
 

DEVELOPMENT OF NOVEL ELECTRICALLY 

CONDUCTIVE SCAFFOLDS BASED ON SILK FIBROIN 

WITH ELECTRICAL STIMULATION FOR PERIPHERAL 

NERVE REGENERATION 

 

 

A thesis submitted to the University of Manchester for the degree of 

Doctor of Philosophy in the Faculty of Science and Engineering 

 

 

2022 

 

 

Chinnawich Phamornnak 

 

 

School of Natural Sciences 

Department of Materials 



   

2 
 

CONTENTS 

LIST OF FIGURES ......................................................................................................................... 8 

LIST OF TABLES ......................................................................................................................... 20 

LIST OF ABBREVIATIONS.......................................................................................................... 21 

ABSTRACT .................................................................................................................................. 24 

DECLARATION ............................................................................................................................ 25 

COPYRIGHT STATEMENT ......................................................................................................... 26 

ACKNOWLEDGEMENT ............................................................................................................... 27 

THE AUTHOR .............................................................................................................................. 28 

CHAPTER 1 Introduction ............................................................................................................. 29 

1.1. Statement of Problems ....................................................................................... 29 

1.2. Objectives ........................................................................................................... 31 

1.3. Hypothesis .......................................................................................................... 32 

1.4. Scope of the Study ............................................................................................. 32 

CHAPTER 2 Literature Review .................................................................................................... 34 

2.1. Anatomy and Physiology of Peripheral Nervous System ................................... 34 

 Histology of nerves ........................................................................ 34 

 Structure of spinal nerves .............................................................. 37 

 Electrical signals of neurons .......................................................... 38 

 Synaptic transmission .................................................................... 42 

2.2. Peripheral Nerve Injury ....................................................................................... 44 

 Seddon classification ..................................................................... 44 

 Sunderland classification ............................................................... 46 

2.3. Peripheral Nerve Regeneration .......................................................................... 47 

 Neurobiology of peripheral nerve injury ......................................... 48 

 Factors and molecules associated with neuron growth ................. 49 



   

3 
 

2.4. Clinical Peripheral Nerve Therapy and Tissue Engineered Peripheral Nerve 

Approaches ........................................................................................................ 51 

 Autologous nerve grafts ................................................................. 52 

 Artificial nerve conduits and tissue engineered nerve scaffolds .... 52 

 Electrical stimulation ...................................................................... 54 

 Other external stimuli for non-surgical peripheral nerve treatment 56 

2.5. Materials for Tissue Engineered Peripheral Nerve Scaffolds ............................ 56 

 Silk fibroin (SF) .............................................................................. 65 

 Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: 

PSS) ............................................................................................... 69 

2.6. Electrospinning ................................................................................................... 71 

 Electrospinning apparatus ............................................................. 71 

 Jet generation ................................................................................ 72 

 States of materials for electrospinning ........................................... 75 

 Electrospinning parameters ........................................................... 76 

2.7. Interpenetrating Polymer Networks (IPNs) ......................................................... 77 

 The chemistry of preparation ......................................................... 77 

 The structure of IPN ....................................................................... 77 

2.8. Electrical Stimulation Methods ........................................................................... 78 

 Direct stimulation ........................................................................... 78 

 Capacitive stimulation .................................................................... 84 

 Inductive stimulation ...................................................................... 85 

2.9. Peripheral Nerve Cell Lines ................................................................................ 86 

 Rat adrenal pheochromocytoma cell line (PC-12) ......................... 87 

 Mouse neuroblastoma x rat glioma hybrid cell line (NG108-15).... 87 

2.10. In Vitro Effects of Electrical Stimulation on Peripheral Nerve ............................ 88 

CHAPTER 3 Optimisation of double layer electrospun silk fibroin .............................................. 90 

3.1. Materials and Methods ....................................................................................... 91 



   

4 
 

 Extraction of silk fibroin .................................................................. 91 

 Electrospinning solution preparation .............................................. 91 

 Optimisation of electrospinning parameters .................................. 92 

 Post-treatment of electrospun mats and FTIR analysis ................. 94 

 Scanning electron microscopy (SEM) analysis.............................. 95 

 Fibre alignment with 2D FFT analysis ........................................... 96 

3.2. Results ................................................................................................................ 96 

 Qualitative analysis of degummed silk fibroin ................................ 96 

 Optimal conditions for preparation of electrospinning solution ...... 97 

 Effects of different electrospinning parameters on electrospun SF 

mats ............................................................................................. 100 

 Diameter of fibre and degree of alignment .................................. 105 

 β-sheet formation in electrospun SF mats ................................... 108 

3.3. Discussion ........................................................................................................ 111 

 Optimal parameters for preparing electrospinning SF solution ... 111 

 Effects of electrospinning solution on electrospun SF mats ........ 114 

 Effects of humidity and temperature on electrospun SF mats ..... 115 

 Effects of apparatus orientation on electrospun SF mats ............ 117 

 Effects of rotating speed of collector on electrospun SF mats .... 119 

 Effects of post-treatment on electrospun SF mats ...................... 120 

 General discussion of double layer electrospun mats ................. 122 

3.4. Conclusion ........................................................................................................ 124 

CHAPTER 4 Electrical Modification of Electrospun Silk Fibroin ................................................ 126 

4.1. Materials and Methods ..................................................................................... 127 

 Interpenetrating polymer network (IPN) ....................................... 127 

 Dip coating ................................................................................... 128 

 ATR-FTIR analysis ....................................................................... 129 

 Scanning electron microscopy (SEM) .......................................... 129 



   

5 
 

 Tensile testing .............................................................................. 129 

 X-ray and Hard X-ray photoelectron spectroscopy (XPS and 

HAXPES) ..................................................................................... 130 

 Electrochemical characterisation ................................................. 131 

 Statistical analysis ........................................................................ 133 

4.2. Results .............................................................................................................. 133 

 The presence of PEDOT:PSS on electrospun SF ....................... 133 

 Tensile profiles of electrospun SF and IPN mats......................... 135 

 Surface and bulk chemical species of electrospun SF and IPN mats

 ..................................................................................................... 138 

 Electrochemical characters of electrospun SF and IPN mats ..... 144 

4.3. Discussion ........................................................................................................ 147 

 Physical properties of IPN mats ................................................... 147 

 Mechanical properties of IPN mats .............................................. 149 

 Electrochemical properties of IPN mat ........................................ 153 

4.4. Conclusion ........................................................................................................ 155 

CHAPTER 5 In Vitro, Neuron Growth and Neurite Extension on Electrically Conductive 

Electrospun Mats ........................................................................................................ 157 

5.1. Materials and Methods ..................................................................................... 158 

 Sample preparation for cell culture .............................................. 158 

 NG108-15 cell culture .................................................................. 160 

 Indirect test (conditioned medium) ............................................... 162 

 Direct contact test ........................................................................ 163 

 Cell metabolic activity via resazurin assay .................................. 165 

 DNA concentration via PicoGreen® assay .................................. 165 

 Live/dead staining ........................................................................ 166 

 Scanning electron microscopy (SEM) of cell samples ................. 166 

 Immunofluorescence (IF) ............................................................. 166 



   

6 
 

 Measurement of neurite extension length .................................... 167 

 Statistical analysis ........................................................................ 168 

5.2. Results .............................................................................................................. 169 

 NG108-15 grown on TCP substrates ........................................... 169 

 NG108-15 grown on TCP substrates with conditioned media from 

electrospun SF and IPN mats ...................................................... 175 

 NG108-15 grown on electrospun SF and IPN mats without 

differentiation factors .................................................................... 178 

 NG108-15 grown on electrospun SF and IPN mats with 

differentiation factors .................................................................... 183 

5.3. Discussion ........................................................................................................ 187 

 Activation of cell differentiation .................................................... 187 

 Toxicity of PEDOT:PSS and other chemical residues ................. 188 

 Neuron growth and neurite extension on electrospun SF based 

materials....................................................................................... 190 

5.4. Conclusion ........................................................................................................ 194 

CHAPTER 6 Effects of Electrical Regimes on Neuronal Cells .................................................. 195 

6.1. Materials and Methods ..................................................................................... 197 

 Electrical stimulation apparatus ................................................... 197 

 Sample preparation for electrical stimulation ............................... 197 

 Finite element analysis by COMSOL Multiphysics® ................... 198 

 NG108-15 Cell culture ................................................................. 200 

 Electrical stimulation of NG108-15 on electrospun SF and IPN mats

 ..................................................................................................... 201 

6.2. Results .............................................................................................................. 202 

 Computational modelling ............................................................. 202 

 Optimisation of electrical parameters .......................................... 213 



   

7 
 

 Effect of electrical stimulation on neurite outgrowth for NG108-15 

grown on electrospun SF and IPN (α = 2.3) mats ....................... 219 

6.3. Discussion ........................................................................................................ 229 

 Effect of different types of electrode on electrical stimulation...... 229 

 Distribution of EF and current density in cell culture system ....... 230 

 Electrochemical reaction of cell culture medium during electrical 

stimulation .................................................................................... 232 

 Effect of electrical stimulation on neurite outgrowth .................... 233 

 Suggestions for the further analysis ............................................ 237 

6.4. Conclusion ........................................................................................................ 240 

CHAPTER 7 Overall Conclusion ................................................................................................ 242 

7.1. Summary .......................................................................................................... 242 

 Fabrication of non-woven mats (Chapter 3) ................................ 242 

 Modification of electrical conductive property of the fibre mat 

(Chapter 4) ................................................................................... 243 

 In vitro biocompatibility (Chapter 5) ............................................. 243 

 Electrical stimulation (Chapter 6) ................................................. 244 

7.2. General Discussion .......................................................................................... 244 

7.3. Limitations of Study .......................................................................................... 245 

 Electrospinning tools .................................................................... 245 

 Cell culture ................................................................................... 246 

7.4. Future Work ...................................................................................................... 246 

 Electrically conductive material fabrication .................................. 246 

 Electrical stimulation via electrically conductive material ............ 246 

 Potential applications ................................................................... 247 

REFERENCES ........................................................................................................................... 249 

Final word count: 55,955 words 

 



   

8 
 

LIST OF FIGURES 

Figure 2.1 Diagram of the major components of the central and peripheral nervous systems and 

their functions, this figure has been adapted and redrawn from [25]. .......................... 35 

Figure 2.2 Structure of the peripheral nerve extending from the spinal cord (spinal nerve) classified 

by functions [29]. ........................................................................................................... 36 

Figure 2.3 Microstructure of peripheral nerve: (a) a typical peripheral nerve and its connective 

tissue wrappings, which associated to spinal nerve and (b) a pseudo coloured scanning 

electron micrograph showing peripheral nerve fibres (SEM x 340), this figure is adapted 

from [37]. ....................................................................................................................... 38 

Figure 2.4 Schematic of the resting membrane potential and typical action potential (AP) of 

peripheral nerves: (1) resting membrane potential, (2) depolarisation, (3) repolarisation, 

and (4) hyperpolarisation, this figure is based on information from [25, 38]. ............... 39 

Figure 2.5 Schematic of action potential (AP) and the activation of ion channels (Na+ and K+ 

channels) in the different states, this figure is based on information from [25, 38]. ..... 40 

Figure 2.6 Schematic diagram of action potential conduction in axons, this figure is adapted and 

redrawn from [38]. ......................................................................................................... 42 

Figure 2.7 Schematic model of the synaptic transmission: (a) a chemical synapse and synaptic 

cleft between pre- and post-synaptic membranes and (b) an electrical synapse touching 

with very closed intercellular junctions (gap junctions) and the arrows represent the 

transfer of electrical signals, ions, metabolites, and small molecules of secondary 

messengers, this figure is based on information and adapted from [26, 27]. ............... 43 

Figure 2.8 Schematic of nerve injury, Wallerian degeneration, and regeneration process, this 

figure is adapted from [7]. ............................................................................................. 49 

Figure 2.9 Schematic of different structures of nerve guidance conduits (NGCs) and the 

modification of scaffolds with either physical or biological cues [64]. ........................... 54 

Figure 2.10 Schematic of regenerated silk fibroin molecular chain including hydrogen bonding, 

secondary protein structures, and amino acid sequences [124]. ................................. 66 



   

9 
 

Figure 2.11 Chemical structure of poly(3,4-ethylenedioxythiophene) (PEDOT), polystyrene 

sulfonate (PSS), and the complex form of PEDOT:PSS. ............................................. 71 

Figure 2.12 Schematic of electrospinning jet from needle to collector, this figure is based on 

information from [166]. .................................................................................................. 74 

Figure 2.13 Transition of droplet due to the increase of voltage, this figure is based on information 

from [168, 169]. ............................................................................................................. 74 

Figure 2.14 Schematic of simultaneous IPN and sequential IPN, this figure is based on information 

from [177, 178]. ............................................................................................................. 78 

Figure 2.15 The direct ES model: the electrodes and electrochemical cell in (a) horizontal axis and 

(b) vertical axis, this figure is adapted and redrawn from [179]. ................................... 79 

Figure 2.16 Schematic representation of the electrical double layer (EDL): (a) the charge injection 

at the surface of electrode and (b) the relative electrical potential in each layer, this figure 

is adapted and redrawn from [179]. .............................................................................. 80 

Figure 2.17 Alternative direct ES model: (a) double salt bridges model without direct contact of 

electrodes to cell culture medium and faradic by-products and (b) single salt bridge 

model with the separation of faradic by-product from each electrode, this figure is 

adapted and redrawn from [179]. ................................................................................. 82 

Figure 2.18 Direct ES through an electrically conductive scaffold with cells on top, this figure is 

adapted and redrawn from [179]. ................................................................................. 84 

Figure 2.19 Capacitive ES model and the generation of electric field by two parallel electrodes at 

the outer surface of TCP: (a) horizontal direction of electrodes and (b) vertical direction 

of electrodes, this figure is adapted and redrawn from [179]. ...................................... 85 

Figure 2.20 Inductive ES model with the generation of electromagnetic field (EMF) by solenoid 

coils at the outer surface of TCP: (a) horizontal direction of solenoid coils and (b) the 

combination of horizontal solenoid coils and static magnetic field from magnets, this 

figure is adapted and redrawn from [179]. .................................................................... 86 



   

10 
 

Figure 3.1 Schematic of horizontal electrospinning setup composing of a syringe pump, silk 

solution in a syringe with 19 G needle, a rotating mandrel collector, and a high voltage 

supply between needle and collector. .......................................................................... 93 

Figure 3.2 Schematic of vertical electrospinning setup in an environmental control system 

composing of a syringe pump, silk solution in a syringe connecting to PTFE tube, luers, 

and needle, a rotating mandrel collector, and outside DC power supplies charging to 

needle (+) and collector (-). .......................................................................................... 94 

Figure 3.3 Morphologies of silk worm cocoons and degummed silk fibroin: (a) 5 g of B. mori silk 

cocoons cut into pieces ~2 x 2 cm2 before degumming, (b) degummed silk fibroin (cotton-

like fluffy fibres prepared from 5 g of silk cocoons) of size ~10 x 10 cm2 after spreading, 

(c) SEM image of silk cocoons composing of fibroin and sericin, and (d) SEM image of 

degummed silk fibroin with the scale bar of 10 µm. ..................................................... 97 

Figure 3.4 Electrospun SF mats (white colour) on aluminium foils collector (silver colour), prepared 

from electrospinning solutions of 6% wt/v SF in various ratios of FA/CaCl2 (ml:g): (a) 

98:2, (b) 95:5, and (c) 90:10, and those mats after leaving at room temperature for one 

day: (d) 95:5 and (e) 90:10, and (f) the electrospinning solution of 6% wt/v SF in FA/CaCl2 

(left) 98:2 and (right) 95:5 after leaving at room temperature for 7 days, the undissolved 

SF is shown in the circles, and the figures (a – e), the size of aluminium foils are ~5 x 5 

cm2. ............................................................................................................................... 99 

Figure 3.5 Image of the electrospinning solution of 10% wt/v SF in FA/CaCl2 with the ratio 98:2 at 

different time points: (a) after stirring at room temperature for 5 min and (b) after 

incubating at 45° C overnight (approximately 10 – 12 h). ............................................ 99 

Figure 3.6 Horizontal electrospinning of 10% wt/v SF in FA/CaCl2 (98:2) operated with 0.4 ml/h 

feed rate, 12 cm distance, and 15 kV voltage supply for 4 h: (a) electrospun SF mats on 

greaseproof paper cut in to pieces ~2 x 3 cm2, (b) post-treatment process with 80% 

EtOH, and representative SEM images from three independent experiments of 

electrospun SF fibres collected with the rotating speed of (c) 1,000 rpm and (d) 1,500 

rpm, the scale bar represented is 10 µm .................................................................... 101 



   

11 
 

Figure 3.7 Electrospun SF mats (white colour) on aluminium foil (silver colour) fabricated by 

vertical electrospinning of 10% SF in FA/CaCl2 (98:2) in the different feed rates (ml/h) 

and voltage supply (kV) with the constant distance of 12 cm at room temperature: (a) 

0.3 ml/h, 15 kV, (b) 0.3 ml/h, 18 kV, (c) 0.3 ml/h, 20 kV, (d) 0.05 ml/h, 15 kV, (e) 0.05 

ml/h, 18 kV, (f) 0.4 ml/h, 25 kV, (g) 0.4 ml/h, 30 kV, and (h) 0.4 ml/h, 35 kV, sizes of 

aluminium foils are ~5 x 5 cm2. ................................................................................... 104 

Figure 3.8 Representative SEM images from three independent experiments of vertical 

electrospinning of 10% SF in FA/CaCl2 (98:2) in the different voltage supplies and % 

R.H. with the constant feed rate of 0.4 ml/h and distance of 12 cm: (a) 25 kV, 35% R.H., 

(b) 30 kV, 35% R.H., (c) 35 kV, 35% R.H., (d) 25 kV, 50% R.H., (e) 30 kV, 50% R.H., 

and (f) 35 kV, 50% R.H., the scale bars represent 10 µm. ......................................... 105 

Figure 3.9 Distribution of fibre diameters of electrospun SF mats: (a) horizontal electrospinning 

with parameters of 0.4 ml/h feed rate, 12 cm distance, 15 kV voltage supply, 1000 rpm 

(n = 100) and 1500 rpm (n = 100) collector speeds and (b) vertical electrospinning with 

parameters of 0.3 ml/h (n = 123) and 0.4 ml/h (n = 115) feed rate, 12 cm distance, 35 

kV voltage supply, 35% R.H., ~800 rpm collector speed, where n is the number of fibres, 

representing three samples fabricated from three independent electrospinning 

experiments. ............................................................................................................... 106 

Figure 3.10 Example of 2D FFT alignment analysis: 8-bit SEM images of electrospun SF (a) 

aligned fibres and (d) random fibres, FFT images of (b) alinged fibres and (e) random 

fibres, and oval profiles analysis with radial sums mode and 360 number of points of FFT 

images of (c) aligned fibres and (f) random fibres. ..................................................... 107 

Figure 3.11 Schematic of double layer electrospun SF mat and the electrospinning parameters of 

each layer. .................................................................................................................. 107 

Figure 3.12 Fibre diameter and alignment of electrospun SF mat: (a) distribution of fibre diameters: 

the bottom layer (n = 405) and the top layer (n = 200), where n is the number of fibres 

and (b) average 2D FFT alignment value in each angle (0o – 180o) in both layers, bottom 



   

12 
 

is random fibres and top is aligned fibres (n = 3), where n is the number of electrospun 

samples fabricated from independent experiments with indepent solutions. ............. 108 

Figure 3.13 ATR-FITR spectra of electrospun SF mats after post-treatment with: (a) untreated, (b) 

water (c) various % EtOH in water, and (d) various % MeOH in water. ..................... 109 

Figure 3.14 Relative percentage of secondary protein structures composing of β-sheet, random 

coil, and turns and bend after post-treatment in different solutions: (a) untreated, water, 

and MeOH, and (b) EtOH. .......................................................................................... 110 

Figure 3.15 Representative SEM images of electrospun SF mats from three independent 

experiments fabricated using 10% w/v SF in FA/CaCl2 (98:2) after post-treatment with 

different solutions: (a) untreated, (b) 80% EtOH treated, and (c) water treated fibres.

 .................................................................................................................................... 110 

Figure 3.16 Example of electrospun SF removal from the greaseproof paper: (a) one layer of 

aligned fibres with the thickness of ~70 µm (~8 h electrospinning), the arrow shows the 

direction of fibre alignment, the circle shows the fibre breakage following the alignment 

of fibres, (b) the schematic of aligned fibre breakage following the fibre alignment, and 

(c) one layer of random fibre with the thickness of ~70 µm (~8 h electrospinning), the 

size of the mat is 2 x 3 cm2. ........................................................................................ 123 

Figure 4.1 Schematic process of electrospun fibre modification via IPN of PEDOT:PSS. ........ 128 

Figure 4.2 Schematic of Randles RC model: Re is electrolyte resistance, Rc is charge transfer 

resistance, Cdl is double layer capacitance and W is Warburg element. ................... 133 

Figure 4.3 Examples of electrospun SF and IPN (α = 2.3) mats with the size of 3 x 1 cm2: (a) 

electrospun SF mats (opaque white, in the left) and IPN of PEDOT:PSS on electrospun 

SF mats (dark blue or black, in the right) after washing 2 – 3 times with DI water and (b) 

the box-whisker plot of fibre diameters of eletrospun SF, 80% EtOH-treated electrospun 

SF, and IPN mats of PEDOT:PSS in the various ratios (α = 1.3 – 3.3), the middle line is 

median, the mark (+) is mean, and n is the number of fibres representing a sample. 134 

Figure 4.4 ATR-FTIR spectra of 80% EtOH treated electrospun SF and a representative of IPN 

mats in the wavenumber of 600 – 1900 cm-1. ............................................................ 135 



   

13 
 

Figure 4.5 Examples of the stress (MPa) and strain profile of electrospun SF: (a) dry-state 

electrospun SF mats (n = 3 samples) and (b-d) 80% EtOH treated electrospun SF mats 

in (b) dry-state (n = 3 samples), (c) wet-state, immersing in water for a few days (n = 3 

samples), and (d) wet-state, immersing in water over a week (n = 4 samples). ........ 136 

Figure 4.6 Mechanical properties of electrospun SF and IPN mats: (a) ultimate tensile strength, 

(b) % strain at break, (c) Young’s modulus, and (d) toughness, * represents statistically 

different (p-value < 0.01) via the nonparametric test (Kruskal-Wallis test), all wet state 

groups were compared with the control (SF-EtOH (w)), the error bar represents SD, and 

n is the number of samples from three independent electrospinning experiments. ... 138 

Figure 4.7 Relative atomic percentage of S in/on electrospun SF and IPN mats: (a) bulk – sensitive 

HAXPES comparing between 80% EtOH treated electrospun SF mat, dip coating mat 

with the custom-made PEDOT:PSS (α = 1.3), and IPN (α = 1.3) mat and (b) surface – 

sensitive (~11nm) XPS and bulk – sensitive (~54 nm) HAXPES comparing between 80% 

EtOH treated electrospun SF mat, IPN (α = 2.3) mat, and IPN (α = 3.3) mat. ........... 139 

Figure 4.8 XPS and HAXPES results representing surface and bulk chemicals in the different 

depths of samples: (a) the relative atomic percentage of S in the different depths of IPN 

(α = 2.3) and IPN (α = 3.3) mats and (b) percentage of PEDOT and PSS compounds 

polymerised through the depths of material, calculated from spectra of XPS s2p and 

HAXPES S 1s. ............................................................................................................ 140 

Figure 4.9 The spectra of XPS and HAXPES fitted with S 2p and S 1s respectively: (left) IPN (α = 

2.3) mat and (right) IPN (α = 3.3) mat. ....................................................................... 141 

Figure 4.10 The spectra of XPS and angle – resolved HAXPES of C, O, N and S in/on the IPN 

sample. ....................................................................................................................... 143 

Figure 4.11 CV and EIS of electrospun SF and IPN samples measured with three – electrodes 

system of potentiostat: (a) CV plot between the sweeping potential of -1 and +1 V, (b) 

Nyquist plot derived from EIS measurement. ............................................................. 145 

Figure 4.12 Examples of Bode and Nyquist plots derived from EIS measurement fitted with 

Randles model: (a – c) bode plots of electrospun SF, IPN (α = 2.3), and IPN (α = 3.3) 



   

14 
 

respectively, and (d – f) Nyquist plots of electrospun SF, IPN (α = 2.3), and IPN (α = 3.3).

 .................................................................................................................................... 146 

Figure 5.1 Schematic of the mounting protocol of electrospun SF mat on glass coverslip before 

IPN of PEDOT:PSS on samples. ................................................................................ 160 

Figure 5.2 Examples of neurite orientation analysis, black dots-line and blue arrow represent the 

distance and displacement of neurite extension in coordinate x-y axis respectively: (a) 

showing θ in case of X2 > X1 and (b) showing θ in case of X2 < X1. ........................... 168 

Figure 5.3 Cell morphology of NG108-15 culturing in growth medium on: (a – c) TPC and (d – f) 

laminin-coated TCP, the cell confluence of (a and d) ~50%, (b and e) ~80 – 90%, and (c 

and f) over-confluence. The scale bar represents 250 µm. ........................................ 171 

Figure 5.4 Cell morphology of NG108-15 culturing in (left) cAMP differentiation medium and (right) 

DMSO differentiation medium on different substrates and times: (a and e) TCP for 2 

days, (b and f) TCP for 4 days, (c and g) laminin-coated TCP for 2 days, and (d and h) 

laminin-coated TCP for 4 days. Neurites are shown in magenta lines and the scale bar 

represents 250 µm. ..................................................................................................... 172 

Figure 5.5 Cellular activities of NG108-15 cultured in different media: (a) cell metabolic activity 

and (b) DNA concentration of subconfluent NG108-15 in different cell culture media on 

TCP and laminin-coated TCP (n = 2 wells of cells). ................................................... 173 

Figure 5.6 Neurite extension lengths of subconfluent NG108-15 in different cell culture media on 

TCP and laminin-coated TCP, box – whisker plots from min – max with the median at 

the middle line: (a) incubating time of 1 day and 2 days and (b) incubating time of 3 days 

and 4 days, n represents the number of neurites measured from 2 – 3 images (10x, 

bright field microscope) of 2 wells of cells. ................................................................. 174 

Figure 5.7 NG108-15 cultured in different conditioned media on TCP for 72 h: (a – d) live/dead 

staining and (e – h) bright field microscopy, (a and e) control growth medium, (b and f) 

conditioned SF medium, (c and g) conditioned IPN (α = 1.3) medium, and (d and h) 

conditioned IPN (α = 1.8) medium and the scale bar represented 250 µm. .............. 176 



   

15 
 

Figure 5.8 NG108-15 cultured in different conditioned media on TCP for 72 h: (a – c) live/dead 

staining and (d – f) bright field microscopy, (a and d) conditioned IPN (α = 2.3) medium, 

(b and e) conditioned IPN (α = 2.8) medium, and (c and f) conditioned IPN (α = 3.3) 

medium and the scale bar represented 250 µm. ........................................................ 177 

Figure 5.9 Characterisation of cell growth and proliferation of subconfluent NG108-15 in different 

conditioned media: (a) metabolic activity and (b) DNA concentration (n = 6 wells of cells 

in parallel experiments), the error bar represents SD, the statistical analysis with 

nonparametric (Kruskal-Wallis test), control is the growth medium, * represents p < 0.05, 

** p < 0.01, *** p < 0.001, and **** p < 0.0001. ........................................................... 178 

Figure 5.10 Characterisation of cell growth and proliferation of NG108-15 on electrospun SF and 

IPN mats: (a and b) metabolic activity and (c and d) DNA concentration (n = 3 samples 

of fibre mats in parallel experiments), the error bar represents SD, the statistical analysis 

with nonparametric (Kruskal-Wallis test), control is the growth medium, * represents p < 

0.05 ............................................................................................................................. 179 

Figure 5.11 Neurite extension lengths of NG108-15 cultured in growth medium on different 

substrates, box – whisker plots from min – max with the median at the middle line, the 

mark (+) is mean, and n is the number of neurites on a fibre mat. ............................. 180 

Figure 5.12 SEM images of NG108-15 cultured in growth medium on different electrospun mats 

for 7 days: (a) SF, (b) IPN (α = 2.3), (c) IPN (α = 3.3), (d) laminin-coated SF, (e) laminin-

coated IPN (α = 2.3), and (f) laminin-coated IPN (α = 3.3), the scale bar of 50 µm. .. 180 

Figure 5.13 Example of neurite length and orientation of NG108-15 in growth phase cultured for 7 

days on uncoated substrates: (a – c) polar scatter with the radian of 110 µm and (d – f) 

polar histogram with the radian of 30%, the position of 90° is the parallel direction to the 

fibre alignment, n is the number of neurites on a fibre mat. These graphs are replotted 

from the same data presented in Figure 5.11. ........................................................... 181 

Figure 5.14 Example of neurite length and orientation of NG108-15 in growth phase cultured for 7 

days on laminin-coated substrates: (a – c) polar scatter with the radian of 110 µm and 

(d – f) polar histogram with the radian of 30%, the position of 90° is the parallel direction 



   

16 
 

to the fibre alignment, n is the number of neurites on a fibre mat. These graphs are 

replotted from the same data presented in Figure 5.11. ............................................ 182 

Figure 5.15 Neurite extension lengths of NG108-15 cultured in cAMP differentiation medium on 

different substrates, box – whisker plots from min – max with the median at the middle 

line, the mark (+) is mean, and n is the number of neurites on a fibre mat. ............... 184 

Figure 5.16 Differentiation phase of NG108-15 cultured in cAMP medium on laminin-coated 

substrates for 5 days: (a – c) SEM images of SF, IPN (α = 2.3), and IPN (α = 3.3) with 

the scale bar of 50 µm and (d – f) IF images of SF, IPN (α = 2.3), and IPN (α = 3.3) with 

the scale bar of 250 µm, β-III tubulin in neurites showed in green and nucleus showed 

in blue, the double-head arrow indicates the direction of aligned fibres. ................... 184 

Figure 5.17 Example of neurite length and orientation of NG108-15 in differentiation phase 

cultured for 7 days on uncoated substrates: (a – c) polar scatter with the radian of 350 

µm and (d – f) polar histogram with the radian of 50%, the position of 90° is the parallel 

direction to the fibre alignment, n is the number of neurites on a fibre mat. These graphs 

are replotted from the same data presented in Figure 5.15. ...................................... 185 

Figure 5.18 Example of neurite length and orientation of NG108-15 in differentiation phase 

cultured for 7 days on laminin-coated substrates: (a – c) polar scatter with the radian of 

350 µm and (d – f) polar histogram with the radian of 50%, the position of 90° is the 

parallel direction to the fibre alignment, n is the number of neurites on a fibre mat. These 

graphs are replotted from the same data presented in Figure 5.15. .......................... 186 

Figure 6.1 Schematic of fibre mat positions in the C-dishTM electrical stimulation system. ....... 198 

Figure 6.2 3D model of an electrical stimulation system with C-dishTM electrodes, the component 

of fibre mat is not shown in this figure. ....................................................................... 199 

Figure 6.3 Distribution of current density in a cell culture chamber system with the applying voltage 

of 3 V: (a and c) distribution in the whole system, in (a) H-fibre, (c) F-fibre and (b and c) 

distribution in PEDOT:PSS mat, in (b) H-fibre, and (c) F-fibre. .................................. 205 



   

17 
 

Figure 6.4 Electric field (EF) in the middle position of cell culture chamber system generated by 

the input of pulse stimulation: (a) medium of H-fibre, (b) PEDOT:PSS mat of H-fibre, (c) 

medium of F-fibre, and (d) PEDOT:PSS mat of F-fibre. ............................................. 206 

Figure 6.5 Current density in the middle position of cell culture chamber system generated by the 

input of pulse stimulation: (a) medium of H-fibre, (b) PEDOT:PSS mat of H-fibre, (c) 

medium of F-fibre, and (d) PEDOT:PSS mat of F-fibre. ............................................. 206 

Figure 6.6 EF in H-fibre condition during a pulse stimulation with the input amplitude of 3 V: (a – 

c) ON period, t = 0.2, 0.3, and 0.4 s and (d – i) OFF period, t = 0.5, 0.6, 0.7, 0.8, 0.9, and 

1.0 s respectively, the left scale is for arrow surface EF (V/m) and the right scale is for 

contour EF (v/m). ........................................................................................................ 207 

Figure 6.7 EF in F-fibre condition during a pulse stimulation with the input amplitude of 3 V: (a – 

c) ON period, t = 0.2, 0.3, and 0.4 s and (d – i) OFF period, t = 0.5, 0.6, 0.7, 0.8, 0.9, and 

1.0 s respectively, the left scale is for arrow surface EF (V/m) and the right scale is for 

contour EF (v/m). ........................................................................................................ 208 

Figure 6.8 Current density in H-fibre condition during a pulse stimulation with the input amplitude 

of 3 V: (a – c) ON period, t = 0.2, 0.3, and 0.4 s and (d – i) OFF period, t = 0.5, 0.6, 0.7, 

0.8, 0.9, and 1.0 s respectively, the left scale is for arrow surface current density (A/m2) 

and the right scale is for contour current density (A/m2). ........................................... 209 

Figure 6.9 Current density in F-fibre condition during a pulse stimulation with the input amplitude 

of 3 V: (a – c) ON period, t = 0.2, 0.3, and 0.4 s and (d – i) OFF period, t = 0.5, 0.6, 0.7, 

0.8, 0.9, and 1.0 s respectively, the left scale is for arrow surface current density (A/m2) 

and the right scale is for contour current density (A/m2). ........................................... 210 

Figure 6.10 Space charge and current density at the microenvironment of fibres: (a – c) the input 

EF direction parallel to fibres and (d – e) the input EF direction perpendicular to the fibre 

alignment, the left scale is for arrow lines current density (A/m2) and the right is for 

contour space charge density (C/m3). ........................................................................ 212 

Figure 6.11 Schematic of the input and output signals of different types of electrodes measured in 

cell culture medium. .................................................................................................... 213 



   

18 
 

Figure 6.12 NG108-15 after electrical stimulation with DC of 3 V (~100 V/m) for 2 h: (a) before 

stimulation, (b) after stimulation, and (c) after stimulation and incubated for 24 h, the 

scale bar of 250 µm. ................................................................................................... 215 

Figure 6.13 Neurite extension length after electrical stimulation with 1 V amplitude, 2 ms pulse 

cycle, 24 h/day, and various periods of pulse cycle (10, 100, and 1000 ms) on TCP, 

presented in a box – whisker plot from min – max with the median at the middle line and 

the mean at the mark (+): (a) uncoated TCP and (b) laminin-coated TCP, n represents 

the number of neurites measured from 2 wells of cells in parallel experiments of cell 

culture. ........................................................................................................................ 217 

Figure 6.14 NG108-15 after electrical stimulation with 1 V pulse amplitude, 2 ms pulse width, and 

24 h/day for 3 days, (left) uncoated TCP and (right) laminin-coated TCP, the stimulation 

with the variation of pulse cycle periods: (a and e) control without stimulation, (b and f) 

10 ms, (c and g) 100 ms, and (d and f) 1000 ms, the scale bar of 250 µm. The arrow 

shows the direction of the EF. .................................................................................... 218 

Figure 6.15 Neurite extension length on control materials (without ES) presented in a box – 

whisker plot from min – max with the median at the middle line and the mean at the mark 

(+): (a) uncoated mats and (b) laminin-coated mats (n = 120 neurites representing 2 

samples of fibre mats in parallel experiments of cell culture) except the uncoated SF (F-

fibre) at day 1 (n = 36). ............................................................................................... 220 

Figure 6.16 Example of neurite length and orientation of NG108-15 control (without the Op-ES) 

for 3 days on various materials of H-fibre condition: (left) uncoated mats, (right) laminin-

coated mats, (a – d) polar scatter with the radian of 700 µm, and (e – h) polar histogram 

with the radian of 50%, the position of 90° is the parallel direction to the fibre alignment, 

(n = 120 neurites representing 2 samples of fibres in parallel experiments of cell culture). 

These graphs are replotted from the same data presented in Figure 6.15. ............... 221 

Figure 6.17 Example of neurite length and orientation of NG108-15 control (without the Op-ES) 

for 3 days on various materials of F-fibre condition: (left) uncoated mats, (right) laminin-

coated mats, (a – d) polar scatter with the radian of 700 µm, and (e – h) polar histogram 



   

19 
 

with the radian of 50%, the position of 90° is the parallel direction to the fibre alignment, 

(n = 120 neurites representing 2 samples of fibres in parallel experiments of cell culture). 

These graphs are replotted from the same data presented in Figure 6.15. ............... 222 

Figure 6.18 Immunofluorescence staining of NG108-15 after electrical stimulation with Op-ES for 

3 days on various materials, (left) uncoated mats and (right) laminin-coated mats: (a, b, 

g, and h) control, (c, d, i, and j) stimulation on H-fibre, and (e, f, k, and l) stimulation on 

F-fibre, the double head arrow indicates the direction of aligned fibres. .................... 225 

Figure 6.19 Neurite extension length on materials with the Op-ES presented in a box – whisker 

plot from min – max with the median at the middle line and the mean at the mark (+): (a) 

uncoated H-fibre, (b) laminin-coated H-fibre, (c) laminin-coated F-fibre, and (d) laminin-

coated F-fibre, all of Op-ES groups (n = 240 neurites representing 2 samples of fibre 

mats in parallel experiments of electrical stimulation) and all of the control groups (n = 

120) except some conditions n were shown in the figure. .......................................... 226 

Figure 6.20 Example of neurite length and orientation of NG108-15 with the Op-ES for 3 days on 

various materials of H-fibre condition: (left) uncoated mats, (right) laminin-coated mats, 

(a – d) polar scatter with the radian of 700 µm, and (e – h) polar histogram with the radian 

of 50%, the position of 90° is the parallel direction to the fibre alignment, (n = 240 neurites 

representing 2 samples of fibres in parallel experiments of cell culture). These graphs 

are replotted from the same data presented in Figure 6.19. ...................................... 227 

Figure 6.21 Example of neurite length and orientation of NG108-15 with the Op-ES for 3 days on 

various materials of F-fibre condition: (left) uncoated mats, (right) laminin-coated mats, 

(a – d) polar scatter with the radian of 700 µm, and (e – h) polar histogram with the radian 

of 50%, the position of 90° is the parallel direction to the fibre alignment, (n = 240 neurites 

representing 2 samples of fibres in parallel experiments of cell culture). These graphs 

are replotted from the same data presented in Figure 6.19. ...................................... 228 

Figure 6.22 The interaction of nerves and H2O2 during the regeneration and development stages, 

blue areas and red lines represent the H2O2 gradients and axons, respectively [226].

 .................................................................................................................................... 239 



   

20 
 

LIST OF TABLES 

Table 2.1 Signs of nerve injuries in sensory and motor functions [43] ........................................ 45 

Table 2.2 Electrically conductive scaffolds for peripheral nerve regeneration ............................. 58 

Table 2.3 Electrical conductive SF for tissue engineering and biomedical applications ............. 61 

Table 3.1 Optimisation of electrospinning solution preparation (electrospinning operation with the 

parameters of 1 ml/h feed rate, 12 cm distance, 15 kV voltage for 2 h on a static 

collector). ...................................................................................................................... 98 

Table 3.2 Optimisation of electrospinning parameters of the horizontal system (electrospinning 

operation with parameters of 12 cm distance and 15 kV voltage). ............................ 101 

Table 3.3 Optimisation of electrospinning parameters of the vertical system (electrospinning 

operation with parameters of 12 cm distance and 15 kV voltage). ............................ 103 

Table 4.1 Mechanical properties of electrospun SF and IPN mats: (d) represents dry state testing, 

(w) represents wet state testing, and n is the number of samples from three independent 

electrospinning experiments. ...................................................................................... 137 

Table 4.2 RC components associated with EIS fitting with Randles model, n is the number of 

samples....................................................................................................................... 147 

Table 5.1 Compositions of each cell culture medium. ............................................................... 162 

Table 5.2 Cell culture activities for 7 days in the indirect test (conditioned medium). ............... 163 

Table 5.3 Cell culture activities for 7 days in the direct contact test. ......................................... 164 

Table 6.1 Materials properties used in electrical stimulation. .................................................... 199 

Table 6.2 the electrical parameters for optimisation. ................................................................. 202 

Table 6.3 Computational results of electric field (EF) in cell culture chamber. .......................... 203 

Table 6.4 Computational results of current density in cell culture chamber. ............................. 203 

Table 6.5 Variation of electrical potential between C-dishTM electrodes in cell culture medium 

system......................................................................................................................... 214 

 



   

21 
 

LIST OF ABBREVIATIONS 

2D – Two dimensions CV – Cyclic voltammetry 

3D – Three dimensions DC – Direct current 

AC – Alternating current DCM – Dichloromethane 

Ag/AgCl – Silver/silver chloride DI – Deionised 

Ang II – Angiotensin 2 DLK-1 – Dual leucine zipper kinase-1 

AP – Action potential DMEM – Dulbecco’s modified eagle medium 

AT – Angiotensin receptor DMSO – Dimethylsulfoxide 

ATP – Adenosine triphosphate DNA – Deoxyribonucleic acid 

ATR – Attenuated total reflectance DPBS – Dulbecco’s phosphate buffer saline 

Au – Gold DRG – Dorsal root ganglion 

B-50 – Neural phosphoprotein B-50 ECM – Extracellular matrix 

BE – Binding energy EDL – Electrical double layer 

bFGF – Basic fibroblast growth factor EEG – Electroencephalogram 

C – Carbon EF – Electric field 

Ca2+ – Calcium ion 
EIS – Electrochemical impedance 
spectroscopy 

CaCl2 – Calcium chloride EMA – European Medicine Agency  

CaM – Calmodulin EMF – Electromagnetic field 

CAM – Cell adhesion molecule ER – Endoplasmic reticulum 

cAMP – Cyclic adenosine monophosphate ES – Electrical stimulation 

CE – Counter electrode EtOH – Ethanol 

CNS – Central nervous system F1 – Protein F1 

CNT – Carbon nanotube FA – Formic acid 

CNTF – Ciliary neuronotrophic factor FBD – Fetal bovine serum 

col12a1a/b – Collagen type 12 alpha 1 chain 
FDA – the United State, Food and Drug 
Administration 



   

22 
 

Fe2SO4·7H2O – Iron (II) sulphate heptaydrate MAP – Microtubule associated protein 

FFT – Fast Fourier transformation MAP2 – Microtubule associated protein 2 

FTIR – Fourier transform infrared MeOH – Methanol 

GABA – Gamma (γ) aminobutyric acid mRNA – Messenger ribonucleic acid 

GAP43 – Growth associated protein 43 Na+ – Sodium ion 

GCE – Glassy-carbon electrode Na2S2O8 – Sodium persulfate 

GdNPF – Glial derived neurite promoting 
factor 

NG108-15 – Mouse neuroblastoma x rat 
glioma hybrid cell line 

GGF – Glial growth factor NGC – Nerve guidance conduit 

GO – Graphene oxide 
NGF – Neural growth factor or nerve growth 
factor 

H2O – Water NGNF – Non-functional graphene nano-film 

H2O2 – Hydrogen peroxide NRCM – Neonatal rat cardiomyocyte 

HA – Hydroxyapatite Op-ES – Optimal electrical stimulation 

HAXPES – Hard X-ray photoelectron 
spectroscopy 

p75 – p75 neurotrophin receptor 

HCA – High-content analysis PANi – Polyaniline 

HFIP – hexafluoroiopropanol PBS – Phosphate buffer saline 

hiPSC-CM – human-induced pluripotent stem 
cell-derived cardiomyocyte 

PC-12 – Rat adrenal pheochromocytoma cell 
line 

HL-1 – Mouse cardiomyocyte cell line PCL – Polycaprolactone 

hMSC – Human mesenchymal stem cell PCLF – Polycaprolactone fumarate 

IPN – Interpenetrating polymer network Pd – Palladium 

iPSC – Induced pluripotent stem cell 
PDMA – Japan,  Pharmaceuticals and 
Medical Devices Agency 

K+ – Potassium ion PEDOT – Poly(3,4-ethylenedioxythiophene) 

L929 – Mouse fibroblast cell line 
PEDOT:PSS – Poly(3,4-
ethylenedioxythiophene) polystyrene 
sulfonate 

LiBr – Lithium bromide PEG – Polyethylene glycol  



   

23 
 

PEGDE – Poly(ethylene glycol) diglycidyl 
ether 

SNAP-25 – Synaptosomal-associated protein 
25 

PGA – Poly(glycolide) SS – Stainless steel 

PiP2 – Phosphatidylinositol 4,5-biophosphate PLLA – Poly-L-lactide 

PKC – Protein kinase C PMEF – Pulse electromagnetic field 

PLA – Poly(lactide) PMMA – Poly(methyl methacrylate) 

PLCL – poly(DL-lactide-co-ε-carprolactone) SWCNT – Single-walled carbon nanotube 

PNI – Peripheral nerve injury SYP – Synaptophysin 

PNS – Peripheral nervous system TCP – Tissue culture plastic 

PPy – Polypyrrole (PPy) TE – Tris-ethylenediaminetetraacetic acid 

Pt – Platinum 
TENS – Transcutaneous electrical nerve 
stimulation 

PTFE – Polytetrafluoroethylene TFA – Trifluoroacetic acid 

PVA – polyvinyl alcohol Ti – Titanium 

R.H. – Relative humidity TIPS – Thermal-induced phase separation 

RE – Reference electrode TrkA – Tropomyosin receptor kinase A 

rGO – Reduce graphene oxide 
USSC – Human unrestricted somatic stem 
cell 

ROS – Reactive oxygen species UTS – Ultimate tensile strength 

SAM – Substrate adhesion molecule UV – Ultraviolet 

SC – Schwann cell VGCC – Voltage gated calcium channel 

SECM – Scanning electrochemical 
microscopy 

VIPS – Vapour-induced phase separation 

SEM – Scanning electron microscopy WE – Working electrode 

SF – Silk fibroin 
Wnt/β-catenin – Wingless and Int-1/beta-
catenin 

SH-SY5Y – Thrice cloned subline of human 
neuroblastoma cell line SK-N-SH 

XPS – X-ray photoelectron spectroscopy 

SICM – Scanning ion conductance 
microscopy 

 



   

24 
 

ABSTRACT  

Electrically conductive materials represent a new generation of biomedical materials for tissue 

engineering and regenerative medicine, particularly for peripheral nerve regeneration. The use of 

an electrically conductive scaffold with electrical stimulation (ES) has the potential to facilitate 

regeneration of the fully functional nerve. Herein, non-woven mats of silk fibroin (SF) with fibre 

diameters of ~200 nm are fabricated by electrospinning for use as an acellular peripheral nerve 

scaffold. The electrospinning SF solution is prepared via a dialysis free protocol, which is far less 

time-consuming in comparison to conventional methods. The double layer electrospun SF mat 

consisting of random fibres as the base and aligned fibres as the top surface is designed to 

improve processability and handling of the scaffold and support the unidirectional alignment of 

neurites on the mat, respectively. Electrical properties are then imparted to the electrospun SF 

mat by post-modification using an interpenetrating polymer network (IPN) of poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) with various molar ratios (α) of PSS 

and EDOT monomers. In vitro, the IPN (α = 2.3) mat is non-toxic and evidences many promising 

results to promote neurite outgrowth following the alignment of fibres and has potential for ES 

application. In addition, the neurite outgrowth on fibre mats under the influence of electrical regime 

is considered here in a preliminary study. Direct ES with the monophasic pulse of 1 V amplitude, 

2 ms pulse width, 100 ms pulse cycle, and 24 h/day was applied to differentiated cells in culture 

for 3 days. Although the neuronal cells can grow as expected on the IPN (α = 2.3) mat with ES, 

the lengths of neurites have no significant difference from the control without ES. However, further 

investigation of electrical parameters optimisation may give more favourable results on neurite 

outgrowth. Without ES, the IPN (α = 2.3) mat can promote longer neurite extension length 

compared to the pristine electrospun SF mat, especially for those without laminin coating. This 

study provides a platform for the use of electrically conductive material based on SF as scaffolds 

for peripheral nerve regeneration, which has potential for integration with ES therapy towards 

realising fully functional tissue recovery. 
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1. CHAPTER 1 

Introduction 

The peripheral nervous system (PNS) consists of neural branches from the brain and spinal cord 

toward every muscle and gland in our bodies. It controls the movement of the muscular system in 

both voluntary and involuntary activities. A severe problem of peripheral nerve injuries (PNIs) is 

paralysis, which affects the quality of life. Although peripheral nerves have some regenerative 

capacity after injury, their functionalities (e.g. skeletal muscle movement control) are typically 

unsatisfactory in comparison to healthy nerves. This is maybe due to limitations in neural sizes, 

distances, and regenerating periods [1].       

1.1. Statement of Problems 

PNI commonly occurs in traumatic patients, with up to 300,000 cases in Europe and 200,000 

cases in the United States every year [2]. In addition, the United States spends circa $150 billion 

on PNIs annually [3, 4]. The PNI of upper extremities (e.g. shoulders, arms, hands, wrists, and 

fingers) is a concerning issue because it relates to the working disability of people and links to 

high socio-economic costs [5]. Typically, mechanical injuries (e.g. home accidents, car accidents, 

sports injuries, and complicated surgeries) are the major causes of PNIs [6, 7]. Previously, 

statistical studies revealed that approximately 70 – 80% of patients with upper extremities traumas 

and PNIs are male working adults and 50% of them have a nerve transection, which urgently 

requires surgical operation [8-11].  

The surgical treatment with tensionless epineurial sutures is a common strategy for small 

injuries. However, it may not be suitable to operate in the case of wide and entire nerve transection 

[7]. Provided the nerve gap is larger than 5 mm, autologous nerve grafts or artificial nerve conduits 

are desired to bridge the nerve gap [12] since the primary repair (end-to-end suturing) places 

ischemic stress on the nerve and is associated with worse functional outcomes [13]. Due to the 

frequency of complications resulting from autologous nerve graft [14], the use of artificial nerve 

conduits is preferable. Several types of artificial nerve conduits from biomaterials such as collagen 
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type I, poly(glycolide) (PGA), poly(DL-lactide-co-ε-caprolactone) (PLCL), and polyvinyl alcohol 

(PVA) have been approved for clinical by the United States, Food and Drug Administration (FDA) 

and European Conformity (CE) marking [15, 16]. However, other countries also have their own 

regulatory agencies for approving medicines and medical products, such as the European 

Medicine Agency (EMA) in Europe [17] and the Pharmaceuticals and Medical Devices Agency 

(PDMA) in Japan, amongst others [18]. Although these nerve conduits can support peripheral 

nerve regrowth quite well, fully functional nerve regeneration is still challenging. Thus, traumatic 

patients with PNIs experience poor nerve functionality due to the limitation of nerve regeneration 

(i.e. the uncontrolled direction of neurite outgrowth, neurite extension length, and recovery time). 

Moreover, the formation of scar and fibrosis during the wound healing process interferes with 

peripheral nerve regrowth.  

Recently, many studies have been focusing on the development of novel materials for 

facilitating improved recovery, and to rapidly extend neurite length as far as possible. One of the 

interesting materials is silk fibroin (SF), which has been used in biomedical applications for a long 

time. Another important class of materials are electrically conductive polymers, a relatively new 

generation of biomedical materials.  

SF, extracted from silkworm cocoons, is a fascinating biopolymer for nerve regeneration 

due to its reported biocompatibility, mechanical strength, and optimal permeability of body fluids 

such as water, as well as oxygen [19]. It is able to be fabricated into many forms, which can 

effectively support recovering nerves, including forms such as sponges, tubes, gels, 

microspheres, films, and aligned fibres [20]. Moreover, it can be integrated with Schwann cells 

(SCs), neural growth factors (NGFs), as well as conductive polymers, to create a more active and 

stimulatory environment for rapid regeneration.  

Electrically conductive polymers have emerged as a new generation of materials for 

fabricating scaffolds for use in tissue engineering and regenerative medicine. Many of them such 

as graphene oxide (GO), reduced graphene oxide (rGO), polyaniline (PANi), polypyrrole (PPy), 

poly(3,4-ethylenedioxythiophene) (PEDOT), and poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) are widely used to provide additional functionality in peripheral nerve 
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scaffolds. These electrically conductive scaffolds can mimic, to some degree, native electrical 

conductivities in the body and also transfer exogenous electricity to nerve cells directly [21, 22]. 

More details concerning SF and the conductive polymer (PEDOT:PSS) are given in the Literature 

review of this thesis, Chapter 2, section 2.5. 

The electrical regimes can affect the neurite outgrowth, expression of neurotrophic 

factors, and SC migration [23]. It has been reported to increase the protein adsorption rate to 

scaffolds, resulting in a more active environment for cell adhesion and proliferation [24]. Indeed, 

the use of electrical regimes via conductive scaffolds is an alternative way to accelerate and 

promote functional recovery of peripheral nerves.  

In summary, the opportunity of effective peripheral nerve regeneration via artificial nerve 

conduits could be furthered by the development of a new generation of materials, which have two 

important properties. First, the scaffold should align neurites and SCs unidirectionally towards their 

targets. Second, it should provide an electroactive environment for faster regeneration when 

applying electrical stimulation.  

1.2. Objectives 

Overall, this study aims to develop a novel electroactive scaffold based on SF and PEDOT:PSS 

for peripheral nerve regeneration. The scaffold should have not only biocompatibility but also the 

ability to support neuron growth and control the direction of neurite outgrowth. To achieve this, an 

electrospun aligned fibre scaffold is produced via electrospinning to provide morphological 

guidance cues to cells and enable electrical stimulation.  

Moreover, the neuron growth and neurite outgrowth on the developed fibre mat under 

the influence of an external electrical regime are studied to evaluate the potential of using 

electrically conductive fibre mats with electrical stimulation to facilitate fully functional nerve 

regeneration. It is anticipated that the combination of electrical stimulation and electrically 

conductive SF-base material developed in this study will go towards a new therapeutic strategy 

for peripheral nerve regeneration, with potential for future clinical application. 
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1.3. Hypothesis 

This study has three hypotheses: 

(1) Aligned fibres in the range of submicron to nanometre are able to guide neurite 

extension prominent to fibre alignment.  

(2) Electrically conductive fibre mats promote longer neurites than non-conductive mats. 

(3) Electrically conductive fibre mats with electrical stimulation (ES) promote the longer 

neurite extension length in comparison to those without ES.   

1.4. Scope of the Study 

To fabricate the novel electrically conductive material and evaluate its potential for use as a 

peripheral nerve scaffold under the influence of different electrical regimes. This study is divided 

into four experimental chapters (chapters 3 – 6). 

1. Fabrication of non-woven fibre mats (chapter 3) 

SF extracted from silk cocoons is the raw material used in this study and is fabricated into aligned 

fibre mats by electrospinning. The secondary protein structure of electrospun SF mats after post-

treatment is assessed as well as its morphology (i.e. fibre diameter and degree of alignment).   

2. Modification of electrical conductive properties of the fibre mats (chapter 4) 

Various ratios of PEDOT:PSS are integrated in/on electrospun SF mats using a modification 

approach exploiting interpenetrating polymer networks (IPNs). Optimal conditions are evaluated 

by the physical, mechanical, and electrical properties of fibre mats after modification.  

3. In vitro biocompatibility (chapter 5) 

Electrospun SF and selected IPN modified mats are chosen for testing with two major assays. 

First, the effects of chemical residues from electrospun and IPN modified mats is assessed using 

medium extraction (conditioned medium). Second, a direct contact assay is used to evaluate the 

neuron growth and neurite extension on the fibre mats. The optimal IPN mat is then determined 

based on these in vitro results.  
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4. Electrical stimulation (chapter 6) 

All electrical parameters are optimised and the optimal electrical stimulation (Op-ES) condition is 

decided according to the result of neurite extension length of cells on tissue culture plastic (TCP). 

The Op-ES is then applied to the developed fibre mats (i.e. electrospun SF and most promising 

IPN mats). The effects on neurite extension length and orientation are considered here in a 

preliminary study.  
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2. CHAPTER 2 

Literature Review  

2.1. Anatomy and Physiology of Peripheral Nervous System 

The nervous system is a vital life system for our bodies that responds to the five human senses 

(i.e. vision, audition, gustation, olfaction, and somatosensation) and controls the muscle 

movement in both voluntary and involuntary behaviours, simultaneously with the hormone system. 

It is commonly divided by structures and functions into two systems: the central nervous system 

(CNS) and the peripheral nervous system (PNS). The CNS is the processing centre of the body 

and consists of the brain and spinal cord. The PNS is the signal-transferring part that connects 

receptor cells to the CNS and the CNS to target organs, which also known as the sensory and 

motor units respectively [25].  

Peripheral nerves can be categorised into two parts by their origins: cranial and spinal 

nerves [25]. Cranial nerves branch from the brain and control the electrical signals around the face 

and head including eyes, nose, mouth, and ears. Spinal nerves originate from the spinal cord and 

control the skeletal muscles of the whole body from the neck down and the smooth muscles of the 

inner organs in the thoracic, abdominal, and pelvic cavities. 

In addition, the motor units of PNS are further categorised into two divisions: somatic 

and autonomic nervous systems. The somatic system controls skeletal muscles, while the 

autonomic system controls smooth muscles, cardiac muscles, and glands. The relation of neural 

signal pathways between CNS and PNS is shown in Figure 2.1 [25]. 

 Histology of nerves 

In the nineteenth century, there were many histological studies of the nervous system. Ramόn y 

Cajal, a neuroanatomist, explained that nerves contain thousands of discrete cells, which 

communicate together by using chemical neurotransmitters through the gaps between them called 
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synapses [25-27]. Moreover, the nerve tissue is made up of two types of cells: nerve cells 

(neurons) and supporting cells [25]. 

 

Figure 2.1 Diagram of the major components of the central and peripheral nervous systems and 

their functions, this figure has been adapted and redrawn from [25]. 

 Nerve cells (neurons) 

Neurons are electrically conductive cells, which have several shapes. Some neurons are thin and 

long; others look like the branches of a mature tree [25, 28]. However, every neuron has two 

components: a cell body and neurites. In PNS, cell bodies of the sensory neurons are often in the 

dorsal root ganglia close to the spinal cord, while those of the motor neurons are usually in the 

ventral horn of the spinal cord, as shown in Figure 2.2 [29]. The cell body contains many organelles 

such as a nucleus, endoplasmic reticulum (ER), ribosomes, mitochondria, etc. Its major function 

is to control neurons’ activities, especially the self-generation of the electrical signal, also known 
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as the action potential (AP). The neurites are the extended processes of the cell body; most of 

these are dendrites except for an outstanding large ones known as axons. 

Dendrites or dendritic processes are usually short and have many branches [28, 30]. 

Their entities have the neurotransmitter receptors for receiving neuronal signals from neighbour 

cells. The number of dendrites per neuron indicates the quantity of input information that a neuron 

can transfer.  

On the other hand, axons have different functions and they are always longer than 

dendrites [25, 28]. After dendrites are triggered, the cell body generates AP at the axon hillock 

area. The AP is then transferred towards the target cells, tissues, and organs via the axon. The 

lengths of axons vary from a hundred micrometres to a metre depending on their locations. For 

example, femoral nerves and saphenous nerves, which connect from the spinal cord to the legs 

and feet, respectively, have very long axons of circa one metre. The axon synaptic endings have 

many synaptic vesicles containing chemical neurotransmitters that can release towards the 

dendrites of other neurons or specific tissues. 

 

Figure 2.2 Structure of the peripheral nerve extending from the spinal cord (spinal nerve) 

classified by functions [29]. 
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 Supporting cells  

Supporting cells are a crucial part of nerves. They are electrical insulators and smaller than 

neurons [25]. In CNS, they are called neuroglial or glial cells, which can be divided into three sub-

types: astrocytes, oligodendrocytes, and microglia. Schwann cells (SCs) are a type of supporting 

cell in PNS. Generally, SCs are in the myelinated phenotype that can produce myelin sheaths 

wrapping around the axon to maintain the electrical functionality of neurons. However, some SCs 

are non-myelinated (e.g. Remak bundles), which can support the slower conducting nerve fibres 

[31]. In addition, some axons have no myelin sheath; these are termed unmyelinated axons. The 

diameter of unmyelinated axons is small (typically 0.2 – 1.2 µm, and even up to 3 µm) [32]. 

In nerve regeneration, both types of SCs (i.e. myelinated and non-myelinated SCs) can 

convert to repair-promoting phenotype (Büngner) cells immediately after the nerve is damaged [7, 

33, 34]. The repair-promoting phenotype SCs produce the essential nerve growth factors (NGFs) 

for axonal regeneration. In contrast, the unmyelinated axon has lesser regenerative potential, even 

with intact SC tubes [32]. The role of SCs in nerve regeneration is described further below in 

section 2.3.1. 

 Structure of spinal nerves 

There are thirty-one pairs of spinal nerves in our bodies, extending from the spinal cord through 

intervertebral foramina. Sunderland S., 1990, defined that a spinal nerve has an epineurium 

membrane covering along its length [35, 36]. It contains many bundles of axons (nerve fascicles), 

blood vessels, and other supportive tissues such as areolar connective tissue, fat, collagen, and 

elastin. The nerve fascicle transfers electrical signals toward target organs, while the supportive 

tissues protect these axons from external forces, for example pressing or compression. The 

numbers of nerve fascicles in each spinal nerve typically vary from 1 – 100 fascicles, which are 

approximately 30 – 70% of the nerve cross-section area [35, 36]. 

Typically, cell bodies of all peripheral neurons are in the dorsal root ganglia and the 

spinal cord [37]. Only nerve fascicles and SCs align along spinal nerves. Every nerve fascicle is 

wrapped by the perineurium membrane individually. It usually contains various units of axons such 
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as sensory, motor, and autonomic axons, which can be both myelinated and non-myelinated 

structures. Furthermore, every axon is individually surrounded by the endoneurium as its 

membrane. All nerve membranes: epineurium, perineurium, and endoneurium, promote elasticity 

and tensile strength of peripheral nerves due to the collagen fibres in their structures, as shown in 

Figure 2.3 [37]. They can balance the intrafascicular pressure and be the natural cell matrix for 

peripheral nerve regeneration.   

 

Figure 2.3 Microstructure of peripheral nerve: (a) a typical peripheral nerve and its connective 

tissue wrappings, which associated to spinal nerve and (b) a pseudo coloured scanning electron 

micrograph showing peripheral nerve fibres (SEM x 340), this figure is adapted from [37].  

 Electrical signals of neurons  

There are many types of ions in both the intracellular and extracellular fluids of neurons. The 

overall ionic concentrations and ionic charges in each matrix differ, resulting in the transmembrane 

potential of neurons. In the resting state, the intracellular potential is lower than the extracellular 

potential leading to the negative membrane potential (-40 to -90 mV), which is typically -70 mV.  

If a neuron is triggered by either internal or external stimuli, the ion fluxes (i.e. influx and 

efflux) are then generated across its cell membrane. Thus, the membrane potential at the 

stimulated spot of the neuron rapidly spikes up to a positive potential (+40 mV) and reverses back 

to the resting potential within a few milliseconds, as shown in Figure 2.4. The AP generated by 

a b 



   

39 
 

these ion fluxes will propagate along the axon to the synaptic ends. Interestingly, the amplitude of 

AP does not relate to the stimulation force, but it depends on the functions of ionic pumps and 

channels around the cell membrane [25]. 

 

Figure 2.4 Schematic of the resting membrane potential and typical action potential (AP) of 

peripheral nerves: (1) resting membrane potential, (2) depolarisation, (3) repolarisation, and (4) 

hyperpolarisation, this figure is based on information from [25, 38]. 

 The relationship between ion movement and action potential 

In general, the AP can be classified into three states: depolarisation, repolarisation, and 

hyperpolarisation. These states are determined by the influx and efflux of potassium (K+) and 

sodium (Na+) ions across the cell membrane via their specific ion channels and pumps, as shown 

in Figure 2.5. The ion channel allows the diffusion of a specific ion following its concentration 

gradient, which is also known as passive transportation. On the other hand, the ion pump transfers 

ions against their concentration gradients also called active transportation [25]. 

The intracellular fluid of neurons contains a high concentration of K+, while its 

extracellular fluid has a great deal of Na+. In the resting state, the K+ channels are always opened, 

and K+ can then move across the cell membrane all the time. Thus, the extracellular potential is 

-55 

-70 

+40 



   

40 
 

approximately 70 mV higher than the intracellular potential resulting in a resting membrane 

potential -70 mV.  

After stimulation, the AP immediately goes into the depolarisation phase. The neuron 

closes K+ channels and opens Na+ channels leading to Na+ influx. The intracellular Na+ is then 

dramatically increased. Therefore, the membrane potential is rapidly increased and becomes 

positive, with a peak potential of approximately +40 mV.   

The Na+ channels are opened for a few milliseconds and then rapidly closed; this is the 

beginning of repolarisation. The exceeded intracellular Na+ triggers the K+ channels to open. Then, 

the intracellular K+ leaks out again in order to re-balance the ionic concentration. Thus, the 

membrane potential is reduced back to the resting state (-70 mV).  

Compared to Na+, the K+ channels are slowly closed. This results in an undershoot 

potential, also termed hyperpolarisation. The undershoot potential will be reset into the resting 

potential by the Na+/K+ pump exchanging 3Na+ efflux with 2K+ influx. 

 

Figure 2.5 Schematic of action potential (AP) and the activation of ion channels (Na+ and K+ 

channels) in the different states, this figure is based on information from [25, 38]. 
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 The propagation of action potential along the nerve 

The nerve axon acts as a conductive tube containing aqueous electrolytes. The propagation of 

AP along the axon can be divided into five steps, as shown in Figure 2.6 [38]. 

The intracellular Na+ and its concentration gradient is of key importance for AP 

propagation along the axon toward synapses. According to the depolarisation process, the Na+ 

channels are activated only at the stimulation area. The Na+ influx occurs locally at that area and 

then generates a high concentration of intracellular Na+ compared to the neighbouring areas. The 

Na+ influx can spontaneously diffuse to the neighbouring areas following its concentration gradient 

(Figure 2.6 (ii)). At the neighbour area, the membrane potential is gradually increased depending 

on the diffusion rate of Na+. Once the accumulated Na+ in the neighbour area is high enough such 

that the membrane potential reaches a threshold of -50 mV, the Na+ channels at that area are 

activated and opened immediately (Figure 2.6 (iii)). Thus, the Na+ influx at the neighbour area is 

significantly enhanced, eventually leading to depolarisation (Figure 2.6 (iv)).       

In summary, the AP of the axon does not occur all along its length at the same time. It 

happens at only the stimulated part and propagates to other parts via the diffusion of intracellular 

Na+. Interestingly, the movement direction of an action potential is one way. As seen in Figure 2.6, 

the AP moves from left to right, even though the intracellular Na+ can diffuse both ways (i.e. left to 

right and right to left) following the concentration gradient. The propagation signal is unable to go 

back because the initial area has a refractory period (hyperpolarisation and Na+/K+ pump). 

Although Na+ ions move backwards, they are incapable of reaching the threshold and re-open Na+ 

channels. 
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Figure 2.6 Schematic diagram of action potential conduction in axons, this figure is adapted and 

redrawn from [38]. 

 Synaptic transmission 

A synapse is the connection point, space, and gap for transferring information either via electrical 

currents or chemical agents between neurons. It is of key importance for peripheral nerve 

communication. At the synapse area, two particular compartments: pre-synaptic and post-synaptic 

cells, are connected by either synaptic clefts or intercellular junctions. The synapse can be 

categorised into two classes: chemical and electrical synapses, as shown in Figure 2.7 [25-27]. 
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Figure 2.7 Schematic model of the synaptic transmission: (a) a chemical synapse and synaptic 

cleft between pre- and post-synaptic membranes and (b) an electrical synapse touching with 

very closed intercellular junctions (gap junctions) and the arrows represent the transfer of 

electrical signals, ions, metabolites, and small molecules of secondary messengers, this figure is 

based on information and adapted from [26, 27]. 

 Chemical synapses 

The chemical synapse transfers chemical signals (neurotransmitters) from the pre-synaptic cell to 

the synaptic cleft. In the pre-synaptic cell, neurotransmitters are packed in the form of tiny vesicles 

(pre-synaptic vesicles). Once the pre-synaptic cell is activated, vesicles will release 

neurotransmitters into the synaptic cleft. Typically, there are many types of neurotransmitters such 

as acetylcholine, dopamine, serotonin, epinephrine, norepinephrine, etc. [39, 40].  One of the most 

well-known neurotransmitters is acetylcholine, which is usually found in the synaptic clefts 

between nerves/nerves and nerves/muscles (neuromuscular synapse) [25].  

The release of neurotransmitters begins when the AP is propagated to the pre-synapse. 

The depolarisation of axons is literally induced by the Na+ channels. In contrast, the pre-synaptic 

a b 
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depolarisation is generated by calcium (Ca2+) channels [41]. This Ca2+ signal plays a critical role 

in fusing synaptic vesicles and the pre-synaptic membrane. After that, the neurotransmitters are 

secreted by exocytosis into the synaptic cleft. The released neurotransmitters can bind with the 

receptors at the post-synaptic membranes and then initiate the AP of the post-synaptic cell. 

 Electrical synapses 

The electrical synapse transfers electrical signals, ions, metabolites, and small molecules of 

secondary messengers through specific intercellular junctions, which also known as gap junctions 

[26]. The gap junction connects pre-synaptic and post-synaptic membranes very closely resulting 

in the smaller space than the chemical synapses. The gap between lipid parts of adjacent 

membranes are only 2 nm and the channels are positioned by membrane protein connexions [42].  

Moreover, the pore size of the gap junction is relatively large, thus it can transfer ions and small 

molecules (approximately ≤ 1 kDa) [26].  

Although the current flow through gap junctions is bi-directional (i.e. upstream and 

downstream), it is the fastest way to communicate between neurons [26]. Therefore, the electrical 

synapse is usually found in the CNS because it requires rapid processing and complex 

synchronization between large amounts of neurons.   

2.2. Peripheral Nerve Injury 

The nerve injury is defined into three or five levels depending on the classification methods. 

Seddon H.J., 1942, classified three types of nerve injuries based on the level of the lesion and the 

loss of function [43]. After that, Sunderland S., 1951, expanded Seddon classification into five 

levels based on the changes induced in the normal structure of the nerve [44].  

 Seddon classification 

Sudden determined two significant signs of nerve injuries: loss of functions and perversion of 

functions. The details of sensory and motor functions of nerve injuries from both signs are 

explained in Table 2.1 [43]. Neurologists agreed that these irregularities are signs of nerve 

problems such as transient block, lesion continuity, and anatomical transection. Therefore, 
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Sudden classified these injuries into three specific syndromes: neurapraxia, axonotmesis, and 

neurotmesis in order of increasing harshness.   

Table 2.1 Signs of nerve injuries in sensory and motor functions [43] 

Signs Sensory functions Motor functions 

Loss of 
functions 

Loss of tactile sensibility 

Loss of pain sensibility 

Loss of thermal sensibility 

Loss of joint and postural sensibility 

Loss of deep sensibility 

Paralysis of muscle 

Sudomotor paralysis 

Pilomotor paralysis 

Vasomotor paralysis 

Perversion 
of functions 

Paraesthesia 

Possibly spontaneous pain 

More pain than the regular situation 

Abnormal thermal response (heat and cold) 

Muscle twitching 

Muscle spasm 

Abnormal sweating 

Vasomotor disturbances 

 

 Neurapraxia 

Neurapraxia is a type of electrically conductive block of the peripheral nerve. It occurs when the 

endoneurium is compressed but the axon remains intact. Therefore, neurapraxia is a minor injury 

with low damage and it can spontaneously and rapidly recover. There are several types of 

neurapraxia such as tourniquet, crutch, and the most common type, which is Saturday night 

paralysis or palsy [43]. Saturday night palsy is the radial nerve compression in the upper arm and 

it usually occurs in the night-time when people fall asleep. In general, this neurapraxia can be 

resolved simply with physical therapy. 

 Axonotmesis 

Axonotmesis is a type of partial nerve transection, in which nerve fibres are cut but one of these 

connective tissues: epineurium, perineurium, and endoneurium, remain [43]. Although the distal 

stump of the injured nerve degenerates, the neurites from the proximal end can spontaneously 

regenerate. The regeneration direction is guided by the remaining connective tissues either 

epineurium, perineurium, or endoneurium. Commonly, axonotmesis is a side effect of bone 
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fracture. For example, the complicating fragments of humerus bone can press on the radial nerve 

resulting in radial paralysis, in which patients lose the ability to move their hands and fingers.  

 Neurotmesis 

Neurotmesis is a total nerve transection, in which nerve fibres and connective tissues are 

completely cut into two divisions [43]. On the other hand, neurotmesis may cause neuroma due 

to failure of the regenerating nerve growth cone to reach peripheral targets. This can be also be 

termed neuroma-in-continuity [45]. 

Neurotmesis is very difficult to repair without surgical intervention. However, the surgical 

results are still imperfect due to the reversible degenerative muscles, the formation of scar and 

fibrosis, and the interference of suture lines [46, 47]. Several alternative treatments such as 

autograft nerve transplant and artificial nerve conduits may give better performance than the 

operations reliant on suturing.     

 Sunderland classification 

Sunderland explained the details of the microstructure of nerve trunks including fascicular plexus, 

epineurium, and vascular bundles and then defined five levels of nerve injuries by expanding two 

intermediated degrees between axonotmesis and neurotmesis [36, 48, 49]. 

 The first degree (conductive block) 

This degree is a non-permanent conductive block, which electrical signals are stuck. It is also the 

same level as neurapraxia defined by Seddon [36, 48, 49].  

 The second degree (axon discontinuity) 

This degree occurs when axons are separated into two parts: proximal and distal stumps but the 

other three outside membranes (i.e. epineurium, perineurium, and endoneurium) are undamaged 

[36, 48, 49]. After injury, the distal part is degenerated as known as Wallerian degradation, while 

the proximal part can easily regenerate since the surrounding endoneurium can function as the 

axonal conduit.   
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 The third degree (axon and endoneurium discontinuity) 

The inner structures of fascicular consisting of axons, myelin sheaths, and endoneurium are 

damaged [36, 48, 49]. The nerve fibres can regenerate themselves, but they are disorganised 

because of fibrosis and continuity of nerve fibres. The intrafascicular fibrosis disturbs and delays 

axonal growth. Fibrosis is usually occurred in between nerve gaps resulting in disorderly axon 

outgrowth and eventually loss of continuity of nerve fibres. 

Another concern of the third degree is the cross-shunting of axons from different 

endoneurium. However, this is often overlooked in current clinical treatment, which probably leads 

to deficiently functional nerves. 

 The fourth degree (fasciculi and perineurium discontinuity) 

This level is a severe case because all nerve fascicles are destroyed remaining disorganised 

connective tissues of the nerve trunk (i.e. epineurium) [36, 48, 49]. Fibrosis is a concerning issue 

for this degree, as it is with the third degree. The regenerated axons are able to grow freely in 

random directions. The cross-connection of axons from the different fascicles probably leads to 

imperfect functional regeneration. This injury requires surgery for cutting the damaged nerve 

segment out and replacing the nerve gap with either nerve grafts or artificial nerve conduits.   

 The fifth degree (transection of entire nerve trunk) 

This highest degree is the same as that for neurotmesis classified by Seddon [36, 48, 49]. It 

represents the whole nerve trunk transection. It usually occurs in the trauma case when the nerve 

is completely separated into two sections. 

2.3. Peripheral Nerve Regeneration 

The PNS has better potential to recover than the CNS due to the versatile supporting cells, which 

are Schwann cells (SCs). Provided the peripheral nerve is injured, the SCs will convert themselves 

into a regenerating phenotype to support axonal outgrowth. Moreover, the peripheral neurons will 

produce the factors and molecules associated with neural growth for promoting cell adhesion at 

the site of injured nerve and target tissues [7]. 
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 Neurobiology of peripheral nerve injury 

As studied by Sunderland S, 1987, many organelles in a neuronal cell body decrease their levels 

such as the endoplasmic reticulum (ER) associated with ribosomes and the cytoskeleton elements 

(e.g. actins, neurotubules, neurofilaments) after the early period of injury (6 h) [49]. The neuronal 

cell body perhaps receives the first signal from the antidromic electrical activity in the form of a 

high frequency burst of APs; however, the removal of target-derived neurotrophic support is likely 

to be a prominent clue to neuronal survival [7]. The balance of gene and protein expressions of 

the injured nerve may determine whether neurons attempt regeneration or induce apoptosis [7, 

50]. 

Prior to regenerating axons, a series of molecular and cellular degradation occurs at the 

distal end of the damaged nerve, this process is called Wallerian degeneration, as shown in Figure 

2.8. On the first day (24 h), the myelinated SCs detach from axons and turn their forms into non-

myelinated phenotypes. The non-myelinated SCs play a critical role in both degenerating and 

regenerating axons. They down-regulate structural proteins and cooperate with macrophages to 

destroy axonal debris. On the other hand, they up-regulate neural growth factors (NGFs) and cell 

adhesion molecules (CAMs), form axonal guided columns called Bands of Büngner, and support 

environmental trophic factors for axonal regeneration from the proximal toward distal part [7]. The 

details of NGFs, CAMs, and other molecules will be described in the following section (section 

2.3.2).    

Unfortunately, the formation of scar and fibrosis, misdirection of atrophied muscle fibres, 

and apoptotic satellite cells occur during the same period of axonal regeneration [46]. Sometimes, 

it grows faster than the neurite extension resulting in non-functional regenerated nerves. 
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Figure 2.8 Schematic of nerve injury, Wallerian degeneration, and regeneration process, this 

figure is adapted from [7]. 

 Factors and molecules associated with neuron growth 

Ramón y Cajal explained that the direction of axon regrowth is induced by chemotropism and 

neurotropism. These neuronal factors composed of tropic and trophic factors can attract nerve 

fibres especially on the distal stump, promote cell survival, and stimulate neuron differentiation 

[51]. Moreover, several glycoprotein molecules on the cell membrane are significantly increased 

and play a critical role in the regeneration process as well [49]. Therefore, all of these factors can 

be categorised into four groups: tropic factors, trophic factors, cell adhesion molecules (CAMs) 

and substrate adherence molecules (SAMs) that will be described in the following sub-section. 

 Tropic factors 

Many studies confirm that the distal stump of the injured nerve attracts neurite outgrowth from the 

proximal stump toward itself by the chemical and neuronal tropic factors. Actually, the neurite 

extension should be in random directions, but almost all neurites spontaneously grow toward the 

distal stump. The tropic factor is secreted by the target and establishes a concentration gradient 

in the surrounding environment before or during the normal period of axon extension, which is 
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necessary for axonal guidance to the target in vivo [51]. Thus, the tropic factor is the basic guide 

for axonal direction particularly in a small nerve gap; however, the effect of tropic factors can be 

reduced for larger nerve gaps [49]. 

 Trophic factors 

The trophic factors are external molecules for accomplishing peripheral nerve regeneration. Apart 

from neural growth factor (NGF), many types of trophic factors are in the neurotrophins family, 

such as glial growth factor (GGF), glia-derived neurite promoting factor (GdNPF), basic fibroblast 

growth factor (bFGF), and ciliary neurotrophic factor (CNTF) [49, 52, 53].   

NGF is a type of neurotrophin found in the central and peripheral nervous systems of 

vertebrate. It can bind with specific neurotrophin receptors on the neuron membrane in both low 

and high affinity. Receptors p75 and TrkA are well-known receptors for low and high affinity, 

respectively [52]. The effect of NGF on neural growth have been well studied. In vitro, the NGF 

promotes differentiation and neurite outgrowth in the rat pheochromocytoma (PC-12) cell via 

induced synthesis of growth associated protein (GAP-43) [54, 55]. 

In vivo, the GAP-43, also known as F1, B-50, or neuromodulin is a substrate for the 

formation of new synapses and neurite extension after injury [56]. In addition, the NGF receptors 

are commonly found in autonomic and sensory ganglion neurons [49]. Therefore, it is important 

for the survival of sympathetic and sensory neurons. Loss of NGF may result in neuron apoptosis 

[57]. 

 Cell adhesion molecules (CAMs) 

CAMs are proteins on the cell surface, which can bind to other specific molecules and influence 

cell aggregation and tissue formation. They play a critical role in the neurite outgrowth of the PNS. 

There are six general types of CAMs distributed by molecular weights and identified by epitopes 

or lymphocyte markers [49]. The expression of CAMs is always found within a few months (50 – 

150 days) after the nerve transection in both myelinated and non-myelinated nerves. In vitro, the 

SCs with NGF can enhance the expression of CAMs. 
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 Substrate adhesion molecules (SAMs) 

SAMs are the protein molecules in the extracellular matrix (ECM), which can interact with CAMs 

for cell adhesion purposes. Laminin, fibronectin, and type IV collagen are well-known types of 

SAMs, which are extensively found in nerves in particular during the process of neurite outgrowth. 

The strength of neurite attachment is dependent on SAMs. Some studies assert that neurite 

outgrowth on laminin absorbed in type IV collagen is better than pure laminin and fibronectin 

matrices [49].  

A study of axonal regeneration in zebrafish demonstrates that the Wnt/β-catenin 

signalling from non-neural cells invading the injured site can induce col12a1a/b expression and 

collagen XII deposition [58]. Collagen XII is an axonal regeneration promoter. It is necessary for 

navigating axons toward the non-neural injured site. 

Recently, melanin has become an alternative molecule for supporting neuron and SC 

attachment. Melanin is the natural skin pigment in the human body. Some studies have confirmed 

that melanin is an electrically conductive molecule and that it can support neural growth. Bettinger 

C.J., et al., 2009 determined that melanin films in the hydrated state have a conductivity of 7.00 ± 

1.10 S/cm and the neurite extension and SC growth on melanin films are better in comparison to 

collagen films [59].  

2.4. Clinical Peripheral Nerve Therapy and Tissue Engineered Peripheral 

Nerve Approaches 

Peripheral nerves have some ability to regenerate themselves towards their target tissues. In the 

clinic, the microsurgical technique is a successful strategy for small injuries, which can rapidly 

promote axonal regrowth. However, nerve grafting and artificial nerve conduits are standards for 

large nerve transection (over 5 mm) [15]. Although these techniques are helpful, full functional 

recovery remains challenging. To accelerate the axonal outgrowth and improve the quality of 

functional regeneration, the combination of these conventional techniques and external electrical 

stimulation is an alternative [23]. Contemporary peripheral nerve therapy is categorised into three 

approaches: 1) autologous nerve grafts, 2) artificial nerve conduit, and 3) electrical stimulation. 
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 Autologous nerve grafts 

Autologous nerve graft or autograft is a nerve transplant technique to replace the damaged section 

with another tissue from other parts of the patient’s own body (the donor site) such as small nerves, 

muscles, vessels, and fat. This method is the current gold standard for peripheral nerve treatment. 

It is relatively safe due to no rejection from the immunological system of the patient body. 

Autografts provide appropriate levels of neurotrophic factors and viable SCs associated with axon 

regeneration [60]. However, autografts still have their disadvantages, in particular the loss of 

function of the donor site. In addition, the limitation of donor site morbidity, number of grafts, and 

amount of tissues should be considered [61]. 

Donor tissues from other people, termed nerve allografts, can be used instead of 

autograft. Unfortunately, the use of allografts require systemic immunosuppression to reduce 

antigenicity prior to transplantation, which may affect the health of the recipient. In addition, there 

remain limitations on immunological matching, including the ABO blood types between the host 

and donor [60]. 

 Artificial nerve conduits and tissue engineered nerve scaffolds  

Artificial nerve conduits or nerve guidance conduits (NGCs) are useful in clinical work. They 

obviate the need for a donor site and associated problems (e.g. morbidity, amount of tissues, and 

nerve site mismatch). Many commercial NGCs have already been approved by the FDA for clinical 

use. The materials of commercial NGCs are based on both synthetic and natural polymers. For 

example, Neurotube® is made from PGA, NeurolacTM from PLCL, and SalutunnelTM from PVA, 

while NeuraGen®, NeuroFlexTM, NeuroMatrixTM, NeuraWrapTM, and NeuroMendTM have collagen 

type I as their base materials [15, 62, 63].  

Most NGCs are acellular scaffolds with designs using hollow tube structures for 

wrapping around the damaged nerves or bridging the nerve gap, as shown in Figure 2.9 [64]. The 

inner wall of hollow NGCs is key success in facilitating peripheral nerve regeneration. Apart from 

smooth surfaces, several inner wall structures have been developed to mimic the native ECM, 

such as porous, grooved, and fibrous surfaces [12, 64-66]. On the other hand, the hollow space 
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of the NGCs can be filled or loaded with aligned filaments, multichannel microtubes, sponge 

structures, hydrogels, etc. [64, 66]. 

Furthermore, not only the physical structure of scaffold but also the active intraluminal 

environments of cell-based scaffold and electrically conductive or electroactive scaffolds can 

improve the efficiency of NGCs. The incorporation of cells (e.g. primary cells, stem cells, and 

genetically modified stem cells) in NGCs have been studied in axonal regeneration because these 

cells can release the imperative molecules for axon regeneration [66].  

The cell-loading techniques applied can be divided into two main methods: incorporation 

and post-fabrication cell seeding. 3D bioprinting is a well-known technique to fabricate scaffolds 

according to a pre-set structure. It is an example of cell-loading during fabrication because the 

bioink of 3D printers is usually made from a hydrogel-cell mixture. On the other hand, the post-

fabrication cell seeding techniques (e.g. static seeding, vacuum cell seeding, and perfusion 

bioreactor) are widely used because they can reduce the risk of fabrication conditions. 

Alternatively, growth factors can be loaded in NGCs instead of cells [66]. 

Cell-based scaffolds represent future generation NGCs, which have the potential to 

improve axonal outgrowth. Cell-based NGCs may be difficult to use in clinical work due to the 

complication of cell seeding protocols and cells antigenicity. Therefore, most commercial NGCs 

are still based on acellular scaffolds. In acellular scaffolds, not only intraluminal guidance structure 

but also the optimisation of material properties for the induction of external stimuli such as 

ultrasound [12, 67], electromagnetic field [68, 69], and especially electrical stimulation [68, 70] 

have been developed to enhance peripheral nerve repair. The development of electrical 

conductive NGCs is described later (in section 2.5).   
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Figure 2.9 Schematic of different structures of nerve guidance conduits (NGCs) and the 

modification of scaffolds with either physical or biological cues [64]. 

 Electrical stimulation 

Electrical stimulation is a known method for non-surgical peripheral nerve treatment and is an 

alternative therapeutic strategy usually applied after surgery across injury sites. There are four 

different ways to stimulate the peripheral nerve: transcutaneous electrical nerve stimulation 

(TENS), direct stimulation, stimulation through synthetic nerve graft, and combination with other 

methods [23].  

TENS is a method of pain relief by exposing electrical impulses (around 2 – 150 Hz) 

through the skin to reduce pain signals, which are transferring from sensory nerves to the brain 

[23]. TENS can not only interrupt pain signals, but  also enhances the release of neurotransmitters 

such as serotonin and γ-aminobutyric acid (GABA) [71]. For these reasons, many researchers 

have focused their attention on applying TENS in peripheral nerve regeneration.  
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TENS with the condition of 0.8 – 1 mA, low frequency of 2 Hz for 15 minutes per day 

after a week of surgery with silicone tubes have been reported to significantly reduce the gap of 

10 mm transected nerves [72, 73]. In addition, some studies have attempted to compare the effect 

of continuously direct and pulse electrical currents on nerve regeneration. For example, Cheng 

W.L., et al., 2004, reported that a direct current of 10 µA can increase the area of nerve bundles 

but the same number of myelinated fibres, resulting in the decrease of nerve density. In contrast, 

all conditions of pulse stimulation of 10 and 20 µA with various frequencies and pulse widths (e.g. 

50 Hz – 0.3 ms, 100 Hz – 1.5 ms, and 200 Hz – 0.75 ms) increased nerve density [74].  

In animal work, direct electrical stimulation with a low frequency to the proximal nerve 

ending is a fascinating approach for peripheral nerve recovery [70, 75, 76]. It can be applied 

together with surgical treatments (e.g. suture surgery and autologous nerve graft) [75, 77]. The 

combination of electrical stimulation and surgery can accelerate axonal outgrowth, especially for 

small nerve gaps [77]. In vivo, the direct electrical stimulation with a low frequency also reached 

the gold standard of nerve regeneration in case of the nerve gap of 10 – 15 mm in rat sciatic 

nerves (Sprague-Dawley rats) [70, 75, 76]. 

Induced electric field is another method for stimulating nerves covered by the synthetic 

nerve graft. Piezoelectric materials or microelectrode systems need to be deposited into the nerve 

tube to generate electric fields at the injured nerve [78, 79]. Currently, the development of this 

method focuses on stimulation via electrically conductive materials. The electrical property of 

scaffolds and the optimal electrical stimulation parameters still warrant further investigation for 

fully functional regeneration [23]. 

Electrical stimulation can also be combined with cell-based scaffolds (e.g. active SCs) 

and gene therapy [23]. The injury site of the nerve directly receives the growth factors secreted 

from the SCs. Scaffolds with these active factors and electrical stimulation have been reported to 

exhibit the highest rate of regeneration and functional reconnection to target muscle compared to 

scaffolds without electrical stimulation [76]. 
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 Other external stimuli for non-surgical peripheral nerve treatment 

Although electrical stimulation is a popular method for non-surgical peripheral nerve treatment, 

the range of frequency has to be decided carefully since the high frequency is likely to damage 

the tissue rather than heal [65]. Magnetic stimulation and laser phototherapy are alternative 

methods for non-surgical treatment.  

There have been few studies into magnetic stimulation. Once such study showed 

magnetic stimulation enhanced the functional recovery of peripheral nerves with a similar number 

of motor neurons between the treatment side and the normal side in vivo [80]. Laser phototherapy 

is another promising method for maintaining the functional activities of the injured nerve and 

decreasing the formation of scars at the injury site [81]. Most studies found that low-power laser 

irradiation (at wavelengths 780, 808, 904, 905 nm) has a positive effect on peripheral nerve 

regeneration [82-85]. However, laser irradiation may have side effects on healthy tissues [65].   

2.5. Materials for Tissue Engineered Peripheral Nerve Scaffolds 

As mentioned in artificial nerve conduits for clinical applications, several types of synthetic 

polymers and natural materials, especially those based on collagen, have been developed as 

peripheral nerve scaffolds. Many synthetic polymers are accessible and relatively easy to fabricate 

into patterned scaffolds, while their biocompatibilities are in general lower compared to some 

natural polymers.  

Although conventional nerve conduits (e.g. hollow luminal NGC) provide appropriate 

environments for neurite outgrowth, fully functional regeneration remains challenging. Scaffold 

that promote unidirectional axon regrowth are key for functional nerve regeneration. Unidirectional 

growth from the proximal to distal ends increases the possibility of effective recovery compared to 

random direction growth [86-89]. Moreover, it also reduces the chance of scar and fibrosis 

formation between nerve gaps, which obstructs neurite outgrowth during the wound healing 

process.  

Recent research trends in materials for peripheral nerve regeneration have been 

focusing on scaffold with active environment, which can provide essential factors to accelerate 
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neurite outgrowth. Scaffolds with active environments include those for example, with stem cells, 

SCs, trophic factors, CAMs, SAMs, and electrically conductive scaffolds as alternative strategies 

for effective regeneration of peripheral nerve [89, 90]. 

In the case of synthetic polymers, many of them have been developed or used as 

matrices in electrically conductive scaffolds for peripheral nerve regeneration, as shown in Table 

2.2. These studies indicate that composite materials with electrical stimulation can promote neurite 

extension.  

SF, a natural polymer is the focus of this study because it can be fabricated into many 

forms such as films, sponges, hydrogel, and fibres (i.e. random and aligned fibres) [20]. It can be 

easily modified to form electrical conductive scaffolds with various types of conductive polymers 

PPy, PANi, PEDOT, PEDOT:PSS, and even by incorporation of graphene family materials (i.e. 

GO and rGO), as shown in Table 2.3. Electrically conductive SF can be used as an electrode to 

stimulate neurovascular activity [91], manipulating cell-laden nanopellets [92], and biosensors [93, 

94].  

Electrical conductive scaffolds have been studied for a long time to mimic the 

electrophysiology of peripheral nerves, which can transfer action potential toward target tissues 

and organs. After the first enhancement of electrical conductivity of polyacetylene in 1978 [95, 96], 

other polymers were developed and attended by the scientific community, especially for the nerve 

regeneration study. Thus, conductive polymers become favourable compositions associated with 

electrical stimulation for the modern evolution of neural tissue engineering [97].    

For peripheral nerve regeneration, PPy, graphene family (i.e. GO and rGO), and CNTs 

have attained traction as composite scaffolds. However, PEDOT:PSS is also interesting for this 

application due to its low cost and high conductivity. It was used as a model polymer to investigate 

the relationship between electrical stimulation and neural differentiation [97]. SF and PEDOT:PSS, 

which are the main materials in this study, are discussed further in detail in the following section. 
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Table 2.2 Electrically conductive scaffolds for peripheral nerve regeneration 

Year 
Base 

polymers 
Conductive 
polymers 

Fabrication 
Electrical 

stimulation 
Cell type     
(in vitro) 

Key results Ref. 

2009 PLGA PPy Electrospinning 
and coating 

10 mv/cm, 2 h PC-12  

E18 

Conductive material with electrical 
stimulation exhibited 40 – 50% longer 
neurites and 40 – 90% more neurite 
formation compared to unstimulated 
conditions. 

Aligned fibres supported the neurite 
extension and neurite-bearing cells 
better than random fibres. 

[98] 

2011 PLLA PANi Electrospinning 
and blending 

100 mV/mm, 1 
h 

Rat neuron 
stem cells 

The fibre material with a diameter of 
195 nm greatly supported cell 
proliferation. 

Conductive material with electrical 
stimulation enhanced neurite extension. 

[99] 

2011 PCLF PPy Mould casting 
and coating 

10 µA, 24 h 

(DC) 

10 µA, 20 Hz, 

24 h (pulse) 

PC-12 Electrical stimulation enhanced the 
percentage of neurite-bearing cells, the 
number of neurites, and neurite length 
on composite material. 

The neurites extended following the 
direction of applied current.  

[100] 

2013 PLGA and 
PCL 

PPy Spray coating 100 mV/cm, 2 
h (DC) 

±100 mV 
peak-peak, 60 
Hz (sine 
wave) 

Rat DRGs 

PC-12 

The DC stimulation increased axonal 
outgrowth 13% in the parallel direction 
of electrical current, while the AC 
increased 21%.  

[101] 
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Year 
Base 

polymers 
Conductive 
polymers 

Fabrication 
Electrical 

stimulation 
Cell type     
(in vitro) 

Key results Ref. 

2014 PU 
(membrane) 

NGNF Spray coating 50, 100, and 
200 mV/mm 
for 4, 6, 24, 
and 48 h (DC) 

100 mV/mm, 1 
and 10 Hz for 
4, 6, 24, and 
48 h (pulse) 

PC-12 The DC of 100 mV/mm for 6 h greatly 
enhanced the plasticity of PC-12. 

The pulse stimulation of 100 mV/mm, 1 
and 10 Hz promoted more neurites and 
increased neurite length. 

[102] 

2016 PLLA and HA PEDOT Film casting 0.5 mA, 2 h PC-12 The conductive material with electrical 
stimulation increased mRNA expression 
levels of GAP-43 and SYP indicating 
neurite extension. 

The longest neurite outgrowth was 122 
± 5 µm. 

[55] 

2016 PLCL PPy Electrospinning 
and coating 

100 mV/cm, 4 
h/day 

PC-12 

Rat DRGs 

Rat sciatic 
nerves (in 
vivo) 

The neurites of PC-12 on the 
conductive material had a similar length 
to those on TCP. 

The conductive material with electrical 
stimulation significantly promoted 
neurite length. It also increased the 
levels of NGFs (e.g. GDNF and BDNF) 
from DRGs. Furthermore, it could 
assess in the rat sciatic nerve model.   

[103] 

2016 Collagen type 
I 

SWCNT Film casting and 
coating 

50 mV/mm, 1 
mA, 8 h 

Rat DRGs The SWCNT-loaded material with 
electrical stimulation increased neurite 
outgrowth 7 folds to non-loaded 
materials without stimulation.  

[104] 
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Year 
Base 

polymers 
Conductive 
polymers 

Fabrication 
Electrical 

stimulation 
Cell type     
(in vitro) 

Key results Ref. 

2017 PLLA PPy Film casting  100 mV/cm, 2 
h/day for 14 
days 

PC-12 

L929 

ECM coating supported cell adhesion, 
neurite-bearing cell, neurite alignment, 
and neurite length on the conductive 
material. 

The ECM coated conductive material 
with electrical stimulation promoted 
early state neurite extension of PC-12 
within the first 3 days. 

[105] 

2018 PCLF CNT Mould casting 
and UV-induced 
crosslinking 

100 mV/mm, 
20 Hz, 2 h/day 
for 5 days 

PC-12 The PCLF-CNT scaffold with electrical 
stimulation enhanced PC-12 cell 
proliferation, cell migration, and the 
formation of intracellular connections.  

[106] 

2021 PLA rGO and PPy Electrospinning 
of composite 
solution 
(PLA/rGO) and 
plasma 
treatment (In 
situ PPy) 

100, 400, and 
700 mV/cm, 
50 Hz, 0.5 
h/day for 3 
days 

PC-12 The PLA/rGO/PPy composite 
nanofibres with electrical stimulation 
could effectively promote cell 
proliferation, differentiation and neurite 
outgrowth.  

The suitable content of rGO was 3.5 
wt% relative to PLA. 

The electric density of 400 mV/cm 
promoted DMEM protein adsorption on 
composite scaffold better than other 
electrical conditions. 

[107] 
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Table 2.3 Electrical conductive SF for tissue engineering and biomedical applications 

Year 
Base 

polymers 
Conductive 
polymers 

Fabrication 
Electrical 

stimulation 
Cell type         
(in vitro) 

Key results Ref. 

2012 SF PPy Electrospinning 
and chemical 
polymerisation 

N/a hMSCs and 
fibroblast 

The PPy coated electrospun SF 
supported hMSC and fibroblast 
adhesion and growth.   

[108] 

2015 SF PPy-co-2-
hydroxy-5-
sulfonic 
aniline 

Freeze-dry and 
IPN 

100 mV/mm, 4 
h/day for 6 
days 

hMSCs hMSC differentiated toward the cell with 
osteogenic potential under the condition 
of electrical stimulation through a 4 mm 
thick scaffold.  

[109] 

2016 SF GO and rGO Electrospinning 
and dip coating 

N/a L929 GO and rGO coated electrospun SF 
supported cell proliferation as well as 
uncoated electrospun SF. 

[110] 

2016 SF and PLCL PPy Electrospinning 
and coating 

100 mV/cm, 1 
h/day 

PC-12 The electrical stimulation on PPy coated 
material without NGF treatment 
promoted the neural differentiation 
factors (i.e. β-III tubulin, GAP43, and 
synapsin I) and axonal extension. 

[111] 

2017 SF PANi Electrospinning 
and blending 

N/a SCTM41 and 
rat sciatic 
nerves (in vivo) 

The 10 mm sciatic nerve gap, which 
was covered by the PANi/SF 
electrospun fibre seeded with SCs for 
12 months, grew healthily with thick 
myelinated axons. 

The recovered nerve had excellent 
neurophysiological properties (e.g. 50 
m/s nerve conduction velocity, 12.8 mV 
compound muscle potential, and 124 
µV motor unit potential).    

[19] 
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Year 
Base 

polymers 
Conductive 
polymers 

Fabrication 
Electrical 

stimulation 
Cell type         
(in vitro) 

Key results Ref. 

2017 SF rGO Electrospinning 
and dip coating 

100 mV, 2 
h/day for 2 
days 

PC-12 Cell viability on the rGO coated material 
was over 95%. 

The rGO coated material induced the 
differentiation of PC-12 to the neural-
like phenotype. 

The electrical stimulation enhanced the 
production of neurite outgrowth on the 
rGO coated material. 

[112] 

2017 SF and 
chitosan 

PEDOT Double layer 
electrospinning 

200 µA, 10 

min on and 20 
min off for 
various time 
conditions (1, 
3, 5, and 7 
days) 

USSCs The stem cell growth and proliferation 
on PEDOT/SF fibres were higher than 
those on TCP. 

Electrical stimulation on PEDOT/SF 
fibres increased the gene expression 
associated with ligament formation. 

[113] 

2018 SF Graphene Film casting N/a iPSCs Graphene content of 4% in SF film 
increased the neural differentiation 
process of iPSCs. 

[114] 

2018 SF rGO Electrospinning 
and coating 

5 V/cm, 1 Hz 
for 4 days 

Cardiomyocyte 
isolated from 
neonatal rats 

The rGO/SF supported cell spreading, 
cardiac-specific protein expression, the 
formation of sarcomeric structure, and 
cell-cell gap junctions.  

The parallel electrical stimulation to 
rGO/SF fibre enhanced the 
functionalities of cardiac tissue. 

[115] 
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Year 
Base 

polymers 
Conductive 
polymers 

Fabrication 
Electrical 

stimulation 
Cell type         
(in vitro) 

Key results Ref. 

2018 SF PPy 3D printing and 
polymerisation 

Electrospinning 

N/a L929 

SCs 

The PPy/SF scaffold was biocompatible 
and it supported SC adhesion. 

[116] 

2019 SF  Melanin Electrospinning 
of composite 
solution 

N/a SH-SY5Y SF/melanin composite fibres showed 
high free radical scavenging activity and 
they supported the neuronal cell 
adhesion and viability. 

[117] 

2020 SF PPy Film casting 

3D printing and 
coating 

Electrospinning 

 

100 mV/mm 
(in vitro) 

3 V, 20 Hz, 
0.1 ms pulse 
width, 1 h/day, 
every 2 days 
for 7 times (in 
vivo) 

SCs isolated 
from the sciatic 
nerve of 
Sprague-
Dawley rats 

Sciatic nerves 
of Sprague-
Dawley rats (in 
vivo) 

The PPy/SF with electrical stimulation 
promoted SCs growth and proliferation, 
accelerated wound healing of SCs, and 
increased gene expression of 
neurotrophic factors.  

In vivo, the defected sciatic nerve 
extensively extended neurites in the 
PPy/SF nerve conduit with electrical 
stimulation   

[118] 

2021 SF PPy Electrospinning 
of composite 
solution 

5 V, 1 Hz, 2 
ms pulse 
width 

HL-1 

NRCMs 

hiPSC-CMs 

The electrospun fibre with a PPy to SF 
ratio of 15:85 showed sufficient 
electrical conductivity for 
cardiomyocytes. 

With electrical stimulation, the hiPSC-
CMs on the fibre with a PPy to SF ratio 
of 30:70 exhibited strong contraction  

[119] 

2021 SF PEDOT:PSS Electrospinning 
and dip coating/ 
DMSO 
treatment 

N/a NG108-15 The DMSO treated PEDOT:PSS/SF 
enhanced cell proliferation compared to 
untreated fibres.  

[120] 
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Year 
Base 

polymers 
Conductive 
polymers 

Fabrication 
Electrical 

stimulation 
Cell type         
(in vitro) 

Key results Ref. 

2021 SF GO and rGO Electrospinning 
of composite 
solution 

N/a NG108-15 The SF/GO and SF/rGO greatly 
supported cell adhesion.  

Graphene content in materials in 
particular SF/rGO enhanced the 
metabolic activity and cell proliferation. 

[121] 
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 Silk fibroin (SF) 

Silk fibroin (SF) is a protein extracted from silk cocoons of silkworms, Bombyx mori (B. mori), also 

known as mulberry silks [20, 122, 123]. Silk cocoons contain two proteins: fibroin and sericin as 

the core fibres and glue-like proteins for attaching all core fibres respectively. The majority (~75%) 

of silk cocoon weight is fibroin protein, while the other is sericin approximately 25 – 30% [20]. Only 

the fibroin protein is known to be biocompatible for the application topic of this study, so the sericin 

must be degummed before further use. Silk fibroin has been used in medical sutures and 

developed for biomedical materials, especially scaffolds for tissue engineering of bone, tendon, 

ligament, cartilage, neural, skin, etc. 

 Structure and mechanical properties of silk fibroin 

The fibroin protein is a block copolymer containing light and heavy chains, which have molecular 

weights of 25 – 26 and 325 – 390 kDa respectively, linked by disulphide bonds [20, 122, 123]. The 

light and heavy chains represent hydrophilic and hydrophobic domains of fibroin respectively. 

Almost all molecules in a natural silk fibroin are formed in the β-sheet structure that is the 

hydrophobic part and provides the mechanical strength of fibres. However, these hydrophobic 

segments are connected together by small hydrophilic linkers and non-covalent bonds of light 

chain molecules for maintaining the elasticity. 

A hydrophobic molecule is formed as a hexapeptide sequence consisting of repeated 

amino acids: glycine – alanine – glycine – alanine – glycine – x, where x is serine or tyrosine as 

shown in Figure 2.10 [124]. The secondary protein structures of these hydrophobic molecules are 

typically organised to be nano-crystalline or semi-crystalline regions, which are termed β-sheets. 

The presence of β-sheets in fibroin fibres enhances the mechanical property of natural B. mori silk 

fibres resulting in the ultimate tensile strength (UTS) of 740 MPa [125-127], which is higher than 

that of other fibres such as 0.9 – 7.4 MPa reported for collagen [127-129], 28 – 50 MPa for PLA 

[123, 130], and 50 MPa for synthetic rubber [123, 131]. Silk fibre has high elasticity with strain at 

break of circa 20% [123, 125].  
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Figure 2.10 Schematic of regenerated silk fibroin molecular chain including hydrogen bonding, 

secondary protein structures, and amino acid sequences [124]. 

β-sheet formation can be divided into two subtypes: parallel and anti-parallel β-sheet, 

depending on the hydrogen bonds between two polypeptide strands and the direction of N-

terminal and C-terminal of protein backbone [132, 133]. The major structure of many native 

proteins (e.g. silk from silkworms and spiders) is the antiparallel β-sheet [134]. Apart from the β-

sheet crystalline structure, SF also contains other secondary protein structures (e.g. α-helix and 

random coil). These are non-crystalline or amorphous structures and are related to the elasticity 

of SF fibres [135]. On the other hand, the amorphous and crystalline structures of silk are called 

Silk I and Silk II, respectively. Silk I is referred to as α-helix, random coil, or metastable structure, 

while Silk II is dominated by anti-parallel β-sheets [135, 136].   

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy is the 

most common method for observing the secondary protein structure of SF. Three regions of 

absorbance peaks represent the chemical bonding of amide, which are labelled as amide I, amide 

II, and amide III. The amide I peak (1600 – 1700 cm-1) is associated with C-O stretch, amide II 

peak (1520 – 1550 cm-1) with N-H deformation, and amide III peak (1200 – 1300 cm-1) with C-N 

stretch and N-H bends [137]. Analysis of the amide I region is commonly used for identifying all 

secondary structures of SF since it refers to the small variation of geometry molecules and 

hydrogen bonds [138].       
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However, the mechanical property of regenerated SF material is significantly lower than 

natural SF due to the loss of β-sheet formation during the fabrication process (e.g. heating and 

dissolving in solvents). For example, the dry silk film has been reported to have UTS ~20 MPa 

and the elastic range is less than 2% resulting in brittle material [122].     

The diversity of amino acids in the side chain is another noticeable property of SF. Both 

amine and acid groups can be easily modified by various chemicals for surface decoration. 

Adhesive molecule genes such as fibronectin, elastin, and collagen can be genetically inserted 

into silkworms in order to produce recombinant SF [139, 140].   

 Biocompatibility and degradation 

Silk fibroin has a special combination between strength and elasticity that is very attractive to be 

the matrix of mammalian cell adhesion. Many studies have confirmed that silk fibroin is a 

biocompatible material even though it is an endogenous material and hence could be rejected by 

the immunological system. There is only minimal inflammation and no extra specific signs of the 

immune response expressed when testing silk materials in vitro and in vivo [141]. Currently, the 

degummed silk fibroin without sericin is widely accepted to use in biomedical applications, similar 

to those where PLA and collagen are used [122]. However, another concerning problem is the 

degradation products and debris. Although most products are non-toxic, their long-term effects in 

the body still need to be properly investigated.  

Silk fibroin can be retained in our bodies for a long duration of more than 60 days without 

losing any mechanical strength but it can be slightly degraded [123]. The degradation period of 

silk fibroin is dependent on both the silk structure and implantation regions. For example, a report 

into in vitro degradation showed that the SF scaffold with a larger pore size collapses faster and 

exhibits a faster rate of weight loss; therefore, the pore size of the SF scaffold is inversely 

proportional to the degradation rate [142]. The highly crystallized structure (β-sheet) degraded 

gradually [20]. 

In general, protein structures are usually digested via enzymatic degradation by 

protease enzymes resulting in the surface erosion of silk material. Protease XIV is a common 
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enzyme for studying silk degradation in vitro and it can be incubated with B. mori for up to 12 

weeks [143]. Porous SF sheet has been reported to be broken down by protease XIV into free 

amino acids, indicating that the SF sheet would be susceptible to human metabolic processes 

[144]. Moreover, the degradation time of SF material can be controlled by the exposure to gamma 

radiation [145]. Gamma irradiation alters the secondary structure of β-sheets into random coils 

resulting in the fragile structure and increase of hydrolysis rate. 

 Electrospun silk fibroin 

Electrospinning is a fibre fabrication method using electrical gradients to induce the moving of 

polymer solution from a syringe and turn them into fibres with a small diameter at a collector. The 

diameters of these fibres are usually in a few hundred nanometres and the alignment of fibres are 

can be controlled to some degree by collector type and rotation speed/linear velocity. Static 

collectors typically result in random fibres, while the rotating mandrel collector can give aligned 

fibres that are very useful in peripheral nerve application.  

Recently, SF extracted from silk cocoons has gained traction for electrospinning, using 

two different solvents: aqueous and other organic solvents. SF electrospun fibres from aqueous 

solvents (water-based solution) are non-toxic and compatible with cells; however, the solution 

preparation takes a long time, particularly the dialysis and concentrating processes. In contrast, 

the organic solvents are maybe toxic to cells even if they can dissolve SF rapidly. 

The water-based electrospinning solution is initially prepared by dissolution of 

degummed SF fibres either in lithium bromide (LiBr) or the solution of calcium chloride, ethanol, 

and water (CaCl2/EtOH/H2O), dialysis in water, and then increasing concentration of SF by dialysis 

against polyethylene glycol (PEG) [20, 146-148]. After electrospinning, the fibre mats should be 

immersed in ethanol or methanol to induce β-sheet formation. However, by using organic solvents 

the dialysis processes can be obviated. For example, Zhang K.H., et al., 2011 reported that 12% 

wt/v of degummed SF can be readily dissolved in a mixture of hexafluoroisopropanol and 

trifluoroacetic acid (HFIP:TFA) at a volume ratio of 9:1 [149]. Formic acid (FA) is another suitable 

solvent for silk fibroin. SF dissolution in 6% wt/v of FA with addition of CaCl2 can be electrospun 
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into fibres, as confirmed by Liu Z., et al., 2015 [150]. FA is usually used for dissolving 12 – 20% 

wt/v lyophilized silks and dried films to prepare electrospinning solution [151-154].       

Electrospun SF fibres are reportedly biocompatibility, and enable scaffolds with suitable 

mechanical strength, tuneable structure, and optimal permeability of oxygen and moisture, all 

intrinsic properties for supporting cell survival [113, 155]. Electrically conductive polymers are 

usually added into electrospun SF mat either during the preparation of electrospinning solution or 

after electrospinning (post-processing) to improve the electrical conductivity of fibres. The 

electrically conductive fibres are applicable in electrical stimulation, in which the external electrical 

current can transfer to the cell directly, as shown in Table 2.3. Moreover, many conductive 

polymers are biocompatible and some have high protein adsorption properties that may promote 

cell growth. For instance, Kotwal A. and Schmidt C.E., 2001 and Forcinity L, et al., 2014 reported 

that PPy can greatly adsorb fibronectin, laminin, and NGF [24, 156]. Das S., et al., 2017 reported 

that the high percentage of swelling of electrospun PANi/SF that improve the recovery rate of rat 

sciatic nerve [19]. 

 Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) 

PEDOT:PSS is a flexible, transparent, and conductive polymer. In addition, it has high thermal 

stability and water solubility [157]. Its structure comprises of two differently charged polymers 

(ionomers) in both positive and negative charges, which are found in PEDOT and PSS 

respectively [158], as shown in Figure 2.11. Therefore, an electrical double layer (EDL) is 

spontaneously formed in the bulk of PEDOT:PSS, and is suitable to be a part of organic electronic 

devices such as capacitors, conductors, and transistors [159].   

Many research reports into PEDOT-incorporated peripheral nerve scaffolds have shown 

good results in terms of neurogenic differentiation in vitro, and similar morphology of recovered 

nerves in vivo to use autologous nerve grafts [97]. For example, the PC-12 cell line expressed 

high levels of neurogenic factors such as MAP2 and β-III tubulin when cultured on the PEDOT-

infused collagen hydrogel even without electrical stimulation [160]. Unfortunately, the PEDOT 

scaffold is nondegradable and a high quantity of PEDOTs might reduce the porous size of the 
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scaffold and then inhibit the exchange of nutrients and metabolic wastes. An appropriate neural 

scaffold should be a degradable in a period that is matched to the recovery time. As a 

consequence, cross-linked PEDOT:PSS scaffolds are an alternative choice because not only does 

the EDL property support extraneously electrical stimulation but also surface erosion can be 

controlled by PSS concentration [22, 97].           

PEDOT:PSS scaffolds can provide high cell proliferation and cell viability. Hardy J.G., et 

al., 2015 reported DC stimulation with 10 mV/mm for 4 h across PEDOT:PSS films to result in 

fibroblast alignment on the material [161]. For peripheral nerve regeneration, neurite outgrowth is 

significantly greater when exposed with the electrical pulse stimulation on PEDOT:PSS scaffolds 

[97].  

PEDOT:PSS has electrochemical stability and it is suitable for modification of the 

electrical conductivity of scaffolds for peripheral nerve applications. Although PEDOT:PSS 

incorporated scaffolds has been previously developed, few studies have been focused on 

incorporation with in silk fibres. PEDOT:PSS on or as a penetrating network in electrospun silk 

fibroin fibres is an interesting material that might improve the neurite extension of neurons and 

SCs proliferation especially when combined with the active electrical stimulation.   
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Figure 2.11 Chemical structure of poly(3,4-ethylenedioxythiophene) (PEDOT), polystyrene 

sulfonate (PSS), and the complex form of PEDOT:PSS. 

2.6. Electrospinning 

Electrospinning is a well-known fibre fabrication technology, which was has become popular 

across several research field in the last two decades [162, 163]. Electrospinning uses high 

electrostatic force to transform the solution into fibres in the range of submicron to nanometres. 

Polymers, metals, ceramics, and composites can be utilised as the raw materials for 

electrospinning. Wide ranges of polymers from both synthetic and natural polymers including SF 

can be electrospun into scaffolds for biomedical applications and tissue engineering. The basic 

principle of electrospinning is described in the following section. 

 Electrospinning apparatus 

In general, electrospinning consists of three main components: a spinneret or nozzle, a collector, 

and a high voltage DC power supply.  

PEDOT:PSS 

PEDOT 

PSS 
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The conventional spinneret is a needle-based system comprising of an electrospinning 

solution in a syringe connecting with a metallic needle and a syringe infusion pump. The ejected 

solution from a needle is then spun into fibres, solvent evaporation typically occurs in flight and 

the dry fibres are eventually collected. Another type of spinneret is a needle-less system. Metallic 

spinnerets are designed in various geometric shapes instead of needles and the fibres are directly 

spun from an open liquid surface [164]. 

The collector is always made from an electrically conductive material, and depending on 

set-up can manipulate the alignment of electrospun fibres. The static flat plate is commonly used 

for collecting random fibres, while parallel plates, rotating drums, rotating dishes, and conveyors 

can be used to collect unidirectionally aligned fibres [162].   

Common voltage ranges are 10 – 30 kV and 30 – 80 kV for needle-based and needle-

less electrospinning, respectively [165]. The electrostatic force between the spinneret and 

collector is generated by the high voltage DC power supply. The high voltage source applied to 

the spinneret is commonly positive, while it is a grounded or negative charge is typically applied 

to the collector. In this case the electrospinning solution at the spinneret is charged by positive 

ions and is able to move following the electric field towards the collector. The movement of the 

charged solution under the influence of an electric field is also termed an electrospinning jet.  

 Jet generation 

The electrospinning jet from the spinneret to the collector can be divided into three phases: The 

Taylor cone, straight jet, and bending/whipping region [166]. These phases are sequentially 

created following the distance from the spinneret to the collector (i.e. Taylor cone at the tip of 

needle, straight jet at the middle, and bending/whipping at the area close to collector), as shown 

in Figure 2.12. 

 The Taylor cone is a conical shape of solution, formed due to the strong electric field, and 

first described by Taylor G.I., 1964 [167]. In electrospinning, the Taylor cone is created by the 

effects of pressure, voltage, and heating [168]. Herein, the pressure refers to the mechanical feed 

of the syringe pump and the gravity force (if ejected downwards) resulting in the extrusion of 
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solution at the tip of the spinneret. The surface tension due to the cohesive force of liquid 

molecules leads to the spherical droplet of ejected solution at the tip. Therefore, the different 

properties of electrospinning liquid or solution (e.g. viscosity and concentration) and temperature 

affect the surface tension of the ejected solution at the tip of the spinneret.  

Increase in voltage can transition the spherical droplet to paraboloid and hyperbolic 

surface [168, 169], as shown in Figure 2.13. At a threshold voltage, the electric field is strong 

enough to charge the solution and the charged droplet is induced to be a fine fluid jet from the 

apex of the meniscus eventually. Therefore, the balance between the surface tension due to 

pressure and the voltage is imperative for generating the perfect Taylor cone and electrospinning 

jet.  

The length of the straight jet is defined by sufficient distance driven by the current due 

to the charged surface of the solution. The straight jet thins rapidly and it enters the 

bending/whipping region when all forces except initial and electrostatic forces stop to dominate 

the jet [169]. Therefore, the surface charge density or the current passing through the jet is an 

important parameter for the stability of the jet, as well as the fluid parameters of the jet, such as 

viscosity and conductivity [170].  

The bending/whipping region occurs when the jet becomes convectively unstable. It 

begins with a short sequence of unstable bending back and forth followed by a winding and looping 

path in 3D. Many loops are produced during the travel of the whipping jet to the collector. The first 

jet loop is very tiny with a small circumference. The following loops slowly grow up and their 

circumferences are gradually increased; meanwhile, the diameters of jet solution are gradually 

decreased [171]. The whipping instability is largely responsible for fibre solidification [169].  

The solidification of fibres from the electrospinning jet is commonly due to the heat 

transfer or solvent evaporation, depending on the states of the electrospinning material. In the 

case of a liquid state prepared from melt material, the heat of the jet is transferred to the 

environment during travel to the collector, termed electrohydrodynamic quenching [168]. 

Additionally, the air current enhances the thermal quenching of the jet, which increases the 

solidification rate. 
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In solution-based electrospinning, solvent evaporation is required for solidification. 

Before evaporating, the solvent needs to be separated from polymers or other composites, which 

is called phase separation. Two common mechanisms of phase separation in electrospinning are 

thermal-induced phase separation (TIPS) and vapour-induced phase separation (VIPS) [166]. The 

TIPS occurs when the electrospinning jet is rapidly cooled down leading to the evaporation of the 

solvent. On the other hand, the vapour can act as a nonsolvent during VIPS. It causes the 

precipitation of the polymer out of the solvent.          

       

Figure 2.12 Schematic of electrospinning jet from needle to collector, this figure is based on 

information from [166]. 

 

Figure 2.13 Transition of droplet due to the increase of voltage, this figure is based on 

information from [168, 169]. 
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 States of materials for electrospinning 

Electrospinning can transform either the solution or the liquid state into solid fibres. The states of 

materials for electrospinning can be classified into three states: solution spinning, melt spinning, 

and emulsion spinning. These states have their unique advantages. The melt spinning offers a 

high throughput rate, the solution spinning is applicable to a large variety of materials, and 

emulsion spinning is suitable for polymers with high melting points [162].  

 Melt spinning 

Electrospinning materials are prepared as flowing or molten polymers. The take-up speed, 

drawing temperature, and drawing ratio (i.e. the amount of stretching undergone by the material) 

are important factors to control the structural properties of fibres [162]. The flowing or molten 

polymer must be heated all the time during electrospinning to maintain homogenous distribution 

of heat over the substrate [168]. Several types of synthetic polymers can use the melt 

electrospinning for fabricating nonwoven mats such as PCL [172-174], PLA [174], PMMA [175], 

amongst others.    

 Solution spinning 

As mentioned above, solution spinning is the most reported method for polymer electrospinning, 

since many types of polymers can easily be prepared as solutions. Solution electrospinning can 

be divided into two subtypes according to the solvent removal process: dry and wet 

electrospinning.  

In dry electrospinning, solvent evaporation and fibre solidification are achieved in dry air 

with either a normal atmosphere or blowing gas or hot air. In wet spinning, the polymer solution is 

spun in a coagulation bath comprising of a nonsolvent and miscible liquid with respect to the 

electrospinning solvent [162]. Generally, dry electrospinning is the simplest method for 

electrospinning and it is accessible for a variety of polymers including SF.   
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 Emulsion spinning 

Emulsion spinning is a technique for compounds, which are insoluble and non-melting such as 

certain fluorocarbons and ceramics [162]. Catalysts and emulsifier agents are often prerequisites 

for this technique. Emulsions can be spun in both dry and wet electrospinning, similar to solution 

electrospinning.   

 Electrospinning parameters 

The electrospinning process and the quality of fibres are mainly influenced by six factors: polymer 

concentration, solution viscosity, flow rate, electric field, working distance, and air humidity [163]. 

These factors can be arranged into three groups following the electrospinning steps: the solution 

preparation, the setup of the electrospinning apparatus, and environmental control during 

electrospinning.    

In solution preparation, the concentration and viscosity of the solution need to be 

optimised. High viscosity may result in difficulties in delivery from the syringe needle and 

blockages, whereas low viscosity may result in beading/droplet formation, defect in continuity of 

fibres, and damage to any formed fibre mat by excess solvent landing.  

In terms of electrospinning apparatus, there are three sequential setup steps: the 

spinneret, collector, and applied voltage. The flow rate of the droplet solution at the tip of the 

spinneret can be controlled by the diameter of the needle and the feed rate of the syringe pump. 

The working distance is commonly measured from the tip of the needle to the surface of the 

collector. The electrospinning axis (e.g. horizontal/vertical) is necessary to consider since there 

may be influenced by gravity [176]. The high voltage supply must be adjusted carefully. The 

threshold voltage, which can generate a suitable Taylor cone and straight jet, is most ideal for 

electrospinning. Thus, the voltage and solution flow rate both need to be in equilibrium to maintain 

the fibre production and quality. Humidity and temperature during electrospinning should also be 

controlled since they may affect the solvent evaporation, phase separation and fibre solidification 

processes [166].  
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2.7. Interpenetrating Polymer Networks (IPNs) 

Fibres of SF and conductive polymers can be prepared by either pre-electrospinning 

(electrospinning solution preparation) or post-electrospinning (post-processing of electrospun SF 

mats). For pre-electrospinning, the conductive polymers are mixed with SF solution as a blended 

electrospinning solution. This technique is rarely used; however, a few articles have explored this 

method for electrospinning electrically conductive SF solutions, such as PANi/SF [19], PPy/SF 

[119], and GO/SF or rGO/SF [121].  

For post-electrospinning, the electrospun SF mat is functionalised with conductive 

polymers in/on the network of SF. The most renowned functionalisation for electrospun SF is the 

coating method, especially dip coating. Unfortunately, dip coating only partially attaches the 

complex molecules of PEDOT:PSS in/on the surface of electrospun SF mat via electrostatic 

interaction [87]. The growing of PEDOT:PSS polymer chains in/on the network of SF using an 

interpenetrating polymer network (IPN) approach is an alternative method to produce electrically 

conductive PEDOT:PSS/SF material effectively.  

IPNs are a combination of two or more polymers in networks, in which the molecules 

between polymer chains are partially interlaced or cross-linked in the matrix [177]. The types of 

IPN are categorised by the chemistry of preparation or the structure of IPN composition [178].  

 The chemistry of preparation 

There are two types of IPN: simultaneous and sequential IPN. In the case of simultaneous IPN, 

two polymer networks are prepared from their precursors independently. The interlacing between 

networks occurs simultaneously. For sequential IPNs, the precursors of one polymer network are 

grown and polymerised on another existing polymer network. For example, a single network of 

polymer, which is in the form of hydrogel or fibre, is swollen in a solution of monomers, initiators, 

and activators for another type of polymer, as shown in Figure 2.14 [177, 178].  

 The structure of IPN 

According to the interaction between the networks, there are two main structures of IPN: full IPN 

and semi-IPN (also termed pseudo-IPN). Two networks are ideally connected side by side with 
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many entanglements in full IPNs, while a polymer is cross-linked in the presence of another in 

semi-IPN. The semi-IPN is able to produce a mixture of fine morphology. 

        

Figure 2.14 Schematic of simultaneous IPN and sequential IPN, this figure is based on 

information from [177, 178]. 

2.8. Electrical Stimulation Methods 

Electrical stimulation (ES) is an effective technique for manipulating cellular behaviours both in 

vitro and in vivo. In regenerative medicine and tissue engineering, ES aims to promote cell growth, 

differentiation, and tissue functionality by triggering the expression of associated genes or 

proteins. Typically, ES can be categorised into three methods: direct stimulation, capacitive 

stimulation, and inductive stimulation [179]. 

 Direct stimulation 

Direct stimulation is a method by which electrodes touch the target system [180, 181]. The 

electrodes are directly placed or implanted at the injured tissue or nearby tissue in vivo, while the 

positions and number of electrodes can be designed in various patterns. In vitro, the simplest 

model of direct ES in the cell culture chamber is in the form of an electrochemical cell with either 

horizontal or vertical axes [180, 181], as shown in Figure 2.15.  
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The electrical potential is applied to a pair of electrodes by using an external DC power 

supply or function generator. The outcomes of electrical signals (e.g. current flow and electric field) 

are mostly generated across the cell culture medium due to its electrolytic property. Consequently, 

ions in the cell culture medium are attracted to the electrodes, resulting in the formation of an 

electrical double layer (EDL) at the medium-electrode interface [182-184]. Electrochemical 

reaction (i.e. oxidation and reduction) generates electron transmission between electrodes and 

charged ions in the medium resulting in faradic current and by-products [182, 183, 185].   

 

Figure 2.15 The direct ES model: the electrodes and electrochemical cell in (a) horizontal axis 

and (b) vertical axis, this figure is adapted and redrawn from [179].  

 Electrical double layer (EDL) 

Once the voltage is applied to the electrodes, it induces the opposite charges of ions in the medium 

to form a layer (e.g. a layer of positive ions at the cathode and a layer of negative ions at the 

anode), which is defined as the Stern layer, at the medium-electrode interface [184, 186], as 

shown in the Figure 2.16. Since the Stern layer has a high ionic concentration of the opposite 

charge to the electrode, the potential across this layer is rapidly and linearly decreased [184]. Due 

to the electrostatic force and ionic gradient, the region next to the Stern layer has a lower ionic 

concentration. Although the majority type of ions in this region remains the same as in the Stern 

layer, it contains both charges (i.e. positive and negative). This region is called a diffuse layer and 

a b 
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the potential across this region is decreased exponentially [184, 186]. Therefore, the Stern layer 

and diffuse layer generated at the medium-electrode interface are collectively referred to as the 

EDL. 

The thickness of the EDL is also known as Debye length [184, 186]. The region further 

away from the Debye length is less influenced by electrode potential and referred to as bulk 

electrolyte [186]. Furthermore, the electrical currents through the EDL and bulk electrolyte are 

induced by two mechanisms of charge transfer: non-faradic and faradic [182]. Faradic charge 

transfer is between electrode and electrolyte due to redox reaction, whereas non-faradic is the 

movement of ions driven by the adsorption and re-distribution of ions at the surface of the electrode 

[182]. Therefore, the surface of the electrode is another factor that may affect the current flow 

through the electrolyte.  

 

Figure 2.16 Schematic representation of the electrical double layer (EDL): (a) the charge 

injection at the surface of electrode and (b) the relative electrical potential in each layer, this 

figure is adapted and redrawn from [179].  

 

 

a 

b 
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 Electrode materials 

Several materials are used as electrodes for ES, which can be categorised into three major 

groups: metallic electrodes, carbon-base (graphite) electrodes, and conductive polymers. 

Metallic electrodes such as platinum (Pt), gold (Au), stainless steel (SS), and titanium 

(Ti) are commonly used for ES [181, 184, 185]. The Pt-electrode is preferable for in vitro ES over 

other metallic electrodes because it has high biocompatibility, conductivity, and corrosion 

resistance [181, 184]. However, Pt-electrodes can be difficult to use in vivo due to its relatively 

poor mechanical properties [181, 187]; thus, Ti-electrodes and SS-electrodes are commonly 

preferred as alternatives [181, 187-189]. Metallic electrodes also have high polarisation 

resistance, which is the resistance of the electrode to oxidation during ES [190]. The polarisation 

resistance can indicate the corrosion material since it is inversely proportional to the corrosion 

current and thus to the corrosion rate [191]. Unfortunately, it may reduce the charge transfer 

efficiency [181, 182, 184, 189]. 

Carbon electrodes (C-electrodes) are promising electrodes for in vitro ES due to their 

excellent conductivity, corrosion resistance, and charge transfer efficiency [181, 187, 189]. 

However, it may have high protein adsorption on the surface, which could affect the homogeneity 

and stability of electrical signals [181, 187, 189]. Although common graphite plate may be the most 

brittle electrode, other conductive C-base family materials (e.g. graphene and CNT) can be 

fabricated into flexible electrodes [192]. 

On the other hand, conductive polymers can functionalise many types of substrates and 

used as electrodes for ES. Their mechanical and electrical properties are modifiable depending 

on the fabrication.   

 Alternative patterns of direct stimulation 

Besides the simplest ES model with two electrodes, a salt bridge or a reference electrode of 

silver/silver chloride (Ag/AgCl) can be added into the system to avoid faradic by-products during 

ES [181, 184, 185]. Ag/AgCl electrodes are commonly in glass or plastic tubes that are filled with 

a salt solution (e.g. KCl) with the ion-exchange layer at the tip of the electrode [184, 185]. The salt 
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solution from Ag/AgCl reference electrode may leak and penetrate the cell culture medium causing 

long-term toxicity to cells. Hence, the salt bridge system can be used as an alternative. During ES, 

the salt bridge functions as the quasi-cathode or quasi-anode to the system without generating 

faradic by-products, as shown in Figure 2.17 [179]. 

In the case of electrically conductive scaffolds, the ES may be directly applied to 

materials from the outside of the cell culture chamber. Then, the electric current mainly passes 

through the material instead of generating ion currents across the cell culture medium. The 

electrochemical reaction may be produced at the surface of conductive material.  

 

Figure 2.17 Alternative direct ES model: (a) double salt bridges model without direct contact of 

electrodes to cell culture medium and faradic by-products and (b) single salt bridge model with 

the separation of faradic by-product from each electrode, this figure is adapted and redrawn from 

[179]. 

a 

b 
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 The role of material impedance in electrical stimulation 

In general, electrically conductive materials or conductors are materials that allow for the flow of 

electrons or electrical current passing through such as metals, electrolytes, and conductive 

polymers. The resistance and conductance are the basic properties of the conductive material, 

which indicate the ability to transfer electrical current. The resistance in the unit of Ohm (Ω) is 

inversely proportional to conductance in the unit of Ω-1 or Siemens (S). 

 In ES of cells on a conductive scaffold, the electrical current passing through the scaffold 

is dependent on the resistance of the material and the voltage supply to material according to 

Ohm’s law (V = IR, where V is voltage supply, I is current passing through the material, and R is 

the resistance of material). Thus, when the voltage supply is fixed constantly, a scaffold with lower 

resistance or higher conductance can transfer higher current that may considerably influence the 

cells on the scaffold as shown in Figure 2.18. However, common scaffolds for tissue engineering 

are composite materials and/or proteins-based materials that can have a complex system of 

resistances, capacitances, and others (e.g. inductances and Warburg elements), which is termed 

impedance. 

Notably, proteins are polarised because they contain neutral polar, polar, and charged 

side chains and their structures are comprised of the repeat of polar units of amino acids [193]. 

Due to the polarisability, proteins are sensitive to applied electric fields, resulting in dielectric 

character material (i.e. dielectric permittivity and dielectric loss) [193]. 

Moreover, the passive electrical properties of the material located between two parallel 

electrodes can be characterised by two measurements: capacitance (C) and conductance (G) 

following the equations below [194]: 

𝐶 =  
𝐴𝜀𝜀0

𝑑
 𝑎𝑛𝑑 𝐺 =  

𝐴𝜎

𝑑
 

where, A is the area of the electrode, d is the distance between electrodes, ε is the permittivity of 

the material, and ε0 is the dielectric permittivity of free space. The units of capacitance and 

conductance are Farads (F) and Siemens (S), respectively. 
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Electrochemical impedance spectroscopy (EIS) is a well-known technique to assess the 

capacitance and conductance of materials [195-198]. The result from EIS is typically shown in 

Nyquist plot of impedance, which can be fitted to the electrical equivalent circuit in order to interpret 

the fundamental components of capacitances and resistances in the measuring system, including 

material and electrolyte [199, 200].   

 

Figure 2.18 Direct ES through an electrically conductive scaffold with cells on top, this figure is 

adapted and redrawn from [179]. 

 Capacitive stimulation 

Capacitive ES is an indirect stimulation, typically using a couple of parallel plate electrodes without 

touching the electrolyte or cell culture medium. The electrodes are placed outside of the cell culture 

chamber; this means that the target cells are insulated from the electrical current due to the air 

gaps and non-conductive chambers, as shown in Figure 2.19. Capacitive ES generates only the 

electric field (EF) to the system without electrochemical reactions. The generated EF can induce 

intracellular and extracellular diffusion [181, 185]. However, capacitive ES requires a much higher 

applied voltage than direct ES due to the dielectric property, which drastically reduces the EF 

strength to cells [185, 201-203]. 

Capacitive ES is an interesting technique for use in vivo, since it can be set up as non-

invasive electrodes. The electrodes can be attached to the skin and deliver the EF to the injured 

tissues [204].  
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Figure 2.19 Capacitive ES model and the generation of electric field by two parallel electrodes at 

the outer surface of TCP: (a) horizontal direction of electrodes and (b) vertical direction of 

electrodes, this figure is adapted and redrawn from [179].   

 Inductive stimulation 

Inductive ES is an indirect stimulation approach, without the contact between the electrode system 

and cell culture medium, similar to capacitive ES. However, a solenoid coil or Helmholtz coil is 

used instead of a common plate electrode, as shown in Figure 2.20. The application of alternating 

current (AC) to the coil generates the electromagnetic field (EMF); thus, the inductive ES delivers 

the EMF to the target cells [181, 205].  

The changing of EMF may induce the electrical current, which is also known as Eddy 

current, and heat in the cell culture system [206]. Additionally, the inductive ES can combine with 

the static magnetic field generated by magnets [180, 204].     

a b 
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Figure 2.20 Inductive ES model with the generation of electromagnetic field (EMF) by solenoid 

coils at the outer surface of TCP: (a) horizontal direction of solenoid coils and (b) the 

combination of horizontal solenoid coils and static magnetic field from magnets, this figure is 

adapted and redrawn from [179].   

2.9. Peripheral Nerve Cell Lines 

Neuron alignment and neurite outgrowth behaviour on materials are crucial to understand, in 

addition to the physical material properties.  Most studies use cell lines instead of primary cells 

such as dorsal root ganglions (DRGs) in these tests. Although the function of neuronal cell lines 

is not exactly the same as the peripheral nerves, at least their phenotypes and growth rate can be 

referred and related to them. Moreover, neuronal cell lines are inexpensive compared to DRGs. 

They can be subcultured, expanded, and stored for long periods of time. Therefore, in vitro testing 

with a neuronal cell line is the first simple step to evaluate the best material for fully functional 

regeneration. 

a 

b 
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 Rat adrenal pheochromocytoma cell line (PC-12) 

The PC12 cell line, derived from the adrenal gland of rats (rat, pheochromocytoma), is the most 

commonly used cell type in the field of peripheral nerve regeneration, as explained in Table 2.2 

and Table 2.3. Tthis cell line is differentiated into the neuron phenotype when cultured with NGFs. 

Neurite extension is clearly observed by light microscopy and the levels of neurogenic factors such 

as synapsin I, GAP43, and β-III tubulin can be easily investigated after differentiation [55, 111]. 

However, their electrophysiological properties, which is a factor for confirming the fully functional 

nerve, is not measurable with this cell line. 

 Mouse neuroblastoma x rat glioma hybrid cell line (NG108-15) 

Recently, another type of cell line, NG108-15, has been used in this research field [120, 121, 207-

209]. It is a hybrid cell of mouse neuroblastoma and rat glioma, which can differentiate into the 

neuron phenotype and present the necessary electrophysiology (action potential) after stimulation. 

Thus, NG108-15 is quite commonly used as a model of action potential study including 

neuromuscular signalling [210-212]. Since NG018-15 can produce action potential, it is applicable 

for nerve regeneration studies. This cell line can also extend neurite outgrowth and possibly 

respond to stimuli (e.g. electrical regime) and then generate action potential, suggesting the 

function of neurons to transfer electrical signals. Furthermore, NG108-15 can be co-cultured with 

SCs that might be very useful in future applications [213, 214]. 

Although PC-12 is commonly used in the research field of neural regeneration, NG108-

15 is chosen in this study. Since the effect of external electrical regimes on neuronal cells is under 

study in this work. It is known that NG108-15 cell lines are able to produce action potential after 

stimulation, which can be recorded via the patch-clamp [215, 216]. For example, Pawar K., et al., 

2019 reported the electrophysiology of NG018-15 grown on spider silk fibres to study the 

functionality of differentiated neuronal cells [217]. However, the electrophysiology of NG108-15 

after stimulation is out of this thesis scope (section 1.4); it is to be hoped that using NG108-15 in 

the nerve regeneration study will provide useful results regarding nerve function in future studies.   
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2.10. In Vitro Effects of Electrical Stimulation on Peripheral Nerve 

As mentioned in section 2.1.3, neurons in the peripheral nervous system are commonly known as 

electrically conductive and excitable cells. They always function to connect and transfer the action 

potential between CNS and target organs. Therefore, some researchers have expected that the 

external electrical stimulation should enhance the neurite extension of damaged nerves and 

induce the direction of axons following electrical currents both in vitro and in vivo [70, 75, 218-

220]. 

In previous studies, many conditions of electrical regimes with various parameters (e.g. 

voltages, currents, waveforms, frequencies, durations, and the directions of electric fields) were 

exposed to neurons, as detailed in Table 2.2 and Table 2.3. An interesting idea is the use of pulse 

stimulation to mimic action potentials. For example, the exposure of a short pulse of 2.5 V/cm and 

frequency of 5 Hz, which imitates the theta potential of electroencephalogram (EEG), on PC-12 

cells promoted the neurite outgrowth as similar quality as using NGFs [218]. The pulse stimulation 

with the frequency of 20 Hz showed the opportunity to restore the DRGs within 21 days [219]. 

Additionally, a conductive scaffold under a pulse ES of 20 Hz frequency also been reported to 

accelerate nerve growth leading to a better functional regeneration in a 15 mm sciatic nerve defect 

in rats (Sprague-Dawley rats) [220]. Unfortunately, the best condition of electrical stimulation is 

difficult to define since it is maybe depended on any bioreactor or electrical stimulation system in 

each study.   

A previous study (Zhu R., et al., 2019) revealed that ES triggers the calcium ion (Ca2+) 

influx on cell surfaces mediating subsequent cell behaviours [221]. In the cell signalling pathway, 

the Ca2+ influx is an initial factor to promote neurite extension and is also associated with cyclic 

adenosine monophosphate (cAMP) [222, 223]. The extracellular Ca2+ penetrates through the cell 

via voltage-gated calcium channels (VGCCs) on the cell membrane [224], and the penetration rate 

is faster when applying an electrical regime [225]. However, the neuron growth on electrically 

conductive scaffolds without electrical stimulation also showed positive result in terms of increased 

neurite length; this may be because the electrically conductive polymer can adsorb proteins in the 

medium that can also aid neurite outgrowth [24]. Therefore, the combination of conductive 
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scaffolds and electrical stimulation should be an alternative way to improve fully functional 

regeneration.    

On the other hand, the effect of hydrogen peroxide (H2O2) has been a focus for nerve 

regeneration for circa a decade. Most researchers report that H2O2 is toxic to cells and can induce 

neurodegenerative diseases [226]. However, it can promote peripheral axonal growth if it is used 

at the optimal level. The H2O2 level is concerned with the electrical stimulation because it probably 

occurs when applying electricity into the water. 
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3. CHAPTER 3 

Optimisation of double layer electrospun silk fibroin 

Uniformly aligned fibres are appropriate structures for non-woven mats for orientating neurites of 

neurons. However, they are easily torn and have poor handling and processability, compared to 

random fibres mats. Herein, a double layer electrospinning method has been chosen to fabricate 

a peripheral nerve scaffold. The base layer is formed of random fibres, while the top layer is of 

uniformly aligned fibres with fibre diameters in the sub-micron range. The optimal condition and 

method for fabricating a double layer silk fibroin (SF) scaffold with a total thickness of 100 µm are 

described in this chapter.  

The main purpose of the experiments in this chapter is to find the optimal electrospinning 

process for fabricating double layer fibre mats from silk fibroin. The double layer mat is easier to 

handle for post-processing than the mat with a single layer of aligned fibres [227]. A layer of 

aligned fibres is weak and easy to break when the tearing direction is parallel to fibres (transverse 

direction), resulting in difficult processability (e.g. folding and bending). Thus, the layer of random 

fibres is designed to act as a support layer without contacting cells. Aligned fibres can effectively 

guide cell invasion, while random fibres maybe hamper the migration of cells [228]; hence, the 

double layer mat is co-incidence with the function of endoneurium and perineurium that is to 

support the growth of nerve tissue and to be a barrier between nerve tissue and other connective 

tissues [37]. 

Moreover, the optimal electrospinning protocol should be short, simple, and 

reproducible. The reproducibility of electrospun mats is evaluated by the diameter of fibres and 

the degree of alignment. The fibre diameter was analysed by using scanning electron microscopy 

(SEM) images, and the degree of alignment is determined using ImageJ software with a two-

dimensional fast Fourier transform (2D FFT) protocol [229]. There is no expectation of the fibre 

diameter range, but it should be similar every time, independent of experiments. 

As mentioned in section 2.5.1, electrospinning is a common technique for fabricating SF 

into nanoscale or microscale fibres. However, there are many recommendations for 
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electrospinning protocols. There were two custom-made electrospinning systems used in this 

study: the horizontal axis without the environmental control chamber and the vertical axis with the 

environmental control chamber; therefore, the electrospinning protocol was then optimised again 

since these systems are different from other studies. The scope of the optimisation is divided into 

three topics: the preparation of electrospinning solution (e.g. degumming process, silk 

concentration, and solvent), the electrospinning parameters (e.g. feed rate, voltage, and working 

distance), and the post-treatment process (e.g. ethanol, methanol, and water treatment), which 

are explained in the following sections of this chapter. 

3.1. Materials and Methods 

 Extraction of silk fibroin 

Bombyx mori silk cocoons (Wild Colours natural dyes, Birmingham, UK) were cut into small pieces 

and then degummed in order to purify silk fibroin. According to the traditional protocol, 5 g of cut 

silk cocoons were boiled in a 2 L solution of 0.02 M sodium carbonate (Na2CO3) (Merck) for exactly 

30 min [20]. During the boiling process, the temperature was constantly controlled at ~75° to 80° 

C and the solution was occasionally stirred to disperse the silk fibres. The boiled silk fibroin was 

then rinsed and stirred in distilled or ultrapure water for a total of 1 h, changing the water every 20 

min. The purified silk fibroin was squeezed, stretched on a tray, and left to evaporate overnight at 

room temperature in the fume cupboard. The dry weight of degummed silk fibroin was measured 

and the percentage of weight loss was calculated following the equation below: 

% 𝑤𝑡. =  
𝑤𝑡.𝑐  −  𝑤𝑡.𝑑

𝑤𝑡.𝑐
 × 100 

where, % wt. is the percentage of weight loss, wt.c is the total weight of silk cocoons pieces before 

degumming, and wt.d is the total weight of dried silk fibroin after degumming. 

 Electrospinning solution preparation 

The degummed silk fibroin (SF) was prepared in a compound solution of formic acid (FA) (Fisher) 

and calcium chloride (CaCl2) (Fisher) in various ratios of 98:2, 95:5, and 90:10 (ml:g). The weight 
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percentages of SF in FA/CaCl2 were varied from 6% to 10% w/v. The SF in FA/CaCl2 solution was 

transferred to the glass vial with a tightly closed lid and mixed well using a vortex for a few minutes 

until a homogenously light-yellow solution was observed. After that, the electrospinning solution 

was incubated overnight; a water bath was recommended for controlling temperature constantly 

at 45° C. The incubated solution, dark pink in appearance, was filtered to get rid of tiny silkworm 

residues by using a vacuum pump and a borosilicate glass crucible with porosity grade 1 (pore 

size of 100 – 160 µm) prior to electrospinning.    

 Optimisation of electrospinning parameters 

The electrospinning solution (SF in FA/CaCl2) was transferred to a 10 ml plastic syringe (Becton 

Dickinson, BD) connecting to a straight dispensing tip, 19G needle, with an inner diameter of 0.69 

mm (Becton Dickinson, BD) and was then set up in the electrospinning kit. Uni-sharp needle tips 

were rendered flat using sandpaper before use.  

Herein, electrospinning parameters: feed rates of the solution, electrical voltages, and 

speeds of the rotating collector were optimised in both horizontal axis and vertical axis 

electrospinning systems. The horizontal system was for fabricating uniformly aligned fibres, while 

the vertical one was for random fibres. After electrospinning, the thickness of electrospun mats 

was measured by a digital thickness gauge (DML3032, Digital Micrometers Ltd).   

 Horizontal axis electrospinning 

The horizontal electrospinning was a custom-made lab-scale system. All electrospinning 

components were set up in a fume cupboard in the common atmosphere without humidity and 

temperature-controlled system. The syringe was placed on a dual-syringe infusion pump (Cole-

Parmer®) and operated with the various feed rates from 0.3 – 1.0 ml/h. A metal rotating mandrel 

with a width of 5 cm and a diameter of 12 cm was used as a collector. A greaseproof paper or 

aluminium foil of size 5 x 38 cm2 were tightly wrapped around the circular surface of the mandrel 

before use. The distance between the tip of the needle and the edge of the collector was 12 cm. 

The speeds of the rotating mandrel were varied from 1,000 – 1,500 rpm (linear velocity of 6.28 – 

9.42 m/s). The electrical voltage of 12 – 20 kV generated by a high voltage direct current (DC) 
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power supply was charged between the needle and collector as the positive and ground (0 kV) 

respectively. The setup of the horizontal electrospinning apparatus is shown in Figure 3.1.   

 

Figure 3.1 Schematic of horizontal electrospinning setup composing of a syringe pump, silk 

solution in a syringe with 19 G needle, a rotating mandrel collector, and a high voltage supply 

between needle and collector. 

 Vertical axis electrospinning 

The vertical electrospinning was a custom-made lab-scale system with an environmental control 

chamber (humidity and temperature). The syringe was placed on a dual-syringe infusion pump 

(Cole-Parmer®) operating with similar feed rates as the horizontal axis system (0.3 – 1.0 ml/h). In 

particular, the syringe and needle were spanned by a polytetrafluoroethylene (PTFE) tube with an 

inner diameter of 0.8 mm (Sigma) and syringe luers. The tip needle was also placed 12 cm upward 

from the edge of the collector. The rotating mandrel must be wrapped by a piece of greaseproof 

paper or aluminium foil (5 x 38 cm2) akin to that used in horizontal electrospinning. The maximum 

speed of the rotating mandrel in this system was ~800 rpm (~5.03 m/s linear velocity). The setup 

of the vertical electrospinning apparatus is shown in Figure 3.2.  

High voltage between 15 – 35 kV was applied to the system by using two DC power 

supplies: positive and negative voltage supplies. A positive voltage was applied to the emitter 

needle, while a negative voltage was applied to the collector. Here, the voltage of 35 kV was 



   

94 
 

operated by applying +30 and -5 kV. Other voltages were used by varying positive potentials and 

the constant negative potential of -3 kV (e.g. +27 and -3 kV for the voltage of 30 kV).  

Moreover, almost all electrospinning apparatus except high voltage power supplies were 

placed in the environmental control chamber (Source BioScience®). A temperature of 25° C was 

controlled constantly throughout the electrospinning period with relative humidity (R.H.) of either 

35% or 50% maintained.    

 

 

Figure 3.2 Schematic of vertical electrospinning setup in an environmental control system 

composing of a syringe pump, silk solution in a syringe connecting to PTFE tube, luers, and 

needle, a rotating mandrel collector, and outside DC power supplies charging to needle (+) and 

collector (-). 

 Post-treatment of electrospun mats and FTIR analysis 

Electrospun mats were immersed in various concentrations (70 – 100% v/v) of ethanol (EtOH) 

and methanol (MeOH) in water for 20 min. These mats were then washed with distilled water and 

dried overnight in a fume cupboard. The secondary protein structure of electrospun SF mats was 

analysed by using an attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy equipment (Nicolet 5700 FTIR spectrometer, Thermo Fisher Scientific). The FTIR 
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spectra were acquired over the wavenumber range 4000 – 400 cm-1 with 32 scans in absorbance 

mode. Spectra were collected using OMNIC software (OMNICTM, Thermo Fisher Scientific). The 

amide I band of 1700 – 1600 cm-1, representing the C=O stretching vibration and minor 

contributions from the out-of-phase CN stretching vibration, was mainly assessed to determine 

the patterns of hydrogen bonding of the protein backbone [230, 231]. These spectra were then 

deconvoluted using Origin software (OriginLab, USA) to analyse the components of secondary 

protein structure [232, 233].  

According to a previous study of conformational transitions of silk peptides [234], β-sheet 

was examined in the wavenumber of 1629 – 1621 cm-1 and 1679 – 1671 cm-1. The random coil 

was considered in the range of 1649 – 1641 cm-1, while turns and bends were explored in the 

spectra of 1671 – 1658 cm-1 and1696 – 1681 cm-1. Afterwards, the relative area of each 

deconvoluted FTIR spectra was converted to the percentage of each secondary protein structure. 

 Scanning electron microscopy (SEM) analysis 

Electrospun silk fibroin mats were attached on SEM specimen stubs using conductive double-

sided adhesive carbon taps. They were then coated with a thickness of ~5 nm gold/palladium 

(Au/Pd) using an automatic gold sputter coater (Quorum Q150TES). The surface morphology of 

the electrospun mats was observed using Zeiss and TESCAN microscopes (Zeiss Evo 50, 

TESCAN Mira 3 and TESCAN Vega 3), operating in secondary electron (SE) imaging mode, depth 

or resolution modes, and magnifications of 1, 5, 10, and 20 kX. Additionally, the samples of aligned 

fibres were rotated to the 90° position following the Cartesian coordinate system prior to imaging. 

The images were saved in the format of .tiff files for measuring the diameter of fibres and degree 

of alignment in ImageJ software (ImageJ 1.52a, USA) subsequently. 

Average fibre diameters and standard deviations were calculated, where the number of 

isolated fibres (n), number of electrospun mats, and number of independent electrospinning 

experiments will be described in the figure caption.  
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 Fibre alignment with 2D FFT analysis 

The alignment of fibres was determined using a two-dimensional fast Fourier transform (2D FFT) 

approach following the protocol of Ayres C.E., et al., 2008 [229]. The oval profile plugin is required 

for this ImageJ analysis. The alignment data were counted in all angles (0 – 359°) of a unit circle 

with the conventional position (0° at 3 o’clock, 90° at 12 o’clock, 180° at 9 o’clock, and 270° at 6 

o’clock). Alignment results were later converted and reported in the range 0° – 180°. 

 The following procedure was applied – first, the SEM image is opened in ImageJ, 

converted to 8-bit, and rotated such that the fibre alignment is parallel to the ground. The FFT 

process is then applied to convert the raw image to an FFT image and enhance the contrast of 

the FFT image, with a normalise mode of saturated pixels at 0.3%. Next, the oval tool is used to 

draw a circle in the middle of the FFT image. The circle covers all the brightest spots of the FFT 

image. The analysis of the FFT image is then made using the oval profile plugin with the radial 

sums mode (360 number of points), resulting in the greyscale value of different angles (0° – 359°).  

The greyscale values of all angles were normalised by dividing with their minimum value 

and then subtracted by 1. The normalised data (the 2D FFT values) are presented in the resultsof 

this chapter. In this study, the 2D FFT value are be counted and shown in the direction of a half-

circle (0° – 180°). Then, the value of 181° – 359° was added to 1° – 179° sequentially (e.g. add 

the value of 181° to 1°, 182° to 2°, 183° to 3°, etc.) prior to finalising.           

3.2. Results 

 Qualitative analysis of degummed silk fibroin 

The length of natural silk cocoons was ~4 cm. The cocoons were cut into small pieces of ~2 cm2, 

and the total weight of 5 g cut silk cocoons were degummed each time. The average percentage 

of weight loss (% wt.) was 27 ± 2% (n = 12), where n is the number of independent experiments. 

Sericin removal was confirmed by SEM imaging, as shown in Figure 3.3. The diameter of 

degummed silk fibroin fibres was larger than 10 µm.      
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Figure 3.3 Morphologies of silk worm cocoons and degummed silk fibroin: (a) 5 g of B. mori silk 

cocoons cut into pieces ~2 x 2 cm2 before degumming, (b) degummed silk fibroin (cotton-like 

fluffy fibres prepared from 5 g of silk cocoons) of size ~10 x 10 cm2 after spreading, (c) SEM 

image of silk cocoons composing of fibroin and sericin, and (d) SEM image of degummed silk 

fibroin with the scale bar of 10 µm.  

 Optimal conditions for preparation of electrospinning solution 

In this experiment, the concentrations of SF was 6% wt/v, and the ratios of FA/CaCl2 were varied 

at 98:2, 95:5, and 90:10, as shown in Table 3.1. The effective electrospinning solution was briefly 

observed by the homogeneity of the solution. Additionally, these prepared solutions were then 

electrospun using the horizontal electrospinning system on the static collector of aluminium foil. 

The droplets of solution on electrospun mats were then observed as well.   

Firstly, 6% wt/v SF in FA/CaCl2 was partly dissolved at room temperature, as shown in 

Figure 3.4. Pellets of undissolved SF were seen easily unless the solutions were prepared for 7 

days, particularly in the condition of FA/CaCl2 with the ratio of 98:2. Thus, solutions were filtered 

before electrospinning.  

2 cm 2 cm 
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After filtration, 6% wt/v SF in FA/CaCl2 with the ratio of 98:2, 95:5, and 90:10 were initially 

electrospun in the horizontal system on a static collector plate. By varying voltage supplies (from 

12 – 20 kV), the tiny electrospinning jet at the tip of the needle was observed when operating with 

15 kV. Examples of electrospun SF mats from these solutions, operated with the feed rate of 1 

ml/h, the distance of 12 cm, the voltage of 15 kV, and the electrospinning period of 2 h, are shown 

in Figure 3.4 (a-d). A few tiny spots were seen in the condition of 98:2, while many droplets were 

observed in the condition of 98:5. Unfortunately, the electrospun SF mats for the 98:5 and 98:10 

ratio conditions disappeared (lost their fibrous morphology/re-dissolved) after a day preserving at 

room temperature without humidity control.  

However, the degummed SF dissolved well in FA/CaCl2 when incubated at 45° C 

overnight. It took a shorter time to dissolve at 45° C compared to room temperature. This 

incubating method was also able to fully dissolve a high percentage of SF up to 10% wt/v SF in 

FA/CaCl2 with the low ratio of CaCl2 (98:2), as shown in Figure 3.5. In addition, SF must be well 

stirred in FA/CaCl2, until the solution turned light yellow or amber. The eventual electrospinning 

SF solution was pink in appearance after incubation. Thus, 10% wt/v SF in FA/CaCl2 (98:2) was 

carried forward for the next experiments due to its high viscosity compared, more suited to 

effective electrospinning in comparison to the 6% wt/v SF solution [154]. 

Table 3.1 Optimisation of electrospinning solution preparation (electrospinning operation with the 

parameters of 1 ml/h feed rate, 12 cm distance, 15 kV voltage for 2 h on a static collector). 

SF 
concentrations 

FA:CaCl2 

ratios 
Incubation 

periods 
Homogeneity of 

solutions 
Electrospun 
fibre mats 

6% wt/v 98:2 
7 days (room 
temperature) 

Partly dissolve (~60%) Success 

6% wt/v 95:5 
7 days (room 
temperature) 

Mostly dissolve (~90%) 
Failure (re-
dissolved) 

6% wt/v 90:10 
7 days (room 
temperature) 

Mostly dissolve (~90%) 
Failure (re-
dissolved) 

6% wt/v 98:2 Overnight (45° C) Fully dissolve (100%) Success 

10% wt/v 98:2 Overnight (45° C) Fully dissolve (100%) Success 
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Figure 3.4 Electrospun SF mats (white colour) on aluminium foils collector (silver colour), 

prepared from electrospinning solutions of 6% wt/v SF in various ratios of FA/CaCl2 (ml:g): (a) 

98:2, (b) 95:5, and (c) 90:10, and those mats after leaving at room temperature for one day: (d) 

95:5 and (e) 90:10, and (f) the electrospinning solution of 6% wt/v SF in FA/CaCl2 (left) 98:2 and 

(right) 95:5 after leaving at room temperature for 7 days, the undissolved SF is shown in the 

circles, and the figures (a – e), the size of aluminium foils are ~5 x 5 cm2. 

 

Figure 3.5 Image of the electrospinning solution of 10% wt/v SF in FA/CaCl2 with the ratio 98:2 

at different time points: (a) after stirring at room temperature for 5 min and (b) after incubating at 

45° C overnight (approximately 10 – 12 h).    
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 Effects of different electrospinning parameters on electrospun SF mats 

According to the initial result of the dissolution of SF in FA/CaCl2, 10% wt/v SF in FA/CaCl2 with 

the ratio of 98:2 was chosen for electrospinning with different parameters such as feed rate of 

solution, rotating speed of collector, etc. The optimal electrospinning parameters were decided on 

the quality of electrospun mats and morphology of electrospinning fibres.  

 Horizontal axis electrospinning 

According to the results from 3.2.2 above, the electrospinning condition of 12 cm distance and 15 

kV voltage suitable for effective electrospinning. The feed rate of the solution was then varied at 

0.4, 0.5, and 1 ml/h, as shown in Table 3.2, in order to improve the yield and enable faster spinning 

of the structures for downstream physical characterisation and in vitro testing. 

The effective electrospinning was operated with the feed rate of 0.4 ml/h, the distance 

of 12 cm, and the voltage of 15 kV. Other feed rates were possible to electrospin, but there were 

many solution droplets on the floor of the hood and on the electrospun samples. Although 

formation of a Taylor cone at the needle could not be seen clearly, the solution was evidently 

pulled and moved following the electric field towards the rotating mandrel collector. Examples of 

electrospun SF mats and their fibre morphologies are shown in Figure 3.6. Sometimes, there were 

droplets of solution on the floor of the hood and collector during electrospinning, but these droplets 

did not significantly interfere with the morphology of electrospun mats. SEM images evidenced 

that SF fibres were smoothly and continuously electrospun without beads or other defects. The 

high-speed rotating mandrel between 1,000 and 1,500 rpm had a similar effect on fibre 

morphology. Unfortunately, the electrospun SF mats were prone to tightly stick to the aluminium 

foils and were difficult to remove. Therefore, a method was developed whereby greaseproof paper 

was used instead of aluminium foil. SF mats could then be peeled off easily after soaking in 80% 

EtOH for 20 min (Figure 3.6 (b)). 
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Table 3.2 Optimisation of electrospinning parameters of the horizontal system (electrospinning 

operation with parameters of 12 cm distance and 15 kV voltage). 

Feed rate 
(ml/h) 

Collectors Electrospun fibre mats 

0.4 Statics Success (few solution droplets on the mat) 

0.5 Statics Failure (many solution droplets on the mat) 

1 Statics Failure (many solution droplets on the mat) 

0.4 
Rotating mandrel 

(~1,000 rpm) 
Success (few solution droplets on the mat) with the aligned 

fibre morphology 

0.4 
Rotating mandrel 

(~1,500 rpm) 
Success (few solution droplets on the mat) with the aligned 

fibre morphology 

 

 

Figure 3.6 Horizontal electrospinning of 10% wt/v SF in FA/CaCl2 (98:2) operated with 0.4 ml/h 

feed rate, 12 cm distance, and 15 kV voltage supply for 4 h: (a) electrospun SF mats on 

greaseproof paper cut in to pieces ~2 x 3 cm2, (b) post-treatment process with 80% EtOH, and 

representative SEM images from three independent experiments of electrospun SF fibres 

collected with the rotating speed of (c) 1,000 rpm and (d) 1,500 rpm, the scale bar represented is 

10 µm 
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 Vertical axis electrospinning 

Parameters mentioned in horizontal electrospinning (0.4 ml/h feed rate, 12 cm distance, and 15 

kV voltage) were not suitable to electrospin in the vertical axis due to the influence of gravity,  

resulting in the presence of solution spots on the electrospun mats. In fact, either reducing feed 

rate or increasing voltage should be varied again in order to obtain more homogeneous 

electrospun mats. It would certainly take a longer period to electrospin using a reduced feed rate, 

thus the voltage supply was prioritised in this experimental study. The optimisation of 

electrospinning parameters of the vertical system is shown in Table 3.3.  

There were many spots of solution on aluminium foil collectors when electrospinning 

with 0.3 ml/h feed rate and 15, 18, and 20 kV voltage supplies, as shown in Figure 3.7 (a – c). 

However, electrospun mats were very smooth without solution spots when electrospinning with 

0.05 ml/h feed rate and 15 and 18 kV voltage supplies, as shown in Figure 3.7 (d – e). At the feed 

rate of 0.4 ml/h, the electrospun mats had small numbers of solution spots when electrospinning 

with a 25 kV voltage supply, as shown in Figure 3.7 (f). On the other hand, it was smooth when 

operated with 30 and 35 kV voltage supplies, as shown in Figure 3.7 (g – h).    

The effects of different % R.H. and temperature during electrospinning on the quality of 

fibres were observed by SEM, as shown in Figure 3.8. There was no significant difference in the 

fibre diameter without defects when electrospinning with different voltage supplies of 25, 30, and 

35 kV in both 35% and 50% R.H.    
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Table 3.3 Optimisation of electrospinning parameters of the vertical system (electrospinning 

operation with parameters of 12 cm distance and 15 kV voltage). 

Feed rate 
(ml/h) 

Voltage 
(kV) 

Humidity 
(% R.H) 

Collectors Electrospun fibre mats 

0.05 15 n/a Statics Success (few solution droplets on the mat) 

0.05 18 n/a Statics Success (few solution droplets on the mat) 

0.3 15 n/a Statics 
Failure (many solution droplets on the 

mat) 

0.3 18 n/a Statics 
Failure (many solution droplets on the 

mat) 

0.3 20 n/a Statics 
Failure (many solution droplets on the 

mat) 

0.4 25 n/a Statics 
Failure (many solution droplets on the 

mat) 

0.4 30 n/a Statics Success (few solution droplets on the mat) 

0.4 35 n/a Statics Success (few solution droplets on the mat) 

0.4 25 35% 
Rotating 
mandrel 

(~500 rpm) 

Failure (many solution droplets on the 
mat) with the random fibre morphology 

0.4 30 35% 
Rotating 
mandrel 

(~500 rpm) 

Success (few solution droplets on the mat) 
with the random fibre morphology 

0.4 35 35% 
Rotating 
mandrel 

(~500 rpm) 

Success (few solution droplets on the mat) 
with the random fibre morphology 

0.4 25 50% 
Rotating 
mandrel 

(~500 rpm) 

Failure (many solution droplets on the 
mat) with the random fibre morphology 

0.4 30 50% 
Rotating 
mandrel 

(~500 rpm) 

Success (few solution droplets on the mat) 
with the random fibre morphology 

0.4 35 50% 
Rotating 
mandrel 

(~500 rpm) 

Success (few solution droplets on the mat) 
with the random fibre morphology 
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Figure 3.7 Electrospun SF mats (white colour) on aluminium foil (silver colour) fabricated by 

vertical electrospinning of 10% SF in FA/CaCl2 (98:2) in the different feed rates (ml/h) and 

voltage supply (kV) with the constant distance of 12 cm at room temperature: (a) 0.3 ml/h, 15 kV, 

(b) 0.3 ml/h, 18 kV, (c) 0.3 ml/h, 20 kV, (d) 0.05 ml/h, 15 kV, (e) 0.05 ml/h, 18 kV, (f) 0.4 ml/h, 25 

kV, (g) 0.4 ml/h, 30 kV, and (h) 0.4 ml/h, 35 kV, sizes of aluminium foils are ~5 x 5 cm2. 
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Figure 3.8 Representative SEM images from three independent experiments of vertical 

electrospinning of 10% SF in FA/CaCl2 (98:2) in the different voltage supplies and % R.H. with 

the constant feed rate of 0.4 ml/h and distance of 12 cm: (a) 25 kV, 35% R.H., (b) 30 kV, 35% 

R.H., (c) 35 kV, 35% R.H., (d) 25 kV, 50% R.H., (e) 30 kV, 50% R.H., and (f) 35 kV, 50% R.H., 

the scale bars represent 10 µm. 

 Diameter of fibre and degree of alignment 

The average diameter of fibres was 180 ± 50 (n = 100) and 190 ± 60 (n = 100) nm when using 

horizontal electrospinning with a high rotating speed of 1,000 and 1,500 rpm respectively, as 

shown in Figure 3.9 (a). Where n represents the number of isolated fibres collected from three 

samples (three independent electrospinning experiments). They were similar to vertical 

electrospinning with low rotating speed (~800 rpm); the average diameter of fibres was 160 ± 30 

(n = 123) and 190 ± 60 nm (n = 115) at the feed rates of 0.3 and 0.4 ml/h respectively, as shown 

in Figure 3.9 (b). These results indicated that electrospinning parameters such as voltage, 

apparatus orientation, feed rate, humidity, and collector speed have no significant effects on the 
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diameter of fibres. However, the average fibre diameter was slightly increased to 220 ± 40 (n = 

66) nm after post-treatment of 80% EtOH for 20 min.  

The alignment of fibres was markedly high when using horizontal electrospinning with a 

high-speed collector (1,000 – 1,500 rpm), as confirmed by SEM and 2D FFT alignment results. As 

shown in Figure 3.10 (c and f), two highly peaks of greyscale value were observed at 90° and 270° 

representing the high alignment of fibres in these directions. In contrast, vertical electrospinning 

with a low-speed collector less than 800 rpm showed a similar greyscale value in all angles 

representing random alignment.  

In this study, the vertical electrospinning (0.4 ml/h, 12 cm, 35 kV, less than 800 rpm, and 

35% R.H.) and horizontal electrospinning (0.4 ml/h, 12 cm, 15 kV, and 1,500 rpm) represented 

the bottom layer of random fibres and the top layer of uniformly aligned fibres respectively as 

shown in Figure 3.11. The total thickness of electrospun SF mats was approximately 100 µm after 

electrospinning bottom layer for 8 – 10 h followed by top layer for 4 – 5 h.  

 

Figure 3.9 Distribution of fibre diameters of electrospun SF mats: (a) horizontal electrospinning 

with parameters of 0.4 ml/h feed rate, 12 cm distance, 15 kV voltage supply, 1000 rpm (n = 100) 

and 1500 rpm (n = 100) collector speeds and (b) vertical electrospinning with parameters of 0.3 

ml/h (n = 123) and 0.4 ml/h (n = 115) feed rate, 12 cm distance, 35 kV voltage supply, 35% R.H., 

~800 rpm collector speed, where n is the number of fibres, representing three samples 

fabricated from three independent electrospinning experiments. 
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Figure 3.10 Example of 2D FFT alignment analysis: 8-bit SEM images of electrospun SF (a) 

aligned fibres and (d) random fibres, FFT images of (b) alinged fibres and (e) random fibres, and 

oval profiles analysis with radial sums mode and 360 number of points of FFT images of (c) 

aligned fibres and (f) random fibres. 

 

Figure 3.11 Schematic of double layer electrospun SF mat and the electrospinning parameters 

of each layer. 

By using these electrospinning parameters to electrospin double layered fibre mats, 

verified with three independent experiments from three reproductions of the electrospinning 

solution, 10% wt/v in FA/CaCl2 (98:2), similar results of fibre diameter and alignment in each layer 
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were obtained, as shown in Figure 3.12. The average fibre diameters of the top and bottom layers 

were 190 ± 50 (n = 200) and 180 ± 60 (n = 405) nm respectively, where n was the number of 

isolated fibres (Figure 3.12 (a)). The 2D FFT alignment results, normalised from greyscale values, 

explained that the top layer contained the uniform alignment of fibres compared to the bottom 

layer, which could be confirmed by the peak of 90° (Figure 3.12 (b)). The 2D FFT peak of the 

bottom layer was 0.2 units at the position of 90° and similar to other positions. However, the peak 

of the top layer was approximately 10 folds higher than that of the bottom layer; it was 2.3 units at 

the position of 90° and significantly higher than other positions.   

 

Figure 3.12 Fibre diameter and alignment of electrospun SF mat: (a) distribution of fibre 

diameters: the bottom layer (n = 405) and the top layer (n = 200), where n is the number of fibres 

and (b) average 2D FFT alignment value in each angle (0o – 180o) in both layers, bottom is 

random fibres and top is aligned fibres (n = 3), where n is the number of electrospun samples 

fabricated from independent experiments with indepent solutions. 

 β-sheet formation in electrospun SF mats 

ATR-FTIR results for electrospun SF mats with and without post-treatments are shown in Figure 

3.13. The amide I peak of the electrospun SF was at 1650 cm-1 and shifted to 1625 cm-1 or 1621 

cm-1 after post-treatment either with EtOH or MeOH. The deconvolution results also show that 

both EtOH and MeOH treatment certainly increased β-sheet formation and decreased random coil 

structures in electrospun SF mats as shown in Figure 3.14. Compared to the untreated sample, 

the percentage of β-sheet was increased by 8 – 10% reaching up to 63 – 65%, the random coil 
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was decreased by 7 – 9% reaching 13 – 15%, and the β turns and bends was quite constant at 

23% (around 21 – 24%). However, only treatment with 75% EtOH slightly increased β-sheet up to 

59% and also β turns up to 26%.        

Although the amide I peak was shifted to 1621 cm-1 after soaking electrospun SF mats 

in water as well as in EtOH and MeOH treatment, the deconvolution showed the opposite result. 

With water treatment, both β-sheet and random coil were decreased down to 48% and 19% 

respectively. Meanwhile, β turns and bend was 10% increased up to 33%. Moreover, 

electrospinning SF fibres were mostly re-dissolved when immersing in water confirmed by SEM, 

as shown in Figure 3.15 (c). The morphology of electrospinning SF fibres of untreated and 80% 

EtOH treated samples were quite similar even though their diameters were slightly different. 

Additionally, the fibres of 80% EtOH treated sample were unable to re-dissolve again in water.   

 

 

Figure 3.13 ATR-FITR spectra of electrospun SF mats after post-treatment with: (a) untreated, 

(b) water (c) various % EtOH in water, and (d) various % MeOH in water.  
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Figure 3.14 Relative percentage of secondary protein structures composing of β-sheet, random 

coil, and turns and bend after post-treatment in different solutions: (a) untreated, water, and 

MeOH, and (b) EtOH. 

 

Figure 3.15 Representative SEM images of electrospun SF mats from three independent 

experiments fabricated using 10% w/v SF in FA/CaCl2 (98:2) after post-treatment with different 

solutions: (a) untreated, (b) 80% EtOH treated, and (c) water treated fibres. 

According to Figure 3.15, the water treated sample was prone to dissolution and 

becoming a film-like structure, this is due to a lack of β-sheet structures, discussed further below. 

This treatment was therefore not taken forward as it is unsuitable for making fibrous double-

layered structures. Herein, the thickness of ~100 µm was determined for the double layer mats of 

untreated and 80% EtOH samples. It also highlights that untreated electrospun mats should not 

get into contact with water.  
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3.3. Discussion 

 Optimal parameters for preparing electrospinning SF solution  

 Degumming and other preparations  

Degumming is the first important step for preparing the electrospinning solution of SF. The SF 

should be fully extracted from silk cocoons without sericin residues. Not only toxicity to cells but 

also sericin obstructs the dissolution of SF in solvents. According to the well-known protocol 

(Rockwood D.N., et al., 2011), the boiling process affects to quality and quantity of SF [20]. To 

increase reproducibility, they mentioned that the boiling time should be restricted to 30 min every 

time. However, there was no mention of the exact temperature for boiling. The temperature of 

water was then controlled in this study.    

The heating temperature was ideally set at 80° C instead of fully boiled at 100° C. 

However, it was still unstable for 30 min, it always varied between ~75° – 80° C each time. The 

percentage of weight loss and SEM results confirm that boiling at ~75° – 80° C for 30 min is 

acceptable for purifying SF. Generally, 25 – 30% of the total weight of silk cocoons is sericin [20, 

136]. Therefore, the weight loss of 27 ± 2% is suitable to get rid of sericin without damaging SF 

fibres. If the percentage of weight loss is over 29.4%, the SF will be fragile with extensive fibroin 

fibrillation, which has a low tensile property [235]. 

Prior to electrospinning, the degummed SF actually needs to go through the other four 

sequential steps: dissolution, dialysis, re-concentration, and preparation of regenerated SF by 

either lyophilisation or film casting [20, 151, 236]. Compared to the degummed SF, the 

regenerated SF has smaller SF molecules, which is more readily prepared for electrospinning 

[151]. However, these sequential steps are time-consuming, especially the dialysis step(s). 

Two well-established protocols recommend the use of aqueous solvents: lithium 

bromide (LiBr) solution [20] and the solution of CaCl2/EtOH/water [237] for dissolving the 

degummed SF. They are efficient methods to break the large SF molecules into tiny molecules 

via transforming the β-sheet to other conformations within a few hours. The dissolution of 

degummed SF is then dialysed in DI water. 
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Dialysis is the longest process to prepare SF. Gelation of the solution may occasionally 

occur due to protein concentration, temperature, pH, and residues of salt ions in the solution [238, 

239]. This unexpected gel formation can occur from time to time even when all factors (e.g. quality 

of water, the pore size of dialysis sack, temperature, numbers of water changing, total dialysis 

period, etc.) are controlled. The dialysis process commonly takes at least 48 h (2 days). In order 

to avoid the complication of gelation and reduce the preparation time, the electrospinning SF 

solution should be prepared via a dialysis free protocol.  

 Solvent choice for electrospinning SF solution 

Commonly, electrospinning SF solution can be prepared in both aqueous solvents [20, 146-148] 

and non-aqueous solvents [149-154, 236, 240]. In the case of an aqueous-based solution, it still 

requires preparation by dialysis. Some polymers such as polyethylene glycol [20, 146] may need 

to be added into the solution before electrospinning, and can be washed out eventually in a 

subsequent step. 

Many studies revealed that either lyophilised or film cast SF could be prepared first in 

the preparation of electrospinning solutions using organic solvents such as FA [150-154], 

hexafluoroisopropanol (HFIP) [120, 149], dichloromethane (DCM) [240]. With a dialysis free 

protocol, FA and FA/CaCl2 can also partly dissolve the degummed SF within 3 h, which is enough 

to cast a regenerated SF film. The film can serve as a basis for subsequent further dissolution and 

electrospinning [151]. However, the electrospinning of SF solution can successfully be prepared 

without pre-casting regenerated SF film. Providing degummed SF in FA/CaCl2 is heated up with 

the appropriate temperature and time, the SF will be completely dissolved and be suitable for 

electrospinning. According to the results of the present study, incubating at 45° C for overnight 

(~10 – 12 h) is recommended. Thus, this dialysis free protocol reduces a lot of time in preparing 

electrospinning solutions. Although the degummed SF takes longer dissolving time than SF film 

and lyophilised SF prepared by dialysis, the total time consumed is considerably shorter.  

The high amount of CaCl2 in FA (FA/CaCl2 ratio 95:5 and 90:10) can entirely dissolve 

degummed SF within a week at room temperature, while the low amount of CaCl2 in FA (FA/CaCl2 
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ratio of 98:2) possibly take longer for dissolving. Therefore, CaCl2 may function as a catalyst to 

increase the dissolving rate of SF in FA. Liu Q., et al., 2018, reported that increasing CaCl2 

concentration could reduce β-sheet contents via disrupting hydrogen bonds between SF chains 

[241]. 

Unfortunately, electrospinning solutions of 6% wt/v SF in FA/CaCl2 with both the ratio of 

95:5 and 90:10 were unsuccessful in this study. Their electrospun mats were re-dissolved and 

disappeared when left in the normal atmosphere conditions of the lab. This finding is contrary to 

the apparent reported successful electrospinning in a report by Liu Z., et al., 2015 [150].  

A reason for fibre re-dissolution is the drastically high humidity in the air. If there are 

CaCl2 residuals in/on the electrospinning SF network, CaCl2, also known as an excellent 

dehumidifier, can adsorb and retain significant moisture from the air. Then excessive water 

molecules in the bulk electrospun mats can turn from solid fibres to viscous liquid SF [242, 243]. 

Furthermore, untreated electrospinning SF contains a low β-sheet content and a high number of 

random coil amorphous molecules, as shown in the result of this study (Figure 3.14). This suggests 

that humidity may affect the glass transition temperature of untreated electrospun SF mat; this is 

recommended for further investigation but falls outside of the scope of the study presented in this 

thesis.  

There are several suggestions to avoid the re-dissolution of electrospinning SF in 

FA/CaCl2 with a high amount of CaCl2, such as increasing the percentage of SF in solution, 

keeping electrospun SF in a desiccator, and post-treatment with EtOH. Thus, SF in FA/CaCl2 with 

a low amount of CaCl2 (ratio of 98:2) was preferred due to the reproducibility and quality of the 

electrospun mats. 

 Concentration of SF  

This study found that 10% SF is suitable for the preparation of electrospinning solution in FA/CaCl2 

(ratio of 98:2). The fibre diameter was evidenced to increase following increase in the 

concentration of SF in FA. Lower concentrations of SF are reportedly challenging to electrospin in 

to fibres [152].  
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Tiny spots of solution were apparently dropped on the electrospun mat, indicating that 

either viscosity of the solution or electrical parameters (e.g. voltage and distance) are 

inappropriate. Electrospun mats of 10% SF have a lower number of solution spot artefacts 

compared to those of 6% SF. This may be because 10% SF has a high viscosity, which is more 

suitable for electrospinning. Min B.M., et al., 2004 confirmed that the viscosity of SF solution 

depended on the concentration of SF in FA [154].  

In general, there are four factors that affect the rate of chemical reactions: the 

concentration of reactants, temperature, the physical state of reactants and surface area, and 

catalyst. Apart from adding CaCl2 as a catalyst, mechanical stirring and heating can possibly 

increase the rate of dissolution of SF in FA/CaCl2 (ratio of 98:2) as well. SF must be stirred until it 

disperses well in FA/CaCl2, indicated by its appearance as a transparent light yellow solution. This 

process increases the contact area between SF and the solution of FA/CaCl2. The solution needs 

to be heated and incubated at 45° C overnight (~10 – 12 h) and turns pink afterwards, which is 

possible to readily electrospin.  

The incubating temperature is adjustable; higher temperatures are likely to increase the 

rate of reaction, resulting in a shorter incubation period. The temperature of 60° C is an interesting 

point for further investigation, as it has been reported as an evaporating temperature that affects 

the interaction between water and protein in B. mori SF [244].     

Changing in solution colour can be indicative evidence of reaction even though the 

reason for this colour change remains uncertain. The colour of organic compounds originates from 

the absorbance of light in chemical structures [245]. Since the SF molecule is dissolved, it affects 

chemical bonding between protein molecules, resulting in visible colour changing. Additionally, the 

colour may be altered by the pH of solutions as well.      

 Effects of electrospinning solution on electrospun SF mats      

Viscosity, solution charge, and electrospinning parameters such as solution flow rate and voltage 

supply affect the quality of electrospun mats. The solution properties, especially the size of 

dissolved SF fibres, mainly affect the dimeter of electrospinning fibre [151]. Here, the average fibre 
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diameter of electrospun SF mats was in the sub-micron scale of ~200 nm when dissolving 

degummed SF in FA/CaCl2 with the ratio of 98:2. 

Several previous studies indicated that SF in different solvents could generate different 

ranges of electrospun fibre diameters. For example, Magaz A.M., et al., 2020, found that the 

diameter of electrospun SF can be varied from ~500 nm up to 1 µm when preparing 

electrospinning solution by using regenerated SF in HFIP [120]. Others showed that dissolution of 

SF in FA could provide the fibre diameter in the range of nano-scale and sub-micron scale [152-

154]. The increase of CaCl2 in FA can reduce the diameter of electrospinning SF [150].  

Additionally, the size of SF molecules before dissolving and concentration of SF affects 

the morphology of the electrospun fibres. For example, lyophilised SF could be electrospun into 

nanofibres with an average diameter less than 100 nm [153, 154]. Zhang F., et al., 2012, found 

an interesting relationship between the size of SF molecules of electrospinning solution and the 

fibre diameter of electrospun mat. The regenerated SF film containing SF nanospheres was able 

to be electrospun into a mat with nanofibres of diameter ~50 nm. In contrast, regenerated SF film 

containing SF nanofilaments generated the thicker electrospinning fibres in the diameter range 

~200 nm [151]. 

In this work, the size of degummed SF before preparing electrospinning solution is in the 

range of microfilament (larger than 10 µm), as shown in Figure 3.3 (d). The SF molecules after 

dissolving in FA/CaCl2 (98:2) at 45° C overnight may be nanofilaments due to the fact that the 

fibre diameter of electrospun mats is ~180 – 200 nm [151].  

 Effects of humidity and temperature on electrospun SF mats 

Humidity is a key factor affecting the morphology of electrospinning fibres. It plays an intrinsic role 

in solvent evaporation and fibre solidification [166]. Bead-on-string fibres, beads, internal pore 

fibres, and pores at the surface of fibres may occur as a consequence of inappropriate humidity 

to polymer and solvent systems. Several studies have confirmed that SF and SF blended with 

other polymers are possible to electrospin under a wide range of relative humidities, from 20 – 

60% [146, 246, 247]. However, fibres are more prone to defects at high humidity.  
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Mailley D., et al., 2021 explained that solvent evaporation occurs in all regions of 

electrospinning: the Taylor cone, straight jet, and whipping/bending jet. The strong movement of 

the whipping/bending jet enhances solvent evaporation rate via the convection mechanism. At 

higher humidity, water vapour molecules in the air are increased; thus, the electrospinning jet is 

discharged (deionised) even more so by water molecules. Therefore, the charge density of the 

electrospinning jet is decreased at higher humidity. The reduction of the charge density of the 

electrospinning jet also reduces the movement of the electrospinning jet under an electric field, 

leading to slower evaporation [166]. 

Moreover, the electrospinning jet can adsorb water in the air. The higher humidity may 

induce a higher number of beads forming during solidification in both hydrophobic and hydrophilic 

polymers via different mechanisms. For example, it causes precipitation and fast solidification 

leading to thicker diameter and bead-on-string fibres. On the other hand, it causes water 

plasticising in hydrophilic polymers, along with slow solidification and evaporation. The 

electrospinning jet is thinned until it reaches a capillary instability resulting in beads fibres [166]. 

In addition, several studies have revealed that bead formation is encountered when 

electrospinning SF in relatively high humidity atmospheres; this may be because SF contains both 

hydrophilic chains interspersed among hydrophobic proteins chains [248].  

Temperature is perhaps an indirect factor influencing electrospinning fibres. Its effect is 

reportedly inversely proportional to humidity. Changing temperatures can affect humidity. 

Therefore, humidity and temperature should be constantly controlled throughout the 

electrospinning period. Herein, the temperature was 25° C in vertical electrospinning.  

In this study, the horizontal electrospinning set-up with a high-speed rotating mandrel 

was not amenable to control humidity and temperature due limitations of the machine. Humidity 

and temperature should be recorded at least prior to electrospinning. If the humidity is not 

extremely high, the morphology of electrospun SF is still acceptable without defects, as confirmed 

by SEM of uniformly aligned layers.   
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Finally, there was no significant difference in fibre morphology and diameter between 

35% R.H. and 50% R.H. To avoid bead-on-string fibres or other defects, the lower R.H. of 35% 

was preferred. 

 Effects of apparatus orientation on electrospun SF mats 

The movement of the electrospinning jet was chiefly driven by electric force (FE) between the 

needle and collector. The direction of FE is always generated from the needle and moved toward 

the collector in every orientation of the apparatus. However, gravity (FG) and dynamic airflow also 

affect the direction of the electrospinning jet [176]. In general, electrospinning was operated under 

the static atmosphere without additional airflow. Thus, the net electrospinning force (FN) from FE 

and FG was considered in both horizontal and vertical electrospinning systems. 

According to well-known Coulomb’s and Newton’s laws, the magnitude of FE depends 

on charges of particles (q) and electric field (E), while FG depends on the mass of the object. If the 

electric field is generated by two plates that are supplied by different voltages, its magnitude is 

directly proportional to the different voltage between plates (V) but inversely proportional to the 

distance between those plates (d). The relation between FE and other related parameters is 

explained by the equations below. 

𝐹𝐸  = 𝑞𝐸 

𝑉 = 𝑑𝐸 

Compared to the electrospinning system in this study, the distance between the needle 

and collector was fixed. The electrospinning solution was homogenous, and it was prepared using 

the same protocol each time. Therefore, within reason, it can be assumed that the total charges 

of the solution are constant as well. Therefore, the magnitude of FE depends on the voltage supply 

between the needle and collector. On the other hand, FG depends on the mass of ejected solution, 

especially at the tip of the needle, because the solution can accumulate here as a consequence 

of adhesive and cohesive forces.  

In the horizontal axis electrospinning set-up, the direction of FE and FG are perpendicular. 

The low voltage supply resulting in low FE leads to the projectile movement of solution from the tip 
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of the needle (Taylor cone region) and electrospinning jet down to the floor of the fume hood 

instead of electrospinning at the collector. In fact, the volume of solution in the Taylor cone region 

gradually changes throughout the electrospinning period. The volume of drop solution at the tip of 

the needle is deceased by inducing the electrospinning jet, while it is increased by the ejection of 

solution. These decrease and increase rates should be balanced in order to get steady 

electrospinning and avoid droplets deposition. If the ejection rate is too high compared to the 

decease rate, the volume of solution at the Taylor cone region will increase, resulting in a higher 

mass of solution. The excessive mass, which cannot electrospin, will be strongly pulled down by 

FG. Once it was removed from the tip of the needle, it will be slightly pushed away toward the 

collector by FE, causing projectile drop deposition.  

Several droplets were still found on the floor of the fume hood set-up during 

electrospinning with the optimised parameters. This suggests that either the flow rate of 0.4 ml/h 

should be reduced or the voltage of 15 kV should be raised to get more steady-state 

electrospinning. The lower flow rate leads to a longer electrospinning period, then increasing the 

voltage would be a suggestion for further study. The voltage supply of 15 kV was high enough and 

acceptable to electrospin efficiently, as confirmed by the SEM and image analysis. 

FE and FG are in the same direction towards the collector in vertical axis electrospinning. 

The solution will certainly drop towards the collector if there is an excessive solution at the Taylor 

cone region. Unsurprisingly, there were a lot of droplets on the electrospun mat when applying the 

horizontal electrospinning parameters (0.4 ml/h flow rate and 15 kV voltage) to the vertical 

electrospinning axis. The results of electrospun products supported that droplets of solution can 

be avoided by either decreasing flow rate or increasing voltage. With a voltage of 15 kV, the 

smooth electrospun mats without droplets were successfully fabricated by the flow rate of 0.05 

ml/h. In contrast, a flow rate of 0.4 ml/h was appropriate for electrospinning with a voltage of 30 – 

35 kV. 
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 Effects of rotating speed of collector on electrospun SF mats 

According to the results, the orientation of the electrospinning apparatus, voltage supply, flow rate 

of solution, and rotating speed of collector had no significant effects on fibre diameter. It seems 

that the solvent of electrospinning solutions and humidity during electrospinning affected the 

morphology of electrospinning fibres and their diameters. However, the alignment of 

electrospinning fibres is directly proportional to the rotating speed of the collector [88, 249]. The 

bending and whipping electrospinning jet commonly generates random fibres directions with static 

collection.  

Using a rotating mandrel collector is a simple way to improve the alignment of fibres from 

unstable whipping jets [249]. Several studies revealed that the balance between the linear velocity 

of the rotating drum and the velocity of the evaporating jet depositions is a critical criterion for the 

obtaining highest alignment [249, 250]. Too low a speed cannot initiate fibre alignment, while too 

high a speed may generate turbulent airflow around the surface of the collector leading to the non-

uniform alignment [249, 251].            

As shown from the 2D FFT alignment results (Figure 3.12 (b)), the electrospinning fibres 

were highly uniformly aligned at the high rotating speed of the collector (1,000 – 1,500 rpm) 

compared to using a lower rotating speed (~800 rpm). The difference between aligned and random 

fibres, which are fabricated by the high and low rotating speed of mandrel, can be observed clearly 

by SEM (Figure 3.10 (a and d)). Unfortunately, the highest rotating speed in this study was 

imperfect to produce unidirectionally aligned fibres. Almost all electrospinning fibres were aligned 

in the same direction (unidirectional). Some fibres were still straight lines but orientated at various 

angles. This may be due to the effect of turbulent airflow generated by the high speed of the 

collector. A minor change of speed is recommended for assessment in further study to improve 

the alignment of fibres. On the other hand, aligned electrospun fibres can be generated by using 

parallel collectors [252, 253], using wire-drum collectors [254], and even using external magnetic 

force [255, 256]. Thus, the different designs of collectors are another interesting point to study for 

electrospinning SF.        
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 Effects of post-treatment on electrospun SF mats 

The β-sheet is the most important structure of SF because it supports fibre strength and decreases 

water solubility due to its hydrophobic property. Electrospun SF mats are typically treated with 

alcohols (-OH group) such as EtOH [147, 150, 151, 240] and MeOH [20, 146, 148, 152-154, 236] 

to induce β-sheet formation prior to use as regenerative tissue scaffolds. However, these 

treatment solutions were always diluted in water before use. Here, the effects of different 

percentages of EtOH and MeOH treatment on β-sheet conformation and other secondary protein 

structures were considered, as well as water. The treatment time of 20 min was fixed as a control 

parameter in this study [120, 257]. 

 EtOH and MeOH treatments 

ATR-FTIR results showed that the amide I peaks were shifted from 1650 cm-1 to 1625 and 1621 

cm-1 after treatment with all percentages of dilution of EtOH and MeOH, confirming the increase 

of β-sheet. The total percentage of β-sheet reached around 63 – 66% once treated with 75% 

EtOH, 80% EtOH, 100% EtOH, 80% MeOH, and 100% MeOH, while it was 59% once treated with 

70% EtOH. These results indicate that both EtOH and MeOH have the same ability to induce β-

sheet of electrospinning SF. According to the result shown in Figure 3.14, the low amount of water 

in the alcohol-based solution (<20%) does not interfere with β-sheet induction. The effectiveness 

of alcohol-based treatment solution may be inhibited, provided that the water in the solution is 

higher than 30%.  

Alcohols can rearrange the secondary protein structures of SF due to their polarities 

[258, 259]. They turn random coil to β-sheet [138, 234, 258, 260, 261]. Um I.C., et al., 2003 

reported that the polarities of alcohols attracted water molecules in SF and this evidently induced 

more aggregation of hydrophobic amino acids, particularly Ala and Gly [259], which are the main 

components of β-sheets. Due to its strong polarity, MeOH is deemed a more effective solution 

than EtOH to induce β-sheet crystallisation, however it does have unwanted toxicity and handling 

issues in comparison to EtOH.     
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Apart from β-sheets, the β-turns and bends structures form part of the crystalline 

structure [261]. The total percentage of the crystalline structure of electrospun SF mats was 

calculated by the sum of % β-sheet and % β-turns. This was increased up to ~85% after treatment 

by all EtOH and MeOH conditions from 78% of untreated samples (Figure 3.14). In contrast to SF 

films, a previous study reported that the degree of crystallisation in MeOH treated SF was higher 

than both untreated and EtOH treated samples when using X-ray diffraction (XRD) analysis [261]. 

Puerta M, et al., 2020 also revealed that EtOH treatment provided a similar degree of crystallinity 

between immersing for 15 min and 1 h. Whilst, MeOH treatment for 1 h showed a higher degree 

of crystallinity than the treatment for 15 min [261]. Another study also confirmed that the crystalline 

structure was constant after treatment for 10 min to 24 h. After 24 h, it was slightly fluctuated [262]. 

Moreover, EtOH has a lower risk than MeOH and is typically used for disinfection and sterilisation. 

Then 80% EtOH was recommended as a suitable treatment solution. 

However, EtOH treated electrospun SF mats always shrank after air-drying at room 

temperature. EtOH can soak and penetrate through the network of the electrospun mats. Once it 

is evaporated, the fibre gaps are reduced and are evident from SEM, as shown in Figure 3.15, 

with fibre shrinkage observed. Electrospun SF mats should be preserved in DI water all the time 

after post-treatment to avoid fibre shrinkage. If dried samples are needed, the treated electrospun 

mats should be slowly evaporated by putting them between filter papers akin to a sandwich, and 

then putting a suitable weight on top to maintain the shape of electrospun mats. Under normal 

atmosphere and room temperature, the electrospun mats completely dry off within a few hours. 

On the other hand, thicker electrospun mats possibly resist the shrinkage after solvent 

evaporation.      

 Water treatment 

Soaking untreated electrospun SF mats in water partly turned SF fibre to thin-films confirmed by 

SEM. This is because water disrupts cohesive forces and hydrogen bonding between protein 

chains and enhances the mobility of the amorphous domain [242, 243]. Moreover, water can 

effectively reduce the glass transition temperature (Tg), which is ~180° C for dried pure silk [243, 
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260, 263]. Hu X., et al., 2011 revealed that higher humidity (> 90%) brought down the Tg to around 

room temperature [243]. On the contrary EtOH and MeOH treated electrospun SF mats using the 

conditions explored here were stable and not morphologically affected in water; this might be due 

to the effect of a high number of β-sheet crystallisation after treatment.    

Interestingly, the water treated electrospun SF mat still exhibited the amide I peak at 

1621 cm-1 indicating β-sheet formation because it was observed after dehydration. Water 

annealing at room temperature was reported as a protocol to increase otherwise low β-sheet 

content [264]. Possibly, the β-sheet formation was slightly elevated during water evaporation, 

resulting in the presence of the ATR-FTIR peak at ~1621 cm-1. However, the percentage of β-

sheet formation of water annealing electrospun SF (48%) was still lower than that of electrospun 

SF (55%). 

Finally, electrospun SF mats treated with 80% EtOH is stable in water. It can be 

presumed that the β-sheet and crystalline structure of the treated fibres are very high and strong, 

which can resist plasticisation by water. Therefore, the 80% EtOH treatment for 20 min is a suitable 

and practical protocol to maintain the fibres as electrospun mats.  

 General discussion of double layer electrospun mats   

The aligned fibre is an important key to guide the neurite extension unidirectionally [86-88, 208, 

227, 228, 265]. However, only a single layer of aligned fibres may not be strong enough since it 

can break at low strain, particularly when applying the force in the transverse direction to fibre 

alignment [266, 267]. It suggests that the aligned fibre is weak and difficult to handle (post-

processing), such as bending and folding. According to Figure 3.16, the electrospun SF mat with 

a single layer of aligned fibres was removed from the greaseproof paper difficultly. This always 

broke into many strips following the direction of fibre alignment (Figure 3.16 (a)), while the 

electrospun SF mat with a single layer of random fibres can be peeled away easily (Figure 3.16 

(c)). The results here also suggest that the aligned fibre mat should be thicker than ~70 µm to 

enable handling. However, the thickness of the fibre mat depends on the electrospinning duration. 

It may take a very long period to electrospin the aligned fibre mat with sufficient thickness.  
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Therefore, the double layer electrospun scaffolds were formed with the base layer of 

random fibres (~70 µm) and the top layer of aligned fibre (~30 µm), providing fibre mats that can 

be handled and further processed. Moreover, the double layer mat is reproducible, confirmed by 

the similar results of the fibre diameter and fibre alignment from three independent electrospinning 

experiments with three independent electrospinning solutions, as shown in Figure 3.12. 

Recently, literature reports have developed some double layer electrospun mats for 

tissue-engineered scaffolds [227, 268, 269]. A layer of the double layer electrospun mat is always 

designed to support cell growth, while the other is for different purposes depending on the 

applications, such as a reinforcement layer [227], a layer for encapsulating and releasing growth 

factors [268], or indeed, a protective barrier against external contamination [269]. In peripheral 

nerve regeneration, double layer electrospun mats with random and aligned nanofibres in the 

outer and inner layers are more robust and tear-resistant during surgical procedures compared to 

a single layer of aligned nanofibres [227]. Additionally, the aligned fibres promote cell invasion, 

while the random fibres hamper unwanted cell migration [228]; thus, the double layer mat is co-

incident with the function of nerve membranes that the inner layer should support nerve growth, 

and the outer layer should be a barrier for other connective tissues [37].      

 

Figure 3.16 Example of electrospun SF removal from the greaseproof paper: (a) one layer of 

aligned fibres with the thickness of ~70 µm (~8 h electrospinning), the arrow shows the direction 

of fibre alignment, the circle shows the fibre breakage following the alignment of fibres, (b) the 

schematic of aligned fibre breakage following the fibre alignment, and (c) one layer of random 

fibre with the thickness of ~70 µm (~8 h electrospinning), the size of the mat is 2 x 3 cm2. 
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3.4. Conclusion 

A novel method for preparing SF solution and the optimisation of electrospinning parameters are 

successfully defined. The quality of double layer electrospun SF mats is acceptable and promising 

to use as a peripheral nerve conduit. 

In this chapter, electrospinning SF solution can be prepared via a dialysis free protocol. 

This protocol reduces a lot of time-consuming steps and is also reproducible. With incubation at 

45° C overnight (~10 – 12 h), the 10% wt/v degummed SF can directly dissolve in a mixed solution 

of FA and CaCl2 with the ratio of 98:2 ml/g. The diameter of electrospinning fibres is consistant 

with the sub-micron range of ~200 nm. Fibre alignment depends on the rotational speed of the 

mandrel collector. Higher speed provides a more uniform alignment without effects on fibre 

diameter.  

According to the purpose of this chapter, the double layer electrospun SF mat is required 

due to improved post-processing ability (e.g. easy to handle, bend, and fold) and is coincident with 

some aspects of natural nerve membrane. Herein, the double layer electrospun SF mats are 

composed of a bottom layer of random fibres and a top layer of uniformly aligned fibres. The 

solution feed rate of 0.4 ml/h and distance of 12 cm are parameters that can be constantly fixed 

in both horizontal and vertical electrospinning systems, while other parameters are different in 

each layer. The bottom layer was fabricated by vertical axis electrospinning with the voltage of 35 

kV and collector speed of ~800 rpm (linear velocity of ~5.03 m/s) for 8 – 10 h. On the other hand, 

the top layer was fabricated by horizontal electrospinning with the voltage of 15 kV and collector 

speed of ~1,200 – 1,500 rpm (linear velocity of ~7.54 – 9.42 m/s) for 4 – 5 h. If possible, the 

humidity and temperature should be controlled at 35% R.H. and 25° C. The total thickness of 

electrospun mats of ~100 µm (~70 – 80 µm of the bottom layer and ~20 – 30 µm of the top layer) 

is sufficient for easy handling.     

Finally, the post-treatment of 80% EtOH for 20 min is recommended in order to induce 

β-sheet crystalline structure in SF fibres promoting fibre strength and insoluble properties. The 

EtOH treated mats should be preserved in DI water to avoid shrinkage. These developed non-
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woven SF mats will be modified to electrically conductive mats and their properties such as 

mechanical, electrical, and in vitro biocompatibility, that are explored in the next chapters.    
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4. CHAPTER 4 

Electrical Modification of Electrospun Silk Fibroin 

Electrically conductive materials are a new generation of peripheral nerve scaffolds to facilitate 

fully functional regeneration. The electrical conductivity of non-woven SF mats, fabricated using 

the final protocol from chapter 3, was modified by poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) with various conditions. The physical, mechanical, and electrical 

properties of these composite materials will be described in this chapter. 

The main purpose of this chapter is to modify the pristine electrospun SF into the 

composite material of PEDOT:PSS incorporated electrospun SF. To blend the PEDOT:PSS in/on 

the electrospun sample, an interpenetrating polymer network (IPN) technique is preferred due to 

its simplicity [91]. By using IPN, the molecules of two polymer chains are partially interlaced [177], 

so that the molecules of PEDOT:PSS can tightly form the network in/on SF fibres. This composite 

material is hoped to be used as a peripheral nerve scaffold, therefore, it should be stable in water 

without the detachment of PEDOT:PSS. Furthermore, this composite material is planned to be 

applied with electrical stimulation for promoting neurite outgrowth, such as, the electrical 

conductivity of the composite mat should be at least higher than that of the pristine electrospun 

SF mat.    

The molar ratio of PSS to EDOT monomers (α) affects the elasticity and electrical 

conductivity of the composite mat [270]. The α ratios were varied at 1.3, 1.8, 2.3, 2.8, and 3.3 in 

this study. In order to confirm the presence of PEDOT:PSS in/on the electrospun SF mat, the FTIR 

spectra were assessed in the wavenumber range of 1300 – 600 cm-1, which is associated with 

PEDOT and PSS  [271-273].  

After IPN, the diameter of fibres and the mechanical property of the electrospun SF and 

IPN mats were investigated via tensile testing, in the wet state (underwater). The wet state tensile 

properties can be considered to represent the elasticity of the composite mat in the body and cell 

culture system. There was no expectation of the tensile results; however, the results of IPN mats 
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were compared to those of electrospun SF mats to understand how PEDOT:PSS interacts with 

SF fibres resulting in changing mechanical properties.  

The surface and chemical properties of the IPN mats were then analysed via X-ray and 

Hard X-ray photoelectron spectroscopy (XPS and HAXPES). This experiment was performed to 

understand how deep PEDOT:PSS can penetrate in/on electrospun fibres. Moreover, it was 

performed to confirm that EDOT monomers and PSS are functionalised and grown as 

PEDOT:PSS networks.  

Finally, the electrical conductivities of IPN mats were measured by cyclic voltammetry 

(CV) and electrochemical impedance spectroscopy (EIS) techniques. It was expected that the IPN 

mats should at least have higher electrical conductivity than the electrospun SF mats.  

4.1. Materials and Methods 

 Interpenetrating polymer network (IPN) 

The IPN protocol was adapted from the protocol of Horii T., et al., 2018 [270]. The IPN working 

solution was composed of 3,4-ethylenedioxythiophene monomers (EDOT, Sigma-Aldrich), 

polystyrene sulfonate (PSS, Sigma-Aldrich), and initiators. Firstly, 0.98% wt/v sodium persulfate 

(Na2S2O8, Sigma-Aldrich) and 0.2% wt/v iron (II) sulfate heptahydrate (Fe2SO4·7H2O, Sigma-

Aldrich) were dissolved in distilled water. Then 0.5% wt/v EDOT monomer was then added to the 

prepared solution. After that, the various concentrations of PSS were added to the solution and 

stirred well. The molar ratios of PSS to EDOT monomer (α) were varied from 1.3 to 3.3, so the 

PSS concentration was estimated to be 0.84 – 2.13% wt/v. The relation between PSS weight and 

EDOT volume is explained in the equations below: 

[𝑃𝑆𝑆]      =      𝛼 [𝐸𝐷𝑂𝑇] 

𝑌 (𝑚𝑜𝑙)

(𝑑𝑚3)
  =       𝛼

𝑋 (𝑚𝑜𝑙)

(𝑑𝑚3)
 

𝑚𝑌 (𝑔)

𝑀𝑊𝑌

  =       𝛼
𝑚𝑋 (𝑔)

𝑀𝑊𝑋
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𝑚𝑌 (𝑔)

𝑀𝑊𝑌

  =       𝛼
𝑑𝑋  (

𝑔
𝑚𝑙

) 𝑉𝑋 (𝑚𝑙)

𝑀𝑊𝑋

 

                          
𝑚𝑌 (𝑔)

183
  =        𝛼

1.331 (
𝑔

𝑚𝑙
) 𝑉𝑋 (𝑚𝑙)

142.17
 

             𝑚𝑌 (𝑔)   =        1.71 𝛼 𝑉𝑋 (𝑚𝑙) 

where, mY is the weight of PSS (g), VX is the volume of EDOT monomer (ml), and α is the ratio of 

PSS to EDOT (varied from 1.3 – 3.3). The schematic of the IPN process of PEDOT:PSS in/on 

electrospun SF mats is shown in Figure 4.1.  

The 80% EtOH-treated electrospun SF mats were immersed in the IPN working solution 

as fast as possible when the solution was still yellow. The solution slowly turned dark blue during 

the functionalisation process between EDOT monomer and PSS as PEDOT:PSS complex. SF 

mats were then left in the solution for 72 h at room temperature, where they then turned completely 

dark blue, similar to the original solution. The IPN mats were then washed overnight with distilled 

water, until no PEDOT:PSS residues leaked from materials. Finally, IPN mats were stored in 

distilled water to avoid shrinkage. 

 

Figure 4.1 Schematic process of electrospun fibre modification via IPN of PEDOT:PSS. 

 Dip coating 

The custom-made PEDOT:PSS solution (α = 1.3) was prepared by the same process of IPN 

solution preparation as mentioned in section 4.1.1. However, the custom-made solution was left 
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at room temperature for a week until the solution turned completely dark blue before, its use as a 

dip coating solution. The 80% EtOH-treated electrospun SF mats were then immersed in the 

custom-made PEDOT:PSS solution or commercial PEDOT:PSS solution with 1.3% wt dispersion 

in water (Sigma-Aldrich) and left for 72 h at room temperature. 

 ATR-FTIR analysis 

The IPN materials of PEDOT:PSS on electrospun SF were characterised using an ATR-FTIR with 

the same system as mentioned in chanter 3 (section 3.1.4) (Nicolet 5700 FTIR spectrometer, 

Thermo Fisher Scientific). FTIR spectra were collected from the wavenumber range of 4000 – 400 

cm-1 with 32 scans in the absorbance mode. The wavenumber range from 1300 – 600 cm-1 of SF 

and IPN samples were assessed. They are associated with PEDOT (i.e. C-O-C at 1187, 1138, 

1083, and 1048 cm-1 [271] and C-S at 831 cm-1 [272]) and PSS (i.e. SO3
− at 1058 and SO2

− at 

1010 cm-1 [273]). The experiment and the collection of ATR-FTIR data were performed by Jie Ma 

and independently analysed by the author of this thesis.       

 Scanning electron microscopy (SEM) 

Electrospun and IPN mats were prepared and observed by SEM using the same protocol as 

described in chapter 3 (section 3.1.5). 

 Tensile testing 

The mechanical properties of electrospun SF and IPN mats were obtained by wet-state horizontal 

tensile test (ElectroForce, Planar Biaxial, TA instrument). Samples were cut into rectangular 

pieces of 5 x 35 mm2, where the length was parallel to the fibre alignment. The depth of samples 

(d) was measured by a thickness gauge micrometre (DML3032, Digital Micrometers Ltd). The 

sample was placed on tensile grips under tap water at room temperature. 5 mm of both ends were 

hooked by grips, and the initial length (L) of samples was 25 mm. A tensile grip, connected to a 

load cell of 22 N, was a dynamic end, while another grip without load cell was a stationary end. 

The moving speed was constantly controlled at 10 µm/s. Load force (F) and displacement (ΔL) 

were collected by WinTest Software (WinTest® for ElectroForce Test System, TA instrument), 
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and the sampling rate is 20 points/s. The ultimate tensile strength (σu) and strain at break (ε) were 

calculated following these equations below:  

𝜎𝑢      =      
𝐹(max)         (𝑁)

    𝑑 ∙ 𝑤       (𝑚𝑚2)
 𝑜𝑟 (𝑀𝑃𝑎) 

𝜀     =      
∆𝐿       (𝑚𝑚)

  𝐿        (𝑚𝑚)
 

where, w is the width of sample (5 mm) and L is the length of sample (25 mm). 

 The data of stress-strain profiles were plotted by GraphPad software (GraphPad Prism 

9, version 9.2.0, USA). Then, the Young’s modulus (E) and tensile toughness (UT) were calculated 

by determining the slope and area under the curve of the stress-strain profile, respectively. 

 X-ray and Hard X-ray photoelectron spectroscopy (XPS and HAXPES) 

The presence of PEDOT:PSS on electrospun SF was determined by hard X-ray photoelectron 

spectroscopy (HAXPES, Scienta Omicron GmbH). This measurement was kindly performed by 

Dr. Ben F. Spencer1.  

A Ga Kα (9.25 keV) was the X-ray source of HAXPES, this high kinetic energy leads to 

an increase of sampling depth observation compared to using the surface-sensitive XPS with the 

energy of 1 – 2 keV [274, 275]. The bulk-like composition was then measured without the influence 

of surface contamination. The samples were attached to Omicron sample plates using the 

adhesive copper tape and were then placed in the ultra-high vacuum chamber with a pressure of 

6 x 10-10 mbar. After photoexcitation, the electron supply was replenished by a charge neutralising 

low energy electron gun (FS40A, PREVAC). The survey spectra and core-level spectra of the 

interesting elements were measured by the EW4000 electron energy analyser with an entrance 

slit width of 1.5 mm. The binding energy (BE) of C 1s, N 1s, O 1s, and S 1s were at 285, 400, 530, 

and 2470 eV respectively. A pass energy of 500 eV with an energy resolution of ~2 eV was 

implemented to the survey spectra, while a pass energy of 200 eV with an energy resolution of 

~0.8 eV was applied to the individual elements spectra [276]. 

                                                      
1 Department of Materials and Henry Royce Institute, University of Manchester, Manchester, United Kingdom  
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Atomic concentrations were calculated using the sensitivity factors for the core levels 

following the method as described in [277]. The recently published photoionization parameters 

were up to 10 keV [278, 279]. The sampling depth was defined by the equation below [280]: 

Sampling depth   =   3λ cos 𝜃 

where, 𝜆 is the inelastic mean free path of electrons and 𝜃 is the electron take-off angle with 

respect to the surface normal. 

The depth of the normal surface was ~54 nm calculated using the TPP-2M formula [281]. 

The sampling depth can be reduced by tilting the sample. 𝜃 was varied up to 70°, which the 

sampling depth was ~11 nm. Data were analysed using CasaXPS (CasaXPS 2.3.24, Casa 

Software Ltd.) [282].  

 Electrochemical characterisation 

Electrospun and IPN samples were cut into rectangular pieces of 1 x 3 cm2, with the length parallel 

to the alignment of fibres. These samples were attached to a potentiostat and their electrical 

properties were measured via cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS).  

 Cyclic voltammetry (CV) 

Electrospun and IPN samples were delivered to Lancaster University for CV measurement with 

the kind help of Dr. John G. Hardy2 and Mark D. Ashton3. 

CV measurements were performed using a potentiostat (EmStat3+, PalmSens) 

connected to a personal computer and operated with the PSTrace 7.4 software. Firstly, an 

electrospun or IPN sample was attached to a glass slide by using carbon tape. A three-electrode 

system was connected to the prepared sample as a working electrode (WE). A silver/silver chloride 

(Ag/AgCl) electrode (CH Instruments, USA) and a platinum wire (Sigma Aldrich, UK) were 

connected as the reference electrode (RE) and counter electrode (CE) respectively. Herein, the 

                                                      
2 Department of Chemistry and Materials Science Institute, Lancaster University, Lancaster, United Kingdom 
3 Department of Chemistry, Lancaster University, Lancaster, United Kingdom 
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electrolytic solution was phosphate buffer saline (PBS) at pH 7.4. Electrodes were degassed with 

N2 before dipping in the electrolyte. The potentials of WE vs. RE were back-and-forth swept 

between -1.0 V to +1.0 V with a scan rate of 0.05 V/s. The changing of currents was measured 

and plotted compared to potentials.   

 Electrochemical impedance spectroscopy (EIS) 

EIS measurements were performed by a potentiostat (CompactStat.h, Ivium) connected to a 

personal computer and operated with IviumSoft software. A two-electrode system was used in this 

study. An electrode cell was WE and another cell was the combination of CE, RE, and ground 

electrode (GE).  

An electrospun or IPN sample was connected to the WE cell, while a platinum mesh (Pt-

mesh) with a surface area of ~1 cm2 was connected to the CE/RE/GE cell. The electrolytic solution 

was 0.1 M sodium chloride (NaCl) diluted in DI water. Approximately 1 cm2 of sample and the Pt-

mesh were dipped into the electrolyte and placed with a distance of 1 cm between them.   

EIS was measured in the constant voltage (constant E) mode. The input voltages (E) 

were in the pattern of a single sinusoidal wave with a constant amplitude of 10 mV and 31 different 

frequencies (f) from 10 – 10,000 Hz (10 frequencies per decade). The output currents (I) were 

collected within the range below 10 µA. 

The results were then fitted with the Randles equivalent circuit consisting of an 

electrolyte resistance (Re), a double layer capacitance (Cdl), a charge transfer resistance (Rc), and 

Warburg element (W) [283]. The Re was in series with a complex unit of Cdl, Rc, and W, which 

consisted of Cdl in parallel to the series of Rc and W as shown in Figure 4.2. Finally, the impedance 

(Z) results were shown in both Nyquist and bode plots. A Nyquist plot is the relation between −Z 

in imaginary axis and Z in real axis and a bode plot is the relation between either log10|𝑍| and 

log10 𝑓 or phase and log10 𝑓.      

In addition, Dr. John G. Hardy and Mark D. Aston also helped with the EIS measurement 

using the three-electrode system, as mentioned in section 4.1.7.1. In this case, the electrolyte for 

EIS was 5 mM ferric ferrocyanide ([Fe(CN6)]3−/4−) diluted in PBS. The measurement was operated 
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in an open-circuit potential of 230 mV. An amplitude of applied potential was perturbed ~10 mV, 

and the frequency range was 0.1 – 105,000 Hz. 

 

Figure 4.2 Schematic of Randles RC model: Re is electrolyte resistance, Rc is charge transfer 

resistance, Cdl is double layer capacitance and W is Warburg element. 

 Statistical analysis 

The data were analysed using GraphPad software (GraphPad Prism 9, version 9.2.0, USA). Due 

to the small sample size, the nonparametric test (Kruskal-Wallis test) was used in this analysis for 

comparing two or more medians. p-values of less than 0.05 were considered statistically 

significant. Other definitions (e.g. asterisks, sample sizes, and statistical testing methods) have 

been indicated in the figure captions.  

4.2. Results 

 The presence of PEDOT:PSS on electrospun SF 

Typically, electrospun SF mats were opaque white, while the PEDOT:PSS solution was dark blue 

as shown in Figure 4.3 (a). After immersing electrospun SF mats in PEDOT:PSS solutions for 3 

days, the mats had turned fully dark blue or black in all IPN ratios (α = 1.3, 1.8, 2.3, 2.8, and 3.3) 

and in the dip coating in the custom-made solution. In the case of dip coating in PEDOT:PSS 

solution with 1.3% wt dispersion in water, electrospun mats were still white in most areas. They 

were partly turned blue, which easily washed out in the presence of water.   

It was clearly seen that the blue colour of IPN mats had bled in the presence of DI water. 

After 2 – 3 times washing, no further colour bleeding or blue particles were observed leaking out 

of the mats. However, the colour of IPN mats were still fully dark blue, the same as before washing. 



   

134 
 

SEM images also showed that the fibre diameters of electrospun SF mats and all IPN mats were 

in a similar range of ~200 nm as shown in Figure 4.3 (b).   

FTIR spectra also showed several specific peaks associated with PEDOT and PSS in 

all IPN (α = 1.3, 1.8, 2.3, 2.8, and 3.3) mats. As shown in Figure 4.4, IPN mats had outstanding 

peaks in the range of wavenumber of 600 – 1200 cm-1. The peaks of 831 and 671 cm-1 were 

probably assigned to stretching vibration of the C-S-C bond in thiophene ring, the peak of 1169 

and 1124 cm-1 to bending of C-O-C bond in the ethylenedioxy group, and the peak of 1033 and 

1005 cm-1 to symmetric stretching of SO3
− and SO2

−. Compared to other studies [271-273, 284], 

these PEDOT:PSS associated peaks were shifted perhaps due to the incorporation between 

PEDOT:PSS and SF. On the other hand, the FTIR spectra of the IPN mat were similar to those of 

EtOH treated the electrospun SF mat in between the wavenumber of 1500 – 1700 cm-1, which is 

associated with amide structure including β-sheet formation.    

 

Figure 4.3 Examples of electrospun SF and IPN (α = 2.3) mats with the size of 3 x 1 cm2: (a) 

electrospun SF mats (opaque white, in the left) and IPN of PEDOT:PSS on electrospun SF mats 

(dark blue or black, in the right) after washing 2 – 3 times with DI water and (b) the box-whisker 

plot of fibre diameters of eletrospun SF, 80% EtOH-treated electrospun SF, and IPN mats of 

PEDOT:PSS in the various ratios (α = 1.3 – 3.3), the middle line is median, the mark (+) is 

mean, and n is the number of fibres representing a sample.       



   

135 
 

 

Figure 4.4 ATR-FTIR spectra of 80% EtOH treated electrospun SF and a representative of IPN 

mats in the wavenumber of 600 – 1900 cm-1. 

 Tensile profiles of electrospun SF and IPN mats 

At the dry state, the relationship between stress and strain showed that untreated electrospun SF 

mat could stretch longer than 80% EtOH treated sample when applying a low force, as shown in 

Figure 4.5 (a and b). The untreated sample has lower stress and higher strain than the 80% EtOH 

treated sample. Thus, stress and Young’s modulus of electrospun SF mat were significantly 

increased after 80% EtOH treatment. However, strain and toughness were still similar. 

Unfortunately, all IPN samples were unable to be tested because they were very brittle and fragile 

after dehydration. 

In the wet state, all samples were fully immersed in water before the test. They were 

also tested underwater. The 80% EtOH treated sample was the control sample of this study. 

Compared to the dry state control, the stress of the wet state control was decreased, while its 

strain was largely increased, as shown in Figure 4.5 (b – d). Interestingly, the strain of wet state 

80% EtOH treated samples were increased over time from 1 – 7 days.    
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Figure 4.5 Examples of the stress (MPa) and strain profile of electrospun SF: (a) dry-state 

electrospun SF mats (n = 3 samples) and (b-d) 80% EtOH treated electrospun SF mats in (b) 

dry-state (n = 3 samples), (c) wet-state, immersing in water for a few days (n = 3 samples), and 

(d) wet-state, immersing in water over a week (n = 4 samples).  

In the case of wet state – IPN mats, the force and displacement profiles were slightly 

different from control. The stress, strain, Young’s modulus, and toughness were shown in Table 

4.1. The statistical analysis explained that Young’s modulus of all IPN mats was similar to control. 

However, other properties were significantly different, as shown in Figure 4.6. It is to be noted that 

Figure 4.6 is replotted from the results in Table 4.1. 

According to mechanical test results, the IPN (α = 2.3) and IPN (α = 3.3) mats were 

collected for further studies such as surface chemistry analysis, electrical property, and in vitro 

biocompatibility. The IPN (α = 2.3) represented the condition without effect on mechanical 

properties, while the IPN (α = 3.3) represented the condition that affected mechanical properties. 
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Table 4.1 Mechanical properties of electrospun SF and IPN mats: (d) represents dry state 

testing, (w) represents wet state testing, and n is the number of samples from three independent 

electrospinning experiments.  

Materials 
Ultimate tensile 
strength (MPa) 

Strain at break 
Young’s 

modulus (MPa) 
Toughness 

(kJ/m3) 

SF (d)              
(n=3) 

1.41 ± 0.21 0.03 ± 0.01 43.3 ± 16.8 12.7 ± 1.47 

SF-80% EtOH 
(d) (n=3) 

2.62 ± 0.49 0.01 ± 0.01 254 ± 170 14.5 ± 7.85 

SF-80% EtOH 
(w) (n=9) 

0.87  ± 0.26 0.12 ± 0.02 7.38 ± 2.35 58.5 ± 23.6 

IPN α = 1.3 (w) 
(n=11) 

0.50 ± 0.09 0.09 ± 0.02 6.09 ± 1.52 24.5 ± 7.68 

IPN α = 1.8 (w) 
(n=11) 

0.62 ± 0.13 0.11 ± 0.02 6.21 ± 1.27 37.5 ± 15.7 

IPN α = 2.3 (w) 
(n=9) 

0.68 ± 0.23 0.09 ± 0.03 8.01 ± 0.87 36.3 ± 21.2 

IPN α = 2.8 (w) 
(n=8) 

0.57 ± 0.12 0.07 ± 0.02 8.48 ± 1.97 24.0 ± 10.4 

IPN α = 3.3 (w) 
(n=8) 

0.51 ± 0.22 0.07 ± 0.02 7.58 ± 1.43 22.4 ± 16.5 
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Figure 4.6 Mechanical properties of electrospun SF and IPN mats: (a) ultimate tensile strength, 

(b) % strain at break, (c) Young’s modulus, and (d) toughness, * represents statistically different 

(p-value < 0.01) via the nonparametric test (Kruskal-Wallis test), all wet state groups were 

compared with the control (SF-EtOH (w)), the error bar represents SD, and n is the number of 

samples from three independent electrospinning experiments. 

 Surface and bulk chemical species of electrospun SF and IPN mats 

The surface and bulk chemistry of the electrospun and PEDOT:PSS modified electrospun mats 

were observed and analysed by XPS and HAXPES. Only the elements of carbon (C), oxygen (O), 

nitrogen (N), and sulphur (S) were investigated in this study.  

The difference between IPN and dip coating protocols was observed by bulk-sensitive 

HAXPES. The results showed that the IPN (α = 1.3) mat had the highest S compared to the dip-

coating mat with the custom-made PEDOT:PSS (α = 1.3) and electrospun SF mat as shown in 

the relative atomic percentage of S (%S) in Figure 4.7. The bulk %S of ~0.7% was shown as the 
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base in electrospun SF mat, and this increased to ~1.5% and ~2.3% after dip coating and IPN 

respectively. 

 

Figure 4.7 Relative atomic percentage of S in/on electrospun SF and IPN mats: (a) bulk – 

sensitive HAXPES comparing between 80% EtOH treated electrospun SF mat, dip coating mat 

with the custom-made PEDOT:PSS (α = 1.3), and IPN (α = 1.3) mat and (b) surface – sensitive 

(~11nm) XPS and bulk – sensitive (~54 nm) HAXPES comparing between 80% EtOH treated 

electrospun SF mat, IPN (α = 2.3) mat, and IPN (α = 3.3) mat.   

In addition, the difference between IPN (α = 2.3) and IPN (α = 3.3) was the further 

analysed by surface-sensitive XPS and angle-resolved HAXPES to find the confirmation of 

PEDOT:PSS through the depth of material. As shown in Figure 4.8 (a), the relative %S at the 

surface (~11 nm) was different compared to the other depths (~19 – 54 nm) in both IPN ratios. 

However, IPN (α = 2.3) had a slightly higher %S than IPN (α = 3.3) in all depths. At the surface, 

the %S reached 3.1% in IPN (α = 2.3) and 2.8% in IPN (α = 3.3). In other depths, each %S was 

quite similar, the average %S over bulk material was ~1.6% in IPN (α = 2.3) and ~1.3% in IPN (α 

= 3.3).  

Furthermore, the peaks of S 2p of XPS and S 1s of HAXPES were fitted to identify the 

polymerisation of PEDOT:PSS in/on electrospun SF mat. As shown in Figure 4.9, the S 2p peak 

was fitted with a spin-orbit split doublet resulting in two sub-peaks called S 2p1/2 and S 2p3/2. 

The S 1s was a singlet, which required a single peak fitting in each chemical species. Two spectra 

associated with PEDOT and PSS were observed in IPN mats. Typically, the S 2p3/2 at ~164 eV 

and S 1s at ~2472 eV binding energy represent PEDOT, whereas the S 2p3/2 at ~168 eV and S 
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1s at ~2477 eV binding energy represent PSS [285-287]. The relative percentages of PEDOT and 

PSS species in all depths were then calculated from the peak intensity, and the results were shown 

in Figure 4.8 (b). 

 

Figure 4.8 XPS and HAXPES results representing surface and bulk chemicals in the different 

depths of samples: (a) the relative atomic percentage of S in the different depths of IPN (α = 2.3) 

and IPN (α = 3.3) mats and (b) percentage of PEDOT and PSS compounds polymerised through 

the depths of material, calculated from spectra of XPS s2p and HAXPES S 1s.  
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Figure 4.9 The spectra of XPS and HAXPES fitted with S 2p and S 1s respectively: (left) IPN (α 

= 2.3) mat and (right) IPN (α = 3.3) mat. 

The ratios of PSS to PEDOT of IPN (α = 2.3) and IPN (α = 3.3) at the surface of ~11 nm 

were ~75:25. At the sample depth of 19 and 25 nm, their ratios were decreased to ~65:35. At the 

depth of 31, 41, and 54 nm, IPN (α = 2.3) had higher PSS/PEDOT ratio then IPN (α = 3.3). They 

were ~70:30 and ~65:35 in IPN (α = 2.3) and IPN (α = 3.3) respectively.  

The other interesting spectra of C, O, and N were analysed and shown in Figure 4.10. 

The spectra of C were fitted with four chemical species labelled as C1 (~285 eV), C2 (~286.5 eV), 

C3 (~288 eV), and C4 (~289 eV). C1 represents hydrocarbon chains, C2 with C-N and C-O, C3 

with C=O, C=S, and C4 with higher carbon bonding.  

The spectra of O were associated with PEDOT and PSS [285-287] as well as spectra of 

S. They were well fitted with two chemical species. O1 (~532 eV) is associated with PSS, while 

O2 (~533.5 eV) with PEDOT. However, the percentages of PSS calculated from O1 intensity 

would be overestimated compared to S intensity. They were quite consistent at ~75% and only 

slightly changed from the surface to the bulk.  
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Additionally, two chemical species of N were identified and labelled as N1 (~400 eV) and 

N2 (~402 eV). N1 may be associated with C-N bonding and N2 with protonated nitrogen such as 

NH2. The level of N2 gradually decreased following the depth of material from 24% at the surface 

to 14% at the bulk. 
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Figure 4.10 The spectra of XPS and angle – resolved HAXPES of C, O, N and S in/on the IPN sample.
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 Electrochemical characters of electrospun SF and IPN mats 

The electrochemical properties of materials were studied in two different systems of potentiostat: 

three-electrode and two-electrode cells. The results from each system are explained below. 

 Three-electrode system  

The results of CV and EIS measurements observed via the three-electrode system are shown in 

Figure 4.11. These measurements were performed by the workgroup of John Hardy, as mentioned 

previously. The glassy-carbon electrode (GCE) was a representative of inert materials in CV 

measurement. The electrospun SF showed the same character in CV as the GCE, indicating that 

the electrospun SF is a non-conductive material. Approximately, an anodic peak at -0.2 V and a 

cathodic peak at -0.6 V vs. RE (Ag/AgCl) were observed in both IPN (α = 2.3) and IPN (α = 3.3). 

The asymmetry between the anodic and cathodic peaks are probably due to differences in 

background current and kinetic limitations.  

The Nyquist plots derived from EIS showed semicircle curves in the high-frequency 

range. It literally shows the relation of impedances between the real axis and the imaginary axis. 

The real axis of impedance in the semicircle curve is associated with electron-transfer resistance 

(Ret) [288]. The result showed that Ret of IPN (α = 2.3) and IPN (α = 3.3) were similar at ~350 Ω. 

It also suggested that electrospun SF were homogeneously blended with PEDOT:PSS.   
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Figure 4.11 CV and EIS of electrospun SF and IPN samples measured with three – electrodes 

system of potentiostat: (a) CV plot between the sweeping potential of -1 and +1 V, (b) Nyquist 

plot derived from EIS measurement. 

 Two-electrode system 

Only EIS measurements were observed by using the two-electrode system of the potentiostat. 

The examples of Bode and Nyquist plots, fitted with the Randal circuit model, were shown in Figure 

4.12. Compared to the three-electrode system, the semicircle region of the Nyquist plot was low 

and identified difficulty. After fitting with the Randal circuit model, the results of electrolyte 

resistance (Re), a double layer capacitance (Cdl), a charge transfer resistance (Rc), and Warburg 

element (W) were shown in Table 4.2. No significant difference of Re, Rc, Cdl, and W was observed 

between SF, IPN (α = 2.3), and IPN (α = 3.3). However, it seems like SF had slightly higher Re, 

Rc, and Cdl than IPN mats. 
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Figure 4.12 Examples of Bode and Nyquist plots derived from EIS measurement fitted with Randles model: (a – c) bode plots of electrospun SF, 

IPN (α = 2.3), and IPN (α = 3.3) respectively, and (d – f) Nyquist plots of electrospun SF, IPN (α = 2.3), and IPN (α = 3.3).  

a  c b  

d  e  f  
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Table 4.2 RC components associated with EIS fitting with Randles model, n is the number of 

samples.  

Materials 
Electrolyte 

resistance (Re), 
(Ω) 

Charge transfer 
resistance (Rc), 

(Ω) 

Double layer 
capacitance 

(Cdl), (µF) 

Warburg 
element (W), 

(S1/2/Ω) 

SF          
(n=4) 

2253 ± 1262 202 ± 68 0.38 ± 0.15 (2 ± 0.7) x 10-4 

IPN (α = 2.3) 
(n=4) 

1020 ± 577 149 ± 11 0.28 ± 0.15 (4 ± 1) x 10-4 

IPN (α = 3.3) 
(n=4) 

1119 ± 699 192 ± 87 0.25 ± 0.11 (3 ± 2) x 10-4 

     

4.3. Discussion 

 Physical properties of IPN mats 

Obviously, the dark blue or black colour after IPN for 3 days confirms that PEDOT:PSS can 

effectively incorporate into electrospun SF mat. PEDOT:PSS particles were bound in/on silk fibres 

tightly. Small numbers of particles at the surface of the electrospun SF mat were washed out 

because they could not form the network with silk. Moreover, FTIR results confirm the presence 

of PEDOT:PSS on IPN mats (dark blue). The absorbance peaks at the wavenumber of 600 – 1300 

cm-1 representing PEDOT:PSS were noticeable in IPN mats compared to SF mats.  

According to the results in this study, PEDOT:PSS incorporated SF exhibits an 

absorbance peak of  831 cm-1 associated with C-S bond in PEDOT [272]. However, other peaks 

(e.g. 1169, 1124, 1033, 1005, and 671 cm-1) are not in the exact wavenumbers as shown in other 

studies of PEDOT:PSS [271-273, 284]. Perhaps, it is because the absorbance of PEDOT and 

PSS are interfered by the presence of SF molecules resulting in peak shifting [284].  

Apart from the peak at nearby 831 cm-1, other peaks of the C-S bond should have been 

presented at 684 cm-1 [284] or 674 cm-1 [271]. It can be assumed that the peak of the C-S bond 

was shifted to 671 cm-1 in this study. As well as the C-S bond, the peaks of the C-O-C bond at 

1187 and 1138 cm-1 [271] were shifted to 1169 and 1124 cm-1. Additionally, peaks of SO3
− and 
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SO2
− bonds at 1058 and 1010 cm-1 [273] were shifted to 1033 and 1005 cm-1, respectively. 

Interestingly, all peaks moved toward the positions of lower wavenumber which is known as blue-

shift [289]. Since the wavelength is decreased, the frequency is increased because they are in 

inverse proportions. The energy is then increased too, following this increase in frequency. This 

blue-shift may be an effect of the interaction between PEDOT:PSS and SF molecules via IPN. 

The FTIR spectra of IPN mats should be investigated and compared with the spectra of purified 

PEDOT:PSS power or films to verify this assumption in the future.            

Although FTIR results can confirm roughly that the IPN can grow PEDOT:PSS formation 

in/on the electrospun SF mat, they are unable to quantify how much PEDOT:PSS bind to the SF 

fibres in the bulk material. In this case, the quantification of surface and bulk chemistry of IPN 

mats were observed by XPS and angle-resolved HAXPES. 

The HAXPES results indicate that the electrospun SF can be modified to conductive 

material with PEDOT:PSS via both dip coating and IPN. However, the IPN is the more successful 

strategy due to the higher %S in the bulk material also the darker colour after washing. The higher 

S content of IPN than on dip-coated materials is likely due to the covalent bonds between the 

EDOT and aromatic amino acids on SF during IPN formation being stronger than the non-covalent 

adsorption of PEDOT:PSS on SF during dip coating. Both covalent bonds and electrostatic 

attraction supports tighter bonding between EDOT and SF. Xia Y., et al., 2008 explained that 

EDOT monomers were oxidised by initiators resulting in the cation radicals, which could be 

attracted to the negative charges of peptide linkages spontaneously [290].  

In the case of IPN material, there were a lot of S at the surface of the material (~11 nm) 

compared to other depths. It seems like EDOT monomers easily bind to the surface of SF fibre 

and polymerise to form PEDOT:PSS. However, the spectra of S associated with PEDOT and PSS 

showed the opposite result. The relative %PSS at the surface was higher (~75%) than at other 

depths (~65 – 70%). Possibly, EDOT monomers evenly distribute, but PSS is likely to attach at 

the surface rather than the bulk of materials. On the other hand, surface contamination may affect 

this measurement as well. As shown in the C1 spectra, it likely indicates the contamination of 

hydrocarbon at the surface of materials.   
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Nevertheless, a change in the number of chemical species associating PEDOT and PSS 

from the surface to the bulk suggests a successful and effective polymerisation. The IPN of 

PEDOT:PSS in electrospun SF provides a homogeneous material similar to a report of IPN of a 

copolymer between pyrrole and 3-amino-4-hydroxybenzenesulfonic acid in SF films [291]. On the 

other hand, this result is in contrast to other reports of IPN of polypyrrole polystyrene sulfonate 

(PPy:PSS) in SF films [292] and IPN of poly(pyrrole-co-(2-hydroxy-5-sulfonic aniline)) in SF foam 

[109]. They required two times IPN to achieve homogeneous materials.   

Finally, the fibre diameters of SF of IPN mats are similar to SF; this is another piece of 

supporting evidence that EDOT monomers and PSS can penetrate and polymerise inside SF 

fibres instead of coating on the surface of SF fibres only.   

 Mechanical properties of IPN mats 

 Effects of EtOH treatment 

Double layer electrospun SF is brittle material due to the ultimate tensile strength (UTS) being 

similar to the yield stress. This was confirmed by the stress-strain curves seen in Figure 4.5. UTS 

of dry state – electrospun SF and others mats, as shown in Table 4.1,  were extremely low 

compared to natural B. mori SF, which is around 300 – 740 MPa of UTS [127]. Since SF molecules 

were dissolved in the solvent and reformed as nanoscale or microscale fibres via electrospinning, 

the UTS of electrospun SF was decreased. Similarly to other studies, the UTS of electrospun SF 

was approximately 1 – 10 MPa [147, 293-296]. After treatment with EtOH or MeOH, their UTSs 

were increased but their strains were decreased [295-297]. It indicates that β-sheet in SF after 

treatment mainly affect to tensile property of electrospun SF.   

The β-sheet structure is a supporting structure of SF fibre strength and stability. It can 

block the sliding between molecule chains during tensile loading [258]. Thus, a higher amount of 

β-sheet tends to exhibit more brittle material. On the other hand, Koh L.-D., et al., 2015 reviewed 

four interesting aspects regarding the relation of β-sheet and mechanical property of SF: 

intermolecular and intramolecular β-sheet, arrangement of β-sheet (i.e. parallel and anti-parallel), 

size of β-sheet, and orientation of β-sheet [127]. According to the results in chapter 3, EtOH not 
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only increased β-sheet formation but also showed relevance to anti-parallel β-sheet, which could 

also affect the observed stress-strain results as well.   

As shown in Figure 3.13, FTIR spectra of electrospun SF mats, the amide I peaks were 

at 1621 cm-1. This peak commonly determines the characteristics of silk II, anti-parallel β-sheet 

[234, 298, 299]. In anti-parallel, β-strands arrange in opposite directions of C-terminus to N-

terminus, while in parallel, all β-strands are in the same direction of C-terminus to N-terminus. The 

different arrangement causes the different geometry of hydrogen bonds between strands, which 

are in-line and zigzag arrangements in anti-parallel and parallel, respectively. However, the 

hydrogen bond strength in anti-parallel is stronger than in parallel resulting in stiffness of the crystal 

[300]. Therefore, the higher UTS and lower strain after EtOH treatment are likely to be due to the 

increase of the anti-parallel β-sheets.   

 Effects of water as plasticiser  

After the EtOH treated electrospun SF is re-hydrated, its UTS is drastically reduced to a steady 

point (~1 MPa) without changing by time. In contrast, its strain at break is extremely increased (~5 

– 10 times) and likely to be time-dependent, as shown in Figure 4.5. The Young’s modulus of the 

wet state – EtOH treated electrospun SF is lower than the dry state suggesting more flexibility. It 

can be presumed that the softer and more flexible material is due to the effect of the water 

plasticiser. 

The intermolecular cohesive force between protein chains can be interrupted by water; 

thus, the chain movement is promoted, especially in the non-crystalline region [242, 301]. Firstly, 

the protein chains can easily slide away from each other without breaking during tensile loading. 

Then the displacement of the fibre mat before breaking is longer in the wet state. However, water 

may not disrupt hydrogen bonds between protein chains in β-sheet [302]; this is likely to be due 

to the hydrophobic property of the β-sheet folding. 

Interestingly, the strain at break is likely to be increased over time when the electrospun 

mat is immersed in water, as shown in Figure 4.5 (c and d). It is presumed that this is somehow 

related to water uptake. Water uptake indicates the hydrophilic characterisation of electrospun 
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material. It is gradually increased until it reaches the saturated point. Andiappan M., et al., 2013 

reported that electrospun SF saturated at 96 h [303]. Compared to the results in this study, Figure 

4.5 c and d are then representive tensile testing results in the non-saturated and saturated state 

of water uptake, respectively. Therefore, water molecules in the electrospun mat immersed in 

water for a week are higher than immersed for a few days resulting in the different strain at break. 

In order to confirm this prediction, the water uptake and porosity of the electrospun SF 

mat should be observed in the future. The water uptake can be measured by weighing the wet 

sample compared to the dry sample. The percentage of water uptake is then simplified [113, 303, 

304]. In addition, porosity determined by the apparent density and the bulk density is 

recommended [113, 304].                 

 Effects of IPN of PEDOT:PSS on electrospun SF mat 

PEDOT:PSS has limited stretchability due to its rigid conjugated backbone and strong interchain 

interaction [305]. The mechanical flexibility of PEDOT:PSS can be enhanced by blending with 

another polymer. Several studies showed that after blending with a polymer, the stress-strain 

profile of PEDOT:PSS composite was quite similar to the polymer (e.g. waterborne polyurethane 

(WPU) [306], polyurethane (PU) [307] and SF [308]). However, the higher amount of PEDOT:PSS 

tends to exhibit a more brittle character of the composite polymer, leading to higher stress and 

lower strain [306, 307]. 

In this study, the IPN of PEDOT:PSS on EtOH treated electrospun SF mat was fragile 

and difficult to handle for tensile loading in the dry state. This suggests that PEDOT:PSS probably 

promotes more brittleness in comparison to EtOH treated electrospun SF.   

In the wet state, IPN mats with the α of 1.3, 2.8, and 3.3 have lower mechanical 

properties (i.e. UTS, % strain at break, and toughness) compared to EtOH treated electrospun SF, 

as shown in Figure 4.6. Herein, all α ratios contain a similar concentration of PEDOT but a different 

amount of PSS. This result indicates that the total amount of PEDOT:PSS and also the PSS/EDOT 

ratio somehow affects the mechanical properties of composite material.  
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 Tsukada S., et al., 2012 revealed a successful modification of SF with PEDOT:PSS via 

electrodeposition coating (E-coating). In the wet state, PEDOT:PSS silk thread, which has similar 

mechanical properties to pristine SF, was an electrically conductive material, and its conductivity 

was high enough for use as an electrocardiograph (ECG) electrode [308]. From this aspect, the 

IPN (α = 2.3) and (α = 3.3) were then selected as representatives of similar and different 

mechanical properties to EtOH treated electrospun SF for further studies.  

 Effect of fibre alignment 

Typically, the direction of aligned fibres and tensile loading significantly influence the results of 

mechanical properties. The tensile loading parallel to aligned fibres provides higher UTS and strain 

at break than tensile loading in the transverse direction. Whilst, UTS and strain of random fibres 

are in the middle between those two groups [309].  

The electrospun mat in this chapter, is fabricated by double-layer electrospinning of 

random and aligned fibres. The tensile loading direction is parallel to fibre alignment (axial 

loading). The thickness of the random fibres layer is around 2/3 of bulk material. Possibly, the UTS 

and strain mainly depend on the mechanical properties of random fibres with a small reinforcement 

by aligned fibres. In order to prove this hypothesis, the effect of material thickness on the 

mechanical property is another suggestion for further study. The thickness of each layer should 

be varied, and the tensile should be loaded in the transverse direction of fibres as well. 

 Possibility to implantation 

The double layer electrospun SF mat in the dry state has high processability, which is able to fold 

or roll without tearing. Both electrospun SF and IPN mats in the hydrated state show more elasticity 

compared to the dry state; therefore, they maybe able to roll as a hollow tube. However, the current 

fibre mats developed in this study may not be strong enough for rolling or folding as the nerve 

conduit, due to two main reasons: the thickness of materials and the softness of fibres in the wet 

state. 

A previous study reported that PEG nerve conduit used in the in vivo analyses had a 

wall thickness of 250 µm [207]. Another study showed that the groove structure nerve conduit 
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made from PCL/PLA with a wall thickness of 70 µm was able to support peripheral nerve 

regeneration in vivo, and the increase of wall thickness had no positive results on the biological 

response of the regenerating nerve [310]. The thickness of epineurium is varied depending on the 

location of nerves, while that of perineurium is typically 7 – 20 µm [311]. For example, the 

epineurium thickness of a rat sciatic nerve (Sprague-Dawley rats) is ~130 µm [312]. In comparison 

to the results of this chapter, it suggests that the electrospun SF and IPN mats with a thickness of 

~100 µm may be possible to shape as a nerve conduit as well. However, the shaping process and 

the stability of the hollow structure should be investigated and considered in the next further steps.  

Unfortunately, the ultimate tensile strengths of electrospun SF and IPN mats were seen 

to be lower than that of peripheral nerve in situ (rabbit tibial nerves), which is ~11.7 MPa [15, 313]. 

This suggests that the electrospun SF and IPN mats could be preferable to be used as an inner 

layer for other hollow nerve conduits.   

Finally, the mechanical properties of electrospun SF and IPN mats are significantly 

changed in the wet state due to the water plasticiser effect. This may lead to the collapse of the 

hollow tube in the wet state. Therefore, it can be presumed that the material thickness of ~100 µm 

is enough for rolling as the hollow tube, but the stability of the tube must be considered in both dry 

and wet states.  

 Electrochemical properties of IPN mat 

Electrical double layer (EDL) and redox reaction are outstanding electrical properties of 

PEDOT:PSS. PEDOT containing positive charge works as a backbone of conductive polymer. 

PSS comprising of a negative charge was doped into the PEDOT which then neutralised the 

positive charge of the backbone structure.  

 Redox peak current and conductive potential window 

In CV measurement, the oxidation and reduction of PEDOT are associated with electrical 

conductivity and insulation, respectively, as shown in the chemical equation below [157]: 

𝐸𝐷𝑂𝑇𝑛
+ ∙ 𝑆𝑆−  +  𝑒−  +  𝐶+   →   𝐸𝐷𝑂𝑇𝑛

0 ∙ 𝑆𝑆− ∙ 𝐶+   
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where, EDOT is EDOT monomers of PEDOT, n is the number of EDOT, SS– is styrenesulfonate 

of PSS, e– is the electron, and C+ is cation in the electrolyte.   

As shown in Figure 4.11 (a), the higher anodic peak of IPN (α =2.3) and IPN (α = 3.3) 

compared to SF confirms that PEDOT:PSS promotes electron transfer of SF mat [314]. Moreover, 

the shifting of reduction potential (E0) to more negative extends the conductive range of 

PEDOT:PSS [157]. Commonly, E0
 is estimated by the average of anodic (Ea) and cathodic (Ec) 

peak potentials (i.e. E0 = (Ea + Ec) / 2). In comparison to the result in this study, it seems like E0 of 

IPN (α = 2.3) is more negative shifting than E0 of IPN (α = 3.3). This shifting suggests that IPN (α 

= 2.3) has a wider conductive potential window which might be better to use as EDL electrodes 

than IPN (α = 3.3). 

However, the CV measurement in this study is just a qualitative analysis to briefly confirm 

the character of electrically conductive material of IPN mats. The electrical conductivity should be 

observed again via EIS. 

 Quantification of charge transfer resistance 

In EIS measurement, the electron transfer resistance (Ret) or charge transfer resistance (Rc), 

estimated by the real axis of the Nyquist plot, was different between three-electrode and two-

electrode systems. Not only the electrodes system but also electrolyte affects the EIS result. The 

relation between Rc, charge transfer resistivity (ρ), and electrical conductivity (σ) of the IPN mat 

can be simplified by the equations below: 

𝑅𝑐  =  𝜌
𝐿

𝐴
  𝑎𝑛𝑑  𝜎 =  

1

𝜌
 

where, L is the length (m), and A is the surface area (m2). In this study, L is the thickness of 

materials (~100 µm = 10-6 m), and A is estimated briefly from the surface area of material, which 

is immersed in the electrolyte (~1 cm2 = 10-4 m2). In two-electrode system, the σ are ~4.95 x 10-3, 

~6.71 x 10-3, and ~5.21 x 10-3 S/m in SF, IPN (α = 2.3), and IPN (α = 3.3) respectively. These 

results suggest that lower PSS concentration in the amount of PEDOT:PSS may increase the 

electrical conductivity of a material as similarly explained in other studies [270, 315].   
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However, it is still difficult to conclude that IPN (α = 2.3) has higher electrical conductivity 

than IPN (α = 3.3) because the measurement in the three-electrode system shows the opposite 

result. The σ of both IPN (α = 2.3) and IPN (α = 3.3) are similar as ~2.86 x 10-3 S/m. The 

measurement protocol, including the type of electrolytes and reference electrodes, should be 

optimised in the future for accurate and precise quantification. Alternatively, scanning 

electrochemical microscopy (SECM) or scanning ion conductance microscopy (SICM) are 

recommended for deeply investigating and visualising electrochemical activity in each local area 

of bulk material [316].        

4.4. Conclusion 

An interpenetrating polymer network (IPN) is a successful and effective strategy to 

modify electrospun SF with PEDOT:PSS for the purpose of using it as an electrically conductive 

material. Basically, IPN mats are dark blue or black in colour, and their chemical species, 

associated with PEDOT:PSS, can be assessed by FTIR, XPS, and HAXPES. During 

polymerisation, the network of PEDOT:PSS can grow on the surface of SF fibres and the bulk of 

material without any effect on SF fibre diameter. The IPN mat is stable in water for a long time and 

no PEDOT:PSS residual detaching from the mat can be visually observed. 

The mechanical properties of IPN mats rely on the properties of electrospun SF mat 

before modification. Herein electrospun SF is commonly treated with EtOH before IPN, resulting 

in a brittle material due to the increase of anti-parallel β-sheet crystalline regions in SF. After 

polymerisation, PEDOT:PSS networks promote the more brittle character of the composite 

material. Therefore, the IPN mat is fragile and unable to handle easily, especially in the dehydrated 

state. However, the IPN mat is more soft and flexible similar to EtOH treated SF mat in the 

hydrated state due to the water plasticiser. All conditions of IPN mats are categorised into two 

groups depending on their wet state mechanical properties: similar to and different from EtOH 

treated SF.  

IPN (α =2.3) and IPN (α = 3.3) are collected as a representative of those two groups 

respectively (similar to and different from EtOH treated electrospun SF). Their electrochemical 

properties are observed via cyclic voltammetry (CV) and electrochemical impedance spectroscopy 
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(EIS). The highly negative shifting of anodic and cathodic peaks of IPN mats suggest that both 

IPN (α =2.3) and IPN (α = 3.3) are electrically conductive materials. Although their electrical 

conductivities are still unable to be exactly confirmed in this study, they are possibly higher than 

the conductivity of pristine SF confirmed by EIS measurement with a two-electrode system.  

Finally, both IPN (α = 2.3) and IPN (α = 3.3) are interesting electrically conductive 

materials, which are possible to use as a new generation of peripheral nerve tissue scaffolds. 

Their toxicities, biocompatibilities, and abilities to promote neuron growth and neurite extension 

will be studied in vitro, as shown in the next chapter.         
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5. CHAPTER 5 

In Vitro, Neuron Growth and Neurite Extension on Electrically 

Conductive Electrospun Mats 

The possibility of using electrospun SF and electrically conductive IPN mats with PEDOT:PSS as 

a scaffold for peripheral nerve regeneration initially requires in vitro biocompatibility testing. The 

developed materials were tested in both indirect (conditioned or extracted medium) and direct 

contact protocols. In this study, a hybrid neuroblastoma x glioma cell line (NG108-15) was a 

representative of peripheral nerve cells. The results of cell proliferation and neurite extension on 

the various conditions of materials will be described in this chapter.    

There are three main purposes of the study in this chapter: (1) to examine the toxicity of 

chemical residues from IPN mats; (2) to study and compare the cell growth behaviours and  the 

neurite outgrowth on electrospun SF and IPN mats in both with and without laminin coating; and 

(3) to find the optimal IPN mat, which has the potential for applying electrical stimulation to promote 

longer neurite extension length.  

 Although SF and PEDOT:PSS are biocompatible, the solvent in the electrospinning 

process (e.g. FA) and initiators for functionalising PEDOT:PSS in/on electrospun SF (e.g. FeSO4, 

and Na2S2O8) maybe toxic to cells [257, 317, 318]. The IPN (α = 1.3, 1.8, 2.3, 2.8, and 3.3) mats 

were then prepared for indirect testing. They were incubated with cell culture medium for 24 h, 

and their conditioned media was then collected for separate culturing with NG108-15 cells for 3 

days. The results of cell viability via live/dead staining, cell metabolic activity, and DNA 

concentration were investigated to confirm the biocompatibility of IPN mats. Moreover, this 

experiment highlights the importance of the washing process before using IPN mats in cell culture.   

On the other hand, NG108-15 cells were cultured on the electrospun SF and IPN mats 

for the direct contact test. Electrospun SF, IPN (α =2.3), and IPN (α = 3.3) mats were selected for 

this direct test due to their mechanical and electrical properties, as mentioned in the conclusion of 

chapter 4. NG108-15 cells can be cultured in two phases: growth and differentiation. They grow 
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individually with small neurite extension in the growth phase, while they aggregate into clusters 

and extend longer neurites in the differentiation phase compared to the growth phase. After 

optimisation, the cAMP medium is preferable to use as the differentiation medium in this chapter. 

It is to be noted that the optimisation of the differentiation medium will be presented at the first 

result in this chapter (section 5.2.1).  

Apart from the cell metabolic activity and DNA concentration results representing cell 

viability and proliferation, the image analysis of neurite extension length and orientation of fibre 

mats were also performed in the direct test. Images of cells in the growth phase on materials were 

collected by SEM, while the differentiated cells labelled with fluorescent dyes to visualise their 

nuclei and neurites were collected their images by using a High-Content Analysis (HCA) system. 

Moreover, the effects of fibre mats with and without laminin coating on cell growth and neurite 

outgrowth were investigated in this chapter as well, since laminin is a typical molecule for 

supporting NG108-15 adhesion on substrates [319].  

Finally, the best IPN mat was selected, according to cell growth and neurite extension 

length results. It is to be expected that the IPN mat should extend a longer neurite length than the 

electrospun SF mat. The IPN mat, which can promote the longest neurite, will be chosen for study 

with electrical stimulation in the next chapter.         

5.1. Materials and Methods 

 Sample preparation for cell culture 

Electrospun SF mats were cut into the specific size (e.g. 3 x 3 cm2 for indirect test and 1.5 x 1.5 

cm2 for direct test). The sample for the direct tests were mounted on glass coverslips before use. 

The prepared samples were treated with 80% EtOH for 20 min and washed twice with distilled 

water. They were then functionalised with PEDOT:PSS by using the IPN protocol. The IPN 

protocol was described in 4.1.1.   
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 Sample for indirect test (conditioned medium) 

EtOH treated electrospun SF and IPN mats were cut into pieces of 3 x 3 cm2 without mounting on 

glass coverslips. They were washed in DI water overnight, sterilised by immersing in 70% EtOH 

for 10 min and exposing with UV radiation for 15 min sequentially. The UV source was from the 

UV lamp of the biosafety cabinet. The distance between the UV source and samples was ~30 – 

50 cm. The samples were washed twice with phosphate buffer saline (PBS) before immersing in 

the growth medium. The total volume of the medium was 6 ml/sample. The samples were then 

incubated at 37° C for 24 h. Then these conditioned media were then collected for cell culture 

separately. 

 Sample for direct contact test 

Electrospun SF mats of ~1.5 x 1.5 cm2 were mounted on square glass coverslips of 1.2 x 1.2 cm2 

using 80% EtOH, as shown in Figure 5.1. The mounted samples were also treated with 80% EtOH 

for 20 min, followed by IPN as a later step. The IPN mats were washed overnight and sterilised, 

as mentioned above. If laminin coating was needed, laminin from Engelbreth-Holm-Swarm murine 

sarcoma basement membrane (Sigma-Aldrich) was used in the experiment. The laminin was 

diluted to 5 µg/ml in PBS and was dropped onto a sample with a small volume (~100 – 200 µl), 

just for covering all surface areas. Finally, laminin-coated samples were incubated at 37° C for 2 

h before cell seeding. 
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Figure 5.1 Schematic of the mounting protocol of electrospun SF mat on glass coverslip before 

IPN of PEDOT:PSS on samples.  

 NG108-15 cell culture 

NG108-15 cells were cultured in T-75 flasks with 12 ml of growth medium composed of base 

medium supplemented with 10% fetal bovine serum (FBS). The base medium was prepared by 

mixing Dulbecco’s modified eagle medium (DMEM, Sigma) high glucose with 1x HAT supplement 

(Gibco) and 0.01% v/v penicillin/streptomycin (P/S) as the final concentration. The 1x HAT 

contained 100 μM sodium hypoxanthine, 0.4 μM aminopterin, and 16 µM thymidine. Cells were 

incubated at 37° C with 5% CO2, and the growth medium was refreshed every 2 – 3 days to avoid 

acidic metabolic waste in the medium, which can cause cell detachment. The bright field inverted 

microscope (EVOS) was used for observing cell morphology during cell culture.  

Cells were passaged when the cell confluence reached 80 – 90%. They were gently 

washed with PBS prior to adding 1 ml of trypsin. Then they were incubated at 37° C for 2 min. 

After that, the growth medium was added into the cell culture flask up to 12 ml and gently mixed 

well to disperse single-cell suspension in the medium. Approximately 1/10 (~ 1 ml) or 1/5 (~ 2ml) 

of the trypsinised cell solution was taken for culture in a new T-75 flask with the final volume of 12 

ml growth medium.  
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 Cell counting 

If a specific cell number or cell seeding density was required for an experiment, the trypsinised 

cells were transferred to a 15 ml tube and centrifuged at 1400 rpm for 5 min. The supernatant was 

poured out, and the cell pellet was then re-suspended in 4 ml of fresh growth medium. The cell 

solution was collected randomly for 10 µl, mixed with 10 µl of trypan blue, and 10 µl of the mixed 

solution was then seeded in a hemacytometer for cell counting under a bright field inverted 

microscope (EVOS). Live cells were obviously seen as transparent rounded cells, while dead cells 

were stained dark blue. Cell number and the percentage of cell viability were calculated following 

the common protocol as shown in equations below:  

𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 =  
1

4
 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 (𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠) × 𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)  ×  104 

% 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 (𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠) 

𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 (𝑙𝑖𝑣𝑒 𝑎𝑛𝑑 𝑑𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠)
 × 100 

where, the dilution factor is the ratio between the volume of the cell solution (µl) per the total 

volume of the cell and trypan blue (µl). By mixing 10 µl of cell with 10 µl of trypan blue, the dilution 

factor is equal to 2 in this study. Cells werer used in the experiment only when the cell viability is 

more than 90%. 

 Differentiation phase of NG108-15 

NG108-15 cells can greatly extend their neurites when they are in the differentiation phase. Cells 

need to be initially cultured in the growth medium for 2 – 3 days. After cells were tightly attached 

and expanded on the substrate, the growth medium was changed to a differentiation medium. In 

this study, there are two types of differentiation media, which will be called cAMP medium and 

DMSO medium.  

The cAMP medium was prepared from the common growth medium (as mentioned 

above) supplemented with 0.75 mM of dibutyryl cyclic adenosine monophosphate (dibutyryl 

cAMP, Stratech). The DMSO medium was composed of the basal medium supplemented with 

1.5% dimethylsulfoxide (DMSO) and 0.5% FBS. 
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Finally, there were five types of cell culture media in this study. The compositions of each 

medium were shown in Table 5.1. 

Table 5.1 Compositions of each cell culture medium. 

Types of media Compositions 

Basal medium 

 DMEM high glucose (D5796, Sigma) 

 1x HAT supplement (Gibco) 

o 100 µM Sodium hypoxanthine  

o 0.4 µM Aminopterin  

o 16 µM Thymidine  

 0.01% v/v Penicilin/streptomycin 

Growth medium 
 Basal medium 

 10% v/v FBS 

Conditioned medium 

 Basal medium 

 10% v/v FBS 

It is to be noted that the conditioned medium is based 
on the growth medium incubated with the electrospun 
SF mat or IPN mats for 24 h. The incubation ratio 
between the area of the fibre mat and the growth 
medium is 9 cm2 : 6 ml. 

Differentiation medium  

(cAMP medium) 

 Basal medium 

 10% v/v FBS 

 0.75 mM cAMP 

Differentiation medium  

(DMSO medium) 

 Basal medium 

 0.5% v/v FBS 

 1.5% v/v DMSO 

  

 Indirect test (conditioned medium) 

NG108-15 cells were cultured in 24-well plates with a cell seeding density of 5,000 cells/cm2, 

approximately 10,000 cells/well, in the total growth medium of 1.5 ml. They were cultured for 7 

days in total, as shown in Table 5.2. On day 2, the growth medium was refreshed. On day 4, the 

growth medium was changed to the conditioned medium, as mentioned in section 5.1.1.1. On 
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days 5 – 7, cell morphology, metabolic activity, and DNA concentration were examined every day. 

Therefore, subconfluent cells were cultured in conditioned media for 3 days (72 h) in total. Cell 

metabolic activity, DNA concentration, and cell viability via live/dead staining were assessed to 

evaluate the toxicity of chemical residues from the electrospun SF mat and IPN mats; the details 

of these assays will be described in sections 5.1.5, 5.1.6, and 5.1.7, respectively.   

Table 5.2 Cell culture activities for 7 days in the indirect test (conditioned medium). 

Activities 

Incubation period 

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Study of cell 
growth, 

proliferation, 
and viability 

Cell seeding on the TCP with the 
growth medium at Day 0 and refresh 

the medium at Day 2 

Change the growth medium to the 
conditioned medium at Day 4 and 6 

Time in the conditioned medium 

0 h 24 h 48 h 72 h 

 

 Direct contact test 

Samples, mounted on glass coverslips (as mentioned in section 5.1.1.2), were plated into 12-well 

plates with a surface area of ~4 cm2/well. Ideally, the cell seeding density of 5,000 cells/cm2 in the 

total growth medium of 1.5 ml is required in this experiment. Hence, NG108-15 of 20,000 cells in 

1.5 ml were seeded into each well of the sample. After seeding, cells were observed under the 

light microscope immediately to confirm the dispersion of cells in all areas, including the sample 

surface. If cells were not well dispersed, they were gently mixed again. Therefore, the cell density 

on a sample was approximately 5,000 cells/cm2.  

However, it was not possible to assess the cell adhesion of cells cultured on fibre mats 

with the inverted light microscope due to the opacity of the materials. The cell dispersion on fibre 

mats was assumed by observing cells on the outer area of the sample (i.e. the surface of the cell 

culture well without being covered by materials). It was assumed that the dispersion of cells on 

these materials were similar to the control (glass coverslip). 
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 Study of cell growth and proliferation 

Cells were cultured for 7 days in total; during this period, the growth medium was refreshed every 

2 days (at day 2, 4, and 6), as shown in Table 5.3. Cell morphology, metabolic activity, and DNA 

concentration results were ascertained on days 1, 3, 5, and 7 after seeding. The glass coverslip 

was a control substrate in this experiment. Prior to testing metabolic activity and DNA 

concentration, samples were picked and transferred to the new TCP to avoid the overestimated 

results from cells growing outside the sample. The metabolic activity and DNA concentration 

protocols are described in sections 5.1.5 and 5.1.6, respectively.   

 Study of cell differentiation and neurite extension 

As well as the cell growth and proliferation study, cells were cultured for 7 days in total. First, cells 

were seeded on materials and cultured in the growth medium for 2 days (48 h). The day of cell 

seeding was day 0. On day 2, the growth medium was changed to the differentiation medium 

(cAMP medium), and cells were then cultured in the differentiation medium for 5 days (from day 2 

– day 7) with refreshing the medium every 2 days, as shown in Table 5.3. The morphology of 

differentiation cells grown on samples was observed by SEM and immunofluorescence on days 5 

and 7. The sample preparations for imaging via SEM and immunofluorescence are described in 

sections 5.1.8 and 5.1.9, respectively.   

Table 5.3 Cell culture activities for 7 days in the direct contact test. 

Activities 

Incubation period 

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Study of cell 
growth and 
proliferation 

Cell seeding on the fibre mat with the growth medium at Day 0 and cultured in 
the growth medium for 7 days (refresh medium at Day 2, 4, and 6) 

Study of cell 
differentiation 
and neurite 
extension 

Cell seeding on 
the fibre mat with 

the growth 
medium at Day 0 

At Day 2, change the growth medium to the differentiation 
medium and cultured for 5 days (refresh differentiation 

medium at Day 4 and 6) 
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 Cell metabolic activity via resazurin assay 

The resazurin solution was prepared by dissolving resazurin sodium salt (Sigma-Aldrich) in PBS 

with a concentration of 0.125 mg/ml. The prepared solution was the filtered for sterilisation with a 

0.45 µm filter. By keeping it at 4° C in the opaque container, it can be used for up to a year.  

In the metabolic activity experiment, the filtered solution was diluted again in the growth 

medium with a volume ratio of 1:10, and the working solution was incubated at 37° C for 15 min 

in a water bath before use. The cell culture medium was discarded the well of the sample and 

refreshed with 1 ml working solution. Samples with the working solution were incubated at 37° C, 

5% CO2 for 1 h. After that, the supernatant of each sample was collected for 100 µl and transferred 

to a 96-well plate in triplicate. The fluorescence intensity was assessed by a microplate reader 

(BMG FLUOstar Optima) with the excitation/emission wavelengths of 544/590 nm.         

 DNA concentration via PicoGreen® assay 

Quant-iTTM PicoGreenTM dsDNA assay kit (ThermoFisher) was used for quantification of DNA 

concentration in this study. Firstly, the 20x Tris-EDTA (TE) buffer was diluted to 1x TE buffer in 

UltraPureTM DNase/RNase – free distilled water (Invitrogen). PicoGreen® reagent was then diluted 

in 1x TE buffer with the volume ratio of 1:200, which is called PicoGreen® working solution.  

Meanwhile, cells were gently washed with PBS 1 time and lysed using a needle or cell 

scraper in 500 µl of 1x TE buffer. The whole lysed solution, including fibre mats, was transferred 

to a sterile microcentrifuge tube. It was lysed again via the freeze-thaw process in triplicate. After 

that, the solution was centrifuged to separate fibres from the solution. The supernatant was 

collected and mixed with the PicoGreen® working solution with the volume ratio of 1:1 in a 96-well 

plate. Here, the volume of either 50:50 µl or 100:100 µl was recommended. The well plate was 

protected from the light and incubated at room temperature for 5 min. The fluorescence intensity 

was observed by a microplate reader (BMG FLUOstar Optima) with the excitation/emission 

wavelengths of 485/520 nm.  
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 Live/dead staining 

The live/dead assay is used for visualising live and dead cells of non-differentiated cells after 

culturing with conditioned media (indirect test). It is the qualitative analysis of cell viability. Calcein 

AM (Invitrogen) and ethidium homodimer (EthD-1, Invitrogen) were diluted in PBS with the final 

concentration of 2 and 4 µM, respectively. After cell samples were washed with PBS, the diluted 

live/dead solution was the added to the cell samples before incubating at 37° C for 10 min. 100 – 

200 µl of the solution was recommended and this was enough to cover all surface areas of the 

sample. The stained cell samples were observed under a fluorescent microscope (Nikon Eclipse 

50i). The excitation/emission wavelength of 495/515 nm is associated with calcein AM and 

495/635 nm with EthD-1, resulting in green and red images respectively. Live cells were stained 

as green regions in the cytoplasm and dead cells as red spots at nuclei.                

 Scanning electron microscopy (SEM) of cell samples 

Cells growing on electrospun samples were gently washed with PBS 1 time, and they were then 

fixed with 2.5% v/v of glutaraldehyde in PBS at 4° C for 30 min. The fixed samples were washed 

with PBS twice. After that, they were dehydrated by a series of EtOH gradients: 50%, 70%, 90%, 

and 100% for 5 min/each. Lastly, samples were immersed in hexamethyldisilazane (HMDS) at 

room temperature for 5 min and evaporated in the fume cupboard overnight. The morphologies of 

cells on fibre mats were observed by SEM, using the same protocol mentioned in chapter 3 (in 

section 3.1.5).          

 Immunofluorescence (IF) 

β-III tubulin, an element of microtubule in neurites, was stained by an antibody labelled with a 

fluorescent dye and observed by a High-Content Analysis (HCA) system (CQ1, Yokogawa).  

Firstly, cells on electrospun samples were gently washed with PBS 1 time and fixed with 

10% neutral buffer formalin solution, containing ~4% paraformaldehyde (Sigma – Aldrich) at room 

temperature for 15 min. The fixed samples were washed with PBS twice and permeabilised by 

adding 500 µl of Q&P solution and leaving them at room temperature for 5 min. Herein, Q&P 
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stands for quenching and permeabilising, and the Q&P solution was prepared by diluting 0.5% v/v 

of Triton X-100 (Sigma) in 0.2 M glycine in PBS. Next, each permeabilised sample was washed 

with PBS twice and blocked non-specific proteins by adding 300 µl of 2% w/v of gelatin from cold-

water fish skin (FSG, Sigma - Aldrich) in PBS solution and leaving at room temperature for 30 min.  

After blocking, the FSG solution was removed, and 200 – 250 µl of the primary antibody 

solution was immediately added to each sample and incubated at 4° C overnight. Rabbit polyclonal 

to β-III tubulin (Abcam) was diluted in 2% FSG solution with the volume ratio of 1:1000, and it was 

then used as primary antibody solution. After incubating with the primary antibody overnight, each 

sample was washed with PBS twice prior to staining with secondary antibody, goat anti-rabbit IgG 

H&L labelled with Alexa Flour® 488 (Abcam). The secondary antibody was diluted in 2% FSG 

solution with the volume ratio of 1:1000 before use. A volume of 200 – 250 µl was recommended 

to be added to each sample. All samples were protected from light and incubated with the 

secondary antibody solution at room temperature for 2 h.  

The antibody-stained samples were washed with PBS twice. If the nuclei of cells were 

needed to be visualised, a 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen) stain was used. DAPI 

was diluted in PBS with the volume ratio of 1:1000 before staining each sample at room 

temperature for 5 min. It was then washed with PBS twice. Finally, the stained samples were 

mounted onto glass slides using a ProLongTM Diamond antifade mountant (Invitrogen).   

 Measurement of neurite extension length 

The length of neurites was measured via image processing in ImageJ software with the NeuronJ 

plugin, developed by Erik Meijering. Images from SEM (for cells without labelling on fibre mats), 

HCA (for cells with IF lebelling), or bright field microscopes (for cells without labelling on glass or 

TCP) were converted their qualities to greyscale 8 bit before analysis. With the NeuronJ plugin, 

two points of a neurite were manually selected (i.e. the origin of the neurite at the cell body and 

the end of the neurite). After that, the distance of the neurite was traced and calculated 

automatically. Therefore, the neurite extension length was the distance that each neurite can 
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travel. The images were collected from at least five fields of a sample or a fibre mat (i.e. top left, 

top right, bottom left, bottom right, and centre of the sample) to avoid the bias of analysis.   

The orientation of neurites was measured as a later step based on the displacement of 

neurites. As shown in Figure 5.2, both endpoints of each neurite were identified by ordered pairs 

of (x1,y1) and (x2,y2).  the angle (θ) in the unit of the degree was calculated following the equations 

below: 

tan 𝜃 =  
(𝑦2 −  𝑦1)

(𝑥2 −  𝑥1)
 

𝜃 =  tan−1
(𝑦2 −  𝑦1)

(𝑥2 −  𝑥1)
 

where, the lower endpoint in the y-axis was commonly set at (x1,y1). Therefore, θ will be 

represented the direction between 0° – 180° only.  

 

Figure 5.2 Examples of neurite orientation analysis, black dots-line and blue arrow represent the 

distance and displacement of neurite extension in coordinate x-y axis respectively: (a) showing θ 

in case of X2 > X1 and (b) showing θ in case of X2 < X1. 

 Statistical analysis 

Data were analysed using GraphPad software (GraphPad Prism 9, version 9.2.0, USA) with the 

nonparametric test (Kruskal-Wallis test). p-values of less than 0.05 were considered statistically 

significant. Other definitions (e.g. asterisks, sample sizes, and statistical testing methods) were 

indicated in the figure captions. 



   

169 
 

For the measurement of cell metabolic activity and DNA concentration, the sample size 

(n) represented the number of fibre mats or wells of cells. The result of each sample is the average 

value from 3 replicates. 

For the measurement of neurite extension length, n represented the number of neurites. 

Each condition may have a different sample size. However, the neurite length was measured from 

either SEM or HCA images; 3 – 5 images, representing 2 – 3 samples of fibre mats, were used 

for each condition (e.g. electrospun SF, IPN (α = 2.3), and IPN 3.3 (α = 3.3)). Images were 

collected from the same position every time (e.g. top left, top right, bottom left, bottom right, and 

centre of the sample) to avoid bias.  

5.2. Results 

 NG108-15 grown on TCP substrates  

Commonly, NG108-15 cultured in the growth medium can attach and grow individually on TCP 

substrates both with and without laminin coating. As shown in Figure 5.3, their morphologies were 

similar. Once the cell density is over-confluence, cells will be shrunk, become rounded shape, and 

detach from the substrate eventually. Additionally, the cell culture medium also turns yellow, 

indicating acid in the medium.  

In differentiation media, NG108-15 were aggregated into clusters, which can then extend 

their neurites out. Cell clusters in the cAMP medium were likely to be larger and more clearly seen 

compared to those in the DMSO medium, as shown in Figure 5.4. The cell metabolic activity and 

DNA concentration of subconfluent NG108-15 in the different media, ascertained for 4 days, were 

shown in Figure 5.5.  

On day 2, the cell confluence reached ~80 – 90% (Figure 5.3 (b and e)) in the growth 

medium, while it was ~50% in cAMP medium (Figure 5.4 (a and b)) and in DMSO medium (Figure 

5.4 (e and f)). The metabolic activity and DNA concentration of each medium were significantly 

different. These results in descending order were in growth, cAMP, and DMSO media. 

On day 4, cells were over-confluence in the growth medium (Figure 5.3 (c and f)). The 

metabolic activity and DNA concentration were decreased from day 2 due to cell detachment. In 
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contrast, cells were not over-confluence in the cAMP and the DMSO media since they were slightly 

increased compared to day 2 (Figure 5.4 (c, d, g, and h)). Interestingly, both metabolic activity and 

DNA concentration results of cells in the cAMP medium were higher than those in the DMSO 

medium.  

The neurite extension length of NG108-15 was presented in Figure 5.6. In the growth 

medium, the neurites were short, with an average length of 40 ± 10 µm. The neurite length did not 

increase over time during culturing. Unfortunately, it was not possible to observe neurites in the 

over-confluence state (day 4). In differentiation media, the neurite lengths were increased over 

time. There was no difference in terms of neurite length between culturing in cAMP and DMSO 

media. After 2 days, the average neurite lengths in both differentiation media were 90 ± 10 µm; 

they were significantly longer than neurites in the growth medium. Moreover, they increased in 

length to 130 ± 10 µm at day 3 and 220 ± 30 µm at day 4.    

The maximum neurite extension length, estimated by the percentile of 90, was ~60 µm 

and ~80 µm in the growth medium, ~320 µm and ~390 µm in cAMP medium, and ~320 µm and 

~290 µm in DMSO medium on the substrate of TCP and TCP with laminin respectively. The 

direction of neurite outgrowth was random and likely to extend and connect from a cluster to 

another nearest one.  
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Figure 5.3 Cell morphology of NG108-15 culturing in growth medium on: (a – c) TPC and (d – f) laminin-coated TCP, the cell confluence of (a and 

d) ~50%, (b and e) ~80 – 90%, and (c and f) over-confluence. The scale bar represents 250 µm. 
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Figure 5.4 Cell morphology of NG108-15 culturing in (left) cAMP differentiation medium and (right) DMSO differentiation medium on different 

substrates and times: (a and e) TCP for 2 days, (b and f) TCP for 4 days, (c and g) laminin-coated TCP for 2 days, and (d and h) laminin-coated 

TCP for 4 days. Neurites are shown in magenta lines and the scale bar represents 250 µm.    
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Figure 5.5 Cellular activities of NG108-15 cultured in different media: (a) cell metabolic activity 

and (b) DNA concentration of subconfluent NG108-15 in different cell culture media on TCP and 

laminin-coated TCP (n = 2 wells of cells). 
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Figure 5.6 Neurite extension lengths of subconfluent NG108-15 in different cell culture media on 

TCP and laminin-coated TCP, box – whisker plots from min – max with the median at the middle 

line: (a) incubating time of 1 day and 2 days and (b) incubating time of 3 days and 4 days, n 

represents the number of neurites measured from 2 – 3 images (10x, bright field microscope) of 

2 wells of cells.  
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 NG108-15 grown on TCP substrates with conditioned media from 

electrospun SF and IPN mats 

All the conditioned media used in this experiment were prepared at one time. The conditioned 

medium was then used for six parallel cell culture experiments (6 wells of cells). After changing 

the growth medium to conditioned media (pH = ~7.8), NG108-15 were still growing as normal on 

TCP substrate. However, the cell growth and proliferation in conditioned media were slightly 

different from the controls performed (culturing with the growth medium). 

Live/dead staining illustrated the cell viability after incubating in conditioned media. As 

shown in Figure 5.7 and Figure 5.8, most of the cells were stained with green, representing live 

cells. However, the cell confluence in each conditioned medium was different, especially IPN (α = 

1.8). Its medium contained black particles as well as the conditioned medium of IPN (α = 1.3), 

which were clearly seen under the bright field microscope, as shown in Figure 5.7 (g and h). 

Possibly these black particles are PEDOT:PSS that were washed out from the fibre mat during 

the conditioning process of medium with the test materials. Some particles were large and were 

able to be observed by eyes. 

The metabolic activity and DNA concentration of NG108-15 cultured in the conditioned 

SF and IPN media were gradually increased by incubation time from 24 – 72 h. As shown in Figure 

5.9, the metabolic activity in conditioned SF, IPN (α = 1.3), and IPN (α = 1.8) were significantly 

lower, while other conditions were similar to control (growth medium). On the other hand, the DNA 

concentrations in all conditioned media were significantly low compared to the control. Moreover, 

IPN (α = 1.3) and IPN (α = 1.8) were likely to support cell growth worse than IPN (α = 2.3), IPN (α 

= 2.8), and IPN (α = 3.3).     

Interestingly, conditioned media containing PEDOT:PSS particles showed low metabolic 

activity and DNA concentration results. This suggests that PEDOT:PSS particles in the 

conditioned medium somehow interfere with cell adhesion and cause cell detachment and should 

be filtered before experiments in the future.  
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Figure 5.7 NG108-15 cultured in different conditioned media on TCP for 72 h: (a – d) live/dead staining and (e – h) bright field microscopy, (a and 

e) control growth medium, (b and f) conditioned SF medium, (c and g) conditioned IPN (α = 1.3) medium, and (d and h) conditioned IPN (α = 1.8) 

medium and the scale bar represented 250 µm.    
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Figure 5.8 NG108-15 cultured in different conditioned media on TCP for 72 h: (a – c) live/dead staining and (d – f) bright field microscopy, (a and d) 

conditioned IPN (α = 2.3) medium, (b and e) conditioned IPN (α = 2.8) medium, and (c and f) conditioned IPN (α = 3.3) medium and the scale bar 

represented 250 µm.
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Figure 5.9 Characterisation of cell growth and proliferation of subconfluent NG108-15 in different 

conditioned media: (a) metabolic activity and (b) DNA concentration (n = 6 wells of cells in 

parallel experiments), the error bar represents SD, the statistical analysis with nonparametric 

(Kruskal-Wallis test), control is the growth medium, * represents p < 0.05, ** p < 0.01, *** p < 

0.001, and **** p < 0.0001.   

 NG108-15 grown on electrospun SF and IPN mats without differentiation 

factors 

Electrospun SF, IPN (α = 2.3), and IPN (α = 3.3) mats were tested with the direct contact assay 

to compare to the glass substrate as a control. Cells were ascertained for 4 time-points (day 1, 3, 

5, and 7) with 3 parallel experiments/time-point; therefore, 12 samples of each fibre mat were 

prepared at one time for three parallel experiments of cell culture. The metabolic activity and DNA 

concentration of NG108-15 growing on substrates were presented in Figure 5.10.   

Although metabolic activity and DNA concentration on fibre materials were not high as 

control, they were increased over time, suggesting electrospun SF and IPN mats can support cell 

adhesion and neuron growth. SF substrate showed higher metabolic activity and DNA 

concentration than other IPN mats at days 3 and 5, whether the mat was coated with laminin or 

not. However, these results between SF and both IPN mats were similar on day 7. 
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Figure 5.10 Characterisation of cell growth and proliferation of NG108-15 on electrospun SF and 

IPN mats: (a and b) metabolic activity and (c and d) DNA concentration (n = 3 samples of fibre 

mats in parallel experiments), the error bar represents SD, the statistical analysis with 

nonparametric (Kruskal-Wallis test), control is the growth medium, * represents p < 0.05 

In the growth medium, the average neurite length of NG108-15 on electrospun SF and 

IPN mats were ~30 µm in both with and without laminin coating. As shown in Figure 5.11, it 

appears that laminin-coated substrates promoted a longer length of neurites than uncoated 

substrates, particularly in the SF mat (day 7). The maximum length of neurites was ~60 µm in SF, 

~100 µm in laminin-coated SF, and ~100 µm in both IPN mats with and without laminin. The 

morphologies of cells grown on fibre mats with the growth medium were shown in Figure 5.12. 

The individual neurite length and its direction on fibre mats were presented in the polar scatter 

Uncoated substrates Laminin-coated substrates 
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and polar histogram as shown in Figure 5.13 and Figure 5.14 for uncoated fibres and laminin-

coated fibres, respectively. 

 

Figure 5.11 Neurite extension lengths of NG108-15 cultured in growth medium on different 

substrates, box – whisker plots from min – max with the median at the middle line, the mark (+) 

is mean, and n is the number of neurites on a fibre mat.       

     

     

Figure 5.12 SEM images of NG108-15 cultured in growth medium on different electrospun mats 

for 7 days: (a) SF, (b) IPN (α = 2.3), (c) IPN (α = 3.3), (d) laminin-coated SF, (e) laminin-coated 

IPN (α = 2.3), and (f) laminin-coated IPN (α = 3.3), the scale bar of 50 µm. 
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Figure 5.13 Example of neurite length and orientation of NG108-15 in growth phase cultured for 7 days on uncoated substrates: (a – c) polar 

scatter with the radian of 110 µm and (d – f) polar histogram with the radian of 30%, the position of 90° is the parallel direction to the fibre 

alignment, n is the number of neurites on a fibre mat. These graphs are replotted from the same data presented in Figure 5.11. 
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Figure 5.14 Example of neurite length and orientation of NG108-15 in growth phase cultured for 7 days on laminin-coated substrates: (a – c) 

polar scatter with the radian of 110 µm and (d – f) polar histogram with the radian of 30%, the position of 90° is the parallel direction to the fibre 

alignment, n is the number of neurites on a fibre mat. These graphs are replotted from the same data presented in Figure 5.11.  

   

(n = 59) (n = 47) (n = 95) 
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 NG108-15 grown on electrospun SF and IPN mats with differentiation 

factors 

In the differentiation phase, NG108-15 on fibres were cultured in the cAMP medium and 

ascertained for 5 days. SEM and immunofluorescence staining revealed that NG108-15 cells 

aggregated into clusters and extended many more longer neurites in comparison to the growth 

phase cells. 

In electrospun SF mat samples, laminin affected neurite outgrowth. As shown in Figure 

5.15, the average neurite length was ~60 – 80 µm, and it was slightly higher up to ~85 – 110 µm 

when coating with laminin. Also, the maximum length of neurites increased from ~150 – 200 µm 

to ~250 – 300 µm. In contrast, neurite outgrowths on both IPN mats were similar between 

uncoated and laminin-coated groups. Their average neurite lengths were ~75 – 85 µm. However, 

the maximum length of neurites between IPN with and without laminin was different. It was ~130 

– 200 µm in IPN (α = 2.3), ~160 – 300 µm in IPN (α = 2.3) with laminin, ~160 – 250 µm in IPN (α 

= 3.3), and ~190 – 210 µm in IPN (α = 3.3) with laminin, which was estimated by the percentile of 

90 – 100. The SEM and immunofluorescence staining images of NG108-15 grown on fibre mats 

with differentiation media are shown in Figure 5.16.  

Furthermore, many long neurites were orientated in the parallel direction of fibre 

alignment. From Figure 5.17 and Figure 5.18, the position of 90° of the polar scatters and polar 

histograms refer to the alignment direction of fibres. The longest neurite on every fibre substrate 

was always aligned in the position of 80° – 100°. Approximately 60 – 80% of neurites was aligned 

in the position of 60° – 120°. However, the small number of short neurites was placed in other 

positions (e.g. 0° – 30° and 150° – 180°), which are likely to be perpendicular to fibre alignment. 
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Figure 5.15 Neurite extension lengths of NG108-15 cultured in cAMP differentiation medium on 

different substrates, box – whisker plots from min – max with the median at the middle line, the 

mark (+) is mean, and n is the number of neurites on a fibre mat.       

     

     

Figure 5.16 Differentiation phase of NG108-15 cultured in cAMP medium on laminin-coated 

substrates for 5 days: (a – c) SEM images of SF, IPN (α = 2.3), and IPN (α = 3.3) with the scale 

bar of 50 µm and (d – f) IF images of SF, IPN (α = 2.3), and IPN (α = 3.3) with the scale bar of 

250 µm, β-III tubulin in neurites showed in green and nucleus showed in blue, the double-head 

arrow indicates the direction of aligned fibres.
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Figure 5.17 Example of neurite length and orientation of NG108-15 in differentiation phase cultured for 7 days on uncoated substrates: (a – c) 

polar scatter with the radian of 350 µm and (d – f) polar histogram with the radian of 50%, the position of 90° is the parallel direction to the fibre 

alignment, n is the number of neurites on a fibre mat. These graphs are replotted from the same data presented in Figure 5.15.        

(n = 65) (n = 94) (n = 92) 
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Figure 5.18 Example of neurite length and orientation of NG108-15 in differentiation phase cultured for 7 days on laminin-coated substrates: (a – c) 

polar scatter with the radian of 350 µm and (d – f) polar histogram with the radian of 50%, the position of 90° is the parallel direction to the fibre 

alignment, n is the number of neurites on a fibre mat. These graphs are replotted from the same data presented in Figure 5.15.               

(n = 91) (n = 96) (n = 66) 
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5.3. Discussion 

 Activation of cell differentiation 

According to the results in this study, NG108-15 initially aggregated and extended longer neurites 

once culturing with cAMP and DMSO media. However, the cellular activity associated with 

increased cell number indicates that the cAMP medium supports cell growth better than the DMSO 

medium. This is maybe due to the higher percentage of FBS in the cAMP medium. 

During the differentiation phase, the proliferation rate of NG108-15 cells was also likely 

to be decreased or inhibited compared to the growth phase, as mentioned in other studies [319-

321]. These results confirm the differentiation of NG108-15 cells in both media. Morphology of 

differentiation cells and neurite length between two groups of media were similar. This is because 

cells are activated via the same pathway associating with angiotensin II (Ang II) and angiotensin 

receptors (AT), especially type 2 (AT2) [321, 322]. 

Ang II is a peptide effector hormone in the body; it usually plays an important role in 

blood pressure and the cardiovascular system [323]. For instance, it causes vasoconstriction, 

stimulates the sympathetic nervous system, and increases the release of aldosterone. It also 

covers the role in inflammation, tissue injury, immunology, oxidative stress, and ageing [324]. As 

well as CNS, the NG108-15 cell line is a target tissue of Ang II and contains two subtypes of AT 

receptors: AT1 and AT2 [321]. 

Seidman K.J., et al., 1996 reported that undifferentiated NG108-15 contains AT1/AT2 

receptors in the ratio of 8:3, while DMSO medium can extremely increase the number of AT2 and 

the AT1/AT2 ratio is reversed to 1:3 [322]. Moreover, Laflamme L., et al., 1996 explained that Ang 

II induces neurite outgrowth of non-differentiated cells but it induces neurite involution of 

differentiated cells when culturing in the cAMP medium [321]. They also indicated that AT2 acts 

on tubulin polymerisation and the level of microtubule-associated protein 2c (MAP2c) [321].  

According to the above reviews [321, 322], they suggest that both cAMP and DMSO 

media might increase the level of AT2 associated with the level of tubulin and microtubule, 

exposing neurite outgrowth eventually. Moreover, both media perhaps promote neuregulin mRNA 
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expression in NG108-15 [325], which is necessary for synapse formation and development of 

neuromuscular junction [326].  

 Toxicity of PEDOT:PSS and other chemical residues 

In this study, the hazard from chemical residuals of material on neuronal cells may come from 

three processes: electrospinning, IPN of PEDOT:PSS, and sterilisation. 

In the electrospinning solution preparation, FA can commonly evaporate in the normal 

atmosphere, and CaCl2 residues can be dissolved and washed out by water. The risk from the 

electrospinning solution is then extremely low or no risk. In sterilisation, 70% EtOH was used as 

a disinfection solution. It can cause cell death if direct contact with cells. Since EtOH can evaporate 

and sterilised samples were always washed with PBS before use, it maybe that less and less 

EtOH is left. Provided any chemical residues from the mat are toxic to cells, it is maybe due to 

chemicals in the IPN process or PEDOT:PSS products. 

The safety data sheets of each chemical in IPN protocol and PEDOT:PSS show that 

PSS and PEDOT:PSS products are non-hazardous according to Regulation (EC) No. 1272/2008. 

However, other chemicals used in the IPN process have hazards, for example, EDOT monomer 

as well as FeSO4 is known to be a toxic irritant and Na2S2O8 to be a toxic sensitiser. Other in silico 

toxicity screening studies also confirmed that PEDOT, PSS, and PEDOT:PSS products were non-

sensitisers and non-mutagenic, while EDOT monomer was identified as a plausibly hepatotoxic 

and Na2S2O8 as a plausible respiratory/skin sensitiser [257, 317, 318]. This emphasises the 

importance of effective washing prior to use in tissue engineering and biomedical applications.                

The washing process after IPN in this study is effective and acceptable to get rid of all 

hazardous residues confirmed by results of cell viability via live/dead assay, as shown in Figure 

5.7 and Figure 5.8. Although there were PEDOT:PSS particles in some conditioned media, most 

cells cultured in the conditioned medium of IPN (α = 2.3), IPN (α = 2.8), and IPN (α = 3.3) were 

still alive with the same cell confluence as similar to control (growth medium). This result also 

reinforces the biocompatibility of PEDOT:PSS products. Live cells were stained with green in their 

bodies, while dead cells were seen as tiny red spots in their nuclei. Interestingly, dead cells were 
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often found in the middle area of the cell cluster. It indicates that cell death due to high cell 

confluence is a common behaviour of NG108-15 rather than due to the effect of chemical toxicity. 

In the conditioned medium of IPN (α = 1.3) and IPN (α = 1.8), they contained a lot of 

PEDOT:PSS particles detaching from substrates. Their cell confluences were lower than control, 

also metabolic activities and DNA concentrations of cells were significantly low. Thus, large 

PEDOT:PSS particles interfere with cell adhesion and cell growth; this is maybe because floating 

particles in the medium can scrape cells from the substrate. On the other hand, dead cells would 

detach and be lost. However, the cause of cell detaching in the conditioned medium of IPN (α = 

1.3) and IPN (α = 1.8) might be due to scraping rather than the chemical toxicity. Perhaps, the 

level of interference depends on the size and number of particles; this also suggests that the 

conditioned medium should be filtered before the test. 

However, the above assumption that cells were damaged by the scraping of floating 

particles is based on the result of the indirect test with six parallel experiments of cell culture (6 

wells of cells). In order to confirm this assumption, more numbers of independent experiments 

should be considered. Additionally, the conditioned medium should be filtered before use. 

Interestingly, cell metabolic activity and DNA concentration, in the case of conditioned 

electrospun SF medium, were lower than control, as shown in Figure 5.9, suggesting that 

electrospun SF mats may release something affecting cell growth. Perhaps this is an effect of 

small basic pH of ~7.8 after soaking the material in the medium. The effects of pH of the cell 

culture medium on cell viability should be investigated in the future, even if the cell culture medium 

is likely buffering this effect anyway. However, metabolic activity and DNA concentration of cells 

cultured with all conditioned media were gradually increased every day. It is a good sign for using 

these developed materials as nerve tissue scaffolds. 

On the other hand, FBS proteins and nutrients are possibly being trapped by the mats 

during the conditioning process of the medium. Hence, the conditioned medium is slightly nutrient-

deprived, suggesting the investigation of the protein absorption in/on the fibre mat. Several 

methods are recommended for further studies, such as the NanoOrange® protein quantification 
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[121], an enzyme-linked immunosorbent assay (ELISA) [257], and serum protein adsorption 

assays and electrophoresis (Western blotting) [327]. 

 Neuron growth and neurite extension on electrospun SF based materials 

 Effects of surface roughness and morphology of fibres 

NG108-15 can grow and proliferate well on the smooth surface of the glass substrate, confirmed 

by cell metabolic activity and DNA concentration results, as shown in Figure 5.10. They can also 

grow on fibre substrate, but their results were not high as on the glass. Perhaps, NG108-15 prefer 

smooth glass substrate to electrospun SF based fibres. However, it is an over assumption to 

confirm that a smooth surface is better than fibre for cell adhesion and proliferation since they are 

different substrates.  

The surface roughness and topography are important factors for cell adhesion, 

proliferation, and migration. In a 2D flat scaffold for nerve tissue engineering, neuronal cells easily 

attach to smooth surfaces compared to rough surfaces fabricated from the same substrate [328]. 

However, materials with the surface roughness of the nano-scale structure can highly support cell 

adhesion as well [329, 330].  Onesto V., et al., 2017 explained an interesting idea of cell adhesion 

on nano-scale corrugated substrate. At the early phase of cell adhesion, cells have to move and 

deform their membranes to adapt to the surface profile. Then, substrate instability force dominates 

over cell-cell adhesion force resulting in cell clustering [330]. 

In this study, the metabolic activity and DNA concentration of cells on electrospun SF 

were lower than glass substrates; this is maybe due to cell adaptation for attaching to fibres rather 

than the chemical toxicity. Compared to the glass substrate, the period of cell adhesion on fibres 

may take a long time, possibly delaying cell growth and resulting in a lower number of cells. 

Nevertheless, these results were increased over time, indicating that fibre substrates can support 

cell proliferation.        

In a fibre scaffold, nanofibres provides a high available surface area, which significantly 

affected cell adhesion, proliferation, and differentiation [331, 332]. Moreover, the nanofibre-based 

scaffold can mimic the architecture of native ECM and tissue structural properties [331, 333]. The 
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optimal condition of fibre diameter is depended on the application or the target tissue. In nerve 

regeneration, electrospinning fibres have been studied in a wide range from ~200 – 900 nm [227, 

265, 334-336]. The fibre diameter was a control parameter without varying in this study; thus, it is 

still doubtful to confirm which diameter is the best condition for supporting neurite extension. 

However, the electrospun SF based material with a fibre diameter of ~200 nm shows impressive 

results for supporting neuron growth and neurite outgrowth.      

Since the fibre diameter is much smaller than the size of the cell, which is ~30 µm in the 

rounded cell and ~60 µm in the expanded cell, it cannot align and control the direction of cell 

expansion and migration. However, the neurite outgrowth of cells during the differentiation phase 

is mostly extended along fibres, as clearly seen in Figure 5.16. Interestingly, the diameter of 

neurites is equal to that of fibres, as observed in this study. The unidirectional alignment of neurites 

on electrospun SF based materials is a good sign for fully functional peripheral nerve recovery. 

Combining electrospinning fibre with micropatterning scaffolds such as groove [310, 337, 338] and 

pillar [339-341] is an alternative suggestion for future study.    

 Effects of laminin coating on fibres 

NG108-15 cells are sensitive not only to the acidic environment but also to mechanical forces. 

They are easily detached from the substrate when they are handled roughly. During cell culture, 

washing and changing medium must be performed softly and carefully. Coating substrates with 

laminin is a well-known protocol for enhancing NG108-15 cell adhesion; this maybe because 

neuronal cells have multiple cell-surface laminin receptors [342].  

Laminin has an effect not only cell adhesion, but it can also promote neurite outgrowth. 

Kleinman H.K., et al., 1998, explained that NG108-15 cells contains three membrane proteins of 

67, 110, and 180 kDa specific to laminin binding. The membrane protein of 67 kDa supports cell 

attachment to laminin, while others involve in neurite formation [342].    

In this study, laminin shows the ability to mainly support cell adhesion without effects on 

cell growth and proliferation in each material (i.e. TCP, glass, electrospun SF, and IPN mats). In 

contrast, laminin promotes neurite extension length on electrospun SF in both growth and 
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differentiation phases, as shown in Figure 5.11 and Figure 5.15. Possibly, this effect results from 

the level of laminin-immobilised SF fibres. By the physical coating method, laminin desorption or 

erosion is inevitable after a long period of soaking [343, 344]. Electrospun SF fibres have a high 

surface area to adsorb laminin; consequently, the level of laminin on the substrate should be high 

enough to retain throughout 7 days of the experiment. 

In the case of IPN mats, laminin slightly promotes neurite outgrowth in IPN (α =2.3), but 

is ineffective in IPN (α = 3.3), as shown in Figure 5.15. A previous study by Magaz A., et al., 2020 

showed that PEDOT:PSS on electrospun SF prepared by physical coating has a high level of 

protein adsorption compared to the pristine SF [120]. It was expected that laminin should be 

attached on IPN mats and also support neurite extension quite well. Therefore, the level of laminin 

on substrates and binding mechanism between laminin and PEDOT:PSS are interesting for further 

investigation. If the level of laminin on IPN mats are certainly high and stable throughout the period 

of the experiment, this may suggest that PEDOT:PSS can substantially promote neurite extension 

even if without laminin. On the other hand, the effect of laminin is maybe inhibited by PEDOT:PSS. 

Additionally, fibronectin and poly-L-lysine are interesting molecules for supporting cell adhesion, 

particularly in neurons cell culture (NG108-15) [345, 346]; the effect of different coating molecules 

on fibre mats is another suggestion for further study.     

 Effects of PEDOT:PSS on fibre 

In comparison to electrospun SF, cell metabolic activity and DNA concentration of cells on IPN 

mats were significantly low, especially at day 3 and day 5, as shown in Figure 5.10. Interestingly, 

these results of cellular activities were equal at day 7 between electrospun SF and IPN mats.   

In electrospun SF, cells strongly increase in number from day 1 to day 5. After that, they 

slightly increase from day 5 to day 7. In IPN mats, the cell growth behaviour in IPN (α = 2.3) and 

IPN (α = 3.3) are similar. The cellular activities on day 3 are slightly increased from day 1. After 

that, cells are highly increased from day 3 to day 7. It suggests that PEDOT:PSS on IPN mats 

somehow hinder the early period of cell adhesion.  
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However, this assumption that PEDOT:PSS hinders cell adhesion on fibres is different 

from other aspects. For example, Wang S., et al., 2017 and 2018 reported that PEDOT and 

PEDOT:PSS. PEDOT-assembled gel scaffolds promote cell adhesion efficiency in the early state 

because of their nano-scale structures [347, 348]. Additionally, the electrostatic force between the 

positive charge of conductive polymers and the negative charge of the cell membrane due to 

proteoglycans, glycolipid, and glycoproteins probably induce cell-surface interaction [349]. Herein, 

the electrostatic induction is probably weak or ineffective because of the negative charges of PSS 

[158]. Moreover, the component of PSS is larger than PEDOT as explained in chapter 4 (Figure 

4.8 (b)). It can be hypothesised that the net charges of the material may be negative causing the 

repulsive force to cells during the adhesion process, which should be investigated in the future.  

On the other hand, PEDOT:PSS can promote neurogenic differentiation and the 

expression of β-III tubulin in neurites [160]. Since the proliferation rate of NG108-15 is reduced 

during differentiation as explained in section 5.3.1, it suggests that cells on IPN mats are lightly 

triggered to differentiate by PEDOT:PSS. Additionally, NG108-15 cells cultured in growth medium 

extend slightly longer neurites on the IPN mats compared to SF mat (Figure 5.11). From these 

results, perhaps, cell aggregation when culturing in the growth medium is another clue of cell 

differentiation on IPN mats. However, cell aggregation depends on surface properties (i.e. 

toughness, nano-structure, and protein adsorption). It is difficult to confirm that cell aggregation 

on IPN mats are due to differentiation. Therefore, the differentiation factor of NG108-15 cells 

cultured in growth medium on IPN mats is an interesting point for further study. The observation 

of AT1, AT2, MAP2c, and other genes related to β-III tubulin are recommended to confirm the 

ability to promote differentiation of PEDOT:PSS integrated SF fibres.        

In the differentiation phase, the best conditions which can promote the longest neurite 

up to ~300 µm are SF with laminin and IPN (α = 2.3) with laminin as shown in Figure 5.15 and 

Figure 5.18 (a and b). Even though the numbers of neurites with a length of over 200 µm in SF 

with laminin are higher than in IPN (α = 2.3) with laminin, it still shows that PEDOT:PSS does not 

inhibit neurite outgrowth if it is in the appropriate ratio. The IPN (α = 3.3) contains a high level of 

PSS and has low mechanical properties (i.e. stress, strain, and toughness) compared to IPN (α = 
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2.3). The mechanical properties are quite similar since fibre mats were mounted on glass before 

cell culture. Thus, the excess of PSS possibly interferes with the neurite outgrowth and laminin 

ability.      

5.4. Conclusion 

Electrospun SF and electrically conductive IPN material of PEDOT:PSS on electrospun SF are 

biocompatible materials and can effectively support neuron growth, proliferation, and especially 

neurite extension. The morphology of sub-micron aligned fibres with a diameter of ~200 µm 

exhibits the trend of the uniform orientation of neurites following the direction of fibre alignment.    

Chemical residues of IPN material may have toxicity; this highlights the importance of 

effective washing before using it as a scaffold for tissue engineering. Cell adhesion and 

proliferation on IPN mats are somehow lower than electrospun SF in the early period and they are 

equal in the late period of cell growth. This suggests that PEDOT:PSS interferes with cell-surface 

interaction. In terms of neurite outgrowth during differentiation, laminin improves neurite length on 

electrospun SF and IPN (α = 2.3). However, the increase of neurite length is not clearly seen in 

IPN (α = 3.3), indicating that the level of PSS in/on IPN material has a significant effect on neuron 

growth and neurite outgrowth.    

The development of IPN of PEDOT:PSS in/on electrospun SF is a novel strategy. It is a 

new generation of biomedical materials. Unfortunately, the neurite length on IPN mats was not 

higher than that on the electrospun SF mat, as expected in the hypothesis of this chapter. 

However, the IPN (α = 2.3) can support neuronal cell adhesion, proliferation, and neurite extension 

quite well rather than IPN (α = 3.3). Therefore, the IPN (α = 2.3) is a promising electrically 

conductive material, potentially enabling electrical stimulation of the cells and facilitating peripheral 

nerve regeneration. 
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6. CHAPTER 6 

Effects of Electrical Regimes on Neuronal Cells 

An application of an electrical regime is an alternative method for promoting neurite outgrowth of 

neurons, in vitro. Many research reports demonstrate that the neurite extension length under the 

influence of specific electrical regimes is longer than without and most neurites align in a parallel 

direction to the electric field. Particularly, direct stimulation through the cell culture medium either 

with direct current (DC) or pulse stimulation is an appropriate method for enhancing the length of 

neurite outgrowth. However, various electrical parameters (e.g. types of electrodes, voltage 

supplies, and frequencies) were mentioned as effective parameters in the literature, as shown in 

Table 2.2 and Table 2.3. 

The first objective of this chapter is to figure out the suitable electrical parameters for 

enhancing neurite extension length of neuronal cells (NG108-15) grown on TCP with 

differentiation factors. Several parameters: types of electrodes (e.g. carbon and platinum), types 

of electrical currents (e.g. direct and pulse), and other parameters (e.g. voltage supplies, 

frequencies, pulse widths, and durations of the stimulation) were varied in experiments. In order 

to evaluate the optimal condition of electrical stimulation (Op-ES), the neurite extension length of 

NG108-15 cells was analysed using image analysis as per the similar protocol mentioned in 

chapter 5 (section 5.1.10). The condition, which can extend the longest neurite length, is the Op-

ES and was then applied to the cells grown on the electrically conductive fibre mats in a later step.  

By using the carbon electrode (8-well C-Dish™, IonOptix) with a monophasic pulse 

stimulation, the Op-ES is the voltage of 1 V, the pulse width of 2 ms, and the pulse cycle of 100 

ms for 3 days continuously (24 h/day). The Op-ES was then applied to the system of NG108-15 

cells grown on electrospun SF or IPN (α = 2.3) mats with differentiation factors to study the neurite 

length and direction on the developed materials under the influence of electrical regimes as the 

specific aim of this chapter. It was expected that with the Op-ES, the neurite extension length on 

IPN (α = 2.3) mat would be longer than cells cultured on the electrospun SF mat alone. 
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Prior to applying the Op-ES to the fibre mats (electrospun SF and IPN (α = 2.3)), the 

finite element analysis was studied to roughly understand the electrical transport phenomena of 

the bioreactor, including the fibre mat and cell culture medium. 

According to the result in chapter 4 (section 4.3.3), the electrical conductivity of the IPN 

(α = 2.3) mat was 3 x 10-3 S/m. It is lower than the conductivity of the cell culture medium from the 

literature, which is 1.7017 S/m [350]. For this reason, perhaps the electric field (EF) and current 

density passed through the cell culture medium are higher than the fibre mats. The connection 

between the electrode and the fibre mats is maybe an important factor affecting the current through 

the mat. It was hypothesised that the electrical current through the fibre mat with and without 

contacting electrodes were different, resulting in the divergent cell growth and neurite extension 

of cells on the fibre mat. In order to prove this hypothesis, an experiment of electrical stimulation 

on fibre mats were then divided into two different systems: the half fibre (H-fibre) and the full fibre 

(F-fibre) representing the fibre mat without and with contacting electrodes, respectively. 

The EF and current density in both systems (i.e. H-fibre and F-fibre) were simulated 

using COMSOL multiphysics® software with the computational model of the cell culture chamber 

(macroscale) prior to performing cell culture experiment. This model can briefly present the EF, 

current density, also electrical transport phenomena of the cell culture medium and fibre mats. 

Moreover, the microenvironment model of fibres was an optional model in this study to simulate 

the electrical current in fibres and on the surface of the fibre mat (material-medium interface). The 

effect of different rotations of the fibre mats to the EF, such as fibres parallel to EF and fibres 

perpendicular to EF, will be explained in this chapter.   

The result of (1) the computational model, (2) electrical stimulation of NG108-15 cells on 

TCP (optimisation of electrical parameters), and (3) electrical stimulation of NG108-15 cells on 

fibre mats in both H-fibre and F-fibre are presented sequentially in this chapter. Finally, it was 

hoped that the preliminary result in this chapter would be an initial step for developing the use of 

an electrical regime and electrically conductive scaffold for peripheral nerve regeneration in the 

future.   
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6.1. Materials and Methods 

 Electrical stimulation apparatus 

The carbon plate electrodes (8-well C-dishTM, IonOptix) worked with either a DC generator or pulse 

generator to generate an electric field in the cell culture system. The C-dishTM was precisely fitted 

with the 8-well rectangular cell culture plate (Nalge Nunc International #167064). The cell culture 

medium or other electrolytes were added for 4 ml each well. In a pair of electrodes, one was a 

positive electrode (anode), and another was a negative (cathode) or ground electrode. The 

distance between electrodes was ~3 cm, and the size of an electrode was ~0.25 x 2.17 cm2.  

The C-dishTM was sprayed with 70% EtOH, followed by UV sterilisation for 20 min. It was 

then left in a sterile condition for at least overnight before use in cell culture. After use, the C-

dishTM were immediately cleaned by rinsing with water. To get remove the protein adsorbed at 

the surface of electrodes, the C-dishTM was operated in the blank sample (PBS solution) by 

applying the reverse direction of electrical potentials (positive potential to ground and negative 

potential to the positive electrode) for 30 min. 

 Sample preparation for electrical stimulation 

Electrospun SF and IPN (α = 2.3) mats were prepared and mounted on glass coverslips for cell 

culture and electrical stimulation as per the same process described in section 5.1.1.2. The size 

of the glass coverslip was 2.2 x 3.2 cm2, which was suitable to touch both electrodes of C-dishTM. 

Herein, the effects of electrical stimulation were evaluated and compared between two different 

positions of materials, which were named half (H) and full (F) fibres, as shown in Figure 6.1.  

In the half fibre (H-fibre), the final size of the fibre mat was ~2.0 x 3.2 cm2 after mounting. 

It was placed in the middle of the glass coverslip. In the full fibre (F-fibre), the fibre mats covered 

all areas of the glass coverslip. Thus, the H and F conditions were represented the indirect and 

direct stimulation through materials, respectively. Moreover, the direction of fibre alignment was 

always parallel to the length of the glass coverslip.  
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Figure 6.1 Schematic of fibre mat positions in the C-dishTM electrical stimulation system.  

 Finite element analysis by COMSOL Multiphysics® 

The finite element analysis was used to briefly investigate the electric field (EF) and other related 

parameters during electrical stimulation in the cell culture system. Only the electrically conductive 

material system of IPN (α = 2.3) in H-fibre and F-fibre conditions were focused on in this study. 

They were analysed by two different models: the macroscale of the whole cell culture chamber 

and the microenvironment of fibres.  

 Macroscale model of cell culture chamber 

As shown in Figure 6.2, the macroscale study was modelled by the actual size of the bioreactor 

with four components: a rectangular cell culture well, a pair of carbon electrodes of C-dishTM, a 

cell culture medium, and a fibre mat. The electrical properties (i.e. electrical conductivity and 

relative permittivity) of every component were automatically validated via the default value in the 

material library of COMSOL Multiphysics® software. Apart from the cell culture medium, the 

material of electrodes was identified as graphite, cell culture well plate as polystyrene (PS), and 

sample as PEDOT:PSS. The electrical properties of materials can be manually added following 

Table 6.1.  

In the analysis, a study mode of time-dependent monophasic pulse stimulation with a 

50% duty cycle was chosen. The amplitude voltage of 1, 2, and 3 V generated between electrodes, 

nominally representing the electric field of 33, 67, and 100 V/cm respectively, were varied in the 
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experiment. The results of EF and current density passed through both the medium and the 

electrically conductive mat were observed at the centre of the chamber.        

 

Figure 6.2 3D model of an electrical stimulation system with C-dishTM electrodes, the component 

of fibre mat is not shown in this figure.  

Table 6.1 Materials properties used in electrical stimulation.  

Materials Electrical conductivity 
(S/m) 

Relative permittivity 

Graphite 3 x 103 1 

Polystyrene (PS) 6.7 x 10-14 2.6 

Cell culture medium (ref. [350]) 1.7017 80.1 

PEDOT:PSS (ref. [350]) 0.1 2.2 

Silica glass 1 x 10-14 2.09 

   

 Microenvironment model of fibres  

The microenvironment model of fibres in COMSOL Multiphysics® software was developed by 

Miruna Verdes in Cartmell laboratory [350] and independently analysed by the author of this 

thesis. Actually, the model had five options of complexity for fibrous material. In this study, the 

rough conductive composite (RC) was used as a simple model to clarify the charge and current 

density in fibres and on the fibre-cell culture medium interface once the fibre mat is rotated at 
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different angles to the electric field (e.g. the aligned fibres parallel or perpendicular to the electric 

field). However, some simulation parameters were adjusted following the results found in this 

study. For example, the fibre diameter was 180 nm (explained in section 3.2.4), and the electrical 

conductivity of the IPN (α = 2.3) mat was 3 x 10-3 S/m (explained in section 4.3.3). The relative 

permittivity of the IPN mat was assumed to be equal to that of silk fibroin of 7.81 [350].   

In the analysis, the IPN fibre mat was arranged in two directions: parallel and 

perpendicular to EF. The results of space charge density (C/m3) were observed at the surface of 

the material and in fibres.  

 NG108-15 Cell culture 

The NG108-15 cell culture protocol and other related assays (i.e. laminin coating on samples, IF, 

measurement of neurite length, etc.) were similar to those mentioned in chapter 5. However, the 

cell seeding protocol on the substrate for electrical stimulation is described below. 

 Cell seeding on samples for electrical stimulation 

The glass coverslips (control) and the samples of fibre mats were placed in 8-well rectangular cell 

culture plate. The total surface area of each rectangular well was 10.5 cm2. Thus, suspended 

NG108-15 cells were prepared at 52,500 cells in 4 ml of growth medium (cell seeding density of 

5,000 cells/cm2). Then NG108-15 cells were seeded on prepared substrates and gently mixed 

until the cells were dispersed well in the cell culture medium. After seeding, cells were cultured in 

the growth medium for 3 days. The samples with subconfluent NG108-15 cells were transferred 

to a new 8-well rectangular cell culture plate. The DMSO differentiation medium was added to 4 

ml each well and incubated for a day. 

After that (on day 4), the sterilised C-dishTM was assembled on the cell culture plate and 

then an electrical regime was applied into the system. The lengths of neurite extension were 

ascertained for 3 days (on days 5, 6, and 7). In the meantime, the DMSO medium was refreshed 

on day 5. To avoid cell detachment, half the volume of the cell culture medium (2 ml) was taken 

out and refilled with the same volume.   
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It is to be noted that the cAMP medium was planned to use in the experiment as well; 

however, access to the laboratory was limited during the COVID-19 pandemic period. The 

experiment with the cAMP medium was not prioritised and therefore was not performed due to 

time limitations. 

 Cell fixation and measurement of neurite extension 

In the sample with cells on the glass coverslip, the cells were observed and their images were 

collected using the bright field, inverted microscope (EVOS). In the sample of cells on the fibre 

mats, the cell dispersion after seeding was observed using the same technique mentioned in 

Chapter 5 (section 5.1.4). Cells were fixed with formalin solution followed by IF as mentioned in 

section 5.1.9. The measurement of neurite extension was explained in section 5.1.10.  

 Electrical stimulation of NG108-15 on electrospun SF and IPN mats 

Prior to applying the electrical regime to the cells-material system, electrical parameters were 

optimised in growth medium and cells on glass coverslips. The purposes of this optimisation were 

to find the limitation of electrical stimulation period and voltage, which do not damage the cells or 

generate redox reactions of the medium. The details of electrical parameters in this study, adopted 

from Table 2.2 and Table 2.3, are presented in Table 6.2.  

The finalised electrical parameters using C-dishTM, were a pulse stimulation with an 

amplitude of 1 V, a pulse duration of 100 ms (i.e. frequency of 10 Hz), and a pulse width of 2 ms 

for 24 h/day. This electrical condition was applied to four cell-material systems: H-fibre, H-fibre 

with laminin, F-fibre, and F-fibre with laminin. Only the result of the neurite extension length was 

analysed daily in this 3 days study as mentioned above.  

The measurement of neurite length was the same protocol mentioned in section 5.1.10. 

The n number represented the number of individual neurites collected from two parallel electrical 

stimulation experiments. The overall data were presented in box-whisker plots, and all data points 

(individual neurites) were illustrated in polar scatters. Owning to low numbers of repeats (2 parallel 

experiments), no statistical analysis (comparative analysis) was performed in this chapter.  
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Table 6.2 the electrical parameters for optimisation. 

Electrical 
parameters 

Details 

Types of electrodes 
Carbon plate electrodes (C-dishTM) and L-shaped platinum wire 
electrodes (custom-made) 

Types of electricity Direct current stimulation (DC) and Pulse stimulation  

Amplitudes of 
voltage 

1, 2, and 3 v (representing ~33,  ~67, and ~100 v/m respectively) 

Pulse cycle period 
5, 10, 100, and 1000 ms (representing 200, 100, 10, and 1 Hz 
respectively) 

Pulse widths 2 ms 

Times 1, 2, 4, 8, and 24 h/day 

  

6.2. Results 

 Computational modelling 

The computational model mainly presented the effects of EF (V/m) and current density (A/m2) in 

a whole system of the cell culture chamber. In this macroscale model, the PEDOT:PSS mat was 

simply designed as a smooth thin sheet without the morphology of fibres inside. The results were 

measured from only the middle position between electrodes. In addition, the results of the space 

charge density (C/m3) was illustrated in all areas of the microenvironment model of fibres.   

 EF and current density in cell culture chamber 

The results of EF in the cell culture medium and PEDOT:PSS mat were similar; however, they 

were slightly lower than the input EF. These EF results of H-fibre were slightly higher than F-fibre. 

In contrast, the current density in the cell culture medium was approximately 2 folds higher than 

in PEDOT:PSS mat. However, the current density of H-fibre was slightly higher than F-fibre as 

well as EF results. All computational data is presented in Table 6.3 and Table 6.4.  
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Table 6.3 Computational results of electric field (EF) in cell culture chamber. 

Input voltage 

H-fibre F-fibre 

Medium PEDOT:PSS 
mat 

Medium PEDOT:PSS 
mat 

1 V (~33 V/m) 32 V/m 32 V/m 31 V/m 31 V/m 

2 V (~67 V/m) 65 V/m 65 V/m 63 V/m 63 V/m 

3 V (~100 V/m) 97 V/m 97 V/m 95 V/m 95 V/m 

     

Table 6.4 Computational results of current density in cell culture chamber. 

Input voltage 

H-fibre F-fibre 

Medium PEDOT:PSS 
mat 

Medium PEDOT:PSS 
mat 

1 V (~33 V/m) 55 A/m2 29 A/m2 53 A/m2 28 A/m2 

2 V (~67 V/m) 110 A/m2 58 A/m2 107 A/m2 56 A/m2 

3 V (~100 V/m) 165 A/m2 87 A/m2 161 A/m2 85 A/m2 

     

The distribution of current density in the cell culture chamber is illustrated in Figure 6.3. 

The highest points of current density were at the inner corners of electrodes, whilst the lowest 

density were at the corners of the cell culture chamber. By applying an input voltage of 3 V, the 

highest current density was ~240 A/m2 in H-fibre and ~320 A/m2 in F-fibre. From the inner corners 

and edges of electrodes to the middle point between electrodes, the current density gradually 

declined in H-fibre. In contrast, it largely decreased in F-fibre. In the PEDOT:PSS mat analysis, 

the current density at both edges of the mat, which were parallel to electrodes, was higher than 

other areas. In particular, the positions or the edges of the mat, touching the inner corners of 

electrodes, had the highest theoretical current density.     

In a cycle of the pulse simulation model, the input voltage of 1, 2, or 3 V was generated 

for 0.5 s (ON), followed by the voltage of 0 V (OFF) for 0.5 s. The pulse duration was approximately 

1.0 s in total. The simulation results showed that the EF and current density were steady, and their 
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directions were from positive to ground electrodes in the ON period. Both the EF and the current 

density were not immediately eliminated in the OFF period. They were however, drastically 

decreased, and a small amount of the EF and the current density was still observed in the system, 

as shown in Figure 6.4 and Figure 6.5. The level of retained EF and current density in the OFF 

period were in the range of nV/m and nA/m2. Interestingly, the directions of retained EF and current 

density in the OFF period were dynamic and unsteady. The back and forth movements between 

both sides of electrodes and the middle point of the chamber were observed in the resting period, 

as shown in Figure 6.6 to Figure 6.9.   

 

 



   

205 
 

     

Figure 6.3 Distribution of current density in a cell culture chamber system with the applying voltage of 3 V: (a and c) distribution in the whole 

system, in (a) H-fibre, (c) F-fibre and (b and c) distribution in PEDOT:PSS mat, in (b) H-fibre, and (c) F-fibre. 
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Figure 6.4 Electric field (EF) in the middle position of cell culture chamber system generated by 

the input of pulse stimulation: (a) medium of H-fibre, (b) PEDOT:PSS mat of H-fibre, (c) medium 

of F-fibre, and (d) PEDOT:PSS mat of F-fibre. 

 

Figure 6.5 Current density in the middle position of cell culture chamber system generated by 

the input of pulse stimulation: (a) medium of H-fibre, (b) PEDOT:PSS mat of H-fibre, (c) medium 

of F-fibre, and (d) PEDOT:PSS mat of F-fibre. 
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Figure 6.6 EF in H-fibre condition during a pulse stimulation with the input amplitude of 3 V: (a – c) ON period, t = 0.2, 0.3, and 0.4 s and (d – i) 

OFF period, t = 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 s respectively, the left scale is for arrow surface EF (V/m) and the right scale is for contour EF (v/m). 
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Figure 6.7 EF in F-fibre condition during a pulse stimulation with the input amplitude of 3 V: (a – c) ON period, t = 0.2, 0.3, and 0.4 s and (d – i) 

OFF period, t = 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 s respectively, the left scale is for arrow surface EF (V/m) and the right scale is for contour EF (v/m). 
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Figure 6.8 Current density in H-fibre condition during a pulse stimulation with the input amplitude of 3 V: (a – c) ON period, t = 0.2, 0.3, and 0.4 s 

and (d – i) OFF period, t = 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 s respectively, the left scale is for arrow surface current density (A/m2) and the right scale 

is for contour current density (A/m2). 
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Figure 6.9 Current density in F-fibre condition during a pulse stimulation with the input amplitude of 3 V: (a – c) ON period, t = 0.2, 0.3, and 0.4 s 

and (d – i) OFF period, t = 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 s respectively, the left scale is for arrow surface current density (A/m2) and the right scale 

is for contour current density (A/m2). 
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 Charge and current density in microenvironment of fibres 

In electromagnetic theory, charge and current density are associated with a continuity equation. 

The space charge density (𝜌(𝑟)) demonstrates how particles occupy in space, and the current 

density (𝐽(𝑟)) displays how particles pass through the boundary surface between neighbouring 

volumes. In each infinitesimal volume of the microenvironment model of fibres, 𝜌(𝑟) is estimated 

according to Gauss’s law and 𝐽(𝑟) according to Ohm’s law as shown in the equations below:   

𝜌(𝑟)  =  𝜀𝑎∇𝐸⃗⃗(𝑟) 

𝐽(𝑟) =  𝜎𝐸⃗⃗(𝑟) 

where, 𝜀𝑎 is the absolute permittivity of the medium, 𝜎 is the conductivity of the medium, ∇ is 

gradient operator, and 𝐸⃗⃗(𝑟) is EF in each infinitesimal volume [350].   

The rotation of the fibre mat affects both charge and current density in the 

microenvironment model. In the case of the mat parallel to EF, the charge density was likely to be 

neutral in almost all spaces (white). However, there were charges in both ends of the fibre mat, 

which may touch electrodes. The positive (red) and negative (blue) charges were highly 

accumulated in both ends, as shown in Figure 6.10 (a – c). The current density moved steadily in 

the same direction of EF along the fibre alignment (arrow lines). 

In the case of the mat being perpendicular to EF, the model clearly illustrated the 

presence of charge density in all areas, as shown in Figure 6.10 (d – f). Even though the space of 

positive and negative charges was randomly generated, they were equally distributed in the whole 

mat as alternately coloured red – blue – red – blue. The direction of current passing through the 

medium was similar to the EF direction. Many directions of currents were observed in an individual 

fibre (Figure 6.10 (f)). The directions were opposite to the direction of EF and current in the 

medium. Moreover, the current was unable to pass from one fibre to another neighbouring fibre 

continuously. Every fibre of IPN mats had its character of current distribution, which might be 

unique and different from others.      

In summary, the fibre mat parallel to EF had a low distribution of space charge density 

compared to the fibre mat perpendicular to EF. Its current density passing through medium and 
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fibres were in the same direction following EF. In addition, the current density passing through 

fibres, in the case of fibre mat perpendicular to EF, may flow in various directions, which were 

almost opposed to the EF.    

 

Figure 6.10 Space charge and current density at the microenvironment of fibres: (a – c) the input 

EF direction parallel to fibres and (d – e) the input EF direction perpendicular to the fibre 

alignment, the left scale is for arrow lines current density (A/m2) and the right is for contour 

space charge density (C/m3).
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 Optimisation of electrical parameters 

 Types of electrodes  

An electrical regime using either carbon plate electrodes (C-dishTM) or the L-shape platinum wire 

electrodes developed by Kasama Srirussami, Cartmell laboratory [351, 352] were optimised in cell 

culture medium by measuring the output voltage at electrodes during electrical stimulation with 

DC and pulse stimulation.  

Typically, the output voltage was lower than the input. Both C-dishTM and L-shape 

platinum provide similar output in DC stimulation, while their output signals were in different 

shapes, as shown in Figure 6.11. The waveform of the L-shape platinum wire was distorted in 

pulse stimulation due to the electrode polarisation [179]. The output amplitude of the C-dishTM 

electrode and other related results were explained in Table 6.5. Since the C-dishTM is more suitable 

for pulse stimulation than the L-shape platinum, the C-dishTM was preferred in this study. 

 

Figure 6.11 Schematic of the input and output signals of different types of electrodes measured 

in cell culture medium. 
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Table 6.5 Variation of electrical potential between C-dishTM electrodes in cell culture medium 

system 

Input voltage (V) Output voltage (V) 
Estimated output EF 

(V/m) 
Voltage drop (%) 

0.5 0.36 6 28 

1.0 0.76 25 24 

1.5 1.24 41 17 

2.0 1.60 53 20 

2.5 2.00 67 20 

3.0 2.40 80 20 

3.5 2.80 93 20 

4.0 3.24 108 19 

 

 DC stimulation of NG108-15 grown on TCP 

After exposing culture medium to a DC stimulation with 3 V for 2 h, many bubbles were visually 

observed in the cell culture medium only at the surface area of the anode, suggesting the 

electrolysis of water, also known as a redox reaction. Subconfluent cells were detached from the 

substrate, and the suspended cells were rounded and aggregated into the cluster, as shown in 

Figure 6.12. 

To confirm the cell viability after electrical stimulation, the stimulated cells were 

incubated for 24 h. They were still rounded, aggregated as clusters, and floated in cell culture 

medium without re-attaching TCP. Moreover, cells were likely to be shrunk compared to the early 

phase after electrical stimulation immediately. These morphologies (e.g. shrinkage) suggest cell 

death undoubtedly [353, 354] and there was no need to do the other assays such as trypan blue 

in this study. If the quantification of cell viability is needed in the future, the trypan blue assay 

would be recommended. Perhaps in this case, the DC stimulation was not suitable for the system 

of this study.     
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Figure 6.12 NG108-15 after electrical stimulation with DC of 3 V (~100 V/m) for 2 h: (a) before 

stimulation, (b) after stimulation, and (c) after stimulation and incubated for 24 h, the scale bar of 

250 µm.  

 Pulse stimulation of NG108-15 grown on TCP 

The monophasic pulse with the pulse width of 2 ms was a control parameter in 

experiments. The pulse amplitude and total periods of the pulse cycle were varied, as mentioned 

before (Table 6.2). The pulse stimulation was applied to the differentiated NG108-15 cells cultured 

in the DMSO medium. After stimulation, the results of cell detachment and neurite outgrowth were 

observed every day for 3 days. 

The pulse stimulation with 3 V amplitude and 5 ms pulse cycle caused cell detachment 

after 2 h and cell death after 4 h of stimulation. In the case of 2 h stimulation, the detached cells 

were incubated again for 24 h. Unfortunately, the detached cells could not re-attach TCP, and 

many cell debris were also found. This suggests that the pulse stimulation with 3 V amplitude and 

5 ms pulse cycle for 2 h maybe inducing programmed cell death or apoptosis, which should be 

considered in the future. Moreover, the colour of the cell culture medium around the anode had 

changed to light yellow after 2 h stimulation, indicating acidic products from electrolysis. The colour 

gradient from pink to yellow was seen from the ground electrode to the anode. However, the colour 

gradient was disappeared, and the medium colour was reversed to pink again after leaving at 

room temperature for 10 – 15 min without stimulation. 

According to the previous studies, the C-dishTM was often used in a muscular system 

such as myoblast (C2C12 cell line) [355, 356] and cardiac muscle cells [357]. They explained that 

the pulse stimulation with a low frequency of ~1 Hz could stimulate cellular activity effectively. 

a c b 
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Thus, the frequency of ~1 Hz was preferred in the following experiments. The period of the pulse 

cycle was then increased up to 1000 ms.       

By the pulse stimulation with 1000 ms pulse cycle, 2 h/day for 5 days, cells were still 

alive in all conditions of amplitudes (1, 2, and 3 V). Cell morphology after electrical stimulation was 

similar to control in the condition of 1 V. However, a lot of cell detachment was observed at days 

4 and 5 in the condition of 2 and 3 V, respectively. Interestingly, the stimulation with 1V amplitude, 

1000 ms pulse cycle for 2 h/day and 24 h/day provided similar cell morphologies without cell 

detachment. No bubbles and colour changes in the medium were found in these conditions. It can 

be presumed that the monophasic pulse with 1 V amplitude is possible to stimulate NG108-15 

cells continuously (24 h/day) without damaging them. 

The optimal condition of electrical stimulation, which can promote neurite extension 

length, was investigated by varying the periods of pulse cycle at 10, 100, and 1000 ms 

representing the frequency of 100, 10, and 1 Hz, respectively based on the pulse of 1 V amplitude, 

2 ms pulse width, and 24 h/day. The neurite extension length after stimulation is presented in 

Figure 6.13. The neurite length was increased by stimulation time on both uncoated TCP and 

laminin-coated TCP. The average neurite length was 110 – 150 µm for 1 day, 200 – 280 µm for 2 

days, and 250 – 350 µm for 3 days stimulation.  

The longest neurite length was ~600 µm after stimulation for 3 days in all periods of the 

pulse cycle. In particular, the pulse stimulation promoted longer neurite extension than control, 

which had the longest neurite of ~400 – 500 µm on uncoated TCP. On the other hand, the longest 

neurite after stimulation in all conditions was similar to control on the laminin-coated substrate. 

Although the average neurite length of stimulation with 1000 ms pulse cycle was significantly lower 

than that of other conditions and control, the longest neurite was still in the same length. Moreover, 

cells were formed like neural networks after pulse stimulation especially on laminin-coated TCP, 

as shown in Figure 6.14.     
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Figure 6.13 Neurite extension length after electrical stimulation with 1 V amplitude, 2 ms pulse 

cycle, 24 h/day, and various periods of pulse cycle (10, 100, and 1000 ms) on TCP, presented in 

a box – whisker plot from min – max with the median at the middle line and the mean at the 

mark (+): (a) uncoated TCP and (b) laminin-coated TCP, n represents the number of neurites 

measured from 2 wells of cells in parallel experiments of cell culture.  

Uncoated mats Laminin-coated mats 
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Figure 6.14 NG108-15 after electrical stimulation with 1 V pulse amplitude, 2 ms pulse width, and 24 h/day for 3 days, (left) uncoated TCP and 

(right) laminin-coated TCP, the stimulation with the variation of pulse cycle periods: (a and e) control without stimulation, (b and f) 10 ms, (c and g) 

100 ms, and (d and f) 1000 ms, the scale bar of 250 µm. The arrow shows the direction of the EF.

a c 

d b 

e g 

h f 

Uncoated TCP Laminin-coated TCP 

Control 

T = 10 ms 

T = 100 ms 

T = 1000 ms 

Control 

T = 10 ms 

T = 100 ms 

T = 1000 ms 
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 Effect of electrical stimulation on neurite outgrowth for NG108-15 grown 

on electrospun SF and IPN (α = 2.3) mats  

According to the above results, the pulse stimulation with 1 V amplitude, 2 ms pulse width, 100 

ms pulse cycle, and 24 h/day was evaluated as the optimal condition of electrical stimulation (Op-

ES). The Op-ES was applied to two types of fibre mats: electrospun SF and IPN (α = 2.3), which 

were prepared in four conditions: H-fibre, H-fibre with laminin, F-fibre, and F-fibre with laminin. 

Only the fibre alignment parallel to EF was focused on in this study. 

 Control (without ES) 

In control (non-stimulation), the average neurite extension length of NG108-15 growing on IPN (α 

= 2.3) were significantly higher than growing on electrospun SF in uncoated samples, as shown 

in Figure 6.15 (a). The longest neurite length was ~400 nm on IPN (α = 2.3) and ~300 nm on 

electrospun SF.  

In laminin-coated samples, the neurites on electrospun SF and IPN (α = 2.3) were at a 

similar length at day 1, as shown in Figure 6.15 (b). In F-fibre, the average neurite length on IPN 

(α = 2.3) was gradually increased by time, and it was higher than electrospun SF at days 2 and 3. 

In contrast, the average neurite length on IPN (α = 2.3) was slightly lower than electrospun SF at 

day 3 in H-fibre. The maximum neurite length was ~300 – 400 nm in both uncoated and laminin-

coated samples. The individual neurite length and its direction on fibre mats were plotted in polar 

scatter and polar histogram as shown in Figure 6.16 for the control of H-fibre and Figure 6.17 for 

the control of F-fibre.     
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Figure 6.15 Neurite extension length on control materials (without ES) presented in a box – 

whisker plot from min – max with the median at the middle line and the mean at the mark (+): (a) 

uncoated mats and (b) laminin-coated mats (n = 120 neurites representing 2 samples of fibre 

mats in parallel experiments of cell culture) except the uncoated SF (F-fibre) at day 1 (n = 36).

Uncoated mats Laminin-coated mats 
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Figure 6.16 Example of neurite length and orientation of NG108-15 control (without the Op-ES) for 3 days on various materials of H-fibre 

condition: (left) uncoated mats, (right) laminin-coated mats, (a – d) polar scatter with the radian of 700 µm, and (e – h) polar histogram with the 

radian of 50%, the position of 90° is the parallel direction to the fibre alignment, (n = 120 neurites representing 2 samples of fibres in parallel 

experiments of cell culture). These graphs are replotted from the same data presented in Figure 6.15.   
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Figure 6.17 Example of neurite length and orientation of NG108-15 control (without the Op-ES) for 3 days on various materials of F-fibre 

condition: (left) uncoated mats, (right) laminin-coated mats, (a – d) polar scatter with the radian of 700 µm, and (e – h) polar histogram with the 

radian of 50%, the position of 90° is the parallel direction to the fibre alignment, (n = 120 neurites representing 2 samples of fibres in parallel 

experiments of cell culture). These graphs are replotted from the same data presented in Figure 6.15. 
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 Electrical stimulation (ES) on fibre mats without contacting 

electrodes (H-fibre) 

In Op-ES, the neurite outgrowth on fibre mats was analysed using IF images, as shown in Figure 

6.18 as examples of staining. A cell cluster containing plenty of cells and nuclei were confirmed 

by the spots of DAPI staining (blue). The neurites were typically extended from the cell cluster, 

which was labelled with β-III tubulin staining (green). Most of the neurites were predominant to 

fibre alignment, which was in the vertical axis (Figure 6.18). The results of neurite extension length 

in the condition of H-fibre and F-fibre were plotted and shown in Figure 6.19.   

Without laminin coating, the Op-ES was likely to inhibit the neurite extension length on 

both electrospun SF and IPN (α = 2.3) mats compared to their controls without stimulation (Figure 

6.19 (a)). However, the longest neurite of the IPN (α = 2.3) with the Op-ES was ~500 nm, while 

that of the IPN without electrical stimulation was ~300 – 400 nm. Moreover, with Op-ES, the 

average neurite length on IPN (α = 2.3) was significantly higher than on electrospun SF.  

On the other hand, the Op-ES does not affect neurite extension on laminin-coated fibre 

mats (Figure 6.19 (b)). On day 1, the average neurite length on both fibre mats with Op-ES were 

lower than their controls, while they were similar to their controls on days 2 and 3 except for 

electrospun SF at day 3, which was little lower than its control.  

In terms of neurite orientation, neurites were typically extended in many directions but 

most of them were in the same direction of fibre alignment, confirmed by the position of 80° – 100° 

in the polar plots as shown in Figure 6.20. In the case of uncoated samples, the Op-ES enhanced 

the neurite outgrowth following fibre alignment in both electrospun SF and IPN (α = 2.3) mats. In 

electrospun SF, the percentage of neurites in the position of 80° – 100° was ~20% in control 

(without ES),  while it was increased to ~25% after applying with the Op-ES (Figure 6.20 (e)). In 

IPN (α = 2.3), it was ~25% in control (without ES), and it was increased to ~30% after Op-ES 

(Figure 6.20 (f)). 
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However, the Op-ES had no effect on neurite orientation on laminin-coated fibre mats. 

The percentage of neurites in the position of 80° – 100° was ~30% (Figure 6.20 (g and h)) as 

similar to the control (without ES).  

 Electrical stimulation (ES) on fibre mats with contacting 

electrodes (F-fibre) 

The results of neurite extension length were presented in Figure 6.19 (c and d) and neurite 

orientation in Figure 6.21. Without laminin coating, the neurite extension length in Op-ES was 

lower than the control without stimulation in both fibre mats at days 1 and 3 (Figure 6.19 (c)). 

However, the Op-ES of IPN (α = 2.3) provided the average neurite length longer than its control 

at day 2. With Op-ES, the average neurite length on IPN (α = 2.3) was higher than on electrospun 

SF. The neurite length was gradually increased by time from day 1 – 2. After that, it was constant 

in both mats.  

In laminin-coated fibre mats, the Op-ES inhibited neurite extension in both mats 

compared to their controls (Figure 6.19 (d)). However, the Op-ES on IPN (α = 2.3) provided a 

longer neurite length than on electrospun SF. The neurite length was also increased by time 

throughout 3 days. 

With Op-ES, more neurites were oriented predominantly to fibre alignment on uncoated 

electrospun SF. The percentage of neurites in the position of 80° – 100° was ~30% in Op-ES 

(Figure 6.21 (e)), while it was ~20% in control (without ES). However, it seems like the Op-ES had 

no effect on neurite orientation on electrospun SF with laminin and IPN (α = 2.3) with and without 

laminin. Approximately 30% of neurites in these conditions were aligned in the position of 80° – 

100°, similar to their controls.   
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Figure 6.18 Immunofluorescence staining of NG108-15 after electrical stimulation with Op-ES for 3 days on various materials, (left) uncoated mats 

and (right) laminin-coated mats: (a, b, g, and h) control, (c, d, i, and j) stimulation on H-fibre, and (e, f, k, and l) stimulation on F-fibre, the double 

head arrow indicates the direction of aligned fibres.
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Figure 6.19 Neurite extension length on materials with the Op-ES presented in a box – whisker 

plot from min – max with the median at the middle line and the mean at the mark (+): (a) 

uncoated H-fibre, (b) laminin-coated H-fibre, (c) laminin-coated F-fibre, and (d) laminin-coated F-

fibre, all of Op-ES groups (n = 240 neurites representing 2 samples of fibre mats in parallel 

experiments of electrical stimulation) and all of the control groups (n = 120) except some 

conditions n were shown in the figure. 

It is to be noted that all of the control (without ES) in Figure 6.19 were replotted with the 

same data from Figure 6.15 in order to compare with the ES group with control.  
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H-fibre SF 
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H-fibre SF 
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H-fibre IPN (α = 2.3) 

Figure 6.20 Example of neurite length and orientation of NG108-15 with the Op-ES for 3 days on various materials of H-fibre condition: (left) 

uncoated mats, (right) laminin-coated mats, (a – d) polar scatter with the radian of 700 µm, and (e – h) polar histogram with the radian of 50%, the 

position of 90° is the parallel direction to the fibre alignment, (n = 240 neurites representing 2 samples of fibres in parallel experiments of cell 

culture). These graphs are replotted from the same data presented in Figure 6.19. 
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Figure 6.21 Example of neurite length and orientation of NG108-15 with the Op-ES for 3 days on various materials of F-fibre condition: (left) 

uncoated mats, (right) laminin-coated mats, (a – d) polar scatter with the radian of 700 µm, and (e – h) polar histogram with the radian of 50%, the 

position of 90° is the parallel direction to the fibre alignment, (n = 240 neurites representing 2 samples of fibres in parallel experiments of cell 

culture). These graphs are replotted from the same data presented in Figure 6.19.
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6.3. Discussion 

 Effect of different types of electrode on electrical stimulation 

In direct electrical stimulation, both in vitro and in vivo, several types of electrode materials have 

been studied before, such as platinum (Pt), gold (Au), Titanium (Ti), and Carbon (C) or graphite. 

Herein, the effect of using the custom-made L-shape Pt-electrode and C-electrode, C-dishTM, were 

compared and evaluated. According to the result shown in Figure 6.11, the only different outcome 

between these two types of electrodes is the electrical waveform once applying a pulse 

stimulation. 

Apart from excellent biocompatibility, the Pt-electrode has high electrical conductivity 

and high corrosion resistance. However, electrode polarisation is a disadvantage of using Pt-

electrode as well as other metallic electrodes, which reduces the charge transfer efficiency [179, 

181, 182]. It also influences the resistance and capacitance of the electrical double layer at the 

medium-electrode interface. Possibly, this effect leads to the electrical signal distortion found in 

this study.  

Since cell culture medium is an electrolyte containing dissolved free ions, these ions 

move toward the electrode during electrical stimulation leading to the development of the ionic 

double layer at the medium-electrode interface [358]. The Randles equivalent circuit (Figure 4.2) 

can represent the RC model at this interface. This effect suggests that the voltage drop is a 

consequence of resistances at this interface. It typically occurs in both constant DC and pulse 

stimulation. On the other hand, the small curves distortion of output signals are the effects of 

charged and discharged voltages in the double-layer capacitor. It usually occurs in pulse 

stimulation since the capacitor is charged and discharged alternately.  

The C-electrode has high charge transfer efficiency, conductivity, and corrosion 

resistance; however, it is brittle and may have high protein adsorption due to its porous surface 

[179, 181, 187, 189]. It highlights the importance of cleaning and washing after use. In this study, 

the voltage drop was found in C-electrode, indicating the formation of a double-layer during 

electrical stimulation. The C-electrode also provided the rectangular waveform as similar to input 
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without the character of charged and discharged voltage in the double layer capacitor. From the 

reasons above, the C-electrode is preferable to the Pt-electrode for use as a pulse stimulation 

electrode.  

The C-dishTM, IonOptix system, is widely used in the electrical stimulation for cells in 

culture, particularly in the study of the cardiac muscular system. Many studies used this system 

for stimulating the excitation-contraction coupling of myocytes associated with Ca2+ signalling 

[359, 360] and other related cellular mechanisms [361, 362]. A few studies used this system for 

nerve cells. For example, Yamada M., et al., 2007 reported that mild electrical stimulation strongly 

influences embryonic stem cells to assume a neuronal fate [363]. Typically, electrical parameters 

applied in this IonOptix system are the pulse stimulation with a short pulse width, low frequency 

and high voltage such as pulse width of 2 and 5 ms, frequency of 0.5 and 1 Hz, and voltage of 10 

– 40 V [355, 357]. Therefore, this is another suggestion that the C-dishTM, IonOptix, may be 

suitable for pulse stimulation of cells in culture. 

 Distribution of EF and current density in cell culture system 

According to the results of computational models, the EF in the cell culture medium was slightly 

reduced from the input EF (Table 6.3). It also shows the trend of decrease in voltage as similar to 

the experimental EF (Table 6.5). The current density distribution at the electrode-medium interface 

is higher than at the cell culture medium (the middle point of the cell culture chamber), as shown 

in Figure 6.3, suggesting the effect of the electrical double layer. Moreover, the PEDOT:PSS mat 

can alter the EF and current density in the cell culture medium. 

In this study, the H-fibre and F-fibre represent the fibre mat without and with touching 

electrodes. The electrical signal directly transfers to the cell culture medium and secondarily to the 

fibre mat in the condition of H-fibre. Whilst, it transmits to both cell culture medium and fibre mat 

together in the case of F-fibre. Interestingly, the EF and current density in F-fibre were lower than 

in the H-fibre confirmed by the results of computational models in this study; perhaps, it is due to 

the resistance or impedance of fibres.  
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Even though PEDOT:PSS is an electrical conductive mat, its electrical conductivity is 

lower than the conductivity of the cell culture medium. Thus, the resistance of the IPN mat is high 

compared to that of the cell culture medium. The total impedance in the cell culture system is likely 

to be increased when the fibre mat touches electrodes; this is a possible reason why the voltage 

drop in the F-fibre is larger than the H-fibre. Interestingly the geometry of fibre (e.g. aligned and 

random fibres) the mat may affect the resistivity of fibre mat, resulting in the current passing 

through materials and cells. The length of fibre is directly proportional, while the cross-section area 

is inversely proportional to resistance. Therefore, the electrical current passing through the 

different geometries of fibres is another interesting point to investigate in further study, as shown 

in another previous study [350]. 

The electrical signal of the pulse stimulation is divided into two phases: pulsing (ON) and 

resting (OFF) periods. In the ON period, the EF and current density in the medium moved from 

the anode to ground electrodes steadily. They were expected to be stopped in the OFF period 

immediately. However, the computational model explains that the EF and current density were 

slightly retained in the system during the OFF period (Figure 6.4 and Figure 6.5). Their small 

fluctuations in the range of nanoscale are likely due to the ion movement following the ionic 

gradient.  

The region of the electrical double layer at the electrode-medium interface contains a 

high number of ions during the ON period of pulse stimulation. Once the pulse is OFF, ions will 

immediately move to the area containing a low number of ions, which is the middle of the chamber. 

It seems like they need to balance ions in the medium at equilibrium to minimise irreversible faradic 

processes [364]. The dynamic movement of EF and current density confirm that the balancing 

process occurs in the OFF period of pulse stimulation (Figure 6.6 to Figure 6.9).  

Assuming PEDOT:PSS is dispersed in every single fibre homogeneously, the electrical 

conductivity of silk fibre is equal to PEDOT:PSS. The character of electrical current flow at the 

surface of the fibre mat depends on the direction of fibres in EF. Provided the fibre mat is parallel 

to EF, the electric currents in fibres and on the fibre surface will be occurred in the same direction 

(Figure 6.10 (c)). On the other hand, the fibre mat perpendicular to EF generated the complicated 
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distribution of space charge density at its surface leading to the reversed current in fibre (Figure 

6.10 (e and f)). Therefore, this suggests that the fibre mat parallel to EF is more suitable than other 

rotations since many studies have shown the trend of neurite extension following the direction of 

EF [105, 116, 365-367].    

 Electrochemical reaction of cell culture medium during electrical 

stimulation 

The constant DC stimulation with high voltage generates bubbles in the cell culture medium at the 

anode, indicating electrolysis. If the applied voltage is higher than the redox potential, the electrons 

in electrodes will transfer to ions in the cell culture medium resulting in the faradic by-products in 

the medium [182-184, 351, 368]. From the theory, the minimum potential for electrolysis of water 

is 1.23 V, which is calculated from half-reaction at cathode and anode as shown in the equations 

below [183, 368]. 

2𝐻2𝑂 + 2𝑒−  →  𝐻2 + 2𝑂𝐻− ∶  𝐸0
1 =  −0.83 𝑉 (𝑎𝑡 𝑐𝑎𝑡ℎ𝑜𝑑𝑒) 

4𝑂𝐻−  →  2𝐻2𝑂 + 𝑂2 + 4𝑒− ∶  𝐸0
2 =  −0.40 𝑉 (𝑎𝑡 𝑎𝑛𝑜𝑑𝑒) 

𝑜𝑟 2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒− ∶  𝐸0
3 =  −1.23 𝑉 (𝑎𝑡 𝑎𝑛𝑜𝑑𝑒) 

On the other hand, the overall reaction potential of electrolysis may be calculated by 𝐸0
1 

and 𝐸0
3. The electrolysis potential can also be 2.06 V. A few previous studies have then varied 

the voltage range of 1.23 – 2.06 V for electrolysis [369, 370]. 

Based on the results, the constant DC stimulation with 3 V amplitude is maybe too high 

and generates the electrolysis of the cell culture medium. Possibly, the bubbles at the anode are 

O2 and the medium around that area contains H+ as explained in equation 𝐸0
3. In pulse stimulation 

with 3 V amplitude and 40% duty cycle (2 ms pulse width and 5 ms pulse cycle) can induce redox 

reaction and electrolysis as well. Although the O2 bubbles could not be seen at the anode, the cell 

culture medium around the anode was changed to yellow, indicating the acidic medium due to the 

increase of H+.  
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Apart from pH changing, hydrogen peroxide (H2O2) is another common by-product of 

DC stimulation and electrolysis. It can be generated by both reduction and oxidation at cathode 

and anode, respectively [182, 371], as shown in the equations below.   

𝑂2 +  2𝐻2𝑂 + 2𝑒−  →  𝐻2𝑂2 + 2𝑂𝐻− (𝑎𝑡 𝑐𝑎𝑡ℎ𝑜𝑑𝑒) 

 2𝐻2𝑂 → 𝐻2𝑂2 + 2𝐻+ + 2𝑒− (𝑎𝑡 𝑎𝑛𝑜𝑑𝑒) 

The by-product of H2O2 is also well-known as an oxidative reagent with cytotoxic effects 

on cells. In contrast, some previous studies revealed that H2O2 at the appropriate level promotes 

stem cell growth and differentiation to osteoblast [351, 352, 372] and regeneration of peripheral 

nerve cells [226, 373]. However, it should be better to avoid electrolysis and its by-products in the 

study due to the sensitivity of NG108-15 cells to the acidic environment. With either DC or pulse 

stimulation with a 40% duty cycle, NG108-15 cells were detached from the substrate (Figure 6.12). 

This maybe because of faradic by-products and/or the repulsive force from EF and current flow.  

Therefore, the pulse stimulation with 1 V amplitude, which is certainly lower than the 

range of electrolysis potentials, is preferred in this study. According to the results, the pulses of 1 

V with various duty cycles (0.2%, 2%, and 20%) do not damage cells, and they can support neurite 

extension on uncoated TCP. The 2% duty cycle (2 ms pulse width, 100 ms pulse cycle) shows the 

best trend of neurite extension compared to other duty cycles.   

 Effect of electrical stimulation on neurite outgrowth 

According to the literature review (in section 2.10), electrical stimulation has been studied for 

peripheral nerve regeneration for a while. Many electrode systems of direct electrical stimulation 

were used before, such as three electrodes (anode, cathode, and quasi-reference) [374-376] and 

two electrodes (anode and cathode) [377-381]. The different bioreactors lead to the individuality 

of the electrical parameters in each study. 

In general, many cellular mechanisms can be triggered by electrical stimulation, such as 

the activity of endogenous microenvironment, ion channels, membrane receptors, transport 

proteins, and competing signal pathways [382]. The cell signalling via voltage-gated Ca2+ channels 

is an important pathway relevant to neurite extension. The intracellular Ca2+ concentration rises 
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after electrical stimulation [383]. In addition, the Ca2+ influx leads to the upregulation of brain-

derived neurotrophic factor (BDNF), resulting in neurite outgrowth [23, 384, 385]. On the other 

hand, electrical stimulation may induce apoptotic cells [386, 387]. In order to avoid cell damage, 

the parameters of electrical stimulation (e.g. voltage, frequency, and duration) should be deeply 

optimised before use.  

In this study, only cell morphology after electrical stimulation is focused on, excluding 

the analysis of other cellular activities and signalling pathways. The effects of pulse stimulation 

with the condition of Op-ES (1 V amplitude, 2 ms pulse width, 100 ms pulse cycle, and 24 h/day) 

on neurite outgrowth will be discussed in three aspects: the neurite length, neurite orientation, and 

acceleration of neurite extension. 

 Cells on TCP substrates 

Without the fibre mat, electrical stimulation can enhance neurite extension length on untreated 

TCP, while it has no significant difference compared to control in the case of laminin-coated TCP 

(Figure 6.13). This result suggests that the limitation of neurite outgrowth of NG108-15 is 

associated with laminin and cell density. The higher cell density, the lower space between cell 

clusters, resulting in short neurite length. However, the space between cell clusters is assumed to 

be equal in every sample since the cell seeding density is controlled at 5,000 cells/cm2 every time. 

Therefore, laminin modulates neurite extension length chiefly, and it somehow hinders the effect 

of electrical stimulation. The conductivity of the laminin-coated fibre is strongly recommended to 

be inspected in the future. 

In this study, the longest neurite (maximum length) of differentiated NG108-15 cells is 

~600 µm. However, the average neurite length is ~150 – 250 µm as similar to other studies [120, 

121, 208, 214, 388]. Without laminin, the neurites of cells are unable to reach the maximum length 

within 3 days after culturing in the differentiation medium (DMSO medium). However, laminin-

coated TCP supports neurite extension well; the neurite attains the highest extension since day 2. 

Interestingly, the Op-ES in this study can slightly improve the longest neurite on uncoated TCP 
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compared to control (without ES), as shown in Figure 6.13 (a). In contrast, it does not affect 

laminin-coated TCP; the maximum and average neurite lengths are similar to control. 

Direct electrical stimulation through the cell culture medium can promote neurite length 

only if cells are growing on uncoated TCP. Perhaps, the electrical stimulation parameters in this 

study (the Op-ES) are ineffective conditions to raise and accelerate neurite outgrowth. 

In terms of neurite orientation, some previous studies revealed that neurites were 

aligned parallel to the EF direction [101, 366, 389, 390]. It is difficult to confirm the exact direction 

of neurite alignment in this study. Neurites can extend in many directions, as shown in the polar 

scatters (e.g. Figure 6.16 and Figure 6.17). Moreover, they are likely to form neural networks, 

possibly the regular morphology of NG108-15 cultured with the DMSO medium (Figure 6.14); the 

neurite is a bit difficult to trace and track. To confirm the alignment of neurites under the influence 

of EF, the cAMP medium, which may induce more visible neurites, is recommended for future 

study.  

 Cells on fibre mats 

The neurite extension on H-fibre and F-fibre will not be compared in this study directly since they 

were independent experiments (cultured on different days with different cell passage numbers). 

Thus, the effects of the Op-ES in all four conditions of fibre mats: H-fibre, H-fibre with laminin, F-

fibre, and F-fibre with laminin were compared to their controls (without ES). No comparison 

between fibre mat conditions has been performed due to a low number of experiments (2 parallel 

experiments per condition). If there are more numbers of experiments in the future, it is trustworthy 

to compare the data between groups.  

In the case of control (without ES), the results explain that laminin is a crucial factor for 

neurite extension on fibre mats. Without laminin coating, IPN (α = 2.3) can promote a longer 

neurite length than SF mat (Figure 6.15 (a)). It indicates that PEDOT:PSS integrating SF fibres 

support neurite extension quite well. With laminin coating, IPN and SF mats showed similar results 

of neurite extension (Figure 6.15 (b). The results in this chapter also correspond to those in chapter 
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5. The binding mechanism of laminin on SF and PEDOT:PSS is suggested to be further 

investigated, as explained in chapter 5 (sections 5.3.3.2 and 5.3.3.3). 

Without ES, other previous studies reported that NG108-15 cells grown on fibre mats 

with the DMSO medium extends the neurite outgrowth in a similar length found in this study, which 

is the average of ~100 – 250 µm [120, 121, 208]. Magaz A., et al., 2020 and 2021 explained that 

the average length of NG108-15 cells on random fibres of rGO/SF and PEDOT:PSS/SF are ~100 

– 150 µm [120, 121]. Soliman E., et al., 2018 also revealed that gelatin/PCL aligned fibres 

promoted the neurite extension up to ~200 µm and aligned neurites following the fibre direction 

[208]. It highlights the importance of using aligned fibres to manipulate the neurite direction. 

By applying the Op-ES to cells grown on fibre mats, the average neurite extension was 

lower than control in all four conditions: H-fibre, H-fibre with laminin, H-fibre, and F-fibre with 

laminin (Figure 6.19). These results on fibre mats are in contrast to those on TCP, particularly in 

uncoated TCP, in which the Op-ES promotes the neurite extension. Unfortunately, it was expected 

that the Op-ES should enhance neurite length, especially in both uncoated H-fibre and F-fibre. In 

contrast to other studies, the electrically conductive materials with ES promoted longer neurites 

than unstimulated conditions [98, 100-102, 104, 112]. Although the reasons why the Op-ES is 

likely to inhibit neurite extension on fibre mats are in doubt, it can be presumed that this is the 

effect of EF and electrical current flow through the fibre mats. Moreover, the further investigation 

of electrical stimulation parameter optimisation may provide more favourable results of neurite 

outgrowth. 

Typically, the electrical conductivity of TCP is very low and is also known as non-

conductive material. The electrical signal transfers to cells mainly via cell culture medium once 

culturing on TCP. Based on computational results, the EF and current flow definitely pass through 

the fibre mat whether it contacts electrodes or not. Thus, cells are triggered by the electrical signal 

passed through two electrically conductive media: the cell culture medium and the IPN fibre mat. 

Kotwal A., et al., 2001 explained that electrical stimulation perhaps alters the protein adsorption 

on conductive material [24]. In comparison to the result in this study, it suggests that the Op-ES 

may affect protein adsorption of SF and IPN (α = 2.3) mat and lead to poor cell adhesion and 
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neurite extension. Therefore, the protein adsorption of fibre mats during electrical stimulation 

should be further considered in order to confirm this presumption. 

In both cases of H-fibre and F-fibre, uncoated IPN (α = 2.3) with the Op-ES shows a 

possibility to enhance the longer neurite length than the uncoated electrospun SF mat with the 

Op-ES (Figure 6.19 (a, c)). This preliminary result is a promising trend of using electrically 

conductive materials with an external electrical regime for facilitating neurite outgrowth. However, 

more repeats of the experiment are still required in future to increase reproducibility and robust 

results. In terms of neurite orientation, the Op-ES on fibre mats does not manipulate the neurite 

direction, unfortunately. The Op-ES on fibre mats provides a similar result of neurite orientation to 

fibre mats without ES, as shown in polar histograms (e.g. Figure 6.16, Figure 6.17, Figure 6.20, 

and Figure 6.21). Nevertheless, in the case of IPN (α = 2.3) with the Op-ES, the outstanding 

neurites with a length of more than 300 µm are aligned almost parallel to the fibre alignment.  

Therefore, the neurite outgrowth is influenced by the morphology of fibre mats. The 

PEDOT:PSS on fibres enhance neurite length in the case of uncoated fibre mats. The Op-ES is 

maybe unable to control the neurite direction. On the other hand, the polar scatters show that the 

longest neurite is always alongside fibres. Possibly, it maybe concluded that the neurite direction 

is initiated and manipulated by the morphology of fibres, while the length of the neurite, where 

parallel to fibres, is promoted by the Op-ES.  

 Suggestions for the further analysis 

Due to the limitation of access to the laboratory during the COVID-19 pandemic period, the results 

in this chapter are preliminary to determine the potential of using electrically conductive fibre mats 

with electrical stimulation for promoting neurite outgrowth. Several cellular activities of neurons 

(e.g. metabolic activity, DNA concentration, gene and protein expression, and the generation of 

ion flux) after stimulation should be investigated in the future.  

Firstly, the electrical stimulation in another type of differentiation medium (i.e. cAMP 

medium) is preferred since it is maybe better to use with NG108-15 than DMSO medium confirmed 

by the result as in chapter 5 (Figure 5.4 to Figure 5.6). However, the components in both media 
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are different. The DMSO medium contains 9.5% DMSO with 0.5% FBS, while the cAMP medium 

contains 10% FBS. Hence, the conductivity of both cell culture media should be reconsidered 

before the experiment.  

Apart from the common cellular analysis such as metabolic activity and DNA 

concentration representing cell viability and proliferation, the levels of Ca2+ and H2O2 generated 

during electrical stimulation should be investigated because they are associated with nerve 

regeneration [222, 223, 226].  

The Ca2+ relates to axonal regeneration via many systems such as the growth-

associated protein (i.e. GAP-43, B50, F1, or neuromodulin) [56] and the DLK-1 mitogen-activated 

kinase pathway (i.e. MAP Kinase or MAPK) [223]. In damaged nerves, the rise of intracellular 

Ca2+ activates GAP-43 to produce more numbers and longer neurites [56].  

On the other hand, H2O2 is a common type of reactive oxygen species (ROS) that 

induces undesirable effects on cells (e.g. cell death). In contrast to the unpleasant results, H2O2 

became a key signal for axon growth and recovery [226, 391]. Although there was no 

measurement of the H2O2 level in this study, it can be supposed that the H2O2 was generated 

indeed in the cell culture medium during electrical stimulation, confirmed by the electrolysis 

equation and the changing of medium colour.  

The level of H2O2 in vivo is dynamic. It is increased during the early stages of 

regeneration (e.g. somitogenesis and organogenesis) and slightly decreased at the end of 

morphogenesis until exit in the adult  [226]. Moreover, the H2O2 concentration gradient relates to 

nerve regeneration after amputation. It initially occurs and accumulates at the tip of the nerve 

stump, at the same time that Wallerian degradation happens at axons. The regrowth axons can 

directly extend to the end of the stump because they might follow the H2O2 gradient [392]. 

Interestingly, the H2O2 is a temporary product; it is undetectable when axons reach their initial 

areas, as shown in Figure 6.22. 
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Figure 6.22 The interaction of nerves and H2O2 during the regeneration and development 

stages, blue areas and red lines represent the H2O2 gradients and axons, respectively [226]. 

According to the axonal growth following H2O2 gradients, it might be good if the level of 

H2O2 is produced in optimal concentration at the tip of the nerve stump. The large areas of H2O2 

probably induce faster recovery. However, the strategy to provoke H2O2 in a specific target is quite 

complicated. Perhaps electrical stimulation is an alternative solution for generating H2O2 at the 

target tissue. Actually, electrical stimulation has been studied in wound healing and fracture 

organs for a while, and the production of H2O2 definitely occurs when applying the direct current 

[393, 394].    

Finally, the relationship between electrical stimulation and H2O2 production is interesting 

to determine, especially in peripheral nerve regeneration. Even though the high level of H2O2 

should be avoided because it could activate neurodegeneration diseases, the optimal gradient of 

H2O2 produced by the direct ES with the direct current is maybe an alternative approach that can 

attract axonal growth. The electrical stimulation and generation of H2O2 may lead to a novel 

strategy for fully functional nerve regeneration in the future. 
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6.4. Conclusion 

Electrical stimulation is an alternative strategy for promoting neurite length and accelerating 

neurite outgrowth. With direct stimulation through the cell culture medium, the range of electrical 

potentials is imperative to optimise. Low voltage is maybe unable to trigger the cells, while high 

voltage may lead to cell death. Moreover, the faradic by-products generated by electrolysis during 

electrical stimulation should be avoided since they can create an extreme environment for NG108-

15 cells, such as an acidic medium.  

The monophasic pulse stimulation is preferable to use with the carbon plate electrodes, 

C-dishTM. The optimal condition for electrical stimulation (Op-ES) is 1 V amplitude, 2 ms pulse 

width, 100 ms pulse cycle, and 24 h/day. This condition tends to increase neurite extension length 

of differentiated NG108-15 cultured on TCP without laminin. However, it has no effect on TCP with 

laminin.  

The finite element analysis is a useful technique to describe and understand the electric 

field (EF) and current density in the cell culture system (in vitro) but may not be a promising model 

in the case of in vivo. The EF and current density primarily pass through the cell culture medium 

rather than the fibre mat since the electrical conductivity of the cell culture medium is higher than 

PEDOT:PSS. In pulse stimulation, the EF and current density are not stable all the time. They are 

high level and steadily move from anode to cathode in the stimulation period. However, they are 

still retained in the nano-level and dynamically move between electrodes in the resting period, 

where they are likely to balance their gradients. Interestingly, the rotating of the fibre mat in the 

chamber affects the direction of current through fibres. Providing the alignment of the fibre mat is 

in the parallel direction to EF, the current flow is stable without complicated space charge density 

at the fibre-medium interface. 

Unfortunately, the Op-ES of differentiated NG108-15 cells grown on fibre mats both with 

and without touching to electrodes (F-fibre and H-fibre) were unable to promote neurite extension 

length and initiate the direction of neurite as expected in a hypothesis of this chapter. It implies 

that the electrical parameters have to be investigated and optimised again in the further step. 

However, the Op-ES on IPN (α = 2.3) mat provides longer neurites than on the electrospun SF 
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mat; this shows a good sign for using electrically conductive material with an electrical regime to 

facilitate peripheral nerve regeneration in the future. 
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7. CHAPTER 7 

Overall Conclusion 

7.1. Summary 

The electrically conductive scaffold of SF integrated PEDOT:PSS for peripheral nerve 

regeneration is an impressive achievement in this work. However, the combination of electrically 

conductive material and electrical stimulation requires further optimisation. The summary of each 

scope of the study will be described in the following topics. 

 Fabrication of non-woven mats (Chapter 3) 

The double layer electrospinning is an effective method to fabricate a non-woven mat from SF 

with a fibre diameter of ~200 nm. The material thickness of ~100 µm is enough for handling with 

good processability. In this study, SF extracted from silk cocoons can be prepared as the 

electrospinning solution via a dialysis free protocol, which is far less time-consuming compared to 

a dialysis approach. The 10% wt/v of degummed SF in FA/CaCl2 with the ratio of 98:2 ml/g is 

dissolved completely after incubating at 45° C overnight, and then the solution is available for 

electrospinning.  

 With the rotating mandrel collector, the alignment of fibres depends on the speed of the 

collector. The uniform alignment is directly proportional to the linear velocity of the rotating 

mandrel. The sub-micron electrospinning fibre is commonly in the random direction on the static 

collector, and it begins the aligned fibre when the linear speed of the rotating mandrel is ~7.54 – 

9.42 m/s. In addition, the qualities of fibres are affected by the other electrospinning parameters 

such as high voltage supply, solution flow rate, working distance, relative humidity, and 

temperature. 

The electrospun SF mat was partly re-dissolved in water due to the lack of β-sheet 

crystallisation in the structure. However, the β-sheet formation can be induced by the treatment of 
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80% EtOH for 20 min. Additionally, the EtOH treated electrospun SF should be preserved in water 

to avoid shrinkage as a consequence of evaporation. 

 Modification of electrical conductive property of the fibre mat (Chapter 4) 

The IPN of PEDOT:PSS on electrospun SF is an effective technique to improve the electrical 

conductivity of fibre mat without the effect on fibre diameter. Obviously, the IPN mat had fully 

turned dark blue due to the presence of PEDOT:PSS in/on fibres. 

The electrospun SF and IPN mats were relatively brittle in the dry state, while they were 

more flexible in the wet state due to water plasticiser. The number of β-sheet formations also 

affects the mechanical property of the electrospun SF mat. Moreover, the PEDOT and PSS 

contents influence the mechanical and electrical properties of the fibre mat. Although the electrical 

conductivity of IPN mats is uncertain in this study, the IPN mats show the character of electrically 

conductive material once measured with cyclic voltammetry.   

 In vitro biocompatibility (Chapter 5) 

According to the safety data sheets, the chemicals used in the IPN process may have toxicity to 

cells. In order to reduce the risk of the chemical residues in fibre mat, effective washing is 

necessary prior to using the IPN mat as a scaffold.  

As well as electrospun SF, the IPN (α = 2.3) and IPN (α = 3.3) mats can support cell 

adhesion and proliferation. However, somehow IPN mats hinder cell growth suggesting that 

PEDOT:PSS may interfere with cell-surface interaction. In the differentiation phase, NG108-15 

cells are aggregated into clusters, and the neurites are extended from the clusters, probably in the 

parallel direction to fibre alignment. It indicates that a fibre diameter of ~200 µm is available to 

initiate the neurite direction. The neurite extension length on the IPN (α = 2.3) is similar to that on 

the electrospun SF, while it is slightly higher than IPN (α = 3.3). Therefore, the IPN (α = 2.3) is the 

optimal condition of electrically conductive material, which has the potential to apply with electrical 

stimulation for facilitating peripheral nerve regeneration.  
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 Electrical stimulation (Chapter 6) 

The pulse ES is preferable in this study due to the low generation of faradic by-products, which 

could induce programmed cell death. Thus, the carbon plate electrode is chosen in this study 

since it generates the steady waveform of pulse signals. The direct ES with the monophasic pulse 

of 1 V amplitude, 2 ms pulse width, 100 ms pulse cycle (10 Hz frequency), 24 h/day is the optimal 

condition (Op-ES); it can promote neurite extension length on TCP without laminin coating slightly 

longer than control (without ES).  

Unfortunately, the IPN (α = 2.3) mat with the Op-ES is unable to enhance the neurite 

extension and orientation compared to control (without ES). However, it promotes longer neurites 

than the electrospun SF mat with ES. These results explain an initial step of the novel strategy for 

peripheral nerve regeneration using the combination of electrically conductive material and 

electrical stimulation.   

7.2. General Discussion 

According to the general objective, this study aims to fabricate an electrically conductive material 

based on SF for promoting peripheral nerve regeneration. The use of electrically conductive 

materials with electrical stimulation is an additional purpose. 

It has been demonstrated in Chapter 3 that the optimisation of electrospinning protocol 

also SF preparation is accomplished. This optimised protocol is competent because it is 

reproducible with the same quality of fibres (i.e. fibre diameter and fibre alignment). The 

preparation of electrospinning SF solution via a dialysis free protocol is the strength of this study. 

It uses far less time for preparing compared to the well-known protocol with dialysis [20]. The 

results in Chapter 4 have also shown that the IPN is a promising technique for incorporating the 

network of PEDOT:PSS in/on electrospun SF mats. Even though the conductivity of IPN mats is 

imprecisely clarified, the IPN mats are electrically conductive material confirmed by the cyclic 

voltammetry. The results in Chapter 5 are a key to determining whether the electrically conductive 

IPN mat is possible to use as a peripheral nerve scaffold or not. It exhibits that the electrospun SF 

and IPN mats are biocompatible and can support the proliferation of NG108-15 cells. Although 



   

245 
 

IPN mats somehow hinder cell growth compared to the electrospun SF mat, NG108-15 cells grown 

on the IPN (α = 2.3) mat with the differentiation medium can extend their neurites similarly to those 

on the electrospun SF mat. Neurites are mostly aligned parallel to the alignment of fibres.  

The results throughout Chapters 3, 4, and 5 suggest remarkable achievement of 

electrically conductive fibre for peripheral nerve scaffold as the goal of this study. The electrically 

conductive material based on SF fibres can support and guide the direction of neurite outgrowth, 

also possible to use as a peripheral nerve scaffold. Nevertheless, some results are different from 

the literature suggesting further investigation in the future study. For example, PEFOT:PSS 

incorporated materials should enhance cell proliferation compared to the pristine material without 

PEDOT:PSS [120, 347, 348].  

The results presented in Chapter 6 are the preliminary study of using the IPN mat with 

electrical stimulation for facilitating effective regeneration of the peripheral nerve. Most of the 

results are negative; the IPN mat with ES is unable to promote neurite extension length compared 

to control (without ES). Further optimisation of electrical parameters may give more favourable 

results on neurite outgrowth.              

7.3. Limitations of Study 

 Electrospinning tools  

In this study, the speed of the rotating mandrel collector is controlled manually by the rotary knob 

without the monitoring system to show the exact rotating speed. Although using a digital 

tachometer can estimate the collector speed roughly, the consistency of the speed is difficult to 

maintain each time. Moreover, a rotating mandrel has a belt system that connects the collecting 

drum and the rotating motor. Sometimes, the speed of the collector was unintentionally changed 

during a long period of electrospinning due to the elasticity of the rubber belt unless the rotating 

knob is in a fixed position.  

Therefore, the morphology of fibres each time is a little different, in particular the 

alignment of fibre. However, the fibres are mostly aligned in the same direction when using the 

high speed of mandrel, and the overall property of the electrospun SF mat is still the same.     



   

246 
 

 Cell culture 

Typically, NG108-15 cells are easily detached from the substrates during washing and changing 

medium. Although the detached cells are able to re-attach on the substrate, this interferes with 

cell growth behaviours. Therefore, the time-dependent cellular activities of NG108-15 (e.g. 

metabolic activity and DNA concentration) are not able to assess from a similar sample throughout 

the period of the experiment. For example, at least 9 samples were prepared for 3 days of 

observation (i.e. 3 samples/day). Live cell staining dyes [395-398] and imaging systems that allow 

continuous monitoring throughout the period of experiments (e.g. CQ1 benchtop HCA system) 

[399] is recommended in the further studies. Fluo-4 AM is a promising reagent for live cells NG108-

15 staining [398].   

7.4. Future Work 

 Electrically conductive material fabrication 

The electrical conductivity of the IPN mat is in doubt even though it is definitely electrically 

conductive confirmed by cyclic voltammetry. To understand the relationship between PEDOT:PSS 

contents and electrical conductivity, the electrical conductivity should be investigated in the future. 

However, the EIS measurement via a potentiostat has many control parameters that affect the 

conductivity result, such as electrode system, working distance, sample-solution interface, and 

type of electrolyte. The different setups of EIS may lead to low precision measurement.  

The measurement via advanced tools such as scanning electrochemical microscopy 

(SECM) and scanning ion conductance microscopy (SICM) [316] is suggested as the alternative 

for further study. 

 Electrical stimulation via electrically conductive material 

The cellular activities, indicating cell viability and proliferation, and the neurite extension length 

were focused on in this study. Other cellular mechanisms of cells on electrically conductive IPN 

mat after ES are out of scope. Molecular effects of cells and cell signalling associated with neurite 



   

247 
 

extension have to be considered in the future to fulfil the knowledge of using ES as an alternative 

for peripheral nerve treatment. 

If cells are actually fine and robust under the influence of the electrical regime, several 

cellular mechanisms are recommended to assess: the activity of Ca2+ flux and the voltage-gated 

calcium channels [56, 400-402], intracellular H2O2 [393, 394], and the expression of GAP43 [56, 

403]. On the other hand, the electrophysiological property of neuronal cells during ES is another 

curiosity since NG108-15 is an electrically excitable cell line, which can generate an action 

potential. The measurement of action potential of NG108-15 will explain not only the nerve 

recovery but also the nerve functionality. 

Moreover, other types of ES methods: direct ES with three electrodes, direct ES with 

salt bridge, conductive ES, and inductive ES should be considered as well as the pattern/design 

of a bioreactor in order to figure out the optimal condition for neurite outgrowth.        

 Potential applications 

The electrically conductive material, IPN material of PEDOT:PSS on electrospun SF, shows the 

possibility to support neurite outgrowth following the fibre alignment in vitro. Furthermore, this 

developed material could be potentially utilised in other biomedical applications such as scaffold 

for other tissue and invasive biomedical electrodes. 

In peripheral nerve applications, the developed materials (electrospun SF and 

PEDOT:PSS/electrospun SF mats) in this study are biocompatible with a suitable fibre diameter 

to manipulate the unidirectional alignment of most neurites. However, the SF-based material 

should be tested with other cell types (e.g. SCs, DRGs, and also MSCs) in the future to indicate 

the possibility to use with the complex peripheral nerve system [404-406]. For example, the 

purpose of testing with SCs is for using the material as a cells-based scaffold or supporting neurite 

outgrowth, DRGs for supporting nerve tissue including neurons and SCs, and MSCs for supporting 

neurogenic differentiation. The electrophysiology (i.e. action potential) of nerve cells on the SF-

based material should be ascertained in the future to confirm the function of regenerated neurons 

and axons [407]. 
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This material may be flexible and able to fold or roll as the hollow tube of nerve conduit. 

However, the suitable thickness of the material, which can be processed to be the nerve conduit 

and the stability in the wet state after processing should be investigated in the future. On the other 

hand, this material could possibly be used as the inner wall or intraluminal of other nerve conduits 

instead of rolling it as the nerve conduit alone.   

In the case of other applications of tissue regenerations, the electrically conductive 

aligned fibres are also fit the requirement of muscle tissue, particularly the cardiac muscular 

system [115, 408]. The morphology of cardiac muscles is generally aligned, and they are 

electrically excitable, resulting in excitation-contraction coupling. The use of electrically conductive 

aligned fibres could increase the possibility of regeneration. Importantly, the use of pulse ES 

through material could enhance muscle movement like the exercise program for muscle cells.  

Finally, the electrically conductive SF-based material can use as the invasive electrode 

due to its biocompatibility and flexibility [91, 409]. However, the biomedical electrodes for either 

measuring body signals or stimulating tissue functions require high conductivity properties to 

transfer electrical signals accurately. Currently, the conductivity of the developed material may not 

be high enough. If it is improved, it may increase the opportunity to use as an electrode in the 

future. Alternatively, this scaffold can be used as a simple creation of a 3D in vitro peripheral nerve 

for pharmaceutical and mechanical testing. 
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