradable polymer, 

due to the fact that the biodegradable scaffold implant with sufficient 

mechanical properties can be used as a solution to replace the damaged 

organs by dissolution slowly over a period of time, leaving behind no toxic 

synthetic materials that can lead to further reaction or inflammation with a 

foreign body (Sell, et al., 2009; Xue & Greisler, 2003).  

This study mainly focuses on validating the usability of the fabricated 

biodegradable grafts for Tissue-engineered vascular graft (TEVG) purposes. 

The characterisation processes were divided into three groups such as 

morphological, durability and biological assessments. The materials and 

methods used for validation are as follows. 
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9.3.1 Scaffold Materials   

PURASORB poly (lactic-co-glycolic acid) 82:18 obtained from Corbion 

Netherlands and Poly (ɛ-caprolactone) with an average molecular weight wt. 

Mn 80,000 and density of 1.145 g/ml at room temperature, purchased from 

Sigma-Aldrich. Chloroform (CF) supplied by Fisher Scientific, UK, without prior 

purification were used as solvents. 

9.3.2 Solution Preparation and Electrospinning process  

Electrospinning is carried out in accordance with our previous work. The 

synthetic biodegradable PCL and PLGA polymers were selected for this study 

due to the preliminary research data gathered from chapter 6-8, both polymers 

showed to have an excellent rate of degradation (at room temperature as well 

as in controlled temperature condition 37°C), surface porosity, excellent 

interconnected fibre structure, and mechanical properties when they are 

processed through electrospinning. The solution was prepared by dissolving 

1.7 grams of PCL pellets in 8.3 grams of chloroform and 1.4 grams of PLGA 

in 8.6 grams of chloroform. The solutions were placed on the magnetic stirrer 

in a sealed sterile glass container for a minimum of 24 hours; then when the 

homogenised viscous solution was observed, the glass vials were placed in an 

ultrasonic bath for 3 hours minimum to eliminate the air bubbles that produced 

while mixing the product. 

Before the electrospinning procedure, the polymeric solutions were drawn in 

the sterile 5ml NORM-JECT syringe and then mounted to the syringe pump. 

For the study, 18G needle was used for electrospinning the PCL and PLGA 
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solutions, and for the coaxial scaffolds, the coaxial needle was used which the 

PCL solution was pumped through the inner needle (Core) and the PLGA 

solution for the outer needle (shell). The size of the tip of the coaxial needle is 

VITA 20 which noticeably smaller than the 18G needle. All Three scaffolds 

were electrospun for 60minutes, with a flow rate of 1ml/h. The voltage was 

increased each time when it was necessary for obtaining Tylor cone at the tip 

of the needle. Table 9-1 below provides a summary of the parameters recorded 

during electrospinning procedure. 

 

Electrospinning  Voltage 

(KV)   

Needle 

Type 

Distance 

from tip 

of the 

needle 

to the 

collector 

(mm)  

Type of 

Collector  

Flow 

Rate 

(ml/h)  

T (°∁) Humidity 

(%) 

Time 

(min) 

Solution 

Dispensed 

(ml) 

17 wt% PCL 10.96 18G 90 Flat 1 26.1 54 60 0.998 

14 wt% PLGA  9.29 18G 90 Flat 1 28.2 49 60 1.06 

Coaxial 

PCL(Core)/ 

PLGA(Shell) 

11.31 Coaxial 

needle  

90 Flat Pump1: 

0.5 

Pump2: 

0.5 

22.4 38 60 Pump1:0.495  

Pump2:0.511 

Table 9.1 Recorded Parameters During the Electrospinning Process (Source: M. Bazgir). 

 

9.3.3 Scaffold Morphology  

The morphology of the electrospun scaffolds was observed by using the 

scanning electron microscopy (SEM) with a 15kV accelerating voltage, Hitachi 

TM3000, Japan. The images were taken at 2500X magnification. The average 

fibre diameter (µm), average pore size (µm)2, and scaffold surface porosity 

percentage were determined by using SEM-assisted image analysis software, 

i.e. ImageJ. At minimum of at least 20 fibres and 20 pores are analysed for 

each sample image, and the average value of each sample was determined. 
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9.3.4 Scaffold Tensile testing process  

The tensile properties of the electrospun scaffolds were measured using the 

MACH-1 uniaxial testing machine. The samples were cut in a rectangular 

shape with dimensions of 50 X 10 mm using surgical scissors. The thickness 

of the samples was measured via a digital micrometre. The tensile test was 

conducted by using a single-axis 10Kg load cell under the velocity of 0.5 mm/s 

at room temperature condition. At least four samples were tested for each type 

of electrospun mesh. 

9.3.5 Scaffold Sterilization Process  

Before proceeding with cell experimental work in order to ensure that there are 

no solvent residues in the finished scaffold, the following steps were taken. 

First, after each electrospinning process, scaffolds placed in a sterile vacuum 

chamber at room temperature for a minimum of 24 hours; Secondly, as an 

extra precaution, the scaffolds transferred to the controlled sterile vacuum 

oven for additional 24 hours at 37°C. To ensure the sterility of the membranes, 

they were placed under direct ultraviolet light (UV) on each side for another 8 

hours and then placed in a sterile vacuum plastic bag until the day of cell 

studies. 

At the beginning of Cell Studies, in order to avoid the cross-contamination 

before cell seeding and cell culture studies. The bags containing the 

biodegradable polymeric scaffolds were first sterilised with 70% ethanol, then 

opened in the sterilised laminar flow station. Additionally, the scaffolds also 
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were kept in 70% ethanol for nearly 10 seconds, then rinsed two times with 

PBS saline solution to remove any ethanol residues. 

9.3.6 Culturing HUVEC and HVF  

In this study, two types of cells were used: human umbilical vein endothelial 

cells (HUVEC) and human vascular Fibroblast cells (HVF), before seeding the 

cell onto the scaffolds, cell culture in T75 flasks in order for cells to occupy 

culture flasks and obtain the 80% confluency. The reason behind primary cell 

culture is to proliferate the cells until they occupy all available substrates, and 

to obtain the 80% confluency. Cells were cultured based on standard methods. 

The human pulmonary fibroblast (HPF) or human vascular fibroblast cells 

(HVF, PromoCell C-12360) and human umbilical vein endothelial cells 

(HUVEC), were separately kept in T-75 flasks with the media at 37°C, 5% CO2 

humidified incubator.  The HVF cell media is composed of fibroblast growth 

medium 2 (PromoCell C-23020), and the HUVEC cell media is composed of 

endothelial cell growth medium MV (PromoCell C-22020), with 10% Fetal Calf 

Serum (Biosera). The media was changed three times a week, with an interval 

of 2-3 days. Trypsinization performed to separate the cells from the surface to 

which they are attached to and by this method the cell suspension can be 

obtained. Media is removed, and PBS solution is used to rinse off any media 

residues remaining on the cell surface. Then, 5ml of trypsin was added to T-

75 flask, and it was left in the incubator at 37°C for additional 5 minutes. 

Suspension was transferred to a sterile 50ml conical tube. After the cells were 

detached from the flask, the cell was transferred to different 50ml conical tube 
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which contains media in order to stop any further interaction between the cells 

and the trypsin, which can be harmful to the proliferated cells. 

 

9.3.7 Cell Counting 

To plate the polymeric scaffolds along with the endothelial and fibroblast cells 

pluse media in a sterile environment, the NuncTM treated ThermoFisherTM 24 

well plates were preferred. Two 24 well plates were used for seeding 

endothelial and fibroblast cells onto square pieces of the fabricated polymeric 

scaffolds such as the PCL, PLGA, and Coaxial (PCL/PLGA) scaffolds. The 

arrangement for both of 24 well plates can be observed in Figure 9.1 below. 

When the cells were proliferating several investigations were conducted after 

24, 48, and 72h.  

However, before cell seeding, the scaffolds were soaked with 3ml media for at 

least 24 hours to improve its hydrophilicity and foetal calf serum enrichment, 

after it performed its function, the media was removed. To quantify the number 

of cells, the cell counting was done manually by using the haemocytometer 

“Neubauer Chamber”. The main goal of this test was to add 10,000 of HUVEC 

and 10,000 of HVF cells plated in each well, as it was essential to have an 

equal number of cells in each well. In order to do that, the cells which was 

transferred to 50ml conical tube after the trypsinization was counted to assume 

the average total number of cells in 1ml, this calculation was possible with the 

help of using the Neubauer chamber.  The Neubauer chamber was done by 

counting the number of cells in the four small squares divided into nine 

squares. The concentration and number of cells in one military was calculated 



 

219 
 

for two times, then the average number of cells in 1ml was obtained. Total of 

45ml of media containing cells, was prepared for each type of cells. With the 

help of pipette, the cell media was transferred to the allocated wells, and then 

these plates were placed inside an incubator, which was set at 37°C with 5% 

CO2, in saturated humidity conditions. 

 

Figure 9.1 (A) Shows schematics of (B) which is scaffold arrangement in 24-well plate for Cell proliferation 
assessment of HUVEC, and figure(C) shows Schematic of (D) which is scaffold arrangement in 24-well plate for 

cell proliferation assessment of (HVF) (Source: M. Bazgir). 

 

9.3.8 Cell Viability assessment MTT 

The MTT test was performed to ensure the viability of cells on the synthetic 

PCL, PLGA, and Coaxial scaffolds. For this test, the fabricated scaffolds were 

cut into three different sizes and separated into three different segments, as 

Figure 9.2 shows a schematic of scaffold arrangement in a 96-well plate. 

Firstly, due to the hydrophobic nature of the scaffolds, they were soaked in the 

medium for three days before the test started. Then, the media was removed, 
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and 10,000 HUVEC and 10,000 HVF cells in 100µl were seeded in the each 

specified well, as indicated in Figure 9.2. The next day, CellTiter 96® AQueous 

Non-Radioactive Cell Proliferation Assay (Promega; Cat. No. G5421) was 

used. The tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTT) is used along 

with the electron coupling reagent phenazine methosulfate (PMS). MTT/PMS 

solution was prepared as instructed by manufacturers, and 20μl was added 

into each well. After incubating the plate at 37°C for 2hrs, absorbance was 

measured using a spectrophotometer with an excitation wavelength of 490nm. 

In this assay, MTT is reduced into formazan by dehydrogenase enzymes in 

the mitochondria of live cells. The amount of formazan is directly proportional 

to the absorbance at 490nm measured by a spectrophotometer. 

 

 

Figure 9.2 Schematic of scaffold arrangement in a 96-well plate, the electrospun scaffolds were cut into different 
sizes and placed in ThermoFisherTM for cytotoxicity measurement. The top three rows were used for endothelial 

cells (HUVEC) and the bottom three rows for Fibroblast (HVF) (Source: M. Bazgir). 
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9.3.9 Cell Membrane Staining (DAPI)  

Cell staining is normally used to study cells and their components under the 

microscope. This method relies on staining media, and there are several of 

them, and each staining media is used for specific purposes. Staining can help 

to dye specific cell components, like nuclei or its wall, or the entire cell 

(Bruckner , 2019).  

In this study, 4′,6-diamidino-2-phenylindole (DAPI) (Sigma) and Cell MaskTM 

were used for visualising the nuclei and the cell membranes’ overall 

morphology. The 4′,6-diamidino-2-phenylindole binds to the double-stranded 

DNA in the nuclei of cells and then emits a blue fluorescence at 460nm. 

Whereas for CellMaskTM, the green plasma membrane stain contains 

amphiphilic molecules and a hydrophilic green dye attached to the plasma 

membrane, and its fluorescence emission can be measured at 550nm. 

The cell membrane staining was done to visualise the attached HUVEC and 

fibroblast (HVF) cell membrane on fabricated synthetic PCL, PLGA and coaxial 

scaffolds, the considered cell staining procedures are as follows. First, 

scaffolds were soaked in PBS for two days to improve its wettability, then dried. 

Second, drops of highly concentrated cell suspension were added onto 

scaffolds to allow more cells to be attached to the scaffold, as shown in Figure 

9.3 (C). Then a glass coverslip used to spread the media cells and sink the 

membrane into the media. Five days later, the cell plates were rinsed twice 

with PBS solution. Then 10µl of CellMaskTM added to 9ml of PBS, containing 

CaCl2 and MgCl2 mixed in a vortex mixer, then 1ml of solution added in each 

well and placed in the incubator for additional 10 minutes then retrieved and 
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washed with PBS. The cells were fixed with 4% formaldehyde. The images of 

the membrane surface were captured using confocal microscopy. 

 

Figure 9.3 (A) Fabricated scaffold arrangement in 6 well-plate, (B) Schematic of well plate and shows what types 
of scaffold and cell were placed in each well, (C) A drop of media containing cells placed on top of each scaffold, 

and (D) shows, later each scaffold were fixed via glass slide and placed under confocal microscope.  

 

9.3.10 Statistical analysis  

All the data (at least triplicate) in this study were expressed as mean ± 

standard deviations (SD). Initial tests were performed to determine the natural 

distribution of the data and the appropriateness of parametric or non-

parametric tests. Average and standard deviations of fibre diameter and pore 

size were determined using Microsoft Excel. The analysis of variance 

(ANOVA) was used to determine p-values to assess cell proliferation, cell 

viability, cytotoxicity. The differences were considered statistically 

significant at P < 0.05. 
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9.4 Results and Discussion 

9.4.1 Scaffold Morphology  

As mentioned in previous chapters, several factors can positively or negatively 

impact migration and proliferation of the cells, and these factors are mainly 

related to the membrane surface topography and properties such as  pore size, 

porosity, and fibre diameter. Figure 9.4 shows the morphology of three distinct 

micro-fibrous scaffolds such as PCL 17 wt%, PLGA 14 wt%, and coaxial (core-

17 wt% PCL and shell-14 wt% PLGA), and by observing the SEM images with 

a magnification at 2500X times, it can be seen that these porous meshes are 

bead free with relatively uniform ultrafine fibres. Randomly oriented fibre 

describes the interconnected structure, and average fibre diameter was 

estimated to be 2.45 µm ± 0.435 SD, 1.63 µm ± 0.428 SD , and 2.56 µm ± 

0.674 SD corresponding to the PCL, PLGA, and coaxial scaffolds, 

respectively. Surprisingly, the PCL scaffold had the largest average pore size, 

and compared to the other two membranes, the PCL showed the lowest  

surface porosity percentage, as indicated in Table 9.2. Another influential 

parameter that can also participate and impact cell proliferation and growth is 

the surface's roughness (Song, et al., 2015).  In 1996 Recum et al. investigated 

the effects of surface morphology and pore size for vascular grafts purposes, 

and they have claimed pore size ranges between 20-60(µm) can be adequate 

for cellular ingrowth (Recum, et al., 1996). However, eight years later the 

significance of having massive pore area greater than 250µm have been 

illustrated by Druecke et al., which they have found that vessel ingrowth it was 

much faster in larger pore size than the smaller ones (Druecke, et al., 2004).  
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Figure 9.4 Scanning Electron Microscope (SEM) images, A) 17% PCL, B) 14% PLGA and C) Coaxial (17% PCL / 14% 
PLGA) (Source: M. Bazgir). 

 

 

 

  

 

 

B A 

C 

Scaffold  Average Fibre 

Diameter (µm ± 

SD)  

Average Pore 

Area (µm2 ± SD)  

Surface Porosity 

Percentage (%)  

PCL  2.45 ±0.435 72.071 ± 27.81 72.96 

PLGA 1.63 ± 0.4 31.76 ± 23.32 83.44 

Coaxial  2.56 ± 0.67 41.86 ± 27.86 77.42 

Table 9.2 Morphological Structural Parameters of PCL, PLGA, and Coaxial (Source: M. Bazgir).  
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9.4.2 Cell Viability (MTT) 

The MTT was used to define the number of healthy cells within the electrospun 

scaffolds. The higher the absorbance value in the MTT assay, the more living 

cells have metabolic activity in solution. As indicated in Figure 9.2, in each 

specified well 10,000 HUVEC and 10,000 HVF were seeded. Cell viability on 

the PCL, PLGA and coaxial membranes was measured by MTT after 1, 2, and 

3 days of seeding. As it can be seen in Figure 9.6 and 9.7, all the wells which 

contained the electrospun polymeric membranes had relatively higher 

absorbance rate than the controlled wells, which suggest that the presence of 

the polymers in the wells have a positive impact on the cells, implying that 

these synthetic biodegradable fibrous polymeric membranes promote cell 

growth, and that they are not toxic to the cells. However, the significant 

increase in absorbance can also be as the result of the increase in the sample 

size in each of the specific day wells, as this can have a significant impact on 

the recorded absorbance due to less light  observed by the spectrometer. By 

further analysing the absorbance rate for each of the sample, showed  that 

these cells prefer coaxial and PLGA membranes more than the PCL. 

 

Figure 9.5 (A) Shows 96-well plate at cell seeding stage, (B) it shows the well plates just after the MYS/PMS 
solution was added, and (C) A image of the well plate 2 hours after the solution was added.    
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Figure 9.6 MTT results shows the percentage absorption of wells at 490nm for Endothelial cells (Source: M. 
Bazgir). 

 

 

Figure 9.7 MTT results shows the percentage absorption of wells at 490nm for Fibroblast cells (Source: M. 
Bazgir). 
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 Control PCL PLGA Coaxial 

H
U

V
E

C
 

Day 1 1 1.149162 0.976403 1.219954 

Day 2 1 3.065623 3.267338 3.642804 

Day 3 1 2.999685 2.656151 2.998107 

H
V

F
 

Day 1 1 1.453584 2.448169 2.018051 

Day 2 1 2.392982 4.138596 3.836842 

Day 3 1 2.680507 4.151661 4.326923 

Table 9.3 Summary of average cell absorbance for each of the scaffolds that have recorded by the 
spectrophotometer. 

 

9.4.3 Cell Counting Haemocytometer  

In order to determine the fabricated polymeric scaffolds are biocompatible, 

they must promote cell attachment and proliferate. The cell proliferation test 

was conducted with the HUVEC and HVF cells to unveil the influence of PCL 

and PLGA and coaxial porous membranes, along with the control, on the 

supporting and proliferating cells. The results obtained from cell counting are 

shown in Figure 9.8 (HUVEC samples) and Figure 9.9 (HVF samples), the 

polymers were removed from the wells, and then the cells remained in each of 

the wells were trypsinized and counted. The calculated average number of 

cells remaining in the wells were then plotted at 24, 48, and 72 hours. Control 

means that there was no polymeric membrane in the well. All scaffolds showed 

a positive incline with the HUVEC cells for 48 hours, and then a sharp decrease 

in the number of cells counted was recorded for the PCL scaffold.  However, 

these scaffolds did not react in the same way with HVF cell as the endothelial 

cells. Only the control and PLGA wells saw a slight increase in the number of 
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cells counted for the first 24 hours, and then even the control cell saw a sharp 

decrease in their cell counts at 72 h.  

These results indicate that PCL scaffolds not only do not promote cell 

proliferation, but also they are toxic to the cell as they caused much 

significantly fewer cell counts than the control samples, and this finding is also 

true for the coaxial scaffold due to the membrane fibre consists of both of PCL 

and PLGA. However, the PLGA scaffold showed many encouraging results 

due to this polymeric membrane promoting cell proliferation, even for the HVF 

cell counts i.e. more HVF cells were counted for PLGA membrane than the 

control. This finding suggests that the PLGA membrane is not toxic towards 

the cells, as compared to the PCL substrates. 

 

 

Figure 9.8 HUVEC live cells count over 72 hours of proliferation assessment for PCL, PLGA, and Coaxial scaffolds 
(Source: M. Bazgir).  
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Figure 9.9 HVF live cells count over 72 hours of proliferation assessment for PCL, PLGA, and Coaxial scaffolds 
(Source: M. Bazgir). 

 

Cell Type Time Control PCL PLGA Coaxial 

H
U

V
E

C
 

0 10000 10000 10000 10000 

24hr 18333 24666 30000 21666 

48hr 81666 85000 95000 83333 

72hr 96667 46667 145000 105000 

H
V

F
 

0 10000 10000 10000 10000 

24hr 11666.7 9833.3 12833.3 10055.33 

48hr 10833.3 8333.3 10833.3 9833.33 

72hr 5833.3 5666.67 7833.3 6779.68 

Table 9.4 Number of cells Counted and calculated for Endothelial and Fibroblast cell proliferation assay (Source: 
M. Bazgir). 
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9.4.4 Cell Stanning Morphology 

Figure 9.10 represents the confocal microscopy images of 5-days of cultured 

human umbilical vein cells (HUVEC) and human fibroblast cells seeded on 

fibrous polymeric PCL, PLGA and coaxial scaffolds. In regard to HUVEC, all 

samples confirmed to have adhesion capacity, which demonstrates the 

biocompatibility of such membranes. The PCL scaffold showed a smaller 

amount of fibroblast cells than PLGA and coaxial membranes, which 

approximately about 14 nuclei could be counted for each of the membranes. 

The morphology of the cells presented in the confocal image, further 

confirming that these membranes are suitable for cell adhesion. 

 

Figure 9.10 Confocal microscopy images of cultured human umbilical vein cells (HUVEC) and human fibroblast 
cells (HVF). The nuclei were stained with DAPI (blue) and the cell membranes were stained with cell 

MaskTM(green) .  
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9.4.5 Mechanical Properties  

The tensile properties for electrospun 17 wt% PCL, 14 wt% PLGA, coaxial 

(core= 17 wt% PCL and sheath= 14 wt% PLGA) are shown in Table 9.5. The 

stress-strain curves of the fibrous membranes are also presented graphically 

in Figure 9.11. The tensile strength of PCL, PLGA, and the coaxial electrospun 

sheet was 1.02 MPa ± 0.2 SD, 3.1 MPa ± 0.57 SD, and 2.89 MPa  ± 0.97 SD, 

respectively. Arguably, the coaxial electrospun scaffolds have many 

advantages over other electrospinning process counterparts, particularly the 

ability to produce fibre core materials with desired mechanical properties, and 

the sheath made of biocompatible materials, which interacts better with host 

tissues as also confirmed by others (Coimbra, et al., 2017; Chen, et al., 2010; 

McClellan & Landis, 2016). However, in this study, the coaxial specimen did 

not show better mechanical characteristics, especially compared to the PLGA 

membrane. Surprisingly, the PLGA membrane had better and higher tensile 

strength and was more elastic than the coaxial membrane with elongation at 

break 25.94 % ± 3.56 SD and 14.61 % ± 4.0 SD, respectively. Two leading 

phenomena can cause such improvement to the mechanical properties of the 

electrospun PLGA membrane. It is either due to the mechanical properties of 

the PLGA polymer or because the fabricated electrospun membrane was 

produced from high polymeric solution concentration (14 wt%). Also, the 

benefits of having a higher ratio of lactide (LA) to glycolide for increasing the 

mechanical properties of the membrane was recorded by others (Mehrasa, et 

al., 2015; Castro, et al., 2020). 
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Figure 9.11 Photographs of flat sheet scaffolds during tensile testing, (A) PCL, (B) PLGA, (C) Coaxial, and (D) 
shows the stress-strain curves obtained for each samples (Source: M. Bazgir).  

Sample 

name 

Length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

Area 

(mm)2 

Tensile 

Strength 

(MPa ± SD) 

Elongation 

at Break (% 

± SD) 

Young 

Modulus 

(MPa ± SD) 

PCL 46.3 10.7 0.09 0.963 1.02 ± 0.2 32.43 ± 4.37 7.75 ± 5.096 

PLGA 47.5 10.3 0.12 1.236 3.1 ± 0.57 25.94 ± 3.56 13.51 ± 2.35 

Coaxial 49.41 9 0.09 0.81 2.89 ± 0.97 14.61 ± 4.0 9.18 ± 1.76 

Table 9.5 Mechanical Properties of each PCL, PLGA, and coaxial electrospun scaffolds (Source: M. Bazgir). 
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9.6 Synopsis of the key findings of Chapter Nine  

 

In this study, three different biodegradable electrospun fibrous membrane 

types were successfully fabricated from 17 wt% PCL and 14 wt% PLGA 

solutions. Cell adhesion and proliferation of HUVEC and HVF to the synthetic 

electrospun fibrous membranes were found to be rather complicated and 

challenging. However, the results obtained from cell viability assay and 

confocal imaging showed that these synthetic biodegradable membranes 

could adhere and proliferate these particular cells. However, the PLGA 

membrane encouraged the cells to proliferate and differentiate more than PCL 

and Coaxial scaffolds. Additionally, the PLGA membrane showed to have 

adequate mechanical properties. Therefore, these findings confirm that the 

PLGA has a higher potential for tissue engineering applications, particularly for 

blood vessel applications. 
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10. CHAPTER 10 FINAL SUMMARY   

10.1 Overall Conclusions  

This research aimed to investigate and produce synthetic, biodegradable 

vascular grafts by electrospinning technique that could mimic natural vascular 

grafts and further evaluate its potential use as a scaffold for blood vessel tissue 

engineering. In order to accomplish this goal, several objectives were set and 

investigated.  From the results obtained and reported in this thesis, many 

conclusions can be drawn. First, electrospinning can produce a wide range of 

poly (ɛ-caprolactone) and Poly (lactic-co-glycolic acid) structures. Second, the 

structure of the electrospun polymer contained beads or bead-on-string 

morphology at the beginning under many conditions. However, the solution 

concentration has a significant impact on the structural morphology of the 

electrospun scaffolds, i.e. as the polymer concentration increased, the beads' 

formation decreased or eliminated.  

The Tensile properties of the electrospun PCL membrane shown to be more 

elastic than the PLGA polymer, and due to this property, no Yielding point 

could be measured during the tensile test. Also, the electrospun scaffolds 

retained their structural integrity over 12 weeks at room temperature and over 

four weeks while incubated at 37°C. Nevertheless, all samples experienced 

unsteady weight loss except for the coaxial membranes, which degraded at a 

much slower/steadier rate than other samples. The mechanical properties of 

the coaxial scaffold were approximately four times higher than the bilayer and 

PCL only scaffolds. From the obtained results, it can be determined that the 

coaxial needle can be very advantageous for tissue engineering, specifically 
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when the scaffolds are produced by electrospinning. All the scaffolds showed 

degradation over time, but most importantly, they showed that they shrank and 

caused the pore size and the porosity of all scaffolds to decrease significantly. 

Such phenomena/findings can negatively affect cell adhesion and proliferation 

in-vitro. 

However, by comparing the parameters obtained from the tubular scaffold to 

the flat sheet scaffolds, it was found that due to the small surface area of the 

mandrel collector, the final thickness of scaffolds was much thicker compared 

to the flat collector. Another different property/finding is that the scaffolds 

produced by mandrel collectors had lower surface porosity (%) and lower 

surface average pore size, affecting cell-surface interactions, including 

adhesion and proliferation. Therefore, investigating the degradation rate of all 

produced scaffolds was critical, especially for the tubular electrospun 

scaffolds. Since these scaffolds are made out of biodegradable materials and 

intended to be used in in-vivo hence, if these membranes do not have a 

sufficient and steady degradation rate, including sufficient endothelial cell 

attachment, it will lead to failure most likely due to thrombosis. On the other 

hand, if it started to degrade quickly and faster than allowing tissues to replace 

the biodegradable implant, it will lead to the collapse of the membrane, which 

could cause vessel blockage. The tubular scaffold showed similar or tougher 

tensile strength to native blood vessels, with excellent elasticity. In particular, 

the 6mm diameter tubular coaxial scaffolds and the primary data indicated that 

such polymeric scaffolds have the tendency to become an alternative method 

to blood vessel replacement. The PCL, PLGA, and coaxial scaffolds were 
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shown to adhere and proliferate HUVEC and HVC cells, further confirming the 

potential use of such structures for blood vessel replacement.  

Comparing the overall findings of this research programme to the current state 

of the art in the area of fabrication of tissue-engineered vascular grafts are 

encouraging and interesting due to the fact that we are closing the gap in 

producing a functional tissue-engineered biodegradable vascular graft, and it 

is only a matter of time, in finding the optimum properties using the 

electrospinning fabrication technique, and the correct ratio between the 

materials used. Furthermore, this work (along with others) have shown in a 

laboratory environment that there is strong evidence that electrospinning 

would be the right device for this particular purpose due to the scaffolds and 

their related properties that were produced via this useful device which 

altogether and mostly resemble the natural human tissue extracellular matrix. 
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10.2 Recommendations and Future Works  

Based on the knowledge accumulated during this study and other 

studies/literature, it is a well-known fact that several issues transpire with the 

use of biodegradable polymers profoundly with their structural integrity, 

degradation rate, cell adhesion and proliferation during the degradation period. 

As when the vascular grafts fabricated from the hydrophilic polymers, they 

show much better cell migration and proliferation than the hydrophobic ones, 

but not as good structural and mechanical strength. Although the hydrophobic 

polymers are mainly used for mechanical properties purposes, the other 

disadvantages that accompany such polymers make them undesirable.  AS 

there are many vascular implant stents available commercially in various sizes, 

it might be a good idea to electrospun FDA approved hydrophilic 

biodegradable polymers on top of the desired biocompatible stent to increase 

their mechanical and structural integrity. The feasibility of such a suggestion 

should be further investigated. 

Further investigation is also beneficial towards the relationship between pores 

and the distribution of electrospun small fibre diameters. In chapter 9, although 

all the electrospun membrane surfaces possessed hydrophobic nature, it was 

noticed that the PLGA membrane had better interaction with endothelial and 

fibroblast cells despite having much smaller average pore size and fibre 

diameter. With further examination, it was found that when cells perform the 

amoeboid movement, it pushes the smaller fibres much more comfortably than  

larger fibres to migrates into the pores. The relationship between smaller fibre 

diameter and pore size for proliferation and immigration of vascular cells such 
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as endothelial, fibroblast and smooth muscle cell must therefore be researched 

further for better cell interactions in vitro followed by in vivo studies. 

 

Further recommendations for future works are as follows: 

• To conduct a 6-12 months degradation test for all electrospun membranes 

in the in-vitro environment at 37 °C. 

• To investigate the produced electrospun membranes, cell viability and 

biocompatibility with the smooth muscle cells. 

• To investigate the impact of surface treatment upon these electrospun 

membranes, i.e. further investigate wettability, morphological structure, 

degradability, mechanical properties, and most specifically cell adhesion 

and proliferation. 
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11. Appendix  

Needles  

Throughout this experiment, a various set of needles figure 11.1(A) with nozzle 

size ranging from 16G to 26G have been used more information in this regard.  

The coaxial needle figure 11.1 (B) is a unique set of a needle that is capable 

of electrospinning two different types of polymer solution at the same time and 

successfully produce scaffolds with micro-scale fibre diameter. 

 

Figure 11.1 Set of needles range from 16G “first needle in the left” to 26G, (B) Coaxial Needle (Source: M. Bazgir). 

 

Magnetic Stirrer  

A magnetic stirrer is a laboratory device that has was used extensively 

throughout this project to dissolve and mix the polymer pellets with the desired 

solvents. This instrument employs a rotating magnetic field on a magnetic stir 

bar which is dipped into the liquid to spin very quickly.  Figure 11.2 below 

shows how the polymeric solution was prepared prior to electrospinning. A) 

Magnetic stir device, B) PCL granules with Chloroform as solvent placed into 

the sealed glass vial. Polymers used in this work require a long time to get fully 

dissolved in the solvent. Therefore, the glass vial was clamped on the surface 
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of magnetic stirrer with a tape to minimise any risk of falling or breakage of the 

glass vial when it is not attended. C) Polymeric solution completely prepared 

to be electrospun. 

 

Figure 11.2 Solution preparation with magnetic stirrer (Source: M. Bazgir). 

 

Scaffold Characteristics  

Tissue engineering vascular grafts have great potential to be an alternative 

method for replacement of the blood vessel, due to some scaffolds being 

capable of providing a three-dimensional frame to support and mimic the 

natural ECM for specific cell types. So, in order to have a successful tissue-

engineered scaffold, it is crucial to study and understand the scaffolds 

morphological structure. By mentioning the importance of the surface structure 

of the TE scaffolds in this study scanning electron microscopy (SEM) and 

contact angle measurement device was extensively used to understand the 

arrangement of the fibres, fibre diameter, and porosity of the scaffold as well 

as the wettability of the scaffold, respectively. 
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Scanning Electron Microscopy (SEM)  

SEM has become one of the essential instrument to obtain an image at the 

micro-and nanoscale levels. What makes SEMs desirable method in the field 

of tissue engineering is that the sample of interest can be simulated and 

imaged in condition very close to their natural state. SEM scans the surface of 

the sample by a beam of electrons to produce a 3D image; those images are 

useful for understanding the structure of the surface, also how the fibres are 

interconnected and cross-linked.  

 

Figure 11.3 (A) TM3000 Scanning Electron Microscope (SEM) machine (B) Large Number of Different Types of 
scaffolds Placed on the Disk and Ready for Scanning (Source: M. Bazgir). 

 

The Hitachi TM3000 Scanning electron microscopy figure 11.3 was used to 

image the morphological changes of the polymeric scaffolds before and during 

the degradation process. To have an accurate image of the surface structure, 

it was essential to dry the sample prior to placing the samples in the machine. 

Therefore, to assess the individual fibres at a higher resolution, for each 

sample, different observation conditions settings were applied. 
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Surface Contact Angle Measurements  

Water contact angle (WCA) measurement was mainly used to provide a good 

understanding of surface properties such as wettability, surface energy and 

adhesion to the substrate. To determine the surface tension of the electrospun 

scaffold, it was essential to perform a wettability study. The wetting of 

electrospun mats can determine the hydrophobicity and hydrophilicity 

properties of materials by looking into how the liquid spread out or adhere onto 

a solid surface. The choice of hydrophobic or hydrophilic scaffolds primarily 

depends on the tissue engineering strategy and most importantly considering 

the site of implementation. However, in the field of vascular tissue engineering, 

the preferred scaffolds are the hydrophilic scaffolds. The most direct method 

of measuring these characteristics is via the use of VCA-Optima contact angle 

measurement device (Figure 11.4) has been used in this project. 

 

Figure 11.4 VCA-optima Contact Angle Measurement Device (Source: M. Bazgir). 

 

In order to determine the wettability of the fabricated scaffold a droplet of 

deionised water (DH2O) is injected from a syringe onto the membrane surface, 
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then the image of the droplet on the scaffold is visualised through image 

analyser software via the “AutoFAST imaging software”, from which five defied 

points are mapped out around the droplet (L, R, T, 1 and 2). These data points 

collectively show the size of the contact angle between the scaffold surface 

and the droplet curve. A material with contact angle greater than 90° as in 

Figure 11.5 corresponds to a low wettability; therefore, it is hydrophobic and 

material with contact angle lower than 90° corresponds to high wettability, thus 

being hydrophilic. 

 

Figure 11.5 An example of measurement of static contact angle of a water droplet on the surface of PCL scaffold 
(Source: M. Bazgir). 

 

 

ImageJ  

Processing and extraction of information from images are very crucial aspects 

of the experimental workflow, especially while developing tissue-engineered 

scaffolds. Each step of the experimental work usually requires the use of 

different software tools to analyse and understand the characteristics of the 

electrospun mats. Although numerous open-source programs are available for 

biomedical image processing, we have found that ImageJ to be the most useful 

software for this particular study due to its simplicity of use and accuracy. 
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ImageJ is Java-based software and was developed by the National Institute of 

Health. In the field of regenerative medicine and tissue engineering, the use of 

this software is beneficial for analysis of fibre diameter, surface porosity, pore 

size and thickness of scaffold, and it can also be used to calculate the distance 

between particles and their closest neighbours in many-particle systems. 

Applications of ImageJ software in this research  

ImageJ software has been used extensively in this project as it allows the multi-

dimensional image to be effectively assessed, thus allowing an accurate 

representation of the following parameters of the scaffold: 

Fibre Diameter  

For accurate measurements of fibre diameter of the fabricated scaffold couple 

of procedures had been considered. (1) The scale was set according to the 

known measurement shown at the bottom right of the SEM picture. (2) The 

width of each fibre diameter was measured and repeated 20 times before an 

average was calculated, it is essential to repeat the measurements and 

calculate the average of the scaffold fibre diameter as each fibre has different 

length and width after it is electrospun. This process was repeated for all SEM-

generated images, 192 samples for the degradation study over 12 weeks at 

room temperature, as well as for all 64 samples of fibre diameter change over 

four weeks at 37. The figures below show a better illustration of the procedures 

which has been employed in this thesis.   
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Figure 11.6 Select "Set Scale" for accurate measurement (Source: M. Bazgir). 

 

Figure 11.7 Change the Known Distance and Unit of Length as it shown in button right of the image (Source: M. 
Bazgir). 
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Figure 11.8 Measure the diameter length of 20 fibres (Source: M. Bazgir). 

 

The width of 20 fibres was measured, then transferred to an Excel spreadsheet 

to calculate the average, standard error and standard deviation of all the 

selected 20 points. Then the data were extracted and converted into a bar 

chart and graph for a better graphical presentation of the results. 

 

Porosity and Pore Size  

As mentioned previously, throughout this study, a successful tissue-

engineered scaffold must be porous with a fully interconnected structure to 

provide a large surface area for the cell attachment, cell ingrowth and the 

neovascularization of the scaffold. There are several important parameters 

associated with pore characteristics in the field of TEVG, which must be 

considered such as pore size, the shape of the pore, pore volume as well as 
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the roughness of the pore wall. There are several methods which can be used 

to determine the porosity properties of the electrospun scaffolds, such as 

gravimetric method, mercury porosimetry, liquid displacement method, 

permeability-based method and the capillary flow porometry. However, all the 

mentioned methods are time-consuming, involve some sophisticated practical 

work and require some mathematical calculation. As for the contact angle 

measurements, we used ImageJ as an alternative method for the 

measurements of pore size and pore volume of the scaffolds. The following 

figures below give a better understanding of how this open-source Java-based 

software “ImageJ” is easy to use and can be very useful for providing the 

required information out of the SEM images.   

 

 

Figure 11.9 Change the image type to 8-bit (Source: M. Bazgir). 
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Figure 11.10 Select Threshold (Source: M. Bazgir). 

 

 

To determine the surface area to volume ratio between fibres and pore volume, 

this can be achieved by finding the percentage of the available fibres in point 

of space chosen randomly, then subtracting the total percentage of fibres from 

100 to get a total percentage of pores in point of space. It is a feature which is 

already available in the ImageJ software and can be applied to the image to 

analysis the percentage of empty spaces in the image or between each fibre. 

An example can be seen in Figure 11.11 as it shows the total percentage of 

surface porosity is about 33.20% and in Figure 11.12 shows that the total 

percentage of available fibres is around 66.56%. 
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Figure 11.11 Highlight the pores (Source: M. Bazgir). 

 

 

Figure 11.12 Highlight the fibres (Source: M. Bazgir). 

 



 

295 
 

Pore Size  

Pore size can be determined by measuring spaces between each fibre and 

finding the average value of all measure values. In this case, the area of each 

examined pore was highlighted, measured, and transferred to an excel 

spreadsheet whereby the average of all selected 20 points was calculated. 

 

Figure 11.13 With help of using Wand (Tracing) Tool select 20 Pints of the highlighted areas (Source: M. Bazgir). 

 

 

Figure 11.14 Display all the selected points and select the required data (Source: M. Bazgir). 
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 Scaffold Dimensions and Thickness  

The measurements of scaffold dimensions and thickness are vital for 

calculating areas of the object while undertaking the mechanical test of the 

samples in chapter 6-9; these calculations played a critical role for plotting 

accurate stress/ strain graphs.  The following tools, such as micrometre and 

digital calliper, were considered for calculating the thickness and dimension, 

respectively. However, using the SEM shown to be a promising alternative 

method for calculating the scaffold thickness but due to the high volume of 

samples, the useability of this method was not feasible as it is time-consuming 

and needs further image analysis in ImageJ software. 

 

Figure 11.15 A) Digital Calliper, b) Cross-sectional image of tubular scaffold with SEM (Source: M. Bazgir). 
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Weight Scale  

Mettler Toledo weighing scale was used extensively throughout this project to 

measure sample weight loss over 12 weeks. This scale was chosen since it 

provides up to 4 decimal points. 

 

Figure 11.16 Mettler Toledo Scale (Source: M. Bazgir). 

 

 

MACH-1 Mechanical Testing Machine  

Mach-1 is a mechanical tester and has the capability to be applied to any 

material as long as the shape and the dimension of the sample is compatible 

with the specification of the device. This device has been widely used in this 

project to determine the mechanical properties of our synthetic polymer 

scaffolds. The mechanical properties have been assessed when the sample 

was subjected to a periodic stimulus applied axially in “tension”. Usually, these 

properties are expressed in terms of complex storage and loss modulus 

components. The storage modulus refers to the stiffness of the material; the 

loss modulus refers to the loss of energy while undergoing plastic deformation, 

morphology change, and breaking point. However, the mechanical properties 
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provide beneficial information for understanding the characterisation and the 

mechanical behaviour of the material. Chapters 4 and 5 present the results by 

using this device to determine the mechanical properties of the flat sheets and 

tubular electrospun scaffolds. 

 

Figure 11.17 Mach-1 Mechanical Testing Machine (Source: M. Bazgir). 

 

Incubator  

One of the main objectives of this project is to fabricate a synthetic, 

biodegradable vascular graft that can be used as an alternative method for 

blood vessel replacement and therefore some necessary tests had to be 

carried out including placing the scaffolds in the incubator for four weeks at a 

temperature of 37oC so various tests can be performed. The reason for this is 

to study the effect of behaviour and structural changes of the scaffolds when it 

is introduced to typical human body temperature. The results of this study are 

presented in chapter 6-8. 
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Figure 11.18 A) Incubator, B) Various type of samples placed on the incubator tray (Source: M. Bazgir). 

 

Solvents  

A critical requirement of electrospinning is to have a suitable solvent for 

dissolving the polymers. The desired properties of the solvent are as follows: 

(1) Solvents should be able to evaporate quickly enough in order for the fibre 

to keep their integrity when it reaches the collector. However, it should not 

evaporate so fast that allows fibres to harden before it reaches the micro or 

nanometre range. (2) Surface tension and viscosity of the solvents must not 

be too large so as not to allow the jet form, neither it should be too small to let 

the solution drain freely from the needle tip. Each solvent has a different level 

of electrospinnability and different effect on the polymer. Throughout this 

project, different solvents have been used for the PCL, and PLGA polymers 

and the effect of each is given in chapter 4 and 5. The properties of each 

selected solvent for this project can be found in table 11-1 below.



 

300 
 

 

 Solvents  Picture  Chemical 

formula  

Density 

(g/ml)  

Molecular 

weight 

(g/mol)  

Solubility 

parameter   

(cal/𝑪𝑴𝟑)
𝟏

𝟐⁄  

Boiling 

Point 

(°∁)  

pH 

level  

Acetone 

 

C3H6O 0.791 58.08 9.77 56 7 

Chloroform 

 

CHCl3 1.492 119.38 9.21 61 6.7 
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Dichloromethane(DCM) 

 

CH2Cl2 1.325 84.93 9.93 39.8-

40.0 

Not 

Known 

N, N 

Dimethylformamide(DMF 

 

C3H7NO 0.944 73.10 12.14 152 6.6-8.0 

Methanol 

 

CH4O 0.792 32.042 12.91 64.7 7 
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Tetrahydrofuran (THF) 

 

C4H8O 0.889 72.11 9.52 65-67 7-8 

Table 11.1 Properties of all selected organic solvents (Source: M. Bazgir). 
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Confocal Images of PCL and PLGA scaffolds  

 

 

Figure 11.19 Confocal Images of A) PCL and B) PLGA electrospun Scaffolds (Source: M. Bazgir). 

 

Chapter 4  

 

Table 11.2 Summary of morphological characterises as well as the weight of the electrospun PCL solution in 
chapter 4 (Source: M. Bazgir). 
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Chapter 6 

 

Figure 11.20 Handleability images of 30 minutes PCL and PLGA scaffolds over 12-week period (Source: M. 
Bazgir). 

 

 

Figure 11.21 Handleability images of 60 minutes PCL and PLGA scaffolds over 12-week period (Source: M. 
Bazgir). 

30 Min PCL 30 minPLGA 
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Figure 11.22 Wettability Contact Angle Images of PCL and PLGA scaffolds (Source: M. Bazgir). 

 

Chapter 7 

 

 

Figure 11.23 Shows stages of Tylor Cone formation at the tip of Coaxial needle (Source: M. Bazgir). 
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Figure 11.24 Handleability images of 30 minutes Coaxial and Bilayer scaffolds over 12-week period (Source: M. 
Bazgir). 

 

Figure 11.25 Handleability images of 60 minutes Coaxial and Bilayer scaffolds over 12-week period (Source: M. 
Bazgir). 
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Figure 11.26 Wettability Contact Angle Images of Coaxial and Bilayer scaffolds (Source: M. Bazgir). 
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Chapter 8  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.27 Schematic 
representation of the 
fabrication of tubular 
Scaffolds: (1) Spray-Base 
Electrospinning machine, 
(2) 6mm mandrel 
wrapped with non-
sticking aluminium 
kitchen foil, (3) Mandrel 
fastened to rotating 
machine before 
electrospinning process, 
(4) During 
electrospinning, (5) After 
electrospinning and 
finally (7) layers of 
polymeric scaffold on the 
tubular kitchen foil (the 
final product) (Source: M. 
Bazgir).    
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Scaffold Images  

P
C

L
 

  

  

P
L

G
A

 

 

 



 

310 
 

 

 

C
o

ax
ia

l 

 

 

 

 

 



 

311 
 

B
il

ay
er

 P
C

L
/P

L
G

A
 

 

 

 

 

 

 

Figure 11.28 Images of produced Tubular Scaffolds (Source: M. Bazgir). 

 

 

 

 

 


