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Abstract 

 

Peripheral nerve injuries affect 2.8% of all trauma patients which amounts to 8.5 million 

órestricted activity daysô every year. Unlike the central nervous system, nerves of the 

peripheral nervous system can regenerate after injury, at a rate of around 1 mm/day. Current 

treatments involve direct end to end suturing or using an autograft, which is the current ógold 

standardô treatment to bridge large gaps (over 20mm). However, there is limited donor nerve 

available and limited nerve function is restored. Current nerve guide conduits (NGCs) are 

fabricated from both natural and synthetic materials. However, the efficiency of current nerve 

guide conduits is limited and conduits only treat defects up to 20mm. Research focuses 

primarily on improving hollow nerve guide conduits in several different ways. These include: 

the addition of intraluminal guidance scaffolds, coatings to modify surface chemistry or 

changing the conduit design by incorporating channels and pores.  

The aim of this work was to investigate different blends of synthetic polymers for their 

potential use as an intraluminal nerve guidance scaffold. It is hypothesised that the addition 

of electrospun fibres to hollow nerve guide conduits will increase nerve regeneration length 

by providing aligned guidance for Schwann cell attachment, migration and nerve 

regeneration. Blends of synthetic polymers were characterised to assess surface properties, 

mechanical properties, biocompatibility and cytotoxicity. Electrospinning was performed to 

determine if polymers, and their blends, could be fabricated into aligned fibres of varying 

diameters. Polymers which had a higher Youngôs modulus, Polyhydroxybutyrateïco-Valerate 

(PHBV), Polycaprolactone (PCL), Polyhydroxybutyrate (P(3HB) and Polylactic Acid (PLLA) 

could all be fabricated into aligned fibres of varying diameters. Polymers with more 

elastomeric properties Polyhydroxyoctanoate (P(3HO) and Polyhydroxyoctanoate-co-

hydroxydecanoate (P(3HO-co-3HD) could not be electrospun into aligned fibres. Overall, the 

most efficient blend ratio of the brittle polymers with the elastomeric polymers was 50:50. 

This ratio fabricated aligned fibres and maintained a lower Youngôs modulus (closer to that of 

native nerve).  

The effect of fibre diameter on neuronal and Schwann cell adherence, viability and 

differentiation was investigated by culturing cells on electrospun Polyhydroxybutyrateïco-

Valerate (PHBV) fibres. In vitro analysis concluded that 5 and 8µm diameter fibres supported 

neuronal cell viability and differentiation most effectively.  

The effect of different material composition on neuronal and Schwann cell adherence, 

viability and differentiation was investigated by culturing cells onto 5 and 8 µm fibres of  

PHBV, PCL, P(3HB): P(3HO) (50:50) and P(3HO-co-3HD):PLLA (50:50). PCL was 

investigated as a control material. PHBV, P(3HB):P(3HO) (50:50) and P(3HO-co-3HD):PLLA 

(50:50) were investigated further due to success with regards to electrospinning, excellent 
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cell viability and mechanical properties compared to other investigated blends of polymers. It 

was hypothesised that using polyhydroxyalkanoates, and novel blends of these polymers, 

would improve neuronal and Schwann cell attachment and support cell proliferation and 

differentiation more effectively than known FDA approved biopolymers, due to their chemical 

composition.  The novelty in this work is the use of PHA blends and the ability to electrospin 

them. NG108-15 neuronal cell neurite outgrowth was significantly higher when cells were 

cultured on the 8µm PHBV fibres compared to the other materials and fibre diameters. 

Schwann cell viability was significantly decreased when cultured on the 5 and 8µm P(3HO-

co-3HD):PLLA (50:50) fibres, compared to the other polymer blends.  

Polymer fibres were further investigated using a novel 3D ex vivo fibre testing model.  

5mm Polyethylene glycol hollow tubes were manufactured using microstereolithography. 

Polymer fibres, of 5 and 8µm diameters, were threaded into tubes, and an explanted DRG 

body placed on the proximal end. The use of DRGs in neuronal cell culture mimics a nerve 

injury, as neurite extensions grow from the DRG body after removing the nerve roots. It was 

hypothesised that the addition of electrospun fibres to hollow nerve guide conduits would 

increase nerve regeneration length. Both Schwann cell migration lengths and neurite 

outgrowth lengths were greater on the 5µm fibres, compared to their 8µm counterparts. 

Schwann cell migration length was statistically greater on the 5µm PHBV fibres and 

P(3HO):P(3HB) (50:50) fibres.  PHBV 5µm fibres supported greater neurite lengths, 

compared to the 8µm PCL and 8µm PHBV fibres. This study highlights the difference 

between using a neuronal cell line, compared to using a primary neuron (DRG) model, and 

using a 3D in vitro culture model compared to 2D in vitro culture. This work also reveals the 

potential of 5µm P(3HO):P(3HB) (50:50) and PHBV fibres, as intraluminal fibrous scaffolds 

to improve nerve repair and would support the use of this blend for in vivo investigations.  

 

Additionally, surface modification is used to improve current nerve guide conduits, by 

improving biocompatibility of the surfaces of bulk biodegradable polymers with the addition 

of reactive chemical groups. Compared to plasma polymerisation, aminosilanisation is an 

alternative method to modify surfaces with amine groups as it is cost effective, scalable and 

cheaper. Two different chain lengths, long and short, of aminosilanes were investigated, to 

determine their potential use in peripheral nerve repair. It was hypothesised that the addition 

of aminosilanes plain glass would improve neuronal and Schwann cell adherence and 

neuronal cell differentiation. The novelty of this work is that aminosilanes have not been 

investigated for use in peripheral nerve repair and that they could be a useful addition to 

biopolymer NGCs. Long chain aminosilanes supported significantly longer neurite lengths 

from NG108-15 neuronal cells, compared to the short chain and plain glass control. Both 

chain lengths supported NG108-15 neuronal and Schwann cell viability. A co-culture of 
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primary neurons and Schwann cells was established by dissociating rat DRGs. Long chain 

aminosilanes supported significantly longer neurite lengths from primary neurons, compared 

to the short chain aminosilane, plain glass and tissue culture plastic controls. This work 

highlights the potential use of long chain aminosilanes for use in peripheral nerve repair, to 

coat conduits or intraluminal guidance scaffolds.  

Besides electrospinning, pressurized gyration has recently been reported to manufacture 

fibrous scaffolds for tissue engineering applications. The set up established at The 

Department of Mechanical Engineering, University College London, was used to 

manufacture P(3HB) and P(3HB):P(3HO-co-3HD) (80:20) fibres. Gyrated fibres were 

investigated with electrospun P(3HB) fibres, to determine which manufacturing method was 

the most efficient in manufacturing aligned fibres, and in vitro and ex vivo analysis was 

performed. SEM analysis confirmed that the P(3HB) electrospun fibres were more aligned 

compared to both gyrated fibre types. Both gyrated and electrospun fibres supported 

NG108-15 neuronal cell and Primary Schwann cell proliferation and viability. However, 

greater neurite lengths were observed on the electrospun P(3HB) fibres compared to the 

gyrated PHA fibres, when culturing DRGs. Schwann cell migration length was also 

significantly larger on the electrospun fibres compared to the gyrated fibres. This work 

highlights the potential of gyration for fabricating fibrous scaffolds. However, future work will 

need to be performed to fabricate aligned fibre scaffolds which compare with electrospun 

fibres.  

Overall, this thesis demonstrates that Polyhydroxyalkanoates, and blends of PHAs, can be 

fabricated into aligned fibre scaffolds by electrospinning. It also demonstrates that the 

addition of PHAs to polymer blends supports neuronal and Schwann cell attachment, 

proliferation and differentiation more effectively than the biopolymer alone. Although 

pressurized gyration is a new technique to fabricate fibre scaffolds, this thesis has shown 

that it does not fabricate fibres with the required alignment for nerve repair and therefore, 

more optimisation of the technique is required. Surface modification, using silanisation, has 

also been shown to be an effective technique to modify a glass surface with amine reactive 

groups, and therefore, can be applied to polymer surface modification.  
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Chapter 1: Introduction 

 

1.1 The Nervous System  

The nervous system is divided into two separate systems: the central nervous system and 

the peripheral nervous system (Paxinos et al., 2012). The central nervous system consists of 

the brain, brain stem and the spinal cord, whereas the peripheral nervous system includes 

the nerves and supporting cells that lie outside the central nervous system (Marani et al., 

2012).  Both the central and peripheral nervous systems consist of a complicated network of 

neurons, blood vessels and supporting cells (Lowe and Anderson, 2015). They work 

consistently together to transmit electrical signals from the outer limbs, internal glands, 

organs, and the brain to each other to maintain and regulate body functions such as pain, 

temperature control and responses to external stimuli (Marani et al., 2012). Other differences 

between the peripheral and central nervous systems are the supporting cells, neuroglia, that 

are present (Lowe and Anderson, 2015).  Oligodendrocytes are the supporting cells found in 

the central nervous system. They myelinate several adjacent central nervous system axons 

and maintain neurons and brain tissue (Baumann and Pham-Dinh, 2001). Schwann cells are 

found in the peripheral nervous system and support myelinated and non-myelinated axons 

(Lowe and Anderson, 2015). A single segment of an axon is myelinated by one Schwann 

cell, which incorporates the whole of the axon, the membrane around it and the Schwann 

cell itself, whereas the oligodendrocytes myelinate the axon forming layers and detach 

themselves (Baumann and Pham-Dinh, 2001; Lowe and Anderson, 2015).  

 

1.2 Peripheral Nerve Regeneration Injury Types 

Peripheral nerve injuries affect around 300,000 people every year in Europe alone (Belkas et 

al., 2004a). 2.8% of all peripheral nerve injuries result from trauma and over 8.5 million 

órestricted activity daysô as well as 5 million bed rest days costing millions of pounds to the 

economy every year (Nectow et al., 2012). Due to the complexity of the peripheral nervous 

system, treating injuries to the nerves can prove to be a big challenge. Unlike the central 

nervous system, the peripheral nervous system can repair itself at a rate of 1-3mm a day 

(Deumens et al., 2010). The peripheral nervous system contains Schwann cells as its 

supporting cells, compared to the central nervous system, which has oligodendrocytes 

(Lowe and Anderson, 2015). Peripheral nerve regeneration occurs by a process called 

Wallerian degeneration and regeneration. When the nerve is injured, the distal stump of the 

axon begins to degenerate (Perry et al., 1987). Schwann cell proliferation increases and 

macrophages infiltrate the site of injury and clear away myelin and axonal debris, along with 

the Schwann cells, which can take up to 3 months, depending on the distance between the 
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proximal and distal stumps (Deumens et al., 2010). The endoneurial tubes of the distal 

stump collapse, due to the occurrence of phagocytosis, and become the óBands of B¿ngnerô 

which are óstacked processesô of the remaining Schwann cells (Pfister et al., 2011). During 

Wallerian degeneration (which is located specifically at the distal stump), the axons, of 

surviving neurons, in the proximal stump start to regenerate and develop óaxonal sproutsô 

(Deumens et al., 2010). The regenerative sprouts grow and use the óBands of B¿ngnerô as 

guidance cues to regenerate to cross the injury site (Deumens et al., 2010). During the 

process of Wallerian degeneration, Schwann cells initially proliferate to form the óBands of 

B¿ngnerô before differentiating to re-myelinate the growing axons, and thus play an central 

role in guiding the regenerating axonal sprouts into position (Pfister et al., 2011).  

 

1.3 Peripheral Nerve Injury Types 

If the axonal sprouts do not cross the injury site however, this can result in scar tissue and 

neuroma formation leading to neuropathic pain and loss of function of the nerve (Pfister et 

al., 2011). This underpins the reason why surgical intervention plays a significant role in 

peripheral nerve injury repair. The type of treatment and surgical intervention also depends 

on the severity of the peripheral nerve injury. There are two ways of classifying peripheral 

nerve injuries. Pathological descriptions of injury by H.J. Seddon describe three types - 

neurapraxia, axonotmesis, and neurotmesis. This is further refined by five degrees of 

óanatomical disruption and regenerative potentialô by S. Sunderland (Pfister et al., 2011). 

Here, first-degree injury (or neurapraxia) is the least severe injury and recovery arises after 

12 weeks (Belkas et al., 2004a). Myelin breakdown occurs after a short period, but as the 

axons are intact re-myelination can occur (Pfister et al., 2011). In second-degree injury 

(axonotmesis) there is injury to the axons and so Wallerian degeneration occurs in the distal 

stump of the axon (Kehoe et al., 2012). The basal Schwann cell lamina is still intact and 

therefore regenerating axons are guided into the site of injury for axon repair without surgical 

intervention (Pfister et al., 2011). In third degree injuries, the basal Schwann cell lamina is 

damaged and therefore the potential for scarring arises. Wallerian degeneration and 

regeneration of the axon still occurs, but if the regenerating axons become impeded and are 

not guided across the injury site appropriately then surgical intervention will be needed to 

bridge the gap (Pfister et al., 2011). In fourth degree injury, axonal regeneration will not 

occur due to the intense amount of scarring over the injury site, and therefore this must be 

removed surgically. With fifth degree injury (neurotmesis), the nerve must be repaired for 

any regeneration to occur due to the nerve being split in two. With fourth and fifth degree 

injuries, there is the potential for excessive scarring and therefore these severe types of 

injuries must be repaired by surgery (Perry et al., 1987). 
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1.4 Current Treatments  

Due to the complications of nerve regeneration, as well as the rate in which regenerative 

axonal sprouts grow, surgery and implantation may be needed to bridge the gap from 

peripheral nerve injuries (Pfister et al., 2011). Surgical intervention is required for third, fourth 

and fifth degree injuries (W. Daly et al., 2012). Very small nerve gaps, up to 10 millimetres, 

can be treated by end-to-end direct suturing of the two nerve ends (Deumens et al., 2010). 

However, if the nerve is under tension when suturing is tried, other options must be 

considered. Autografts are the ógold standardô for peripheral nerve repair, generally bridging 

larger gaps of over 20mm (J. H. Bell and Haycock, 2012). A sensory nerve, such as the 

sural nerve from the leg, is used to graft sensory neurons, motor neurons and mixed gaps 

(W. Daly et al., 2012). However, they only have a 50% success rate and various limitations 

that affect the functionality of the nerve (Kehoe et al., 2012). A major disadvantage is donor 

site morbidity and the need for a second surgical procedure.  Other complications include an 

increase in recovery time for the patient, scarring and the formation of neuromas, limited 

amount of tissue available, as well as many structural differences of using a sensory nerve 

to graft a motor neuron and therefore there is a loss of function (Kehoe et al., 2012). Figure 1 

summarises the different repair routes that are taken to treat peripheral nerve injuries, 

depending on the size of the gap presented.  

 

Various therapies are currently being used along with nerve autografting to increase the 

success rate of the graft, such as the addition of growth factors, electrical nerve stimulation, 

phototherapy and physiotherapy (Deumens et al., 2010). Allografts and xenografts are also 

available as grafting options, although similar issues arise with using them as well as the 

need for immunosuppressive drugs and the risk of zoonotic infections from xenografts 

(Arslantunali et al., 2014b). Therefore, there is a need for using alternative grafting materials 

for repairing peripheral nerve injuries. Nerve guide conduits are currently used to bridge 

gaps of up to 30 - 40mm, with reasonable results reported up to 15 - 20mm (Pateman et al., 

2015).  The current designs are relatively simple and typically restricted to hollow tubes and 

cuffs. Currently there are 11 commercially available devices on the market which are either 

sutured in place to bridge the proximal and distal stumps or held in place with fibrin glue (J. 

H. Bell and Haycock, 2012).  For a nerve guide conduit to be successful specific criteria in 

must be met. In particular, the biomaterial used must be biocompatible, non-toxic and not 

cause an immune response (Kehoe et al., 2012). It must also be degradable and degrade at 

a rate which should be parallel with the rate of axonal regeneration (Nectow et al., 2012). 

The device should also be porous, to allow exchange of nutrients into the injury site, meet 

sterilisation and handling specifications, and provide guidance cues to aid the regenerating 

axon (Kehoe et al., 2012). The device should be flexible, allowing it to be sutured without it 
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breaking and it should exhibit similar mechanical properties to the native nerve as well as fit 

into place without causing any nerve tension (Nectow et al., 2012).   

 

Currently a limited range of nerve repair devices exist, manufactured from both natural and 

synthetic materials. Figure 2 summarises the range of devices which are currently FDA 

approved and commercially available (W. Daly et al., 2012). Naturally derived tissue devices 

for nerve repair have also had recent FDA approval. Currently, AxoGen have produced a 

decellularised human nerve allograft (Advance® Nerve Graft) which has performed well to 

bridge gaps of up to 20mm (Kehoe et al., 2012).  Tissue is sourced from donors, and 

advantages of the allograft include eliminating donor site morbidity and the need for a 

second surgery. However, a major disadvantage is the need for immunosuppressive drugs 

(Kehoe et al., 2012). Axogen also manufactures the Axoguard® Nerve connector, a nerve 

guide conduit, and the protector, a wrap, which both use porcine submucosa extracellular 

matrix (J. H. Bell and Haycock, 2012). Collagen is currently being used as a material in 

peripheral nerve repair. As one of the largest components of the extracellular matrix, it has 

excellent biocompatibility and is used in many devices which include: NeuraGen®, 

NeuroFlexÊ, NeuroMatrixÊ, NeuraWrapÊ and NeuroMendÊ (J. H. Bell and Haycock, 

2012). The NeuraGen® tube has had great success in aiding nerve repair similar to the gold 

standard autografts, and has had excellent efficiency in bridging gaps up to 40mm (Kehoe et 

al., 2012). Naturally derived materials can exhibit batch to batch variability but have excellent 

biocompatibility and similar mechanical properties to native tissue (Kehoe et al., 2012). 

 

There are several nerve guide conduits currently available from synthetic materials. 

Salumedica have produced two non-resorbable devices from their novel biomaterial 

Salubria, a biostable polyvinyl alcohol hydrogel, which mimics the ECM of human tissue (de 

Ruiter et al., 2009). SalubridgeÊ is a protectant nerve wrap device, and the SaluTunnelÊ is 

the nerve guide conduit. The PVA adds stability to both devices, whilst the hydrogel has 

comparable properties to human tissue. However, Salubria nerve guide tubes cause 

compression on the regenerative axonal sprouts at the suture line (Kehoe et al., 2012).  

Polyesters are also suitable synthetic materials as nerve guide conduits as they are 

biodegradable and their properties can be tailored and controlled by the manufacturing 

method (Arslantunali et al., 2014b). Due to ester linkage, polyesters degrade by hydrolysis 

and the rate of degradation can be controlled for use in nerve guide conduits (Tokiwa and 

Calabia, 2007). Neurotube® is a synthetic nerve guide conduit made from woven 

polyglycolic acid, developed by Synovis (William T. Daly et al., 2013). It can be used to treat 

gaps from 8-30mm, bridging gaps up to 20mm at the same efficacy as the gold standard 

autograft (Kehoe et al., 2012). However, it has a high degradation rate (typically six months), 
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degrades into acidic by products and its mechanical properties consequently decrease 

quickly over this timeframe,  arguably before complete tissue regeneration has occurred 

(Kehoe et al., 2012). The other polyester nerve guide conduit available currently is 

NeurolacÊ, a hollow tube made of  poly(D,L-lactide-co-Ů-caprolactone) (Arslantunali et al., 

2014b). NeurolacÊ bridges gaps up to 20mm, their degradation products are less acidic 

over the same timeframe as those compared to the Neurotube® device, with complete 

degradation taking approximately 24 months (William T. Daly et al., 2013). There have been 

many clinical studies using NeurolacÊ. However Poly(d-lactide-co-Ů-caprolactone) is quite 

rigid, inflexible, and reports have shown that there has been severe reactions, blockage of 

the tube, complete collapse of the device and neuroma formation in patients with 

NeurotubeÊ (Kehoe et al., 2012). 

 

Figure 1.1. Image highlights main route of repair for nerve gaps of specific lengths (Tan et al., 2012; Sabongi et al., 2015; Iijima 

et al., 2016). 
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Table 1.1. FDA approved devices to treat peripheral nerve injury. Adapted by Bell et al. (2012) (J. H. Bell and Haycock, 2012). 

Commercial 
Name 

Material Device Type Natural or Synthetic 

NeuraGen® Type I collagen NGC Natural 

NeuroMatrixÊ Type I collagen NGC Natural 

NeuroflexÊ Type I collagen NGC Natural  

AxoGuardÊ Porcine small intestinal submucosa NGC Natural 
 

Neurotube® Polyglycolic Acid (PLGA) NGC Synthetic 

Neurolac® PolyDL-lactidee-Caprolactone (PCL) NGC Synthetic 

Nerve ProtectorÊ Polyvinyl Alcohol (PVA) NGC Synthetic 

SaluTunnelÊ Salubria- biostable polyvinyl alcohol 

hydrogel 

NGC Synthetic 

SalubridgeÊ Salubria- biostable polyvinyl alcohol 

hydrogel 

Protectant Nerve wrap 
device 

Synthetic 

NeuromendÊ Type I collagen Wrap Synthetic 

Advance
®
 Nerve 

Graft 

Human Nerve Allograft Natural 

 

1.5 Regeneration inside a Hollow Nerve Guide Conduit 

As previously described, the peripheral nervous system can regenerate via a process called 

Wallerian degeneration and regeneration (Perry et al., 1987; Deumens et al., 2010; Pfister et 

al., 2011). After degeneration, Schwann cells proliferate in the endoneurial tubes and form 

the óBands of BŤngnerô as guidance cues for the regenerating nerve axons (Pfister et al., 

2011). However, nerve regeneration differs in a hollow nerve guide tube, and it is important 

to understand this process when designing new nerve guide conduits to improve 

regeneration (Kehoe et al., 2012). Regeneration occurs in hollow conduits via 5 different 

stages: A fluid phase, matrix phase, cellular migration phase, axonal phase and a 

myelination phase (W. Daly et al., 2012). The proximal and distal nerve stumps are sutured, 

or adhered in place with fibrin glue, to each end of the nerve guidance conduit. Following 

implantation, a protein rich plasma exudate, containing neurotrophic growth factors and ECM 

molecules, is released via the nerve stumps into the conduit (W. Daly et al., 2012; Kehoe et 

al., 2012). A matrix of fibrin is formed between the proximal and distal ends of the nerve 

conduit, and after one week, a fibrin cable is formed between both ends of the conduit (W. 

Daly et al., 2012). The fibrin cable provides a supporting ECM scaffold, which guides the 

migration of Schwann cells, fibroblasts, macrophages and endothelial cells from both the 
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proximal and distal nerve stumps (Kehoe et al., 2012).  The migrating Schwann cells align 

themselves to the fibrin cable and proliferate, forming the Bands of BŤngnerô (W. Daly et al., 

2012). During the axonal phase, new axonal sprouts from the proximal stump use the fibrin 

cable and newly formed óBands of BŤngnerô to cross the injury site and reach the distal nerve 

stump (Deumens et al., 2010). During the cellular and axonal phases, the fibrin cable 

degrades away, during a 2 week period after formation (W. Daly et al., 2012). Finally, during 

the myelination phase, Schwann cells forming the óBands of BŤngnerô change phenotype, 

from a regenerative proliferative phase, to a more ómature myelinating phenotypeô after they 

adhere to the regenerating axons (Deumens et al., 2010). Schwann cells then re-myelinate 

the regenerating axons to restore function to the nerve (J. H. Bell and Haycock, 2012). Due 

to the formation of the fibrin cable, the rate of nerve regeneration to occur through a hollow 

tube increases when compared to use of an autograft (Kehoe et al., 2012). This is due to the 

presence of the óbasal lamina endoneurial tubesô and Schwann cells in the graft, providing 

neurotrophic factors for the regenerating axon (Belkas et al., 2004b). Current research 

focuses on improving conduit designs and produce a nerve guide conduit comparable to the 

autograft (W. Daly et al., 2012).  

 

1.6 Improving Existing Hollow Nerve Guide Conduits 

There are several approaches to improving existing current hollow nerve guide conduits. 

One approach is to change the material of the hollow nerve guide conduit altogether. Natural 

materials, as the outer tube structure, can be difficult to process, have weak mechanical 

properties, and can cause an immune response (J. H. Bell and Haycock, 2012). However, 

although the synthetic materials currently used in FDA approved conduits have shorter 

degradation times, the degradation rates cannot be controlled, they degrade into acidic 

product, provoke an immune response, and material mechanical properties change rapidly 

after implantation (W. Daly et al., 2012). Due to issues with devices currently made from 

both natural and synthetic materials, further research on new materials, as well as blending 

natural and synthetic materials together is very much needed for peripheral nerve repair.  

 

Due to the success of nerve guide conduits made from collagen, a lot of research is being 

done into using natural polymers, such as glycosaminoglycans and proteins. Fibrin, 

fibronectin, keratin, chitosan, silk, alginate and hyaluronic acid have all been studied 

(Arslantunali et al., 2014b). The filling of hollow synthetic conduits with proteins, such as 

fibronectin, fibrin and laminin, has had success in bridging gaps of up to 18mm, improving 

their efficiency (Belkas et al., 2004a). Mosahebi et al. (2003) were able to bridge gaps of 

10mm using an alginate/fibronectin filled conduits. Silk fibroin is of interest in repairing 

peripheral nerve injuries due to its flexibility and desirable mechanical properties (B. N. 
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Johnson and Jia, 2016). Yang et al. (2007) have shown that silk is biocompatible and that it 

can bridge gaps of 10-13mm in rat sciatic nerve. More recently, Gu et al. (2014) have used 

silk in a scaffold with chitosan to bridge 10mm gaps in rat sciatic nerve. However, 

manufacturing natural polymers has many issues, due to the immunological responses they 

provoke. Researchers are currently blending natural polymers with synthetic polyesters to 

overcome this. Not only would the conduit have the excellent biocompatibility of the natural 

polymers, and similar mechanical properties to the native nerve, but a controlled degradation 

rate and the various forms of manufacture that synthetic polymers attract (Arslantunali et al., 

2014b). Natural polymers, such as collagen, have been blended with poly(lactic acid) (PLA), 

poly(glycolic acid) (PGA), poly(L-Lactic acid) (PLLA) poly(lactic acid-co-glycolic acid) 

(PLGA), poly(Ů-caprolactone) (PCL) and poly(D,L-lactide-co-Ů-caprolactone) (Baumann and 

Pham-Dinh, 2001). Yu et al. (2011) showed promising results with a 

collagen/polycaprolactone electrospun conduit bridging 8mm gaps in rat sciatic nerves, 

favouring control of the rate of degradation and the conduit maintaining its mechanical 

properties after 4 months (Wenwen Yu et al., 2011). Oh et al. (2008) were able to produce 

porous nerve guide tubes from PLGA and pluronic F127. Pores, of approximately 50nm, 

were formed using immersion precipitation and a 10mm rat sciatic nerve gap was bridged, 

more successfully compared to tubes made from neat silicon and PLGA (Oh et al., 2008). 

This study highlights that the efficiency of synthetic nerve guide tubes can be improved by 

the addition of pores in the structure. Research conduits have also been supplemented with 

additional Schwann cells, stem cells and growth factors such as vascular endothelial growth 

factor (VEGF) and nerve growth factor (NGF) (Kehoe et al., 2012). 

 

Other approaches at improving peripheral nerve repair using coatings include using extra 

cellular matrix proteins, such as collagen and laminin as coatings on synthetic materials to 

aid biocompatibility. Lee et al. (2006) coated a PLGA tube externally and internally with 

collagen. The internal collagen acted as a gel and successfully bridged a 15mm gap in rat 

sciatic nerve compared to a ócollagen- filled vein graftô (Doug-Youn Lee et al., 2006). 

However, more recent advances have shown that using laminin as coating for nerve guide 

conduits if more efficient in bridging gaps than the other extracellular matrix proteins. 

Armstrong et al. (2007) concluded this as the laminin coated P(3HB) sheets had higher 

Schwann cell proliferation, compared to P(3HB) sheets coated with fibrin and collagen 

(Armstrong et al., 2007). Surfaces of nerve guide conduits have been chemically modified 

using plasma polymerisation to improve cellular adhesion and biocompatibility. The coating 

of nerve guides with natural polymers, such as collagen and laminin can cause an immune 

response due to how they have been derived (Perry et al., 1987). Therefore, using synthetic 

coatings, such as allylamine and acrylic acid, to deposit chemical groups onto the polymer 
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surface, should avoid this issue. Buttiglione et al. (2007) plasma coated Polyethylene 

terephthalate (PET) surfaces with plasma coatings, acrylic acid and allylamine, and cultured 

SH-SY5Y neuroblastoma cells onto the surfaces to analyse cell responses to the surface 

coatings (Buttiglione et al., 2007). Acrylic acid, when fed into the gas line, coats the polymer 

surface with carboxylic groups, whereas allylamine will cause an increase in amino groups 

on the surface of the polymer (J. H. Bell and Haycock, 2012). It was concluded that the 

addition of the amine groups to the PET surfaces caused an increase in cell proliferation and 

cell attachment, and that the addition of the carboxyl groups onto the surface of the PET 

increased the cell number but more importantly the expression of the neurofilament-200 and 

led to an increase in cell differentiation (Buttiglione et al., 2007). 

Another strategy to improve current hollow tube nerve guide conduits is by changing the 

design of the conduit, to incorporate channels, microgrooves and pores to guide the 

regenerating axon and to allow nutrient transfer (W. Daly et al., 2012).  The manufacturing 

method used determines many factors in peripheral nerve repair such as the porosity of the 

conduit in allowing the exchange of nutrients needed for repair, as well as the internal 

topography of the tube which will aid in the guidance of the regenerating axon (J. H. Bell and 

Haycock, 2012). Nerve conduits have been fabricated, using natural materials, by injection 

moulding and crosslinking methods, using gelatin, hyaluronic acid, and collagen. Blends of 

alginate and chitosan, and PLA with chitosan have been fabricated into conduits by mandrel 

coating. Other methods include freeze drying and dip-coating (Biazar and Heidari Keshel, 

2013).  Nerve guide conduits using synthetic materials have already been manufactured 

using many different techniques, such as solvent casting, injection moulding with 

crosslinking, injection moulding, electrospinning and 3D printing.  

3D printing has become a popular technique to manufacture NGCs for research purposes. 

Pateman et al. (2015) manufactured hollow NGCs from photocurable Polyethylene Glycol, 

using microstereolithography, and had success when implanting conduits into a 3mm gap 

injury model in thy-1-YFP-H mice (Pateman et al., 2015). Nerve regeneration in PEG tubes 

was almost comparable with the autograft control, and the study highlighted the potential of 

stereolithography for the production of nerve guide conduits with óintricate guidance 

structuresô (Pateman et al., 2015). Johnson et al. (2015) printed 3D bifurcating nerve graft 

pathway from Silicone using structured light scanning (SLS) (B. N. Johnson et al., 2015). 

Alginate, PCL, PLGA and a gelatin methacrylate hydrogel can also be printed via structured 

light scanning, incorporating different ógeometries, physical cues, biological supplements and 

gradientsô (B. N. Johnson and Jia, 2016). These studies highlight the moving approach 

towards to a more personalised and individual approach to nerve repair and treatment.  

Channels can also be manufactured into nerve guide conduits, to allow space for the nerve 

fascicles in the regenerating nerve and provide guidance (W. Daly et al., 2012; Lowe and 
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Anderson, 2015). Yao et al. (2010) manufactured collagen conduits with 1, 4 and 7 

channels, and investigated mechanical and physical properties compared to the FDA 

approved collagen conduit NeuraGen® (Li Yao et al., 2010). The collagen in this study was 

crosslinked with 0ï60mM (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide [EDC] in N-

hydroxysuccinimide [NHS]) to limit the degradation and swelling which are observed when 

implanting NeuraGen® conduits in vivo (Li Yao et al., 2010; Kehoe et al., 2012). Crosslinked 

collagen conduits had significantly decreased swelling, increased degradation rate and a 

lower compressive strength compared to NeuraGen® conduits (Li Yao et al., 2010). The 

study also reported no difference in rat DRG neurite outgrowth on collagen films with the 

EDC and NHS crosslinkers, compared to plain collagen films, suggesting that the 

crosslinkers did not cause any toxic effects and improved the mechanical and physical 

properties of collagen (Li Yao et al., 2010).  

The incorporation of pores into nerve guide conduits is another approach to conduit design 

improvement (W. Daly et al., 2012). As stated, nerve guide conduits must allow the transfer 

of nutrients and oxygen to the injury site, óminimise the diffusion of growth factorsô outside 

the conduit,  but must restrict the penetration of inflammatory cells (Kehoe et al., 2012). 

Jiang et al. (2010) reported that the ideal pore size for nerve guide conduits should be 

between 5 and 30µm, as 5µm pores prevents cell proliferation, and pore sizes above 30µm 

allows excessive inflammatory cell penetration to the injury site (Jiang et al., 2010). Pores 

can be incorporated into nerve guide conduits in two ways: by using a porogen, such as salt 

or plastic porogen, or by emulsion templating. Yang et al (2005) incorporated pores using 

salt, into PLGA nerve conduits by gas foaming (Yang Yang et al., 2005b). Mechanical 

properties of the conduits could be controlled by the percentage of porosity for the conduits, 

the addition of pores enhanced nerve regeneration, by stimulating neurite outgrowth (Yang 

Yang et al., 2005b; Arslantunali et al., 2014b).  Pores can also be incorporated into nerve 

guides by emulsion templating and additive manufacturing methods, such as 

microstereolithography (D. W. Johnson et al., 2013). Emulsion templating involves mixing 

two immiscible liquids, such as water and oil, in specific volume ratios (Owen et al., 2016). 

High Internal Phase Emulsions (HIPEs) are produced when the internal phase volume ratio 

(◖) exceeds 0.7405 (D. W. Johnson et al., 2013; Owen et al., 2016). By combining emulsion 

templated with additive manufacturing methods, scaffolds can be fabricated with specific 

pore size geometry, interconnectivity, as well as controlled design architecture (Jin Woo Lee 

et al., 2011; Cooperstein et al., 2015). Johnson et al. (2013) confirmed that high internal 

phase emulsions could be printed into a number of different scaffold types, and shapes, 

using microstereolithography, and had success printing tubes for nerve repair (D. W. 

Johnson et al., 2013). 
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Another approach to improving hollow tube design, and allowing nutrient transfer, is to use 

electrospinning to manufacture the outer conduit (W. Daly et al., 2012). Electrospinning is a 

very versatile technique to manufacture polymer fibres, of varying orientation and diameter 

(Bhardwaj and Kundu, 2010). It is a popular technique in tissue engineering to fabricate 

fibrous scaffolds for many different applications such as skin and  nerve tissue engineering 

(Bye et al., 2012). Details of the electrospinning process will be described further on in this 

chapter. Biazar et al. (2013) manufactured nanofibrous PHBV electrospun tubes and 

successfully saw the reconstruction of the nerve trunk, and nerve fibres with myelination in a 

30mm gap in a rat sciatic nerve injury model (Biazar and Heidari Keshel, 2013). Mohamadi 

et al (2017) manufactured PCL/collagen/nano-bioglass conduits by electrospinning, and 

demonstrated significantly increased human endometrial stem cell viability on the scaffolds, 

compared to a tissue culture plastic control (Mohamadi et al., 2017). Huang et al. (2015) 

fabricated smooth and grooved cellulose acetate butyrates electrospun fibrous conduits and 

implanted in a 13mm gap rat sciatic nerve injury (Huang et al., 2015). Overall, the grooved 

nanofibre conduits significantly improved nerve regeneration compared to the smooth fibre 

conduits, indicating the effect surface topography has on nerve regeneration (Huang et al., 

2015).  

Electrospun fibres can also be incorporated into the lumen of a hollow nerve guide conduit to 

provide intraluminal guidance for the regenerating axon (J. H. Bell and Haycock, 2012). It 

has been suggested that the addition of aligned electrospun fibres, to hollow nerve guides, 

can be used to replace, or act as an additional anchor for the fibrin cable which is formed 

during nerve regeneration inside a hollow tube (W. Daly et al., 2012). Intraluminal guidance 

scaffolds provide guidance for the regenerating axon, from the distal end to the proximal 

stump, and mimics the extracellular matrix fibrils, to increase Schwann cell adherence and 

migration along the fibres (Gupta et al., 2009; W. Daly et al., 2012). Electrospun fibre 

scaffolds have been investigated in nerve tissue engineering, by looking at two different 

variables: fibre alignment and fibre diameter.  

Chew et al. (2008) reported that both aligned 1µm PCL fibres promoted a more mature 

Schwann cell phenotype, in which cells aligned and were elongated along the fibres, 

compared to random 1µm PCL fibres, where cells were more randomly orientated and less 

elongated (Chew et al., 2008). By promoting a more mature Schwann cell phenotype, nerve 

regeneration could be increased in vivo (Jessen et al., 2015). Prabhakaran et al. (2013) 

reported an increase in cell proliferation on aligned fibre PHBV scaffolds, showing óbiopolar 

extensionsô along the fibres, compared to the phenotype morphology of Schwann cells 

adhered on randomly orientated PHBV fibres (Prabhakaran et al., 2013) . Masaeli et al. 

(2013) blended PHBV with collagen, and PHB, and observed an increase in cell proliferation 

on the collagen scaffolds, as well as cell extensions aligning themselves with the aligned 
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fibrous scaffolds, compared to the random orientated fibre scaffolds (Masaeli et al., 2013). 

These studies highlight that Schwann cells and neuronal cells can use aligned fibres as 

guidance cues to aid regeneration and that fibre alignment is crucial in effective peripheral 

nerve regeneration (Masaeli et al., 2013). 

Not only does fibre alignment aid in effective peripheral nerve repair but also the fibre size of 

the scaffold plays a significant role. The study by Daud et al. (2012) compared different fibre 

diameters of 1, 5 and 8µm aligned fibre scaffolds, and compared the responses of rat 

primary Schwann cells, dorsal root ganglion and neuronal cell line NG108-15 (Daud et al., 

2012). It was reported that cells cultured had an increase in the number of neurites present 

per neuron on 5µm scaffolds, compared to the other sizes, but that longer neurites were 

expressed on 8µm scaffolds. There was a significant increase of live cells on both the 5 and 

8µm scaffolds, compared to the 1µm fibre scaffolds (Daud et al., 2012). Gnavi et al. (2015) 

reported increased Schwann cell migration and axonal growth from DRG explants on 1µm 

and 1.3µm gelatine fibres, compared to 0.3µm and 0.6µm gelatine scaffolds (Gnavi et al., 

2015b). Wang et al. (2010) reported significantly higher neurite outgrowth from chick DRGs 

cultured on aligned 1.325 and 0.759µm PLLA fibres compared to the small 0.293µm PLLA 

fibres (H. B. Wang et al., 2009). Not only do these studies highlight the importance of using 

DRG nerve injury modes, but also that both fibre size and alignment play an equal role in 

peripheral nerve repair. 

 

1.7 Electrospinning 

Electrospinning is a very replicable and simple technique to manufacture aligned and 

random fibres, with varying fibre diameters, using a range of different polymer, to 

manufacture scaffolds for a range of different applications (Bye et al., 2012). In tissue 

engineering applications, fibrous electrospun scaffolds act as a platform to promote cellular 

attachment and proliferation by mimicking the extra cellular matrix (Bhardwaj and Kundu, 

2010).  Both natural and synthetic polymers can be fabricated into fibres via several different 

parameters to optimise on the electrospinning set up. These consist of: 

Å Molecular weight of the polymer 

Å Polymer concentration and viscosity of the solution 

Å The choice of solvent.  

Å The flow rate of the polymer solution 

Å Distance between the needle tip and the collector 

Å Speed of the collector 

Å Voltage of the power supply (Bhardwaj and Kundu, 2010) 

A liquid polymer solution is dispelled from a needle tip which is attached to a power supply. 
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When an electric current is applied over a liquid droplet, electrostatic forces of repulsion 

overcome the surface tension of the liquid droplet and becomes stretched (Bhardwaj and 

Kundu, 2010). This becomes known as the óTaylor Coneô and a charged jet of polymer 

solution is expelled from the cone and collected on a grounded collector, either a rotating 

mandrel (for aligned fibres) and a static collector (for randomly orientated fibres) (Pham et 

al., 2006). The different parameters, above, are changed depending on the size of the fibres 

needed to be fabricated and the orientation of the fibres. Humidity and temperature of the 

surrounding environment can also be a factor when electrospinning fibres. However, these 

cannot always be controlled (Pham et al., 2006).  The type of solvent used to dissolve the 

polymer in, is a crucial step when electrospinning a polymer of interest. The properties of the 

polymer solution, such as molecular weight, viscosity and polymer solution, are all parameter 

to optimize when electrospinning (Bhardwaj and Kundu, 2010). The molecular weight of the 

polymer used can influence the solution properties, such as rheology and electrical 

conductivity. Fibres fabricated from low molecular weight polymers form beaded fibres, 

therefore, higher molecular weight polymers are used more commonly (Bhardwaj and 

Kundu, 2010). Viscosity and polymer concentration are also crucial parameters to observe 

when making solutions to be spun. Using a lower polymer concentration will have low 

viscosity, and can fabricate fibres in the nano-range, but if the concentration of the polymer 

is too low, fibres will not be formed from the óTaylorô cone, instead electrospraying. If the 

polymer concentration of the solution is higher, the solution will be more viscous and thicker 

fibre diameters can be fabricated. However, if the polymer concentration is too high, the 

solution will be too viscous to spin, blocking the syringe (Pham et al., 2006).  Due to 

versatility of electrospinning, a number of different polymers have been investigated in nerve 

tissue engineering, as use in an electrospun nerve guide conduit, or as a intraluminal 

guidance scaffold, to replace the fibrin cable and improve nerve regeneration (W. Daly et al., 

2012).  

 

1.8 Polyhydroxyalkanoates (PHAs) 

Polyhydroxyalkanoates are a family of biocompatible and biodegradable thermoplastic bio-

polyesters (Arslantunali et al., 2014b). Polyhydroxyalkanoates are primarily an intracellular 

energy and carbon source for some bacteria and are synthesized under conditions with 

excess carbon and a limited concentration of a growth nutrients (oxygen, nitrogen, sulphur, 

magnesium and phosphorus) (Sang Yup Lee et al., 1999). PHAs have excellent 

biocompatibility and degrade quickly into non-toxic by products (Sombatmankhong et al., 

2006). PHAs are classified as short chain length (SCL) and medium chain length (MCL) 

PHAs depending on the number of carbon atoms in the monomer unit (Basnett et al., 2013). 

Short chain PHA monomers consist of 3ï5 carbon atoms whereas medium chain PHAs 
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consist of 6ï14 carbon atoms in their monomer unit (Philip et al., 2007). Due to differences 

in their monomer units, the physical properties of short chain and medium chain PHAs can 

vary (L. R. Lizarraga-Valderrama et al., 2016). MCL-PHAs have long aliphatic chains in their 

structure, and experience low melting temperatures, low crystallinity and are very 

elastomeric in nature (Basnett et al., 2013). Due to a lower number of carbon atoms in the 

monomer, SCL-PHAs have high crystallinity, higher melting temperatures, and are more 

brittle in nature (Valappil et al., 2006). Currently, poly(3-hydroxybutyrate) (PHB) and poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), polyhydroxyoctanoate (PHO) and 

polyhydroxyhexanoate (PHH)  have been extensively researched as materials in tissue 

engineering applications (Arslantunali et al., 2014b). PHAs are an attractive material in 

peripheral nerve repair, due to their natural origin, excellent biocompatibility and 

biodegradability (Arslantunali et al., 2014b). PHAs degrade via surface erosion and 

hydrolytic degradation occurs via de-esterification (Assaf et al., 2017).  The products of 

polyhydroxyalkanoate degradation, such as D,L-hydroxybutyrate, are removed by metabolic 

pathways in the body (Assaf et al., 2017). PHAs offer a range of bioactive polyesters with a 

wide range of different physical and mechanical properties and can be tailored for many 

applications in tissue engineering (Basnett et al., 2013).  

 

 

Figure 1. 2. The general structure of polyhydroxyalkanoates (PHA) (Akaraonye et al., 2010; Basnett et al., 2017).  

 

 

1.9 Polyhydroxybutyrate P(3HB) 

P(3HB) is an extensively researched material in nerve repair due to its excellent 

biocompatibility (Arslantunali et al., 2014b). P(3HB) is a short chain polyhydroxyalkanoate 

and was first discovered in Bacilus megaterium but is now commonly produced in Ralstonia 

eutropha, Alcaligenes latus and Bacillus cereus using bacterial fermentation (Sang Yup Lee 

et al., 1999). P(3HB) degrades and releases D,L-hydroxybutyrate (HB) which is a naturally 

occurring component in the blood and tissue (Zhao et al., 2003). P(4HB) (poly(4-

hydroxybutyrate) is the only PHA with FDA approval for its use as the suture material 

TephaFLEX® manufactured by Tepha Inc, which also produces surgical meshes (Ali and 

Jamil, 2016). As P(4HB) has FDA approval, the likelihood of P(3HB) getting FDA approval 

as a material in nerve guide tissue engineering has a high possibility. P(3HB) has been 
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investigated in nerve tissue engineering as a conduit material, and as an intraluminal 

guidance scaffold to improve regeneration. Young et al. (2002) bridged gaps of up to 40mm 

in rabbits using P(3HB) conduits but concluded that a hollow tube itself was not efficient 

enough to sustain optimal peripheral nerve regeneration (Young et al., 2002). P(3HB) 

conduits have been used by Mosahebi et al. (2003) and were filled with an 

alginate/fibronectin filler to bridge gaps of 10mm in rat sciatic nerve which much more 

success (Mosahebi et al., 2003). However, as a short chain PHA, P(3HB) is highly crystalline 

brittle material (Basnett et al., 2013). Therefore, it is currently being blended with other 

polymers and medium chain polyhydroxyalkanoates, with more elastic properties, to change 

its mechanical properties (Philip et al., 2007). 

                           

Figure 1. 3. The general structure of Polyhydroxybutyrate (P(3HB) (Arslantunali et al., 2014b). 

 

1.10 Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) is a widely used copolymer of P(3HB) 

(Arslantunali et al., 2014b). The incorporation of the 3-hydroxyvalerate monomer, in various 

ratios, into the poly(3-hydroxybutyrate) backbone causes an increase in chain flexibility and 

a decrease in the glass transition temperature (Zhao et al., 2003). With a decrease to the 

melting temperature, PHBV is cheaper and quicker to produce and process, and its 

properties can be tailored, making it an excellent and very adaptable polymer for nerve 

tissue engineering and many other tissue engineering applications (Arslantunali et al., 

2014b). It has excellent biocompatibility and biodegradability, just like its counterparts, and is 

currently being investigated in many different biomedical applications, such as skin scaffolds 

and wound repair (Bye et al., 2012). Karimi et al. (2014) have bridged a 30mm gap, in rat 

sciatic nerve, using a porous PHBV nerve guide conduit coated by oxygen plasma treatment 

to increase cell attachment (Karimi et al., 2014). Results were compared to a PHBV tube 

with the addition of rat primary Schwann cells, hollow PHBV tube, autograft and control. The 
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tube was made by solvent casting PHBV films onto micro-patterned silicon wafers to add 

porosity, and after being implanted for 4 months, the sciatic trunk had regenerated and 

motor function was restored in all groups (Biazar and Heidari Keshel, 2013; Biazar and 

Keshel, 2013). There was no difference in the thickness of the reformed myelin sheath in the 

PHBV tube with Schwann cells and the autograft group, as well as no significant difference 

in motor and nociceptive recovery between the conduits and the autograft (Biazar and 

Keshel, 2013). This study shows the promising use of PHBV in nerve tissue engineering. 

Biazar et al. (2013) also bridged a rat sciatic nerve gap of 30mm using nanofibrous conduits 

made from PHBV electrospun random fibres, as well as a chitosan/PHBV electrospun fibres 

(Biazar and Heidari Keshel, 2013; Biazar and Keshel, 2013). The aligned fibres in the 

chitosan/PHBV conduits aided as guidance cues for the regenerating axon (Biazar and 

Keshel, 2013). PHBV is used in many regenerative medicine scaffolds, along with other 

synthetic polymers, and can be electrospun easily (Bye et al., 2012). 

                              

Figure 1.4. The general structure of Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) (Arslantunali et al., 2014b).  

 

1.11 Poly(3-hydroxyoctanoate) P(3HO) and Poly(3-hydroxyoctanoate-co-3-

hydroxydecanoate) P(3HO-co-3HD) 

P(3HO) is a medium chain polyhydroxyalkanoate and is elastomeric in nature (Basnett et al., 

2013). P(3HO) is manufactured using Pseudomonas putida, Pseudomonas oleovorans and 

Pseudomonas mendocina using octanoate as its carbon source (Rai et al., 2011). Due to its 

excellent elastomeric properties, P(3HO) is one the most researched medium chain PHAs 

(Bagdadi et al., 2016). However, due to its ólow thermal stability and tensile strengthô P(3HO) 

has yet to be investigated commercially (Basnett et al., 2013). There is very little research 

using P(3HO) in nerve tissue engineering, but it is currently being investigated by blending it 

with P(3HB) to improve its biocompatibility, and improve the mechanical properties of 

P(3HB) (Lorena R. Lizarraga-Valderrama et al., 2015). Lizarraga et al. (2015) have blended 

P(3HO) with P(3HB) in ratios of 25:75, 50:50 and 75:25 to investigate the effects of neuronal 

cell viability and maturation when cultured on the different PHA blends (Lorena R. Lizarraga-

Valderrama et al., 2015). P(3HO) has been investigated as a potential material in 

cardiovascular tissue engineering. Bagdadi et al. (2016) reported that P(3HO) supported the 

growth of cardiomyocytes, and the construct had similar mechanical properties to native 
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myocardial tissue (Bagdadi et al., 2016). Basnett et al. (2013) has investigated 

P(3HO):P(3HB) blends of 80:20, 50:50 and 20:50 for their potential use in cardiovascular 

tissue engineering applications (Basnett et al., 2013). P(3HO-co-3HD) is a co-polymer of 

P(3HO) and is manufactured by Pseudomonas Mendocina using glycerol, glucose, 

gluconate or Ψbiodiesel waste as the sole carbon sourceô (Basnett et al., 2017). 3-

hydroxydecanoate is the dominant monomer in the co-polymer and there are no studies that 

have investigated the use of P(3HO-co-3HD) in tissue engineering applications (Basnett et 

al., 2017). It is a relatively novel co-polymer of P(3HO), but due to the elastomeric 

mechanical properties of P(3HO), is worth investigating for its potential use in peripheral 

nerve repair (Bagdadi et al., 2016).  

 

                                        

Figure 1.5.  The general structure of Polyhydroxyoctanoate (P(3HO) (Rai et al., 2011).  

 

1.12 Polycaprolactone (PCL) 

Compared to natural polymers, biodegradable synthetic polymers, such as PCL, are 

frequently researched for applications nerve tissue engineering (Daud et al., 2012). They 

offer mechanical stability, their properties can be tailored, and polymers can be processed 

via a number of different manufacturing methods. They are biocompatible and can be 

modified to increase cellular adhesion (Arslantunali et al., 2014b). PCL is an aliphatic semi-

crystalline polyester, which melts at 55-60°C and has a glass transition temperature of -54°C 

(Ulery et al., 2011). Due to the presence of long aliphatic chains, PCL is relatively 

hydrophobic in nature, but experiences excellent elastomeric mechanical properties such as 

ólow tensile strength (~23 MPa) and a high elongation at break (470%)ô (Ulery et al., 2011).  

PCL is manufactured by polymerization of the ócyclic monomer ‐-caprolactoneô (E Díaz et al., 

2014). PCL can degrade via enzymatic degradation, but most commonly degrades slowly via 

hydrolytic degradation, due to the stability of the ester bond in the polymer backbone (Ulery 

et al., 2011). Degradation by products of PCL, succinic acid, valeric acid, and butyric acid 
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are non-toxic to the human body (Sanchez et al., 2000; Kehoe et al., 2012). Due to the long 

term degradation rate, PCL is an attractive material for use in long term medical devices, 

such as bone tissue engineering and long gap nerve injuries (Ulery et al., 2011).  PCL is 

used widely in nerve repair research and the co-polymer of PCL, Poly D,L lactide-co-

carprolactone, is the material used to manufacture the FDA approved nerve conduit 

Neurolac® (Kehoe et al., 2012). 20mm nerve gaps can be healed by Neurolac® conduits in 

12 months of use, and the conduit takes up to 16 months to fully degrade (J. H. Bell and 

Haycock, 2012). However, reports have suggested that the Neurolac® conduits have high 

rigidity and are inflexible, causing neuroma formation and few myelinated fibres cross the 

nerve defect (Kehoe et al., 2012). Therefore, several studies are investigating PCL in nerve 

repair by changing the degradation rate and improving mechanical properties. Assaf et al. 

(2017) recently reported the use of PCL membrane conduits with and without nano-particles 

of carbon and graphene (Assaf et al., 2017). Conduits were implanted into a 4mm rat sciatic 

nerve injury model and all three conduit types supported the forming of the fibrin cable. 

However, the number of axons in the tube, and the area of the regenerated nerve 

significantly increased when using the PCL conduits with nanoparticles of carbon and 

graphene, compared to without and one type of nanoparticle each (Assaf et al., 2017). The 

use of the hydrophobic PCL decreased the risk of tube encapsulation, and the addition of the 

carbon and graphene nanoparticles increased degradation rate and improved the 

chemical/mechanical properties of bulk PCL (Assaf et al., 2017). Sun et al. fabricated PCL, 

sodium hydroxide treated PCL and PCL/PLA conduits. Significantly increased NG108-15 

neuronal cell and primary Schwann cell adhesion was observed on the sodium hydroxide 

treated PCL films compared to the non-treated films (M. Sun et al., 2009). In vivo testing 

showed after 2 weeks implantation, sodium hydroxide treated PCL conduits supported early 

nerve regeneration across the injury gap and nerve re-establishment with the distal stump 

(M. Sun et al., 2009). This study highlights that hydrophobic PCL can be modified to 

experience more hydrophilic properties (M. Sun et al., 2009).  

 

                                         

Figure 1.6.  The general structure of Polycaprolactone (PCL) (Arslantunali et al., 2014b).  

 

1.13 Poly (l-lactic acid) PLLA 
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Another biodegradable polymer of choice for nerve repair is Poly (l-lactic acid) (PLLA) 

(Arslantunali et al., 2014b). PLLA is an aliphatic polyester that degrades via bulk erosion by 

hydrolytic degradation (Ulery et al., 2011).  It is a highly crystalline polyester and is 

polymerized using lactic acid (Tokiwa and Calabia, 2007). PLLA has high mechanical 

properties, having a Youngs Modulus of 4.8 GPa (Ulery et al., 2011). It has a melting 

temperature of 175°C and a glass transition temperature of 60-65°C (Ulery et al., 2011). It 

has previously been reported that the addition of PLLA to other polymers, speeds up the 

degradation rate due to ester bond cleavage being a random process (Elsawy et al., 2017). 

PLLA is hydrophobic in nature and acidic by products are released during degradation (Yoon 

et al., 2017). PLLA is extensively research in nerve tissue engineering due to it degradation 

rate and biocompatibility (Arslantunali et al., 2014b). It has been researched as a nerve 

guide conduit material, and as an intraluminal scaffold for nerve repair. The study by Evans 

et al. (1999) implanted porous PLLA conduits into a 10mm rat sciatic nerve injury (Evans et 

al., 1999). Conduits were fabricated by solvent casting and extrusion, and pores were 

created by the addition of a salt porogen, which was leached before implantation (Evans et 

al., 1999). Nerve fibre density, axon number and nerve area was comparable to that of an 

autograft and overall it was concluded that PLLA was a favourable scaffold material (Evans 

et al., 1999). PLLA electrospun fibres have been fabricated by several different research 

groups to understand the importance of fibre alignment and fibre diameter with regards to 

improving nerve regeneration distances. Yang et al. (2005) fabricated random and aligned 

nano (300nm) and micro (1.5µm) electrospun PLLA fibres, and cultured Neonatal mouse 

cerebellum C17.2 stem cells onto scaffolds, to observe neurite outgrowth (F. Yang et al., 

2005a). Cells were observed to align themselves to the aligned fibres, where as they grew in 

a random orientation on the randomly orientated PLLA fibres. Neurite length was 

significantly higher from C17.2 cells cultured on the aligned PLLA microfibres compared to 

the other conditions (F. Yang et al., 2005a). This study highlights the importance of both fibre 

diameter and alignment for designing and fabricating an intraluminal guidance scaffold. 

Although PLLA is a less favourable polyester for nerve repair, compared to PCL and PLGA, 

it is still highly researched due to its physical and mechanical properties (Arslantunali et al., 

2014b). 
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Figure 1.7.  The general structure of Poly (l-lactic acid) (PLLA) (Gu and Shen, 2016).  

 

1.14 Poly Lactic-co-Glycolic Acid (PLGA) 

PLGA is another biodegradable polyester, which under investigation for use in peripheral 

nerve repair (Arslantunali et al., 2014b). It is a co-polymer of both PLA and PGA and is 

formed via random copolymerization (Ulery et al., 2011). Due to varying properties of both 

PLA and PGA, is an attractive biomaterial due to the tailoring of degradation rate, and 

mechanical and physical properties due to varying portions of both monomers. PGA is 

hydrophilic in nature, and highly crystalline, whereas PLA is more hydrophobic in nature, and 

semi crystalline (Gentile et al., 2014). PGA has a high rate of degradation, whereas PLA is 

less susceptible to hydrolytic degradation due to the shielding effect from methyl side groups 

in its structure (Isabelle Vroman and Tighzert, 2009). PGA is currently used in the FDA 

approved nerve guide conduit Neurotube®, a woven mesh tube. Neurotube® has good initial 

mechanical properties, a quicker degradation rate than the Neurolac® tube, and has been 

comparable to an autograft in bridging 20mm defect gaps (Kehoe et al., 2012). However, the 

acidic degradation products, high degradation rate and the loss of conduit stability long term 

remains the key issues with using the conduits. PLGA has had FDA approval for use as a 

suture material since 1974, a PLGA (10:90) braided suture Vicryl® (Ethicon), and most 

recently, Vicryl Rapide, which has a higher degradation rate (Ulery et al., 2011). Due to FDA 

approval already, and attractive mechanical, degradation and physical properties, PLGA is 

currently being researched extensively for nerve tissue engineering applications. In the study 

by Oh et al. (2008) PLGA was mixed with the surfactant polyol F127, and tubes were 

manufactured by an immersion precipitation method. This method manufactured conduits 

with inner pores of 50nm and outer pores of 50µm (Oh et al., 2008). Conduits were 

implanted into a 10mm gap defect in a rat sciatic injury model and after 24 weeks 

implantation, the diameter of myelinated axons and the thickness of the myelin sheath was 

significantly higher in PLGA-F127 tubes compared to the silicone control (Oh et al., 2008). 

Shen et al. (2010) manufactured PLGA conduits by weaving cylindrical PLGA filaments. 

Conduits were then treated with oxygen plasma and coated with chitosan and ciliary 

neurotrophic factor (CNTF) to improve hydrophilicity and increase cellular attachment (Shen 

et al., 2010). Conduits were then implanted into canine tibial defects of 25mm, for 3 months 

implantation. It was observed that the addition of the CNTF to PLGA/chitosan conduits 

increased nerve tissue percent, the average nerve fibre diameter and increased the 

thickness of the myelin sheath, compared to PLGA/chitosan conduits alone. The 

PLGA/chitosan conduits plus CNTF were comparable with the autograft control (Shen et al., 

2010). PLGA has also been fabricated into fibrous scaffolds to improve nerve regeneration 

by providing guidance for the regenerating axon. Bini et al. (2006) fabricated four different 
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PLGA scaffolds to be investigated: óelectrospun nanofibre scaffold, microbraided microfibre 

scaffold, aligned microfibre scaffold and PLGA polymer filmô. C17.2 stem cells were seeded 

onto the different scaffolds and attached and adhered on all of them. C17.2 cells adhered in 

a random manner on the PLGA nanofibre scaffold and aligned onto the fibres in the case of 

the microbraided and aligned microfibre PLGA scaffolds (Bini et al., 2004). Cellular adhesion 

was lower on the PLGA films, compared to the random nanofibre scaffolds due the porosity 

of the films, and the rougher topography of the fibres (Bini et al., 2006).  Overall, PLGA is an 

attractive material for nerve tissue engineering. 

 

 

                       

 

Figure 1. 8.  The general structure of Poly Lactic-co-Glycolic Acid (PLGA) (Shabir et al., 2011).  

 

1.15 Aims and objectives  

The main aim of this study was to develop and fabricate an aligned fibre intraluminal 

guidance scaffold, from a novel blend of Polyhydroxyalkanoates and FDA approved 

biodegradable polymers, to be used in conjunction with a nerve guide conduit. Polymer 

blends would be characterised for chemical, mechanical and physical properties before 

assessing fabricating of aligned fibres. Scaffolds would then be tested in vitro, using 

immortal cell lines and primary cells, before assessing fibres with an organotypic ex vivo 

DRG explant 3D culture model to determine which fibre material combination and diameter 

is assessed in vivo. It is hypothesised that the addition of electrospun aligned fibres to a 

hollow nerve guide conduit will increase nerve regeneration distance compared to a hollow 

tube. It is also hypothesised that using a blend of polymers, including 

polyhydroxyalkanoates, will support neuronal and Schwann cell adhesion and differentiation 

more effectively than using the FDA approved biodegradable polymers PCL, PLLA and 

PLGA. From the literature, it is hypothesised that fibre diameters of between 4-9µm will 

support neuronal cell differentiation more efficiently than fibre diameters which are smaller 

and larger. Other aims of this work was assessing the potential use of aminosilanes for use 

in peripheral nerve repair, and whether pressurized gyration could be used to manufacture 

aligned fibre scaffolds rather than using electrospinning. It is hypothesised that the addition 
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of aminosilanes to glass coverslips will improve neuronal and Schwann cell adhesion, and 

this technology could be applied to polymer NGCs.  

The objectives of this study are: 

¶ Characterise chosen polymers and choose most appropriate blends depending on 

mechanical, chemical and physical properties.  

¶ Perform electrospinning of chosen polymers and novel polymer blends. Note 

electrospinning condition, reproducibility, fibre alignment and fibre diameter 

fabricated.  

¶ Determine most efficient fibre diameter for nerve regeneration by performing in vitro 

analysis using NG108-15 neuronal cells and Schwann cells.   

¶ Perform in vitro analysis of polymer blends with two different fibre diameters, using 

NG108-15 neuronal and Schwann cells in mono and co-culture, to assess which 

material blend should be taken forward to ex vivo organotypic culture.   

¶ Determine which fibre diameter, and material blend, is the most effective in 

supporting DRG neurite outgrowth and Schwann cell migration by using a 3D 

organotypic ex vivo DRG culture system. Material blend that supports the furthest 

Schwann cell migration length and DRG neurite outgrowth length will be further 

investigated using in vivo testing externally.  

¶ Investigate the potential use of aminosilanes in peripheral nerve repair applications. 

Characterise aminosilanes using WCA, AFM and XPS, and assess aminosilanes 

using in vitro analysis.  

¶ Conduct analysis on PHA fibres manufactured by pressurised gyration, and whether 

this method could replace electrospinning to fabricate aligned polymer fibres.  
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Chapter 2: Materials for Peripheral Nerve Repair: 

Characterisation and Evaluation 

 

2.1 Introduction 

There are currently four FDA approved synthetic polymer nerve guide conduits (NGCs) 

available to treat nerve injuries: SaluTunnelÊ and Nerve ProtectorÊ (polyvinyl alcohol 

(PVA), Neurotube® (polyglycolic acid (PGA) and Neurolac® (polycaprolactone (PCL) (W. 

Daly et al., 2012). Although NGCs manufactured from natural polymers, such as type 1 

collagen (NeuraGen®) offer excellent biocompatibility, they lack the structural stability that 

synthetic polymers offer due to increased degradability, and unwanted immune responses 

due to batch variability (Kehoe et al., 2012). Therefore, the use of synthetic polymers avoids 

these issues, due to the ability to tailor degradation rates, mechanical and physical 

properties, and ease of manufacturing conduits (Nectow et al., 2012). Biocompatibility, and 

surface topography, of synthetic polymers can be also be modified to improve cellular 

adhesion via surface modification techniques such as plasma polymerisation (J. H. Bell and 

Haycock, 2012).  

Material choice is critical when designing and manufacturing a successful nerve guide 

conduit. The conduit must be biocompatible, allow cellular adhesion, be  biodegradable and 

not illicit an immune response (Arslantunali et al., 2014a). The material must allow the 

exchange of nutrients in and waste products out of the conduit, be flexible and mimic the 

native nerve tissue, whilst maintaining its mechanical structure in vivo (Nectow et al., 2012). 

Current research in nerve tissue engineering focuses on blending synthetic polymers with 

natural biopolymers to fabricate conduits with improved cellular adhesion, mechanical and 

physical properties (Arslantunali et al., 2014b). However, natural biopolymers are expensive 

and difficult to manufacture into conduits using current techniques, such as injection 

moulding and casting. Therefore, using biocompatible synthetic polymers, such as 

polyhydroxyalkanoates (PHAs) can eliminate these concerns. Polyhydroxyalkanoates are 

synthetic storage polymers produced by a variety of bacterial species (Philip et al., 2007). 

After production, PHAs are purified and bacterial endotoxin is removed. Due to their natural 

origin, PHAs are favourable in many tissue engineering applications such as skin, nerve and 

cardiac tissue engineering (Basnett et al., 2013). PHAs have excellent biocompatibility, are 

biodegradable and P(4HB) has FDA approval for use as a suture material 

(Sombatmankhong et al., 2006). PHAs can be tailored, to achieve the required mechanical 

and degradation properties for required applications and are cheaper to produce compared 

to natural biopolymers such as collagen (Arslantunali et al., 2014b). Due to these properties, 
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PHAs are attractive materials to blend with other synthetic materials, and other PHAs for 

various tissue engineering applications.   

When considering polymers for use in a blend for peripheral nerve repair, primary 

considerations of the materials involved are their mechanical properties, surface chemistry 

and topography (Nectow et al., 2012).  The ideal blend of materials should match, or be as 

close to, the mechanical properties of the native nerve, such as modulus and tensile 

strength, whilst maintaining structural integrity (W. Daly et al., 2012). If the conduit/scaffold is 

brittle and stiff, the device will fail by causing compression to the regenerating nerve, limiting 

tissue inflammation, as seen in some cases for Neurolac® (Kehoe et al., 2012). In the body, 

nerves are exposed to a number of different mechanical forces constantly, such as shear 

and compressive stresses (Topp and Boyd, 2006). Therefore, tensile testing was performed 

on all the polymers and polymer blends to confirm the Youngôs modulus, tensile strength and 

elongation at break. As well as mechanical properties, other physical properties of materials, 

for use in nerve tissue engineering should also be considered, such as the degradation 

prolife of the polymers, suturability, and the physical fit of the nerve in the conduit with 

regards to swelling after surgery (Nectow et al., 2012).  

The static sessile drop method was performed on all polymers and blends, to measure the 

water contact angle and determine surface wettability. Surfaces are deemed hydrophilic 

when the contact angle of the water droplet on a surface is less than 90° and indicates 

wettability, where as a high contact angle of above 90° indicates a hydrophobic nature 

(Basnett et al., 2013). Cellular adhesion is increased on rougher surfaces compared to 

smooth surfaces, due to surface topography and hydrophilic nature (Lorena R. Lizarraga-

Valderrama et al., 2015). Fan et al. (2002) confirmed that significantly higher numbers of 

neuronal cells adhered to rough silicon surfaces compared to smooth silicon surfaces (Fan 

et al., 2002). However, if a polymer exhibits a hydrophilic nature, this can indicate a quicker 

degradation rate due to increased hydrolytic degradation (E Díaz et al., 2014).   

Cell viability and cytotoxicity tests are also performed in material evaluation, to determine if 

any polymers cause neuronal cell toxicity. The choice of cell type for initial biocompatibility 

testing is the NG108-15 neuronal cell line, which is a mouse neuroblastoma and rat glioma 

hybrid cell line (Tsai et al., 2005). Although NG108-15 neuronal cells do not mimic the 

regeneration rate of a regenerating axon in vivo, they are a well characterised cell line and 

have been used extensively in in vitro neuronal research (Armstrong et al., 2007). Neurites 

outgrow from the cell bodies when serum is removed from cell medium, causing the cells to 

mature and differentiate (Daud et al., 2012). Neurite lengths can be measured to determine 
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the effect the material type has on the differentiating neuronal cell line. Cell viability in this 

chapter was determined by performing the live/dead cell viability and an MTT assay.  

In this chapter, a range of blends of synthetic biopolymers were characterised and evaluated 

for their potential as an intraluminal aligned scaffold for use in nerve repair. 

Mechanical properties of known synthetic polymers, used or currently being investigated for 

their use in peripheral nerve repair, were recorded in to the table below. Mechanical 

properties of P(3HB), P(3HO), P(3HO-co-3HD) and PHBV were provided by Professor Ipsita 

Roy (The University of Westminster, U.K.) and properties of PLGA, PLLA and PCL were 

provided by Vornia Biomaterials Ltd (as part of the Neurimp FP7 project) (Basnett et al., 

2013). 

Table 2.1. A table to show the mechanical properties of polymers to be investigated as blends in this chapter. Molecular weight 
was recorded.  

Material s, MPa e
failure

, % E, 
MPa 

Molecular 
Weight (kDa) 

Supplier Reference 

P(3HB) 25.7 ° 

0.5 

3.8 ° 0.6 1700 ° 

300 

452 The University of 

Westminster 

(Lorena R. 

Lizarraga-

Valderrama et al., 

2015) 

PLLA 11.3 ° 

1.6 

2.0 ° 0.4 990 ° 

120 

300 Vornia 

Biomaterials Ltd 

(Bergström and 

Hayman, 2016) 

PCL 9.65 ° 

0.71 

33 ° 6 170 ° 

14 

70-90 Vornia 

Biomaterials Ltd 

(Eshraghi and Das, 

2010) 

P(3HO-co-

3HD) 

10.4 ° 

1.0 

440 ° 10 8.7 ° 

1.1 

350  The University of 

Westminster 

(Basnett et al., 

2017) 

P(3HO) 8.6 ° 

3.8 

1200 ° 200 0.8 ° 

0.1 

677 The University of 

Westminster 

(Lorena R. 

Lizarraga-

Valderrama et al., 

2015) 

PLGA 1.8 ° 0.1 140 ° 20 30.5 ° 

5.6 

120 Vornia 

Biomaterials Ltd 

(Leung et al., 2008) 

PHBV 26.9 ± 4.1 ± 1373 ± 410 Goodfellow Ltd (Sombatmankhong 

et al., 2006) 

Rat Sciatic 

Nerve 

1.4-2.7 50-80 0.57-

0.58 

n/a n/a (Borschel et al., 

2003) 
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From the mechanical data table (Table 2.1) six synthetic polymer blends were fabricated and 

then characterised to determine their physical and biological properties, and whether the 

blends could be used to improve nerve regeneration in a nerve guide conduit. From the table 

above, the Youngôs modulus of P(3HO) and P(3HO-co-3HD) are closest to the Youngôs 

modulus of native peripheral nerve. PCL has the closest percentage strain to the native 

nerve, whereas PLGA has the closest tensile strength 1.8 ± 0.1MPa, compared to 1.4-

2.7MPa. Higher amounts of the elastomeric polymers, P(3HO) and P(3HO-co-3HD) were 

used in most of the blends in a ratio of 95:5 with a more brittle polymer (PCL, P(3HB) and 

PLLA). The use of PLGA in the blends was disregarded due to the excessive cost of the 

solvent used (more detail of this in chapter 3). Four of the six blends contained P(3HB) in 

varying amounts due to the excellent biological properties reported in literature (Lorena R. 

Lizarraga-Valderrama et al., 2015). Overall, the final blends to be investigated were: 

¶ P(3HO): P(3HB) (75:25) 

¶ P(3HO): P(3HB) (50:50) 

¶ P(3HO): P(3HB) (25:75) 

¶ P(3HO-co-3HD): PLLA (95:5) 

¶ P(3HO-co-3HD):PCL (95:5) 

¶ P(3HO-co-3HD): P(3HB) (95:5) 

 

The aims of this chapter is to characterise the mechanical and physical properties of FDA 

approved biodegradable polymers PCL, PLGA and PLLA, and polyhydroalkanoates P(3HB), 

P(3HO) and P(3HO-co-3HD), as well as the six investigated blends above. It is hypothesised 

that blends containing PHAs will support NG108-15 neuronal cell viability and support more 

metabolic active cells, than those blends not containing PHAs. It is also hypothesised that 

blends more elastomeric polymers, such as P(3HO), with more brittle polymers, such as 

P(3HB), will improve mechanical properties of the brittle polymers for soft tissue engineering 

applications.  

 

2.2 Methods 

2.2.1 Preparation of polymer films by spin coating  

10 wt% solutions of the polymers, and their respective blends, were dissolved in a relevant 

solvent at room temperature overnight (1g of polymer in 9g of solvent). From the literature 

and previously published work, the polyhydroxyalkanoates and blends containing PHAs, 

were dissolved in chloroform, where as PLLA and PCL were dissolved in dichloromethane, 
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and PLGA was dissolved in Hexafluoroisopropanol (HFIP). Once the polymer/blend was 

dissolved, a 100ɛL of the solution was pipetted, using a syringe, onto a 13mm glass 

coverslip. The solution was spun at 100xg for 30 seconds under a vacuum of 25.5°C. 

Samples were left to dry overnight in a fume cupboard and were sterilised with 70% ethanol 

for 1 hour, and then washed with sterile PBS overnight before any cell culture.  

 

2.2.2 Water contact angle measurement 

Contact angles of the polymer films were measured using a Drop Shape Analysis DSA 100 

System (KrŤss Scientific). Briefly, flat polymer film samples were placed onto the platform 

and a 10ɛL droplet of water was introduced onto the film. A camera was then used to take 

an image of the water droplet, and the water contact angle measured. Three droplets of 

water were measured per film, in the middle and to both sides of each sample. Three 

samples were tested per material to produce an average value.  

 

2.2.3 Mechanical testing of material blends 

Mechanical testing of spin coated films, of the different polymer blend, was performed at 

three different establishments: The University of Westminster (U.K.), IK4-Tekniker (Eibar, 

Spain) and Vornia Biomaterials Ltd (Ireland). P(3HO):P(3HB) (25:75), (50:50) and (75:25) 

testing was performed at The University of Westminster using a Perkin Elmer Dynamic 

Mechanical Analyser 7 (Norwalk, USA) and by the methodology published by Lizarraga et al. 

(Lorena R. Lizarraga-Valderrama et al., 2015).  Polymer films were mechanically tested in a 

dry environment and the Youngôs modulus, ultimate tensile strength, and elongation at break 

was calculated from the data provided.  

 

2.2.4 NG108-15 neuronal cell culture 

NG108-15 neuronal cell culture was performed as per the methods in Daud et al. (2012). 

NG108-15 neuronal cells, supplied from the European Collection of Cell Cultures (ECACC), 

were used between passages 11-20 for experiments. NG108 cells were grown in Dulbeccoôs 

Modified Eagle Medium (DMEM) containing 10% foetal calf serum, 1% penicillin / 

streptomycin, 1% glutamine and 0.5% amphotericin B at 37ęC in a humidified atmosphere 

with 5% CO2. 40,000 cells were seeded onto polymer films in a 24 well plate in 2mL of 

Dulbeccoôs Modified Eagles Medium (DMEM) containing 10% foetal calf serum, 1% 

penicillin/streptomycin, 1% glutamine and 0.5% amphotericin B, incubated at 37ęC in a 

humidified atmosphere with 5% CO2 for 7 days. After 48 hours, culture medium was 
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replaced with serum free Dulbeccoôs Modified Eagles Medium (DMEM) containing 1% 

glutamine, 1% penicillin/streptomycin and 0.5% amphotericin B to induce neuronal cell 

differentiation. Samples were incubated at 37ęC in a humidified atmosphere with 5% CO2 

and the culture medium replaced every 2-3 days (Daud et al., 2012). 

 

2.2.5 Cell viability using an MTT assay 

40,000 NG108-15 neuronal cells were seeded onto the different polymers and polymer, and 

left in culture for 7 days. Cell viability was determined for each polymer/blend at 4 different 

time points (24 hours, days 3, 5 and 7) using an MTT (3,4,5-dimethylthiazol-2,5-diphenyl 

tetrazolium bromide) assay. Briefly, old culture medium was removed from the wells and the 

samples were washed in sterile PBS for 5 minutes. 1mL of MTT solution (0.5mg/mL in PBS) 

was then added to each sample and incubated for 60 minutes at 37°C. The solution was 

then aspirated using a pipette and 600µL of acidified isopropanol was added to each 

sample. Samples were incubated at room temperature for 15 minutes to allow for the colour 

change from the MTT reduction (due to 3D nature of the polymer films). The mixture was 

aspirated again, and three aliquots of 200µL of acidified isopropanol was placed into a 96 

well plate. Optical density was read using a BIO-TEK ELx 800 microplate reader set at 

wavelengths of 540nm and referenced at 630nm. 

 

2.2.6 Live/Dead analysis of NG108-15 neuronal cell line on PHA blends 

Live/dead analysis was performed as per the methods in Daud et al. Live/dead analysis was 

conducted to determine cell viability and number of live cells versus dead cells. Briefly, old 

medium was removed from samples and fresh serum-free DMEM, containing 0.001% Syto-9 

(Invitrogen) and 0.0015% propidium iodide (Invitrogen), was introduced to cells (Daud et al., 

2012). Samples were incubated at 37ęC and 5% CO2 for 30 minutes. After a wash in PBS, 

cells were imaged using an upright Zeiss LSM 510 confocal microscope. An argon ion laser 

was used to visualise live cells stained with Syto-9 (ɚex = 494 nm / ɚem = 515 nm) and a 

helium-neon laser for dead cells stained with propidium iodide (ɚex = 536 nm / ɚem = 617 

nm). Three fields of view were imaged per sample and results calculated by cell numbers 

(live versus dead cells) and by live / dead cells as percentages per polymer sample type. 

Cells were counted using the ITCN Cell counter plugin on Image J NIH software (Usaj et al., 

2010; Schneider et al., 2012).  
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2.2.7 Statistical Analysis 

GraphPad Instat (GraphPad Software, USA) was used to perform statistical tests on data 

collected. One way analysis of variance (p < 0.05) was conducted to analyse the differences 

between the data, with a Tukey's multiple comparisons test to compare statistical differences 

between samples. Data was reported as mean ± SD, p<0.05. Each experiment was 

performed three independent times with each sample repeated three times as n=3. 

 

2.3 Results 

2.3.1 Water contact angles of polymers and PHA blends 

Polymer surfaces were assessed to determine surface wettability, and hydrophobic / 

hydrophilic characteristics, by measuring the water contact angle. Figure 2.1A shows the 

water contact angles recorded for the polymers, before specific polymer blends were 

decided. Overall, PCL, P(3HB) and PHBV had a significantly lower water contact angle, 

compared to the other polymers, indicating a more hydrophilic nature and high wettability. 

PLLA, PLGA, P(3HO), P(3HO-co-3HD) and P(3HO-co-3HD-co-3HDD) all recorded water 

contact angles below 90° indicating that all the polymers were hydrophilic. Water contact 

angles of PCL, PHBV and P(3HB) were 72 ± 2.12°, 67.22 ± 2.73° and 74 ± 1.05°, compared 

to the other polymers, PLLA, PLGA, P(3HO), and P(3HO-co-3HD), which were 87.93 ± 

5.19°, 86.27 ± 6.36°, 80.44 ± 3.57° and 83.4 ± 3.57° respectively.  

 

When comparing the six polymer blends, P(3HO):P(3HB) (75:25) and P(3HO-co-3HD):PLLA 

(95:5) had contact angles of above 90° (91.11 ± 3.69° and 94.44 ± 3.57°) indicating low 

wettability and a hydrophobic nature, due to the long aliphatic chains present in P(3HO) and 

P(3HO-co-3HD), as well as a higher number of carbon atoms in their structure (Rai et al., 

2011; Lorena R. Lizarraga-Valderrama et al., 2015). Contact angles of the PHA blends 

containing higher amounts of P(3HB) had lower water contact angles compared to the other 

blends, due to the four carbon atoms in the P(3HB) polymer, compared to the eight carbons 

in the P(3HO) (Rai et al., 2011; Basnett et al., 2013).  Although four of the six blends were 

hydrophilic, and had higher surface wettability, no significant difference was detected 

between all six blends. Overall, P(3HO):P(3HB) (25:75) had the lowest water contact angle 

and therefore the most hydrophilic.  

 

 

 



 

 

 

44 
 

P
C

L
 

P
H

B
V

P
( 3

H
B

)  

P
L

L
A

 

P
L

G
A

P
( 3

H
O

)  

P
( 3

H
O

- c
o

- 3
H

D
)  

0

2 0

4 0

6 0

8 0

1 0 0

C
o

n
t
a

c
t
 
A

n
g

l
e

 
(

)̄

A

* ** *
*

# # # # # #

#

# #

+ + +

 

P
( 3

H
O

) :
P

( 3
H

B
)  

( 2
5

: 7
5

)  

P
( 3

H
O

) :
P

( 3
H

B
)  

( 5
0

: 5
0

)  

P
( 3

H
O

) :
P

( 3
H

B
)  

( 7
5

: 2
5

)  

P
( 3

H
O

- c
o

- 3
H

D
) :

P
( 3

H
B

)  
( 9

5
: 5

)  

P
( 3

H
O

- c
o

- 3
H

D
) :

P
C

L
 (

9
5

: 5
)  

P
( 3

H
O

- c
o

- 3
H

D
) :

P
L

L
A

 (
9

5
: 5

)  

0

5 0

1 0 0

1 5 0

C
o

n
t
a

c
t
 A

n
g

le
 (

)̄

B

 
Figure 2.1. Graphs to show water contact angles of A) polymers and B) polymer blends. PCL, PHBV and P(3HB) had a 
significantly lower water contact that the other polymers. A one way anova withTukey's multiple comparisons tests was used to 
analyse data (mean ± SD, n= 3 independently fabricated samples, *p < 0.05 and **p < 0.01 compared to PCL, #p < 0.05, ##p < 
0.01 and ###p < 0.001 compared to PHBV and +p < 0.05 and ++p < 0.01 compared to P(3HB). No significant differences were 
detected between the polymer blends.  

 

2.3.2 Mechanical characterisation of PHA blends 

From mechanical data confirmed in table 2.1, the investigated blends were spin coated to 

produce a polymer blend that would be closest to the mechanical properties of native 

peripheral nerve. Blends containing high amounts of P(3HO) and P(3HO-co-3HD) were 

chosen due the low Youngôs modulus and elastomeric properties (Rai et al., 2011). Blends 

were also chosen to contain different amounts of P(3HB) due to its excellent biological 

properties (Chen and Wu, 2005). Mechanical testing of P(3HO):P(3HB) (25:75), (50:50) and 

(75:25) was performed at The University of Westminster. Mechanical testing of P(3HO-co-

3HD) blends was performed at Vornia Biomaterials Ltd, part of the Neurimp project, and 

provided to me. Figure 4 shows that blends containing high amounts of P(3HO) and P(3HO-

co-3HD) had a low Youngôs modulus, with the modulus of P(3HO): P(3HB) (75:25), the 

tensile strength and percentage strain, being closest to that of native rat sciatic nerve of 

0.57-0.58 MPa, 1.4-2.7 MPa, and 50-80% strain (Borschel et al., 2003). Blends containing 

higher amounts of P(3HB) had a higher Youngôs modulus due to the brittle nature of the 

short chain PHA and the high degree of crystallinity (Philip et al., 2007). This data suggests 

that P(3HO):P(3HB) (75:25) would be the most suitable blend for nerve regeneration based 

solely on its mechanical properties 
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Table 2.2.  A table to show the mechanical properties of the 6 PHA blends, being investigated for use in nerve tissue 
engineering. Data was provided from The University of Westminster and Vornia Biomaterials Ltd. Published data from (Lorena 
R. Lizarraga-Valderrama et al., 2015).  

Material s, MPa e
failure

, % E, MPa Reference 

P(3HO): P(3HB) 

(75:25) 

0.71 ± 0.08  73.82 ± 18.08 1.25 ± 

0.18 

Published data 

provided from 

Neurimp project 

P(3HO): P(3HB) 

(50:50) 

2.2 ± 0.91 94 ± 4.50 21.83 ± 

1.0 

Published data 

provided from 

Neurimp project 

P(3HO): P(3HB) 

(25:75) 

17.8 ± 0.82 41 ± 2.10 143.4 ± 

2.06 

Published data 

provided from 

Neurimp project 

P(3HO-co-3HD): PLLA 

(95:5) 

7.75 ° 0.35 320 ° 3.05 4.85 ° 0.70 Unpublished 

data provided 

from Neurimp 

project  

P(3HO-co-3HD) :PCL 

(95:5) 

6.35 ± 0.25 335 ± 1.23 3.13 ± 1.23 Unpublished 

data provided 

from Neurimp 

project 

P(3HO-co-3HD): 

P(3HB) (95:5)  

10.0 ° 0.91 350 ° 4.05 9.9 ° 1.4 Data provided 

from Neurimp 

project 

 

2.3.3 Cell viability of NG108-15 neuronal cells on PHA blends using MTT assay 

To initially assess cell viability, an MTT assay was performed at culture times of 24, 72, 120 

and 168 hours on all the individual polymers, and the six investigated polymer blends. No 

significant differences were detected at a given time point between polymers, indicating 

similarly metabolically active cells. At 72 hours and 168 hours, cell viability was significantly 

higher on TCP control, compared to the polymer samples. Of note, cell viability increased on 

all polymer samples over time, suggesting all polymers supported cell attachment and 

proliferation.  

 

With regards to the investigated polymer blends, no significant difference was detected 

between samples at 24 hours and 168 hours in culture. However, at 72 hours and 120 

hours, cell viability was significantly higher on P(3HO):P(3HB) blends, compared to the 

P(3HO-co-3HD) blends with P(3HB), PCL and PLLA. This indicated that higher amounts of 

viable, metabolically active cells attached to these materials. However, after 168 hours in 

culture, no significant difference was detected between the six polymer blends, although 
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viability was higher on the P(3HO):P(3HB) blend. Cell viability and cell metabolic activity 

increased on all six blends over time, indicating that all polymer blends supported viable cell 

attachment and proliferation in culture. Overall, the P(3HO):P(3HB) blends were the most 

effective at supporting cellular adhesion and proliferation.  

 

 

 

 

 

 

 

 

 

B) 

Time 
(Hours) Comparison Test Significant? Summary Adjusted P Value 

72 PLLA vs. TCP Yes * 0.0341 

72 P(3HO-co-3HD) vs. TCP Yes * 0.0412 

168 PCL vs. TCP Yes **** <0.0001 

168 PHBV vs. TCP Yes ** 0.0094 

168 P(3HB) vs. TCP Yes * 0.045 

168 PLLA vs. TCP Yes *** 0.0007 

168 PLGA vs. TCP Yes *** 0.0004 

168 P(3HO) vs. TCP Yes ** 0.0032 

168 P(3HO-co-3HD) vs. TCP Yes ** 0.004 
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D) 

Time 
(Hours) Comparison Test Significant? Summary 

Adjusted P 
Value 

72 
P(3HO):P(3HB) (25:75) vs. P(3HO-co-
3HD):P(3HB) (95:5) Yes **** <0.0001 

72 
P(3HO):P(3HB) (25:75) vs. P(3HO-co-
3HD):PCL (95:5) Yes **** <0.0001 

72 
P(3HO):P(3HB) (25:75) vs. P(3HO-co-
3HD):PLLA (95:5) Yes **** <0.0001 

72 
P(3HO):P(3HB) (50:50) vs. P(3HO-co-
3HD):P(3HB) (95:5) Yes **** <0.0001 

72 
P(3HO):P(3HB) (50:50) vs. P(3HO-co-
3HD):PCL (95:5) Yes **** <0.0001 

72 
P(3HO):P(3HB) (50:50) vs. P(3HO-co-
3HD):PLLA (95:5) Yes **** <0.0001 

72 
P(3HO):P(3HB) (75:25) vs. P(3HO-co-
3HD):P(3HB) (95:5) Yes *** 0.0009 

72 
P(3HO):P(3HB) (75:25) vs. P(3HO-co-
3HD):PCL (95:5) Yes *** 0.0003 

72 
P(3HO):P(3HB) (75:25) vs. P(3HO-co-
3HD):PLLA (95:5) Yes *** 0.0003 

120 
P(3HO):P(3HB) (25:75) vs. P(3HO-co-
3HD):P(3HB) (95:5) Yes **** <0.0001 

120 
P(3HO):P(3HB) (25:75) vs. P(3HO-co-
3HD):PCL (95:5) Yes **** <0.0001 

120 
P(3HO):P(3HB) (25:75) vs. P(3HO-co-
3HD):PLLA (95:5) Yes **** <0.0001 

120 
P(3HO):P(3HB) (50:50) vs. P(3HO-co-
3HD):P(3HB) (95:5) Yes ** 0.001 

120 
P(3HO):P(3HB) (50:50) vs. P(3HO-co-
3HD):PCL (95:5) Yes *** 0.0007 

120 
P(3HO):P(3HB) (50:50) vs. P(3HO-co-
3HD):PLLA (95:5) Yes ** 0.0011 

120 
P(3HO):P(3HB) (75:25) vs. P(3HO-co-
3HD):P(3HB) (95:5) Yes ** 0.0019 

120 
P(3HO):P(3HB) (75:25) vs. P(3HO-co-
3HD):PCL (95:5) Yes ** 0.0012 

120 P(3HO):P(3HB) (75:25) vs. P(3HO-co- Yes ** 0.0019 
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3HD):PLLA (95:5) 

168 
P(3HO):P(3HB) (25:75) vs. P(3HO-co-
3HD):P(3HB) (95:5) Yes * 0.019 

168 
P(3HO):P(3HB) (25:75) vs. P(3HO-co-
3HD):PCL (95:5) Yes ** 0.0018 

168 
P(3HO):P(3HB) (25:75) vs. P(3HO-co-
3HD):PLLA (95:5) Yes *** 0.0007 

168 
P(3HO):P(3HB) (50:50) vs. P(3HO-co-
3HD):PLLA (95:5) Yes * 0.0242 

Figure 2.2. A) NG108-15 neuronal cell viability (MTT absorbance) when grown on individual polymer substrates. Cell viability was 
determined at 24, 72, 120 and 168 hours. B) Statistics shown for A) in table. .A two way anova with Tukey's multiple comparisons 

tests was used to analyse data (mean ± SD, n= 3 independently fabricated samples, *p < 0.05,  **p < 0.01, ***p < 0.001 and ****p < 
0.0001.) C) NG108-15 neuronal cell viability (MTT absorbance) when grown on polymer blends. Cell viability was determined at 24, 72, 120 
and 168 hours. D) Table to show the statistics from figure 2.2C. . A two way anova withTukey's multiple comparisons tests was used 

to analyse data (mean ± SD, n= 3 independently fabricated samples, *p < 0.05,  **p < 0.01, ***p < 0.001 and ****p < 0.000. 1) 

 

2.3.4 Live/Dead analysis of NG108-15 neuronal cell line on polymer films 

Cells were labelled with 0.001% Syto-9 (Invitrogen) and 0.0015% propidium iodide 

(Invitrogen) to visualise cell location, live and dead cells on each surface. Figure 2.3 shows 

confocal micrograph taken of NG108-15 neuronal cells cultured on the polymer films. The 

highest number of live cells was seen on PCL, PHBV, P(3HB) and P(3HO) (figure 2.3A, B, C 

and F), respectively. Lower numbers of cells were visualised on PLLA, PLGA and P(3HO-co-

3HD) films. Confocal images were then quantified to determine the number of live and dead 

samples per field of view, as well as cell viability.  
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Figure 2.3. Confocal micrographs of A) PCL, B) PHBV, C) P(3HB), D) PLLA, E) PLGA, F) P(3HO), G) P(3HO-co-3HD) films 
and H) TCP control.  Cells were labelled with Syto-9 (green stain for live cells) and propidium iodide (red stain for dead cells).  
Scale bar = 100µm.   
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Figure 2.5. A) Live/dead analysis of NG108-15 neuronal cells cultured on polymer films expressed as the average total number 
of live versus dead cells.  A one way anova with Tukey's multiple comparisons tests was used to analyse data (mean ± SD, n=3 
independent experiments, **p < 0.01, ***p < 0.001 and ****p < 0.0001 compared to PHBV, +p < 0.05 compared to P(3HB) and 
#p < 0.05 compared to TCP). B) Percentage cell viability was calculated (mean ± SD n=3 independent experiments, no 
significant differences were seen).  

 

Micrographs from figure 2.3 were quantified and confirmed that the highest number of live 

cells was on PHBV and P(3HB), followed by PCL (660.67 ± 128.65 cells, 509.67 ± 124.59 

cells and 501.89 ± 118.09 cells). The number of live cells on PHBV and P(3HB) films was 

significantly higher than those cultured on PLLA, PLGA and P(3HO-co-3HD) films, 

suggesting that presence of P(3HB) in both polymers correlated with an increase in NG108-

15 neuronal cell adhesion and proliferation.  The largest number of dead cells was seen on 

the PHBV films (45.96 ± 14.36 cells), most likely due to the highest total number of cells. No 

significant differences were detected indicating that all the polymer films supported NG108-

15 neuronal cell attachment and proliferation. Overall, PHBV and P(3HB) were effective at 

supporting higher levels of cell adhesion.  

 

2.3.5 Live/Dead analysis of NG108-15 neuronal cell line on investigated polymer blends  

Confocal micrographs were taken of each sample, to determine cell viability. Higher 

numbers of live cells could be seen on P(3HO):P(3HB) (25:75), (50:50) and (75:25) (figures 

2.4.A, B and C respectively). Lower numbers of live cells were visualised on P(3HO-co-3HD) 

blends. Higher numbers of dead cells were visualised on the P(3HO):P(3HB) (25:75) and the 

P(3HO-co-3HD):P(3HB) (95:5) blends. Confocal images quantified to determine the number 

of live and dead samples per field of view, as well as cell viability. 

 

 



 

 

 

51 
 

Figure 2.4. Confocal micrographs of NG108-15 neuronal cells cultured on A) P(3HO):P(3HB) (25:75), B) P(3HO):P(3HB) 
(50:50), C) P(3HO):P(3HB) (75:25), D) P(3HO-co-3HD):P(3HB) (95:5), E) P(3HO-co-3HD):PLLA (95:5) and F) P(3HO-co-

3HD):PCL (95:5) films.  Cells were labelled with Syto-9 / propidium iodide.  Scale bar = 100mm.   

 

The highest numbers of live cells were observed on P(3HO):P(3HB) (25:75) and (50:50) 

films, 456 ± 50.67 cells and 423.03 ± 57.69 cells respectively. The highest number of dead 

cells were observed on the P(3HO):P(3HB) (75:25) and P(3HO-co-3HD):PLLA films, (23.14 

± 9.29 cells and 22.33 ± 11.71 cells). Blends containing considerable amounts of P(3HB) 

had higher numbers of live cells, indicating increased cellular adhesion and proliferation. Out 

of the blends containing considerable amounts of P(3HO-co-3HD) (figure 8D-F), P(3HO-co-

3HD):P(3HB) (95:5) supported higher amounts of NG108-15 neuronal cell adhesion and 

proliferation. The number of live cells cultured on P(3HO):P(3HB) (25:75) was significantly 

higher than the number of live cells cultured on the P(3HO-co-3HD):PLLA (95:5) blend, but 

no other statistical differences were detected between the other polymer blends. Live cell 

number did increase as the amount of P(3HB) increased in the blends.  Figure 2.5 illustrates 

that all blends supported cell viability above 90%, indicating that all were biocompatible.  
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Figure 2.5. A) Live/dead analysis of NG108-15 neuronal cells cultured on a range of polymer films expressed as A) the average 
total number of live versus dead cells and B) percentage cell viability. A one way anova withTukey's multiple comparisons tests 
was used to analyse data (mean ± SD, n=3 independent experiments, *p < 0.05 compared to P(3HO):P(3HB) (25:75).  
 

 

2.4 Discussion 

The aims of this chapter was to form blends of biodegradable polymers currently being 

investigated in peripheral nerve research, and characterise polymer blends to determine, if 

any, had potential for use as an intraluminal aligned fibre guidance scaffold to improve nerve 

regeneration length. Mechanical properties, surface characteristics and cytotoxicity of seven 

different polymers were analysed. Mechanical properties shown in table 2.1 were provided 

by polymer suppliers, and from this data, six different polymer blends were characterised for 

their potential as a scaffold substrate. Polymer films were produced by spin coating a 10wt% 

of each in chloroform, DCM or HFIP, according to the literature. Water contact analysis 

confirmed that all the polymers were hydrophilic, with contact water angles below 90°. Water 

contact angles of PCL, P(3HB) and PHBV were significantly lower than the other polymers 

investigated. P(3HO) and P(3HO-co-3HD) are well known hydrophobic polymers due to the 

presence of long aliphatic chains in their structure, compared to PHBV and P(3HB) (Lorena 

R. Lizarraga-Valderrama et al., 2015). PLLA and PLGA are linear aliphatic polyesters, which 

also display hydrophobic surface characteristics (Xiao L et al., 2012).  When blending PHAs 

together, and with PLLA and PCL, the water contact angle increased. The high contact angle 

for P(3HO) was in agreement with that reported in the literature (Basnett et al; 2013), which 

gives a high water contact angle that decreased with the addition of hydrophilic P(3HB). 

Overall, the increase of the amount of P(3HB) blended with P(3HO) decreased the water 

contact angle, which was also observed by (Lorena R. Lizarraga-Valderrama et al., 2015).  
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It was hypothesised that blending softer elastomeric polymers with more brittle polymers 

would improve the mechanical properties of the more brittle polymer. Mechanical properties 

of the polymers were provided by the manufacturers and six blends of polymers investigated 

for potential as intraluminal fibrous scaffolds. P(3HO) and P(3HO-co-3HD) had the lowest 

Youngôs moduli, close to that of native rat sciatic nerve (at 0.5MPa). Therefore, these 

elastomeric polymers were incorporated into polymers blends. It has previously been 

reported that P(3HB) has excellent biocompatibility and is a commonly researched material 

for nerve repair (Arslantunali et al., 2014b). Therefore, varying amounts of P(3HB) were 

incorporated into blends with P(3HO). Both PLLA and PCL are used in nerve guide conduits, 

and have FDA approval (Kehoe et al., 2012). However, due to both polymers having a high 

Youngôs modulus, 0.05wt% of the polymers were incorporated into the blends. Although 

PLGA had a lower Youngôs modulus than PCL, PLLA, PHBV or P(3HB), and a tensile 

strength close to rat sciatic nerve, it was disregarded from the blends. This was due to the 

excessive cost of the HFIP solvent used to dissolve the polymer, as well as the lower 

Youngôs modulus of P(3HO) and P(3HO-co-3HD). Mechanical properties of P(3HO):P(3HB) 

blends have previously been reported by Lizarraga et al. (2015).  Youngôs modulus of the 

blends increased as the amount of P(3HB) increased (from 25:75 to 75:25) due to the 

brittleness of P(3HB) and the elastomeric nature of P(3HO) (Lorena R. Lizarraga-

Valderrama et al., 2015). Mechanical properties of P(3HO-co-3HD) blends with P(3HB), 

PLLA and PCL were investigated and provided by The University of Westminster, as part of 

the Neurimp (FP7) project. P(3HO-co-3HD):PCL (95:5) had the lowest Youngôs modulus 

compared to P(3HO-co-3HD):PLLA (95:5) and P(3HO-co-3HD):P(3HB) (95:5), which 

corresponds to the data in table 2.1, in which PCL had the lowest Youngôs modulus 

compared to PLLA and P(3HB). This was also supported by the literature as P(3HB) and 

PLLA are well known brittle polymers, compared to PCL (Misra et al., 2006; Bergström and 

Hayman, 2016). Overall, this data would suggest that the P(3HO-co-3HD) blends would be 

an effective material of choice for the fibre scaffold, due to having favourable mechanical 

properties.  

An MTT assay and live/dead assay was performed to determine NG108-15 neuronal cell 

viability and metabolic activity when cultured on the different polymer blends. Each polymer 

investigated has a different chemical structure, and the material composition, such as 

charge, determines which proteins, in the cell culture medium, are initially adsorbed 

(Schmidt et al., 2009). However, over time, proteins that have a lower affinity to the polymer 

surface can replace proteins that have a higher affinity to the surface, and this competitive 

protein exchange is known as the Vroman effect (L. E. O. Vroman, 1987). Cells adhere to 

the proteins absorbed on the polymer surface via cell-adhesion molecules, and so which 



 

 

 

54 
 

proteins and the amount of protein absorbed on the polymer surface plays a crucial role in 

initial cell adhesion events, proliferation and cell survival (Curran et al., 2006).  

It was hypothesised that all polymer blends containing PHAs would support NG108-15 

neuronal cell viability and metabolic activity more efficiently compared to those blends that 

did not contain PHAs. All polymer films supported viable NG108-15 neuronal cell growth 

after seven days in culture, and cell viability increased when grown on each polymer over 7 

days in culture. Overall, cell viability was significantly higher on the tissue culture plastic 

control, compared to the polymer films. There was an increase in cell viability on the 

P(3HO):P(3HB) blends, compared to the P(3HO-co-3HD) blends, indicating an increase in 

viable cell attachment and proliferation after 24 hours. However, at days 3 and 7, cell viability 

was higher on the P(3HO):P(3HB) blends, compared to the P(3HO-co-3HD) blends, 

indicating that the P(3HO):P(3HB) blends supported increased neuronal cell metabolism and 

proliferation after 3 days in culture.  

Cell viability of NG108-15 neuronal cells cultured on polymers and polymer blends was also 

assessed by a live/dead assay, which uses Syto-9 and propidium iodide to bind and label 

live and dead cells respectively. Syto-9 exhibits enhanced fluorescence when it binds to 

nuclei acids of cells with intact cell membranes, whereas propidium iodide binds to DNA but 

cannot pass across the plasma membrane of intact cells (Stiefel et al., 2015; Crowley et al., 

2016). However, when both dyes are used in the assay, propidium iodide can be co-

visualised in dead cells (Stiefel et al., 2015). With regards to the polymers, there was a 

significantly higher number of live cells on PHBV and P(3HB) films compared to P(3HO-co-

3HD), PLLA and PLGA films. It has previously been reported that P(3HB) and its co-polymer 

PHBV have excellent biocompatibility (Scandola et al., 1997). This is due to the presence of 

3-hydroxy butyric acid monomers, found in both polymers, being a product of cell 

metabolism and found naturally in the blood in low concentrations (Verlinden et al., 2007). 

The increase in live cell numbers on the PHBV and P(3HB) could also be explained by an 

increase in protein adsorption, indicating that these polymer films have a rougher surface 

topography that the other polymers indicated. It is well known that surface topography and 

roughness improves and increases protein adsorption, due to a large surface area, and 

therefore cellular adhesion (Anselme et al., 2010). This has been confirmed by Misra et al. 

(2010) in which the addition of Bioglass particles to P(3HB) films increase surface roughness 

and increased total protein adsorption (Misra et al., 2010). Figure 2.1A confirmed that PCL, 

P(3HB) and PHBV were hydrophilic compared to the other polymers. Interesting, it has been 

reported that hydrophilic surfaces óadsorb a lower quantity of proteinsô compared to 

hydrophobic surfaces, and that the proteins adsorbed do not go under any conformational 

changes, which occurs on hydrophobic surfaces (Anselme et al., 2010). However, the study 
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by Basnett et al.(2013) reported that increasing surface roughness, and hydrophilicity, 

increased protein adsorption on blends of P(3HB) and P(3HO) (Basnett et al., 2013).  

With regards to the polymer blends, the number of live cells was significantly higher on the 

P(3HO):P(3HB) (25:75) blend than the P(3HO-co-3HD):PLLA (95:5) blend. No other 

significant differences were detected between samples. Interestingly, live NG108-15 

neuronal cell number decreased as the concentration of P(3HB) in the blend decreased. 

This observation was also reported by Basnett et al. (2013) and Lizarraga et al. (2015). 

Basnett et al. (2013) reported that human microvascular endothelial (HMEC-1) cell viability 

was higher on P(3HO):P(3HB) 20:80 blends compared to 50:50 and 80:20 blends (Basnett 

et al., 2013). Lizarraga et al. (2015) reported a significant increase of live NG108-15 

neuronal cell attachment on the P(3HO):P(3HB) 25:75 and 50:50 blends compared to the 

75:25 blend. Both studies also report the decrease in water contact angle as the amount of 

P(3HB) increases, due to the presence of long aliphatic chains in P(3HO) causing its 

hydrophobic nature. However, water contact angles was similar for all of the investigated 

blends, and live NG108-15 neuronal cells attached to the all the investigated blends was 

similar. Basnett et al. (2013) also reported the addition of P(3HB) to P(3HO) increased 

surface roughness, and increased protein adsorption which could explain the significant 

difference in live cell adherence between the P(3HO):P(3HB) (25:27) and P(3HO-co-

3HD):PLLA (95:5) blend (Basnett et al., 2013). PLLA and P(3HO) are reported to be smooth 

materials (Hai Li et al., 2012). Further work, characterising the surface topography of the 

blends, and protein absorption studies would clarify this. Overall, cytotoxicity analysis of the 

investigated blends would suggest that the P(3HO):P(3HB) blends, of all the polymers 

investigated, would be the most effective at supporting NG108-15 neuronal cell attachment 

and proliferation and would be considered more biocompatible.  

Future work for this chapter would include using techniques, such as SEM and AFM to 

characterise surface roughness, to explain the increase live adhered cells on P(3HB) and 

PHBV films. Protein absorption studies would also be performed to understand the 

mechanisms of initial cellular adhesion on the polymer films in more detail.   

In summary, this chapter investigated the mechanical and surface properties of six potential 

new blends of PHAs for their use as potential intraluminal nerve scaffolds. Overall, P(3HO-

co-3HD) blends had the closest mechanical properties to native nerve, having a similar 

Youngs modulus and tensile strength. However, work in this chapter reports that the 

P(3HO):P(3HB) blends supported neuronal cell attachment and proliferation more 

effectively, and that these blends should be considered as lead materials. Therefore, these 

six blends were taken forward (in chapter 3), to assess whether they could be electrospun 
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into aligned micro-fibre scaffolds, considering physical properties such as fibre diameter 

(assessed in chapter 4), before in vitro and ex vivo analysis thereafter.  
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Chapter 3: Fabrication of Electrospun Fibres from 

Material Blends 

 

3.1 Introduction 

Electrospinning is becoming a commonplace, scalable and versatile technique used in many 

different areas of tissue engineering (Bye et al., 2012). The technique is used to fabricate 

micrometer and nanometer sized aligned and random fibres, for use in many different 

applications (Bhardwaj and Kundu, 2010). It is commonly used to fabricate 3D tissue 

engineered scaffolds, a temporary scaffold to mimic the extra cellular matrix and promote 

cell attachment whilst the tissue repairs and regenerates (Pham et al., 2006). When an 

electric charge is applied over a polymer droplet, the droplet stretches, to form a óTaylor 

Coneô (Y. S. Lee and Arinzeh, 2011). A charged jet of polymer solution is then expelled from 

the óTaylor Coneô forming a fibre (Bhardwaj and Kundu, 2010). Many different polymers can 

be fabricated into fibres by electrospinning, and there are many different variables 

associated with electrospinning to fabricate polymer fibres of different size and orientation 

(Pham et al., 2006). These include: 

Å Polymer concentration and molecular weight 

Å The flow rate of the polymer solution 

Å Distance between the needle tip and the collector 

Å Speed of the collector 

Å Voltage of the power supply 

 

Polymer fibres are collected on an electrically conducting surface such as tin foil which is 

attached to either a rotating metal drum, to form aligned fibres, or onto a static collector, 

usually to fabricate random fibres (Y. S. Lee and Arinzeh, 2011). Random and aligned fibres, 

varying in diameter, are used for specific applications in tissue engineering due to 

differences in cell responses from fibre alignment and orientation, as well as fibre diameter 

(Sill and von Recum, 2008). Randomly orientated nanofibre scaffolds, with varying diameter, 

are commonly used in areas of soft tissue engineering, such as skin tissue engineering 

(James et al., 2011). Nanofibre meshes are ideal for applications like wound healing, due to 

having a large surface area, high porosity and varying pore size. These features on the 

scaffold allow for nutrient permeability, as well as preventing any fluid buildup, preventing 

infection and rejection of the scaffold (X. Wang et al., 2013). A wide range of biomaterials 

have been fabricated into meshes for skin tissue engineering applications, but the most 

commonly used synthetic materials used are PLLA, PLGA and PCL (Sheila MacNeil, 2008). 
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These materials are used in many different areas of skin tissue engineering, such as wound 

repair, oral and buccal tissue engineering, and pelvic floor scaffolds (S. MacNeil et al., 2011; 

Roman et al., 2016). Research in skin tissue engineering primarily focuses on improving 

angiogenesis, as well as fabricated drug releasing scaffolds (Hearnden et al., 2012; 

Gigliobianco et al., 2015).   

Aligned fibre scaffolds of varying diameter, are commonly used in areas of tissue 

engineering where the ECM of the regenerating tissue is highly complex, structured and 

orientated (Sill and von Recum, 2008). By mimicking the precise architecture of the ECM, 

aligned fibre scaffolds can be used in many different applications of tissue engineering, from 

cardiovascular tissue engineering to nerve tissue engineering (X. Wang et al., 2013).  

 

Aligned fibre scaffolds can be used in cardiovascular tissue engineering, as the fibres can 

mimic ECM collagen fibres found in the ventricular myocardium (Engelmayr et al., 2008). Yu 

et al. (2014) fabricated functionalized PLGA fibre scaffolds with N-acetyl- GRGDSPGYG 

(RGD), and N-acetyl-GYIGSRGYG (YIGSR) peptides, as well as laminin, to improve 

bioactivity of PLGA fibres for cardiomyocyte culture, for use in engineered cardiac constructs 

(J. Yu et al., 2014). Both random and aligned fibres were fabricated for the study, in which 

cardiomyocytes cultured on the aligned fibres, extended along the direction of the fibre, and 

contracted along the direction of the fibres. Positive staining of F-actin and Ŭ-actin was more 

intense on aligned fibres, compared to random fibres, suggesting an increase in focal 

adhesions formed from cardiomyocytes cultured on aligned fibres (J. Yu et al., 2014). Kai et 

al. (2011) came to the same conclusions culturing cardiomyocytes on both random and 

aligned fibres made with PCL and PCL/Gelatin (50:50) in which cardiomyocytes orientated 

themselves to the aligned fibres, and there was increased expression of F-actin and Ŭ-actin 

(Prabhakaran et al., 2012). Cell alignment to aligned fibres can also be seen when culturing 

smooth muscle cells and skeletal muscle cells. Gia et al. (2014) observed orientated 

morphology of smooth muscle cells cultured on aligned electrospun polyurethane fibres and 

polyurethane/collagen aligned fibres, compared to their random counterparts (Jia et al., 

2014). Higher expression of smooth muscle actin Ŭ and myosin heavy chain proteins was 

observed on the aligned fibres, compared to the random fibres. Similarly, skeletal muscle 

cells, C2C12 murine myoblasts, were able to attach, align and then elongate on aligned 

PLGA fibres in the study by (Aviss et al., 2010). Myotube formation, on random and aligned 

PLGA fibres, was also confirmed by the expression of fast myosin heavy chain sarcomeric 

protein, in which higher expression was observed on the aligned fibres, as well as myotubes 

aligning to the fibres, confirming myoblast differentiation (Aviss et al., 2010). Overall, 

electrospun aligned fibres provide the correct topography for morphogenesis to occur in 

skeletal muscle cells, by mimicking the óanisotropic structural organisationô of the ECM and 
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myofibrils (Qazi et al., 2015). Similarly with smooth muscle tissue, alignment of the cells is 

crucial for ócontrolling the constriction of blood vesselsô (Jia et al., 2014). Therefore, 

attachment and alignment of smooth muscle cells to aligned fibre scaffolds will promote 

vascular tissue repair and regeneration (Jia et al., 2014).  

 

Contact guidance exhibited by cells cultured on aligned fibres is of particular advantage with 

regards to nerve tissue engineering (X. Wang et al., 2013). This is due to the effect that the 

scaffold material, and fibre alignment, can have on both Schwann cell attachment and 

elongation, as well as on neuronal cell attachment, differentiation and neurite outgrowth 

length (Y. S. Lee and Arinzeh, 2011). Schwann cell attachment and alignment is crucial for 

peripheral nerve repair, as Schwann cells provide guidance to the regenerating axon and as 

well as myelinate the regenerating nerve (Deumens et al., 2010). Aligned fibre scaffolds are 

used, in nerve tissue engineering, to mimic the óBands of B¿ngnerô, the ECM formed by 

Schwann cells and endoneurial tubes of the distal stump during Wallerian degeneration, to 

provide guidance cues to the regenerating axon (Pfister et al., 2011). The study by Chew et 

al. (2008) confirmed that electrospun aligned and random fibre scaffolds provided contact 

guidance for human Schwann cells, in which Schwann cells aligned and elongated along 

aligned fibres, whereas on random fibres, cells were more randomly orientated, and less 

elongated (Chew et al., 2008). As well as changes in cell morphology, aligned fibres also 

promote a more mature Schwann cell phenotype, compared to random fibres, in which PO 

expression was significantly increased (Chew et al., 2008). Gupta et al. (2009) also reported 

the alignment and elongation of Schwann cells attached to aligned fibres, compared to 

randomly orientated fibres, in which Schwann cells were clustered, orientating in different 

directions (Gupta et al., 2009). By promoting a mature Schwann cell phenotype, nerve 

regeneration in vivo could be increased by incorporating electrospun fibres into a nerve 

guide conduit (Jessen et al., 2015).  

 

As well as influencing Schwann cell alignment and attachment, the orientation of fibre 

scaffolds, for use in nerve tissue engineering, also influences neuronal cells. Corey et al. 

(2007) cultured SH-EP and SH-SY5Y human neuroblastoma cell lines as well as primary rat 

dorsal root ganglia explants, onto PLLA aligned and random nanofibre scaffolds (Corey et 

al., 2007). SH-EP and SH-SY5Y neuroblastoma cells were observed to attach and orientate 

to the aligned fibres, in which actin fibres were observed aligned to the PLLA fibres. Neurite 

outgrowth of Dorsal root ganglia explants was 20% longer on the aligned nanofibre 

scaffolds, compared to the random orientated fibre scaffolds. Schwann cell migration from 

dorsal root ganglion explants was also observed, in which Schwann cells were seen to 

attach and elongate along the direction of the fibres (Corey et al., 2007). Prabhakaran et al. 
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(2013) also reported the alignment of PC12 cells to aligned PHBV/collagen fibres, compared 

to random PHBV/collagen fibres, in which NF200 expression was also higher on aligned 

fibre scaffolds (Prabhakaran et al., 2013). Most recently, the same effect was observed by 

Hu et al. (2017) in which  ̡III tubulin expression of differentiated adipose-derived 

mesenchymal stem cells cultured on aligned PHBV nanofibres was significantly higher than 

those cells cultured on randomly orientated PHBV fibres (F. Hu et al., 2017).  

 

Several studies report that Schwann cells, primary neuronal cells, and human 

neuroblastoma cell lines attach, proliferate and differentiate more efficiently on aligned fibre 

scaffolds, than randomly orientated fibre scaffold in vitro. Kim et al. (2008) reported that 

neurite outgrowth and Schwann cell migration, from dorsal root ganglion explants, was 

increased on aligned poly(acrylonitrile-co-methylacrylate) fibres, compared to randomly 

orientated fibres (Kim et al., 2008). Both randomly and aligned poly(acrylonitrile-co-

methylacrylate) fibres were then placed into polysulfone nerve guide conduits, and implanted 

for 16 weeks, before undergoing behavioral tests, electrophysiology testing and 

immunohistochemical analysis at the end of the experiment. Overall, aligned 

poly(acrylonitrile-co-methylacrylate) fibres incorporated in the NGC promoted the successful 

regeneration of axons óacross a 17 mm nerve gap, reinnervating muscles, and reforming 

new neuromuscular junctionsô compared to the random fibres which did not promote any 

regeneration (Kim et al., 2008). This study confirms that fibre alignment is a crucial factor for 

designing an electrospun internal scaffold for use in a nerve guide conduit. The alignment of 

the fibres is crucial for Schwann cell attachment and maturation, but also to provide 

guidance for the regenerating axon and Schwann cells (Daud et al., 2012).  

In this chapter, solutions of individual materials, as well as blends of materials, were 

electrospun, to investigate whether the material blend could be electrospun, to investigate if 

fibres were aligned, and what diameters could be fabricated.  To begin with, individual 

polymers were electrospun to determine the correct conditions to fabricate aligned fibres 

with specific diameters. The polymers used in this chapter included PLGA, PLLA, PCL and a 

range of polyhydroxyalkanoates.  Diameters from 1-10ɛm were fabricated for each material.  

 

The objectives of this chapter, is to electrospin the polymers and investigated blends 

characterized in chapter 2. It is hypothesized that the more brittle polymers, such as PCL, 

PLLA etc can be electrospun, as seen in the literature, but that the more elastomeric 

polymers, such as P(3HO) will need to be blended with a more brittle polymer to allow for 

successful electrospinning. To determine fibre diameter, scanning electron microscopy was 

used to take micrographs of fibres, and measure individual fibre diameter. Micrographs were 

also used to determine the angular variance of fibres, to confirm whether fibres were aligned. 
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Successful fabricated aligned fibres were taken forward to work described in chapter 5 for in 

vitro analysis. The most efficient fibre diameter for promoting neuronal cell differentiation and 

neurite outgrowth is described in chapter 4.  

 

 

3.2 Materials and Methods  

3.2.1 Fabrication of electrospun fibres  

To fabricate fibres from blends of materials, electrospinning of polymers was first performed 

to understand the parameters required for the process. PCL, P(3HB), P(3HO), PLLA, PLGA, 

P(3HO-co-3HD) and PHBV) were all dissolved into different solvents, at different 

concentrations, to determine the most efficient solvent and polymer concentration required 

for electrospinning. Electrospinning of solutions was performed using a high-power voltage 

supply (Genvolt UK), a single syringe pump (WPI-Europe) and a rotating cylindrical collector 

attached to a motor (diameter of 6cm-IKA Works).  A 1mL plastic syringe (Terumo) was 

attached to the syringe pump and a 20G needle attached to the end of the syringe. The 

needle was connected to the high voltage power supply (figure 1). During the first attempt of 

a solvent/polymer wt% solution, the voltage was from 10kV up to 18kV to determine the 

correct voltage which would fabricate an aligned polymer jet, parallel to the collector (figure 

2). Voltages used were between 8-18kV, and once the correct voltage was established, 

three different parameters were changed to fabricate fibres. These were: 

¶ Speed of the collector (33.5, 75.5, and 134 xg) 

¶ Distance of the needle from the collector (10, 15 and 20cm) 

¶ Flow rate of polymer released from the needle (1, 2, 3 and 4 mL / hr) 

All electrospinning was performed using a 20G needle. Humidity and temperature could not 

be modified/kept constant during electrospinning but were recorded on the day of spinning. 

All fibre conditions were collected onto a sheet of aluminium foil on the cylindrical collector 

and analysed initially by light microscopy to determine alignment. If alignment was not seen 

by light microscopy, the condition was noted down as not working and analysis was not 

continued further. Fibre conditions that appeared aligned were cut into sections for analysis 

by scanning electron microscopy to determine fibre diameter and alignment. The entire 

process was then repeated for co-polymers and different polymer blends, to find the 

conditions required to fabricate aligned fibres with varying diameters for potential in vitro 

analysis. Figure 1 below shows a picture of the set up used to fabricate PHBV electrospun 

fibres.  
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Figure 3.1A) Image to show the óTaylorô cone, and the polymer jet formed by the addition of an electric current over a polymer 
drop. B) Electrospinning set up to fabricate electrospun fibres.  

 

 

3.2.2 Characterisation of electrospun fibres 

To determine fibre diameter and alignment, three independently electrospun batches of the 

same electrospinning conditions were analyzed using scanning electron microscopy. Fibres 

were cut to size and stuck to specimen holders, and were sputter coated with a 20nm thick 

gold coat. A FEI Sirion field emission gun scanning electron microscope was used to take 

images of the fibres. Images were analyzed by using National Institutes of Health (NIH) 

Image J software (Schneider et al., 2012). From each independently spun batch of fibres, 

diameters were taken from 50 fibres, and the fibre alignment was determined by measuring 

the angle of each fibre against a reference fibre (at 180ę). Fibre alignment was conducted 

using image NIH software Image J (Schneider et al., 2012).  

Polymer Jet 
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2.2.3 Statistical analysis 

GraphPad Instat (GraphPad Software, USA) was used to perform statistical tests on data 

collected. One way analysis of variance (p < 0.05) was conducted to analyse the differences 

between the data, with a Tukey's multiple comparisons test to compare statistical differences 

between samples. Data was reported as mean ± SD, p<0.05. Each experiment was 

performed three independent times with each sample repeated three times as n=3. 

 

3.3 Results  

3.3.1 Polycaprolactone (PCL) 

Daud et al. (2012) initially established conditions at the University of Sheffield when they 

fabricated electrospun PCL fibres of 3 different diameters of 1, 5 and 8ɛm using DCM as a 

solvent (Daud et al., 2012). Polycaprolactone is an established and well characterised 

material in our group and conditions were a good starting point to electrospin other materials 

thereafter. The table below was taken from the publication by Daud et al. (2012) to 

reproduce PCL electrospun fibres.  

Table 3.1. Modified from Daud et al (2012).      

Parameters  Small (1ɛm) Intermediate (5ɛm) Large (8ɛm) 

Solvent CF and DCM (1:1) DCM DCM 

Concentration (wt%) 10 10 20 

Flow Rate (mL/hr) 0.3 4 6 

Voltage (kV) 14 15 18 

Needle to collector distance (cm) 20 20 20 

Needle size 27 20 20 

Collector Speed (xg) 134 134 134 
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Figure 3.3. A) 5ɛm PCL electrospun scaffold and a B) 8ɛm electrospun PCL scaffold.  
 

Figure 3.3 shows scanning electron micrographs of 5 and 8ɛm PCL fibres fabricated using 

the conditions produced by (Daud et al., 2012). Fibres appeared aligned and of the correct 

diameter. The micrographs were quantified, to check alignment and fibre diameter. Figure 

5A confirms that all three different conditions fabricate 1, 5 and 8ɛm fibres which are 

statistically different to each other. Figure 5B also confirms that all conditions fabricate 

aligned fibres, with more than two thirds of each fibres measured in the 0-2ę category, and 

little or no fibres in the 6-8, 8-10 or 10-12 degrees categories. PCL fibres could be easily 

removed from the tin foil collector, and when removed were threadlike. This data confirms 

that the conditions published can be easily reproduced, fabricating aligned fibres of known 

diameters  
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Figure 3.4. A) Graph to show the average fibre diameter of the complete set of data of different fibre diameters. An average of 
30 fibres was assessed for each fibre size and mean of the diameter is presented. A one way anova with Tukey's multiple 
comparisons tests was used to analyse data (Mean Ñ SD, n= 3 independently fabricated samples ***p < 0.01 compared to 1ɛm 
fibres, ****p < 0.0001 compared to 1ɛm fibres, ###p < 0.01 compared to 5ɛm fibres). B) Histogram to determine alignment of 
PCL fibres fabricated using the conditions in Daud et al. (2012). 30 fibres were measured per independently electrospun batch 
of fibres. (n=3) 

 

3.3.2 Poly(3-hydroxybutyrate) P(3HB) 

P(3HB), of Mw 452kDa, was manufactured by Rinat Nigmatullin, in the Applied 

Biotechnology Research Group at The University of Westminster and sent (Valappil et al., 

2007a). 7 and 10 wt% solutions of P(3HB) were dissolved in chloroform. Both concentrations 

of polymer were electrospun at 4mL/hr, 20cm from the collector at a speed of 134 xg. Little 

success was found with the 7wt% solution, but fibres were formed from the 10wt%. Different 

parameters, such as working distance, flow rate and speed of the collector, were modified to 

fabricate different fibre diameter. Solutions of 8, 10 and 12wt% were produced and voltages 

between 8-20kV applied to produced a polymer jet. Flow rates of 1,2,3 and 4ml/hr were 
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investigated, and collector speeds of 33.5, 75.5, and 134 xg. The distance between the 

needle tip and the collector was changed from 10,cm, 15cm and 20cm. The results of the 

changing of the parameters are presented below. 

Table 3.2. Table of successful electrospinning conditions for P(3HB). 20G needles were used for all conditions and spun for 2 
minutes (Mean ± SD, n= 3 independently fabricated samples) 

Condition 

Number  

Polymer 

Solution (%) 

Voltage 

(kV) 

Distance 

(cm) 

flow rate 

(mL/h) 

Speed 

(xg) 

Size of 

fibres (ɛm) 

1 12 12 12 1 148 2.3 ± 0.3 

2 8 15 12 1 134 2.5 ± 0.7 

3 12 18 20 4 134 3.5 ± 0.7 

4 12 15 20 3 134 3.6 ± 0.6 

5 12 22.5 20 2 134 4.2 ± 0.5 

6 12 15 20 1 134 4.3 ± 0.9 

7 8 15 12 1 148 4.5 ±0.8 

8 12 12 20 4 134 4.6 ± 1.5 

9 12 12 12 4 248 4.8 ± 2.0 

10 12 15 10 3 134 6.8 ± 0.7 

11 12 15 20 4 134 7.9 ± 1.5 

 

A range of fibre diameters, from 2.3 ï 7.9ɛm could be fabricated from P(3HB). Polymer 

solutions of 12 wt% concentration were spun with the most success and voltages of 12-22.5 

kV produced a polymer jet from the Taylor cone. For quantitative analysis of electrospun 

fibres, samples were analysed using a FEI Sirion field emission gun scanning electron 

microscope. Three independent batches of each diameter of material fibre size were used 

and 100 different fibre diameters, in total, were taken for each condition to determine the 

average fibre diameter. To determine the variation between data, the diameters plotted into 

a graph and presented below.  
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Figure 3.5. A graph to show the different fibre diameters fabricated from different conditions of P(3HB). A one way anova with  
Tukey's multiple comparisons tests was used to analyse data (Mean ± SD, n= 3 independently fabricated samples *p < 0.05, 

**p < 0.01 compared to condition 10, #p< 0.05, ##p< 0.01, ####p < 0.0001 compared to condition 11).  

 

Overall, figure 3.5 shows that the diameters of fibres fabricated in conditions 1-6 are 

statistically smaller than the diameters of fibres fabricated from electrospinning conditions 10 

and 11. No statistical differences were detected between fibre diameters fabricated from 

electrospinning conditions 1-9. The largest average fibre diameter was 7.9 Ñ 1.5ɛm, 

fabricated by figure 11, followed by 6.8 Ñ 0.7ɛm fabricated by figure 10. The smallest fibre 

diameter fabricated was 2.3 Ñ 0.3ɛm. Figure 8 shows that fibres fabricated appeared much 

aligned and fibres could be removed from the tin foil easily, with a threadlike consistency.  

  
Figure 3.6. Scanning electron micrographs of A) 4.21ɛm and B) 6.86ɛm P(3HB) electrospun scaffolds.   

 

Fibre alignment was determined, using Image J by using a reference fibre (at 180ę) and 

measuring fibres against the reference fibre (Schneider et al., 2012). 30 fibres per sample 

per batch were measured and the angular variance in the different conditions determined. 

Data was split into groups of 2ę (0-2ę, 2-4ę, 4-6ęetc).  
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Figure 3.7. Graph to show illustrate the angular difference between samples linked to the table of electrospinning conditions. 

For all conditions, at least two thirds of the fibres were located in the 0-2ęcategory confirming parallel alignment.  

 

Electrospinning P(3HB) produced 11 successful electrospinning conditions and fibre 

diameters from 2.3- 7.9 ɛm fibres, and that these fibres were aligned (figure 9). Angular 

variance illustrated the fabrication of parallel aligned fibres. Around 20 out of 30 fibres, for 

fibres fabricated from conditions 2, 3, 4, 5, 6 and 10, measured 0-2ę from the centrally 

aligned reference fibre. Fibres fabricated by electrospinning conditions 1, 7 and 11, 

appeared the least aligned as less than 50% of all fibres measured 0-2ę from the central 

reference fibre. Overall it was concluded that electrospinning P(3HB) could fabricate some 

aligned fibres with different diameters. The chosen solvent for P(3HB) was chloroform and 

that 10-12wt% solutions fabricated larger diameters.   

 

3.3.3 Poly(3-hydroxyoctanoate) P(3HO) 

P(3HO), 677kDa in molecular weight, was manufactured by Rinat Nigmatullin, in the Applied 

Biotechnology Research Group at The University of Westminster (Rai et al., 2011), P(3HO) 

was dissolved in chloroform. Solutions of 8, 10 and 12wt% were produced and voltages 

between 8-20kV applied to produced a polymer jet. Flow rates of 1,2,3 and 4ml/hr were 

investigated, and collector speeds of 33.5, 75.5, and 134 xg. The distance between the 

needle tip and the collector was changed from 10cm, 15cm and 20cm. Figure 3.8, shows 

that electrospun fibres could be fabricated from P(3HO). However, fibres could not be 

removed from the foil. This was due to the fibres merging together due to the solvent not 

evaporating fully before reaching the collector.  
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Figure 3.8. SEM micrograph of spun P(3HO) fibres, average diameter 4.55ɛm. 

 

3.3.4 PolyLactic-Glycolic Acid (PLGA) 

PLGA, from Vornia Biomaterials Ltd, Ireland, with a molecular weight of 42kDa, was 

electrospun on the set up. The recommended solvent selected to spin PLGA was 

hexafluoroisopropanol (HFIP). Conditions from the study by Aviss et al. (2010) were used to 

electrospin PLGA in HFIP. A 20wt% solution was made up in HFIP and voltages between 8-

20kV applied to produced a polymer jet. Flow rates of 1,2,3 and 4ml/hr were investigated, 

and collector speeds of  33.5, 75.5, and 134 xg. The distance between the needle tip and the 

collector was changed from 10,cm, 15cm and 20cm. Figure 3.9 shows the result of fibres 

fabricated from a condition with a flow rate of 1mL/hr, speed collector of 1500rpm, with a 

working distance of 15cm (Aviss et al., 2010). This condition fabricated a randomly 

orientated fibre scaffold. The average fibre diameter of this scaffold was 3.2ɛm, and if the 

fibre diameter was to be increased, a higher flow rate and polymer concentration was 

needed. However, the 20wt% solution was very viscous and difficult to electrospin. The 

polymer concentration was dropped to 16wt% and electrospun at 5mL/hr, a 15cm working 

distance, 75.5 xg collector speed and a voltage of 15kV was applied. This fabricated 

electrospun fibres of 2.7ɛm which were much more aligned (figure 3.9B).  
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Figure 3.9. Scanning electron microscopy micrographs of A) 20 wt% PGA Scaffold (average fibre diameter= 3.2ɛm) and B) 16 

wt% Scaffold. (Average fibre diameter= 2.7ɛm) 

The working distance of 15cm was kept constant, and the flow rate kept at 5mL/hr. The 

collector speed was decreased to 1000rpm to produce thicker fibres. This is illustrated in 

fibres fabricated by condition 7 (table 3.3) which were 4.5ɛm in diameter. However, similar to 

the 20wt% solution, the 16wt% solution was observed by eye to be viscous. Decreasing the 

concentration of the polymer did not permit fabrication of aligned fibres with higher 

diameters. 

Table 3.3. Summary of electrospinning conditions used to fabricate aligned PLGA microfibres.   

Condition 

Number  

Polymer 

Solution (%) 

Voltage 

(kV) 

Distance 

(cm) 

Flow rate 

(mL/h) 

Speed 

(xg) 

Size of fibres 

(ɛm) 

1 16 20 15 5 33.5 1.5 ± 0.3 

2 16 20 15 5 134 1.6 ± 0.4 

3 16 15 15 5 134 1.9 ± 0.5 

4 16 20 15 5 75.5 2.5 ± 0.7 

5 16 15 15 5 75.5 2.7 ± 0.4 

6 16 15 15 5 33.5 3.1 ± 0.6 

7 16 20 15 5 33.5 4.3 ± 0.3 
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Figure 3.10. Scanning electron micrographs of A) 2.7ɛm PGA electrospun scaffold fibres and B) 1.92ɛm PGA electrospun 
scaffold fibres.  

 

3.3.5 Poly(3-hydroxyoctanoate-co-3-hydroxydecanoate) (P(3HO-co-3HD)  

P(3HO-co-3HD), with a Mw of 350 KDa, was manufactured by Rinat Nigmatullin, in the 

Applied Biotechnology Research Group at The University of Westminster. P(3HO-co-3HD) 

was dissolved in chloroform overnight at room temperature on a magnetic stirrer platform. 

Solutions of 8, 10 and 12wt% were produced and voltages between 8-20kV applied to 

produced a polymer jet. Flow rates of 1,2,3 and 4ml/hr were investigated, and collector 

speeds of 33.5, 75.5, and 134 xg. The distance between the needle tip and the collector was 

changed from 10,cm, 15cm and 20cm. 

A table of two electrospinning conditions where individual fibres were fabricated of P(3HO-

co-3HD) that didnôt fuse together or bead (table 3.4).  

 

Table 3.4. Two successful conditions of P(3HO-co-3HD) fibres (Mean ± SD, n= 3 independently fabricated samples).  

Parameters 1 2 

Polymer Concentration (wt%) 10 10 

Voltage (kV) 18 19 

Flow Rate (mL/hr) 2 3 

Collector speed (xg) 134 134 

Working distance (cm) from 

needle to collector 

15 15 

Fibre Diameter (ɛm) 3.6 ± 0.6 4.5 ± 0.4 

 

Scanning electron micrographs were taken of the fibres electrospun from the conditions in 

table 3.4.  Very little fibres collected onto the foil collector during electrospinning. Aligned 
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fibres were fabricated using the electrospinning parameters in condition two, compared to 

condition one. However, when the electrospinning time was increased to fabricate aligned 

fibre mats, fibres merged with each other and alignment was lost. This was because of the 

short working distances used to collect the fibres, and that fibres had not dried in time.  

  
Figure 3.11. Scanning electron microscopy micrographs of P(3HO-co-3HD) electrospun scaffolds with average diameters. 
Scaffold A) was fabricated by condition 1 and scaffold B) was fabricated by condition 2.  

 

3.3.6 Polyhydroxybutyrate-co-Valerate (PHBV) 

PHBV, with a molecular weight of 600,000 g/mol, was purchased from Goodfellow Ltd, UK. 

Initially, 10wt% solutions of PHBV were spun using the conditions described by Daud et al. 

(2012). 7.8ɛm fibres were produced and characterised using scanning electron microscopy, 

but it was confirmed they were not as aligned, and some fibres could be seen fused together 

(figure 3.12A). A 14wt% solution of PHBV in chloroform was spun at 4mL/hr, 12kV, 33.5 xg 

speed with a working distance of 20cm (Sombatmankhong et al., 2006). However, due to the 

higher molecular weight of the PHBV used, these conditions resulted in fibres with a beaded 

like morphology (figure 18B). Due to many different parameters associated with 

electrospinning, conditions were kept constant throughout batches, changing one parameter 

at a time. PHBV fibres were fabricated using voltages between 10-15kV, and changing the 

speed of the collector, distance from the collector and flow rate of the polymer ejected. Flow 

rates of 1,2,3 and 4ml/hr were investigated, and collector speeds of 33.5, 75.5, and 134 xg. 

The distance between the needle tip and the collector was changed from 10,cm, 15cm and 

20cm. 
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Figure 3.12. (A) SEM image analysis of 10% PHBV solution electrospun at 15kv, 20cm working distance, 4mL/h flow rate and 
collector speed of 2000rpm. 7.8µm fibres were produced but slightly fused. (B) SEM image analysis of electrospun fibres 
replicating conditions from Sombatmankhong et al (2006) in which beaded fused fibres were formed. 
 
 

When increasing the polymer concentration, an increase in fibre diameter was observed. To 

compensate a more viscous solution, the voltage needed to be increased to form a parallel 

jet, to fabricate aligned fibres. By increasing the polymer concentration, this increased the 

likeliness of fabricating beaded and fused fibres, especially at low collector speeds, in which 

increasing the voltage also avoided this. Fibre diameter could be increased by reducing the 

speed of the collector, increasing the flow rate, as well as decreasing the working distance 

between the syringe and the collector. At 12kV, the 14wt% PHBV solution produced an 

aligned jet which produced aligned fibres. A range of electrospinning conditions were 

explored and SEM image analysis was used to determine the most successful conditions, 

with regards to fibre alignment and diameter. Successful conditions fabricated aligned fibres 

with varying diameters (Table 3.5).  

 

Table 3.5. 10 conditions were chosen for producing aligned PHBV fibres of different diameters. (Mean ± SD, n= 3 

independently fabricated samples 

Condition 
Number  

Polymer Solution 
(%) Voltage (kV) 

Distance 
(cm) 

flow rate 
(mL/h) Speed (xg) Size of fibres (µm) 

1 10 13 20 1 134 1.9 ± 0.5 

2 14 12 20 3 134 3.8 ±0.6 

3 14 10 20 1 33.5 4.1 ± 0.6 

4 14 15 20 4 134 5.1 ± 0.9  

5 14 12 20 4 134 6.0 ± 0.6 

6 14 10 20 4 134 6.2 ± 0.7 

7 12 15 20 4 134 7.5 ± 0.9 

8 10 10 20 4 134 8.1 ± 0.4 

9 15 12 20 4 134 9.3 ± 1.1 

10 15 12 20 4 33.5 10.2 ± 0.5 
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SEM micrographs of all fibres samples were taken for the 10 conditions detailed above, to 

determine fibre diameter and alignment (angular) differences. To determine the fibre 

diameter fibres were measured using the ruler tool in Image J to determine statistical 

differences between diameters (Schneider et al., 2012).   

   
Figure 3.13. Scanning electron micrographs of (A) 1.9µm PHBV fibres, B) 4.2µm PHBV fibres, and C) 6.0µm PHBV fibres.  
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Figure 3.14. Graph to show the average fibre diameter of 10 electrospinning conditions that fabricate aligned fibres. An average 
of 30 fibres was assessed for each fibre size and mean of the diameter is presented. A one way anova with  
Tukey's multiple comparisons tests was used to analyse data (Mean ± SD, n= 3 independently fabricated samples *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 compared to condition 10, ###p < 0.001, ####p < 0.0001 compared to condition 9, +p < 
0.05, +p < 0.01, +++p < 0.001, ++++p < 0.0001 compared to condition 8,  ~p < 0.05, ~~~~p < 0.0001 compared to condition 5, 
^^p < 0.01 compared to condition 4, > p < 0.05 compared to condition 3).  
 
 

Electrospinning conditions 1-8 fabricated fibres that had statistically smaller fibre diameters, 

compared to the diameter of fibres fabricated in condition 10, which at measured 10.27 ± 

0.5ɛm. Diameters of fibres fabricated in conditions 1-6 were significantly smaller than the 

diameter of fibres fabricated in condition 9, 9.3 Ñ 1.1ɛm. The smallest diameter of fibres 

fabricated were 1.9 Ñ 0.5ɛm, condition 1.  

To confirm if fibres fabricated were aligned, the angular variance for each condition was 

calculated. A central reference fibre, measuring 180ę on image J, was used to calculate the 
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angular variance of the fibres in degrees (Schneider et al., 2012). Each fibre was placed into 

an angular degree category of 0-2, 2-4, 4-6, 6-8 and 8-12ę. 30 fibres, per condition, were 

measured, and results illustrated in figure 21B. Over two thirds, of all fibres per condition, 

measured 0-2ęfrom the central reference fibre, indicating that all PHBV fibres were aligned. 

Aligned PHBV fibres could be produced from all 10 electrospinning conditions and were 

reproducible.  
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Figure 3.15. Histogram to illustrate alignment of PHBV fibres fabricated. A central aligned fibre, at 180ę, was used as a 
reference point to measure the angular variance of adjacent fibres. Per independently electrospun batch of fibres, 30 fibres 
were measured. (n=3) 

 

3.3.7 Polyhydroxybutyrate:Polyhydroxyoctanoate  P(3HO):P(3HB) (25:75) 

Previous biocompatibility studies in chapter 2, and from solvent casted film analysis by 

Lizarraga et al. (2015) revealed that longer neurites expressed from NG108-15 neuronal 

cells were observed when cultured on the P(3HO):P(3HB) (25:75) blend compared to blends 

of 50:50 and 75:25 (Lorena R. Lizarraga-Valderrama et al., 2015). Blends were then 

produced to manufacture fibres by electrospinning. Three different polymer concentrations, 

8wt%, 10wt% and 12wt%, were investigated and electrospun by dissolving the different 

polymer concentrations in chloroform. Flow rates of 1,2,3 and 4ml/hr were investigated, and 

collector speeds of 33.5, 75.5, and 134 xg. The distance between the needle tip and the 

collector was changed from 10,cm, 15cm and 20cm. Scanning electron micrographs were 

taken of fibres to determine the fibre diameter and alignment. The most successful 

electrospinning conditions are presented below.   
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Table 3.6.  Electrospinning fabrication conditions of P(3HO):P(3HB) (25:75) fibres with different average fibre diameters (mean 

± SD, n = 3 independently fabricated samples).  

Number  Solution 

(%) 

Voltage 

(kV) 

Distance 

(cm) 

Flow rate 

(mL/h) 

Speed 

(xg) 

Size of fibres 

(ɛm) 

1 8 8.5 10 1 134 1.8 ± 0.4 

2 8 8.5 15 2 134 2.3 ± 0.5 

3 10 10 20 1 134 3.2 ± 0.2 

4 10 10 15 2 134 4.1 ± 0.3 

5 12 10.5 20 4 134 5.0 ± 0.4 

6 10 8.9 15 4 134 6.1 ± 0.7 

7 12 10.5 20 4 75.7 7.1 ± 1.2 

8 10 8 10 4 33.5 8.3 ± 1.2 

9 10 15 10 3 75.5 9.0 ± 1.2 

10 12 10.5 10 4 134 10.6 ± 1.2 

 

Fibre diameters from 1.8 - 10.6ɛm were produced using the P(3HO):P(3HB) (25:75) blend. 

Polymer solutions of 8, 10 and 12 wt% concentration were spun with the most success and 

voltages of 8.5-10.5 kV produced aligned polymer jets to formed from the Taylor cone 

(Bhardwaj and Kundu, 2010). To determine fibre diameter, and to detect differences 

between diameters fabricated, samples were analysed by scanning electron microscopy. 

Three independent batches of each diameter of material fibre size were used and 100 

different fibre diameters, in total, were taken for each condition to determine the average 

fibre diameter. To determine the variation between data, the diameters were plotted into a 

graph and presented below.  
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Figure 3.16. 10 different fibre diameters produced using 10 different electrospinning conditions of P(3HO):P(3HB) 25:75. A one 
way anova with Tukey's multiple comparisons tests was used to analyse data (Mean ± SD, n= 3 independently fabricated 
samples,  **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to condition 10, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 
0.0001 compared to condition 9, +p < 0.05, ++p < 0.01, +++p < 0.001, ++++p < 0.0001 compared to condition 8, ~p < 0.05, ~~p 
< 0.01, ~~~p < 0.001, ~~~~p < 0.0001 compared to condition 7, ^p < 0.05, ^^p < 0.01, ^^^p < 0.001, ^^^^p < 0.0001 compared 
to condition 6, >p < 0.05 compared to condition 5). 

 

Significant differences were detected between the fibre diameters, in which condition 

number 10 produced fibre diameters which were significantly larger, (10.6 Ñ 1.9ɛm) 

compared to fibre diameters produced from conditions 1-7. The smallest average diameter 

measured (1.8 Ñ 0.4ɛm condition 1), was significantly smaller than the average diameters 

measured for conditions 5-10. Overall, the average fibre diameter ranged from 1.8ɛm - 

10.6ɛm. Of note, there was large variance of fibre diameters of fibres fabricated from 

conditions 7-10. This could be due to a few reasons such as fibre fusion, higher viscosity of 

solution required to fabricate thicker fibres, or changes in humidity and temperature  

Four scanning electron micrographs of conditions 3, 6, 8 and 10, were measured at 3.2ɛm, 

6.1ɛm, 8.2ɛm and 10.6ɛm. Overall, fibre diameter increased, from figure 3.17 A-D. To 

determine fibre alignment, the angular variance between fibres per diameter was 

determined.  
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Figure 3.17. SEM micrographs of P(3HO):P(3HB) (25:75) fibres scaffolds with average diameters of A) 3.2ɛm B) 6.1ɛm C) 

8.2ɛm and D) 10.6ɛm 
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Figure 23. Graph to show the angular difference between samples linked to the table of electrospinning conditions. For all 
conditions, except no.1 and 2, at least two thirds of the fibres were recorded in the 0-2ęcategory confirming parallel alignment. 

 

Fibre alignment studies illustrated that all conditions, except conditions 1 and 2, fabricated 

aligned fibres. A minimum of 20, out of 30 fibres measured between 0-2° from the central 

reference fibre. 19 out of 30 fibres measured between 0-2° from the central reference fibre 

when manufactured from conditions 1 and 2. Fibres fabricated from conditions 1 and 2 

measured between 2-4° from the central reference fibre which indicated good alignment. 

P(3HO):P(3HB) (25:75) can be electrospun to fabricate aligned fibres with varying 

diameters. Fibres could also be removed from the tin foil collector with ease and could be 
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manipulated by hand without losing alignment. Fibres produced from electrospinning 

conditions 3, 4 and 5 resulted in the most aligned fibres, with little variance between fibre 

diameters. Fibres produced from electrospinning conditions 7, 8, 9 and 10, although aligned, 

had a higher variance in fibre diameter.  

 

3.3.8 Polyhydroxybutyrate:Polyhydroxyoctanoate  P(3HO):P(3HB) (50:50) 

 P(3HO) and P(3HB) were then formed into a blend of ratio 50:50. 0.5g of each polymer was 

weighed out before adding 9g of chloroform and mixing the solution overnight on a magnetic 

stirrer plate. No difficulties were experienced when electrospinning either P(3HO):P(3HB) 

(25:75) or P(3HO):P(3HB) (50:50). Electrospun fibres were fabricated from three different 

polymer concentrations, 8wt%, 10wt% and 12wt%. Flow rates of 1,2,3 and 4ml/hr were tried, 

and collector speeds of 33.5, 75.5, and 134 xg. The distance between the needle tip and the 

collector was changed from 10,cm, 15cm and 20cm. The most successful conditions are 

presented below. 

Table 3.7 Conditions used to fabricate 50:50 P(3HO):P(3HB) electrospun fibres (mean ± SD, n= 3 independently fabricated 

samples). 

Number  Solution 

(%) 

Voltage 

(kV) 

Distance 

(cm) 

Flow rate 

(mL/h) 

Speed 

(xg) 

Size of 

fibres (ɛm) 

1 8 11.5 15 3 75.5 2.0 ± 0.6 

2 8 11.6 10 1 134 2.7 ± 0.3 

3 10 10 10 2 134 3.6 ± 0.5 

4 10 10.5 15 1 134 4.3 ± 0.3 

5 10 12.5 15 3 134 5.0 ± 0.4 

6 8 9.5 20 2 33.5 6.1 ± 1.9 

7 10 10 10 2 33.5 7.3 ± 0.9 

8 10 12.5 10 3 134 7.9 ± 0.5 

9 10 12.5 10 3 33.5 9.1 ± 1.5 

 

In order to determine fibre diameter for each condition, fibres spun onto foil were cut into 

sections and analysed by scanning electron microscopy. Fibre diameters of electrospun 

P(3HO):P(3HB) (50:50) ranged from 2.0ɛm - 9.1ɛm. 
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Figure 3.18. Graph of the different fibre diameters fabricated from different conditions of P(3HO):P(3HB) (50:50). A one way 
anova with Tukey's multiple comparisons tests was used to analyse data (Mean ± SD, n= 3 independently fabricated samples, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to condition 9, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 
0.0001 compared to condition 8, +p < 0.05, ++p < 0.01, +++p < 0.001, ++++p < 0.0001 compared to condition 7, ~~p < 0.01 
compared to condition 6, ^p < 0.05 compared to condition 5).  

 

Larger fibre diameters, fabricated by electrospinning conditions 5-9, are significantly larger 

than those fabricated in conditions 1-4 (figure 3.18). The largest diameter of fibres produced 

were 9.1 Ñ 1.5ɛm (condition 9) followed by 8.3 Ñ 2.0ɛm, produced by condition 8. Variance 

between fibres diameters produced from conditions 8 and 9, are much larger compared to 

diameters fabricated by conditions 1-5. This could be due to increased viscosity, and 

increased flow rate causing a blockage in the needle. This can be seen in figure 3.20 

(condition 9), identifying fibres which are much larger than others and fibres merging 

together due to incomplete solvent evaporation. This is also seen in figure 3.20C (condition 

7). Notwithstanding, the majority of fibres shown in both micrographs are aligned. Figure 

3.20A and B shows SEM micrographs of conditions 1 and 5. Fibres in figure 3.20A are much 

smaller than the other micrographs.  
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Figure 3.19. SEM micrographs of P(3HO):P(3HB) (50:50) electrospun fibres with average diameters of A) 2.0ɛm fibres, 
B)5.0ɛm fibres, C) 7.3ɛm fibres and D) 9.1ɛm fibres. 

 

In order to determine fibre alignment, a centrally aligned fibre was located, and the angular 

variance of the surrounding fibres was measured to determine alignment of the fibre 

fabricated.   
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Figure 3.20. Graph to show the angular difference between samples linked to the table of electrospinning conditions. For all 
conditions, except no.6, at least two thirds of the fibres were located in the 0-2ęcategory confirming parallel alignment. 
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Angular variance (measured in degrees) of P(3HO):P(3HB) (50:50) fibres is illustrated in 

figure 27. Alignment studies confirmed that all conditions, apart from condition no. 6, resulted 

in parallel aligned fibres. Condition 6 resulted in 17/30 fibres of 0-2ę, with the rest of the 

fibres aligning at 2-4ę and 4-6ę. To note, no fibres were measured above 6Á compared to the 

centrally aligned reference fibre, indicating the ability to fabricate nearly parallel aligned 

fibres of P(3HO):P(3HB) (50:50). Fibres could also be removed from the foil collector with 

ease and could be manipulated by hand without losing alignment. Conditions 1-5, and 7-8, 

resulted in fibres with very little variance in diameter. All conditions except 9, fabricated 

fibres which were aligned, with very few stray fibres. Therefore, fibres produced from 

conditions 1-5, and 7-8 would be potential diameters for use as an intraluminal guidance 

scaffold or a nerve guide conduit. This depends on which diameters are the most efficient for 

neuronal cell differentiation, and Schwann cell/neuronal cell viability, conducted in chapter 4. 

Although not as biocompatible as P(3HO):P(3HB) (25:75), the higher concentration of 

P(3HO) in this blend would indicate that the mechanical properties of the 50:50 blend would 

be closer to that of native nerve tissue compared to the P(3HO):P(3HB) (25:75) blend.  

 

3.3.9 Polyhydroxybutyrate:Polyhydroxyoctanoate  P(3HO):P(3HB) (75:25)  

A blend of P(3HO):P(3HB) (75:25) was produced, to fabricate electrospun fibres. Three 

polymer solutions of 8, 10 and 12wt% solutions were fabricated to attempt electrospinning. 

Flow rates of 1,2,3 and 4ml/hr were investigated, and collector speeds of 33.5, 75.5, and 134 

xg. The distance between the needle tip and the collector was changed from 10,cm, 15cm 

and 20cm. Only 8 and 10wt% polymer solutions fabricated fibres. Higher voltages (15-18kV) 

were needed for working distances below 10cm. At 15cm, lower voltages (8-10kV) produced 

fibres. There were also some problems to visualise fibres by SEM as the gold coating was 

observed to absorb into the fibres. However, some successful conditions were produced to 

fabricate P(3HO):P(3HB) (75:25) fibres and these are reported below.  
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Table 3.7. Electrospinning conditions and fibre diameters of P(3HO):P(3HB) (75:25). (Mean ± SD, n = 3 independently 
fabricated samples) 

Condition 

Number  

Solution 

(%) 

Voltage 

(kV) 

Distance 

(cm) 

Flow rate 

(mL/h) 

Speed 

(xg) 

Size of 

fibres 

(um) 

1 10 7.6 15 2 134 3.7 ± 1.0 

2 10 8.5 15 2.5 134 5.6 ± 0.9 

3 10 14.9 10 4 75.5 5.7 ± 1.0 

4 10 15.6 15 4 75.5 6.0 ± 0.7  

5 10 16 10 1 134 6.0 ± 1.2  

6 10 15 20 3 33.5 6.4 ± 0.4  

7 10 15 15 2 134 6.5 ± 0.5  

8 10 9 20 2 134 6.6 ± 1.3  

9 8 16.6 10 3 33.5 6.7 ± 1.8  

 

Scanning electron micrographs were taken of these fibres to determine diameter, variation 

and alignment. Fibre diameters were fabricated across a smaller range compared to other 

PHA blends, from 3.7 - 6.7ɛm (table 3.7). There was no significant difference found between 

samples, identifying considerable variance between fibre diameters measured per condition. 

This is most likely due to the high concentration of P(3HO) causing the fibres to fuse and 

stick together, resulting in varying fibre diameters.  
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Figure 3.21. Graph showing different fibre diameters fabricated from different conditions of P(3HO):P(3HB) (75:25). A one way 
anova with Tukey's multiple comparisons tests was used to analyse data (Mean ± SD, n = 3 independently fabricated samples. 
No statistical differences detected between samples).  
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Scanning electron micrographs of four P(3HO):P(3HB) (75:25) electrospinning conditions 

are seen below in figure 30. As seen in figure 30A and B, individual fibres could be formed, 

with little crossover of fibres. However, figure 30C and D illustrates issues identified with gold 

coating for visualisation of samples by SEM, as well as the presence of dust particles which 

stuck to the fibres. This would indicate difficulties sterilising these fibres, as well as removing 

them from the foil collector. To confirm fibre alignment, angular variance between fibres was 

measured and the results presented in figure 31.  

  

  
Figure 3.22. Scanning electron micrographs of P(3HO):P(3HB) (75:25) electrospun fibres with average diameters of A) 3.7ɛm 
fibres, B) 5.6ɛm fibres, C) 6.4ɛm fibres and D) 6.6ɛm fibres 
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Figure 3.23. Graph to show the angular difference between samples linked to the table of electrospinning conditions. For all 
conditions, except no.1,3 and 6, at least two thirds of the fibres were located in the 0-2ęcategory confirming parallel alignment. 
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All electrospinning conditions, apart from 1, 3 and 6, were found to fabricate parallel aligned 

fibres. More than 20, of the 30 measured fibres, measured 0-2ę from the reference central 

fibre.  Although some difficulties arose with electrospinning P(3HO):P(3HB) (75:25) fibres, 

parallel aligned fibres with different diameters could be fabricated. However, once removed 

from the foil collector, fibres were difficult to handle, and stuck together, losing any alignment 

produced. When electrospinning much thicker mats by electrospinning for a longer time 

period, fibres fused together, and the diameter was lost 

 

3.3.10 P(3HO-co-3HD):P(3HB) (95:5) 

Blends of 95wt% P(3HO-co-3HD) and 5wt% of the synthetic polymers were fabricated, and 

electrospinning of these blends was performed. P(3HO-co-3HD) and P(3HB) were dissolved 

in chloroform at a ratio of 95:5. Voltages of 6-15kV were investigated before changing any 

other parameters. A low voltage of 7-9kV was the most successful to produce a polymer jet. 

This could be due to a strong electric charge of the polymers, requiring a lower voltage for 

electrospinning.  Flow rates of 1,2,3 and 4ml/hr were investigated, and collector speeds 

of33.5, 75.5, and 134 xg.  The distance between the needle tip and the collector was 

changed from 10,cm, 15cm and 20cm. The table below presents the successful conditions 

that fabricated electrospun fibres of P(3HO-co-3HD):P(3HB) (95:5).  

Table 3.8. Electrospinning conditions and diameters of fibres of 95:5 P(3HO-co-3HD):P(3HB) (mean ± SD, n=3 independently 
run experiments).  

Condition 

Number  

Solution 

(%) 

Voltage 

(kV) 

Distance 

(cm) 

Flow rate 

(mL/h) 

Speed 

(xg) 

Size of fibres 

(ɛm) 

1 10 8 10 1 134 2.7 ± 0.3 

2 10 8 10 1 134 3.6 ± 0.5 

3 10 8 15 3 33.5 4.0. ± 1. 

4 10 8 10 3 75.5 4.9 ± 0.6 

5 10 8.4 15 3.2 134 6.3 ± 0.9 

6 10 7 15 3.4 134 7.3 ± 1.4 
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Figure 3.24. Graph of different fibre diameters fabricated by a range conditions of P(3HO-co-3HD):P(3HB) (95:5). A one way 
anova with Tukey's multiple comparisons tests was used to analyse data (Mean ± SD, n=3 independently run experiments, 
samples *p < 0.05, **p < 0.01 compared to condition 5, #p < 0.05, ##p < 0.01 compared to condition 6).  
 
 

A range of different fibre diameters, from 2.7 - 7.3ɛm, were fabricated using this blend. In 

order to determine statistical variance fibre diameters were plotted below (figure 3.24). 

Conditions 1 - 4 resulted in fibres of 2.7 Ñ 0.3ɛm, 3.6 Ñ 0.5ɛm, 4.0 Ñ 1.0ɛm and 4.9 Ñ 0.6ɛm 

which were significantly different to condition 6. Fibres with an average diameter of 7.3 ± 

1.4ɛm were manufactured. However, there was a larger variance between fibre diameters 

produced from electrospinning condition 6, compared to variance of smaller fibre diameters 

fabricated by electrospinning conditions 1-4. This indicates that as the average fibre 

diameter increases, the variance in diameters is much larger, due to merging of fibres 

together. This is most likely due to the high amount of the P(3HO-co-3HD) in this blend.  

Micrographs are presented below to show individual fibres. There was some fibre beading 

and fusion arising from conditions when using a working distance >20cm.  When this was 

reduced to 15cm, individual fibres were formed. Larger diameters fabricated produced more 

aligned fibres. 

  
Figure 3.25. Scanning electron micrographs of P(3HO-co-3HD):P(3HB) (95:5) electrospun fibres with average diameters of A) 
3.98ɛm and B) 4.92ɛm.  
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Figure 3.26: Graph showing the relationship between angular variance and electrospinning condition. For all conditions, except 

3 and 5, at least two thirds of fibres showed alignment between 0-2ę. 
 

Fibre alignment was determined by measuring the angular variation between fibres, as a 

basis to explore whether this blend might be an intraluminal scaffold candidate. Figure 3.26 

illustrates that four of the six conditions resulted in parallel aligned fibres, with more than 20-

30 fibres measuring 0-2ę from the centrally aligned reference fibre. No fibres measured 

above 8° degrees from the reference fibre. However, when fabricating fibre mats, with 

increased fibre density, fibres fused together, and alignment was lost, due to incomplete 

solvent evaporation.  After vacuum drying, and soaking fibres in PBS, fibres could not be 

removed from the foil collector.  

 

3.3.11 P(3HO-co-3HD):PLLA blends 

P(3HO-co-3HD) and PLLA (Mw 100kDa, Vornia Biomaterials Ltd, Ireland) were dissolved at 

a ratio of 95:5 in chloroform. Solutions of 8, 10 and 12wt% were produced and voltages 

between 8-20kV applied to produced a polymer jet. Flow rates of 1,2,3 and 4ml/hr were 

investigated, and collector speeds of 33.5, 75.5 and 134 xg. The distance between the 

needle tip and the collector was changed from 10,cm, 15cm and 20cm.  

Issues arose electrospinning P(3HO-co-3HD) and PLLA in chloroform (as seen in figure 

3.27A), and so two solvent combinations were investigated, chloroform: DCM mix (1:1) and 

chloroform: DCM mix (9:1).  Electrospun fibres were fabricated with some alignment as seen 

below in figure 2.37B and C.  
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Figure 3.27.  SEM images of 10wt% P(3HO-co-3HD):PLLA (95:5) electrospun fibres dissolved in A) chloroform, B) 
chloroform:DCM (1:1) and C) chloroform:DCM (9:1) (average diameter 8.97ɛm) 
 

Although adding DCM to chloroform at a ratio of 1:1 improved the quality of the fibres, 

aligned fibres fabricated could not be removed from the foil collector and were wet due to the 

high concentration of the P(3HO-co-3HD) and incomplete solvent evaporation.  

Due to the ability to fabricate P(3HO):P(3HB) (25:75) and (50:50) fibres, P(3HO-co-3HD) 

was blended with higher amounts of PLLA. Although it was predicted that P(3HO-co-

3HD):PLLA (75:25) would experience similar problems to the P(3HO):P(3HB) (75:25), it was 

still attempted. Initially, 10wt% solutions of all three blends, dissolved in DCM, were 

produced and electrospun at a rate of 4mL/hr, collector speed of 134g and a working 

distance of 20cm. The best voltage for all three blends was 15kV. Figure 3.28 shows 

scanning electron micrographs of the three blends at this condition.  
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Figure 3.28.  SEM micrographs of 10wt% A) P(3HO-co-3HD):PLLA (75:25) fibres,  B) P(3HO-co-3HD):PLLA (50:50) fibres and C) P(3HO-co-

3HD):PLLA (25:75) fibres.   

 

As predicted, the P(3HO-co-3HD): PLLA (75:25) resulted in thick and fused fibres and was 

difficult to remove from the foil. The 50:50 and 75:25 blends produced even, individual fibres, 

and could be removed the foil. However, the 10wt% solution produced randomly orientated 

fibres, and a quick analysis of fibre diameter confirmed sizes of 2.7 Ñ 0.5ɛm and 1.9 Ñ 

0.3ɛm. The flow rate used to fabricate these fibres was 4mL/hr. Any increase above this rate 

resulted in the syringe becoming blocked due to the viscosity of the solution. Therefore, the 

polymer wt% was increased to 12wt% and 15wt%. Scanning electron micrographs of these 

conditions are shown below.  
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Figure 3.29.  SEM micrographs of A) 12wt% P(3HO-co-3HD):PLLA (50:50) fibres,  B) 15wt% P(3HO-co-3HD):PLLA (50:50) 

fibres, C) 12wt% P(3HO-co-3HD):PLLA (75:25) fibres and D) 12wt% P(3HO-co-3HD):PLLA (25:75) fibres. 

 

By increasing the polymer concentration, more aligned fibres of P(3HO-co-3HD):PLLA were 

fabricated. Overall it was confirmed that the P(3HO-co-3HD):PLLA (50:50) blend would be 

investigated further to fabricate aligned fibres of known diameters. A quick analysis of the 

samples, as illustrated in figure 3.29A, confirmed the average diameter of fibres was 4.97 ± 

0.74ɛm, and the average diameter of fibres fabricated in figure 38C was 8.89 Ñ 0.45ɛm.  

12 and 15wt% solutions of P(3HO-co-3HD):PLLA (50:50) were fabricated and voltages 

between 8-20kV applied to produced a polymer jet. Flow rates of 1,2,3 and 4ml/hr were 

investigated, and collector speeds of 33.5, 75.5 and 134xg. The distance between the 

needle tip and the collector was changed from 10,cm, 15cm and 20cm. 

Table 3.8 shows a summary of conditions for the fabrication of visually aligned fibres of 

varying diameter. To confirm fibre diameter, and the statistical differences between fibre 

diameters fabricated, fibres were measured using the ruler tool on NIH software image J 

(Schneider et al., 2012). Over 100 diameters were measured for 3 different batches of fibres 

fabricated and fibre diameters can be observed in figure table 3.8, along with the condition 

that fabricated it.   
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Table 3.8. Electrospinning conditions and fibre diameters of P(3HO-co-3HD):PLLA (50:50) fibres. (mean ± SD, n=3 
independently run experiments). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
  
Figure 3.30. SEM micrographs of A) 4.97 Ñ 0.74ɛm (condition 2) and B) 7.81 Ñ 0.47ɛm (condition 3) P(3HO-co-3HD):PLLA 
(50:50) electrospun fibres.  
 
 

No significant differences were detected between fibres fabricated from conditions 1 and 2, 

suggesting an overlap of fibre diameters measured (figure 3.31). However, fibres formed 

from both conditions 1 and 2 had significantly smaller diameters compared to fibre diameters 

fabricated from conditions 3, 4 and 5. The largest average fibre diameter fabricated was 10.1 

Ñ 1.7ɛm (condition 5) followed by 8.9 Ñ 0.5ɛm (condition 4). Conditions 1 and 2 produced 

fibres with an average diameter of 3.5 Ñ 0.5ɛm and 4.97 Ñ 0.7ɛm. Similarly, to the other PHA 

blends, the fibres fabricated from condition 5 had large variance, compared to the other 

conditions, indicating that there are limitations when electrospinning larger diameters of 

fibres.  

 
 
 

Condition 
Number 

Solution 

(%) 

Voltage 

(kV) 

Distance 

(cm) 

Flow 

rate 

(mL/h) 

Speed 

(xg) 

Size of 

fibres 

(ɛm) 

1 12 8 20 2 134 3.5 ± 0.5 

2 12 8 20 4 134 5.0 ± 0.7 

 

3 12 8 15 4 134 7.8 ± 0.5 

4 15 15 20 4 134 8.9 ± 0.5 

5 12 8 10 4 134 10.1 ± 1.7 
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Figure 3.31. Different fibre diameters fabricated according to a range of conditions for P(3HO-co-3HD):P(LLA) (50:50). A one 
way anova with Tukey's multiple comparisons tests was used to analyse data (mean ± SD, n=3 independently run experiments, 
samples ***p < 0.001, ****p < 0.0001 compared to condition 5, ##p < 0.01, ###p < 0.001 compared to condition 4, +p < 0.05, 
++p < 0.01 compared to condition 3).  

 

To determine if P(3HO-co-3HD):PLLA (50:50) fibres fabricated in figure 3.32 were aligned, 

the angular variance was measured. Electrospinning conditions 2, 3 and 4 resulted in fibres 

that were aligned (figure 42) due to the majority of fibres measuring 0-2ę from the centrally 

aligned, and very little fibres measuring 2-4ę from the central fibre. Fibres fabricated using 

electrospinning conditions 1 and 5 were less aligned, but over 20 fibres measured 0-2ę from 

the central reference fibre. With regards to condition 5, some fibres measured 6-8ę from the 

reference fibre indicating stray fibres. However, no fibres were measured above 8-10ę or 10-

12ę from the central reference fibre.   
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Figure 3.32.  Graph to show the angular difference (degrees) between samples by electrospinning condition. Conditions 2 and 
3 produced the highly aligned fibres, compared to the other processing conditions. For all conditions, at least two thirds of the 
fibres were in the 0-2ęcategory, confirming near parallel alignment. 

 

Five different diameters were fabricated for P(3HO-co-3HD):PLLA (50:50). Fibres fabricated 

using conditions 1, 2, 3 and 4, were concluded be the most appropriate as an internal fibre 
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scaffold for use in nerve repair, due to minor difference in variation between fibre diameters 

and parallel alignment of fibres. 

 

3.4 Discussion  

Overall, the majority of materials that were electrospun fabricated aligned fibres. The 

electrospinning of blends of short and medium chains together, along with other 

biodegradable polymers is novel, and has not been reported before. Four different 

parameters were investigated throughout this chapter, to fabricate electrospun fibres. These 

were: Polymer concentration, flow rate of the polymer, the distance between the needle and 

the collector, and the speed of the collector. Voltage was initially investigated when 

electrospinning a new material and blend, to determine which voltages would produce a 

polymer jet. In an ideal set up, temperature and humidity would be controlled throughout the 

electrospinning process. Therefore, batches of fibres were manufactured on the same day 

and the temperature monitored throughout. For each investigated parameter, there were 3-4 

variables. To begin electrospinning a new blend of materials or material, parameters were 

also kept the same using a 10wt% solution of the polymer, a flow rate of 4mL/hr, distance of 

20cm and collector speed of 134xg. It was observed that increasing the flow rate and 

polymer concentration, and decreased the distance between the needle and collector, would 

fabricate thicker fibres. Viscosity was not measured, and so further work would include 

recording the viscosity of each solution before electrospinning, to ensure reproducibility.    

The reported brittle polymers, P(3HB), PHBV, PCL, PLLA and PLGA, manufactured fibres 

with the best alignment, and very little variances in fibre diameter per electrospinning 

condition (Ulery et al., 2011). Material characterisation was performed in chapter 2 in which 

P(3HO) and P(3HO-co-3HD) were materials of particular interest due to their lower Youngôs 

moduli of 0.8 ± 0.1MPa and 8.7 ± 1.1MPa (Lorena R. Lizarraga-Valderrama et al., 2015; 

Basnett et al., 2017). As previously discussed, the ideal nerve guide conduit should be 

manufactured using materials which mimic native nerve tissue, matching the physical and 

the mechanical properties (Nectow et al., 2012). Borschel et al. (2002) noted that the 

Youngôs moduli of native rat sciatic nerve was 0.58 Ñ 0.15 MPa, before using a 

decellularization process (Borschel et al., 2003). Therefore, the medium chain 

polyhydroxyalkanoates, P(3HO) and P(3HO-co-3HD) were of particular interest to begin 

electrospinning, due to their chemical novelty and appropriate mechanical properties for 

nerve (Bagdadi et al., 2016).  Overall, the medium chain polyhydroxyalkanoates were 

difficult to electrospin, due to their elastomeric properties. Although individual aligned fibres 

could be fabricated, there were difficulties removing fibres from the foil collector. Once 
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removed, fibres stuck together, losing any alignment. It was also noted, from chapter 2, that 

the biocompatibility of medium chain polyhydroxyalkanoates was not as good as the short 

chain polyhydroxyalkanoates, P(3HB) and its co-polymer PHBV.  

Therefore, blends of short and medium chain PHAs, as well as blending medium chain 

PHAs with FDA approved polyesters, were investigated to take advantage of medium chain 

PHAs appropriate mechanical properties, as well as the advantageous biocompatibility of 

P(3HB), PCL, and PLLA (Nectow et al., 2012). Although mechanical testing did show that 

PLGA had the lowest tensile strength of all the synthetic polymers, it was the closest to 

native sciatic nerve (1.8 ± 0.1 MPa), however the material was not taken forward to blend 

with medium chain PHAs due to the cost of using HFIP as a carrier solvent (Kehoe et al., 

2011). Blends of P(3HO):P(3HB) have previously been investigated by Basnett et al. (2013) 

and Lizarraga et al. (2015). Basnett et al. (2013) investigated P(3HO), and blends of 80:20, 

50:50, 20:80 P(3HO) with P(3HB) for their potential in cardiovascular tissue engineering due 

to the elastomeric properties of P(3HO). All blends with P(3HB) were more biocompatible 

than P(3HO), but also observed was that degradation time of the films with higher 

concentrations of P(3HB) was shorted (Basnett et al., 2013).  This data suggested that a 

blends of P(3HO) and P(3HB) would approximate the mechanical properties required for 

peripheral nerve repair, have biocompatibility as a scaffold, as well as an ability to tailor the 

degradation rate of the fibres inside an NGC. It can also be manufactured as a scaffold for a 

variety of gap lengths. The data published by Lizarraga et al. (2015) suggested that the 

P(3HO):P(3HB) (25:75) blend was the most biocompatible, as well as most efficient for 

supporting NG108-15 neuronal cell differentiation (Lorena R. Lizarraga-Valderrama et al., 

2015). This blend could be electrospun into many different diameters of fibre with excellent 

alignment. However, out of all three PHA blends, this material was the stiffest, with a higher 

Youngôs modulus. P(3HO):P(3HB) (75:25) was the most elastomeric blend out of the three. 

However, when fibres were fabricated, they were very sticky and fused together. Fibres 

could not be removed from the foils either, and lost alignment. P(3HO):P(3HB) (50:50) could 

also be electrospun well, with a variety of fibres fabricated, with excellent alignment. 

P(3HO):P(3HB) (50:50) was also biocompatible, but as seen in the study, as well as in 

chapter 2, the mechanical properties of this blend were closer to that of native nerve, when 

compared to the P(3HO):P(3HB) (25:75) blend (Lorena R. Lizarraga-Valderrama et al., 

2015).  

Blends of P(3HO-co-3HD) and synthetic polymers (at a 95:5) ratio were also investigated. 

However, due to the high concentration of P(3HO-co-3HD) in the blend, these materials 

could not be electrospun efficiently. Overall, the most efficient blend of a medium chain PHA 

with a synthetic blend was at 50:50 ratio. Any higher concentration of medium chain PHA, 



 

 

 

95 
 

and sticky fibres were fabricated, in which correct fibre diameter could not be defined due to 

fusion, thick mats could not be fabricated, fibres could not be removed from the collector foil 

and once removed, fibres lost any alignment fabricated by electrospinning.  

Table 3.9 summarises polymers that could be electrospun, the range of fibres fabricated, 

any comments / observations associated with the electrospinning process, as well as 

considerations for taking the material forwards for in vitro analysis. 

Table 3.9. Summary table of all the different blends of materials used to fabricate electrospun fibres and the range of different 
diameters produced. Decisions given as to why blends forward to in vitro testing, and how fibres handled after fabrication.  

Material/Blend Aligned 
electrospun 
fibres 
fabricated?  

Range of 
fibre 
diameters 
fabricated 
(ɛm) 

Comments Taken 
forward 
for in 
vitro 
testing 

Reason 

PCL Yes 1.02-8.07 Ease of 
production, 
easily 
removed from 
foil 

Yes  Control material, easily 
fabricated, known effect 
on neuronal and 
Schwann cells 

P(3HB) Yes 2.3-8.07 Ease of 
production, 
easily 
removed from 
foil 

No Fibres easily fabricated, 
material very 
biocompatible but too 
brittle. Blended with softer 
materials to fabricate 
fibres. 

P(3HO) and 
P(3HO-co-3HD)  

No N/A Difficult to 
remove from 
foil, sticky 
fibres. 

No Very soft, elastomeric 
materials, correct 
mechanical properties for 
native nerve, but could 
not be processed via 
electrospinning. Sticky 
fibres fabricated.  

PGA Yes 1.55-4.32 Ease of 
production, 
easily 
removed from 
foil 

No Already FDA approved 
material for NGCs, 
expensive due to cost of 
HFIP as solvent. Also, 
material is not novel.  

PHBV Yes 1.92-10.17 Ease of 
production, 
easily 
removed from 
foil 

Yes Ease of fabrication, 
excellent biocompatibility, 
and extensive range of 
fibre diameters to choose 
from for in vitro testing. 
Although slow degrading, 
changing HV content can 
tailor mechanical 
properties and 
degradation.  

P(3HO):P(3HB) 
(25:75) 

Yes 1.77-10.59 Ease of 
production, 
easily 
removed from 
foil 

No Ease of fabrication, 
excellent biocompatibility, 
and extensive range of 
fibre diameters to choose 
from. Due to low amount 
of P(3HO), mechanical 
properties stiffer than 
other blends using 
P(3HO).  
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P(3HO):P(3HB) 
(50:50) 

Yes 1.99-9.11 Ease of 
production, 
easily 
removed from 
foil 

Yes Ease of fabrication, 
excellent biocompatibility, 
and wide range of fibre 
diameters to choose from 
for in vitro testing. Softer 
blend than 25:75 but 
could be electrospun 
unlike 75:25. 
Compromise of 
mechanical properties, 
biocompatibility and 
processability.  

P(3HO):P(3HB) 
(75:25) 

Yes 3.73-6.61 Difficult to 
remove from 
foil, sticky 
fibres.  

No Small range of diameters 
fabricated, sticky material, 
and fibres could not be 
removed from the foil. 
Correct mechanical 
properties but could not 
handle fibres well. Not as 
biocompatible as other 
blends.  

P(3HO-co-

3HD):P(3HB) 

(95:5) 

Yes 2.68-6.46 Difficult to 

remove from 

foil, sticky 

fibres. 

No Very soft, elastomeric 

material, correct 

mechanical properties for 

native nerve, but could 

not be processed via 

electrospinning. Sticky 

fibres fabricated. 

P(3HO-co-

3HD):PLLA (95:5) 

Yes 8.97 Difficult to 

remove from 

foil, sticky 

fibres. 

No Very soft, elastomeric 

material, correct 

mechanical properties for 

native nerve, but could 

not be processed via 

electrospinning. Sticky 

fibres fabricated. 

P(3HO-co-

3HD):PLLA (75:25) 

No  N/A Difficult to 

remove from 

foil, sticky 

fibres. 

No Stiffer than the 95:5 blend 

but still very soft material, 

could not remove fibres 

from foil due to stickiness.  

P(3HO-co-

3HD):PLLA (50:50) 

Yes 2.61-7.81 Ease of 

production, 

easily 

removed from 

foil 

Yes Ease of fabrication, good 

range of fibre diameters 

to choose from for in vitro 

testing. Softer blend than 

25:75 but could be 

electrospun unlike 75:25. 

Compromise of 

mechanical properties, 

biocompatibility and 

processability. Good 

biocompatibility from 

P(3HO-co-3HD) and 

correct degradation 

properties using PLLA. 

P(3HO-co-

3HD):PLLA (25:75) 

Yes 1.94-5.77 Ease of 

production, 

easily 

removed from 

foil 

No Ease of fabrication of 

fibres and easily removed 

from foil. However, large 

amount of PLLA would 

increase degradation rate 

of fibres, as well as make 

blend stiffer.  
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Overall, two different blends of PHAs should be taken forward for in vitro analysis. The two 

blends were P(3HO):P(3HB) (50:50) and P(3HO):PLLA (50:50). Both blends could be 

electrospun efficiently and fabricated statistically different fibre diameters with a high degree 

of alignment. Samples could be removed from the tin foil collector with ease and be handled 

well. Both blends offer a compromise on biocompatibility, as well as mechanical properties. 

PCL and PHBV were also taken forward to in vitro testing. PCL was used as a control 

material, as the response of NG108-15 neuronal cells and primary Schwann cells grown on 

PCL fibres with different diameters has been documented (Daud et al., 2012).  PHBV was 

also taken forward for in vitro analysis as NG108-15 neuronal cells showed the highest 

degree of attachment (chapter 2). Fibre diameter selection and in vitro analysis is presented 

in chapter 4. PHBV fibre diameters of 2, 4, 6, 8 and 10ɛm were fabricated to determine 

which fibre diameter was the most effective at supporting neuronal and Schwann cell 

attachment, proliferation, and neuronal cell differentiation. From this, further in vitro analysis 

was performed using the different material types, to establish which blend of PHA would be 

the most suitable to be fabricated into fibres, and inserted into hollow NGC tubes, to provide 

guidance for the regenerating axon and improve nerve regeneration efficiency.  
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Chapter 4: How important is Fibre Diameter in 

Peripheral Nerve Repair? 

 

4.1 Introduction 

As discussed in chapter 3, fibre alignment, both in vitro and in vivo, is an important 

parameter for successful nerve and axon regeneration, muscle reinnervation and 

neuromuscular junction formation (Kim et al., 2008). Fibre alignment is also important in 

providing contact guidance for primary Schwann cells to adhere, align, mature and elongate 

(Gupta et al., 2009). It has also been reported that aligned fibres promote a more mature 

Schwann cell phenotype, which would benefit peripheral nerve repair when inserted into a 

nerve guide conduit (Chew et al., 2008). By mimicking the ECM and óBands of B¿ngnerô, 

aligned fibre scaffolds can be used in combination with a nerve guide conduit, to improve the 

efficiency of nerve regeneration, promoting Schwann cell attachment to the fibres, and 

providing aligned guidance cues for the regenerating axon (Kim et al., 2008).  

 

However, as well as fibre alignment, fibre diameter is also a factor to consider when 

designing an aligned intraluminal fibrous scaffold to aid nerve repair. Aligned nanofibre 

scaffolds have been well documented for use in peripheral nerve repair, using many different 

synthetic and natural materials but most recently, it has been suggested that using aligned 

fibres in the micrometre range would be more beneficial for the regenerating axon (Y. S. Lee 

and Arinzeh, 2011). Gnavi et al. (2015) cultured RT4-D6P2T Schwann cell line as well as 

primary Schwann cells on randomly orientated gelatine scaffolds with diameters of 0.3, 0.6 1 

and 1.3µm (Gnavi et al., 2015a). Overall, 1 and 1.3µm fibres promoted Schwann cell 

migration and axonal growth from DRG explants, but smaller nanofibres, promoted higher 

Schwann cell adhesion and proliferation (Gnavi et al., 2015a).  When culturing neuronal 

neonatal mouse cerebellum C17.2 stem cells onto random and aligned PLLA fibres, Yang et 

al. (2005) reported that less ócells differentiated into the neuronal lineageô on random fibres, 

compared to aligned fibres (F. Yang et al., 2005a). However, when observing two different 

fibre diameters of aligned fibres, 300nm and 1.5ɛm, neonatal stem cell differentiation rate 

was quicker on 0.3µm compared to the 1.5ɛm, inducing longer neurite outgrowth (F. Yang et 

al., 2005a; Schaub et al., 2016). This study initially suggested that nanofibre scaffolds 

promoted increased neuronal cell differentiation and neurite outgrowth compared to aligned 

micrometer fibre scaffolds (Schaub et al., 2016). However, Wang et al. (2010) fabricated 

aligned PLLA electrospun scaffolds of 1.325µm, 0.759µm and 0.293µm in diameter and 

concluded that chick DRG neurite outgrowth length was significantly higher on the 1.325 and 
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0.759µm fibres, compared to the small 0.293µm fibres (H. B. Wang et al., 2010). Neurite 

outgrowth from chick DRGs cultured on the 0.293µm fibres was less guided than DRG 

neurite outgrowth on 1.325 and 0.759µm fibres (H. B. Wang et al., 2010). Schwann cell 

migration, from chick DRG explants, was also significantly higher than on 1.325µm fibres 

compared to the other two diameters (H. B. Wang et al., 2010). This study showed that 

larger fibre diameters were more effective in promoting neurite outgrowth using an ex vivo 

DRG model, as well as confirming that smaller fibre diameters are not as efficient in directing 

the outgrowth of neurites from primary neurons (Schaub et al., 2016).  

 

Yao et al. (2009) investigated 4 different diameters of aligned fibres for use as electrospun 

fibre conduits for nerve repair, also comparing these diameters to a random fibre scaffold (L. 

Yao et al., 2009). 0.8, 3.7, 5.9 and 8.8ɛm PCL fibre films were fabricated, and PC12 cells 

were cultured onto scaffolds (W. Daly et al., 2012). Overall, PC12 neuronal cell neurite 

outgrowth was significantly higher on the 3.7 and 5.9ɛm fibres, compared to the random 

fibres. However, no significant differences were detected between these fibre diameters (L. 

Yao et al., 2009). Daud et al. (2012) investigated using 1, 5 and 8ɛm PCL fibres for potential 

use in peripheral nerve repair. When culturing NG108-15 neuronal cells on fibres, maximum 

neurite outgrowth on the 8ɛm fibres was significantly higher than on any of the other 

diameters and flat controls, and numbers of live NG108-15 neuronal cells was significantly 

higher on the 5 and 8ɛm PCL fibres compared to cells cultured on the 1ɛm fibres (Daud et 

al., 2012). However, when observing Schwann cell growth and elongation, primary Schwann 

cell length were significantly higher on the 1ɛm fibres, compared to the other diameters, but 

no significant differences were detected in Schwann cell viability (Daud et al., 2012). Wen et 

al. (2006) cultured explanted rat DRGs on polypropylene fibre filaments with diameters of 5, 

30, 100, 200 and 500ɛm, in which neurite length and Schwann cell migration was 

significantly higher on the 5 and 30ɛm fibres, compared to any of the other diameters (Wen 

and Tresco, 2006).  

 

Both the study by Daud et al. (2012) and Wang et al. (2010) suggests that using fibres in 

micrometre range is more effective for neurite outgrowth and Schwann cell migration and 

maturation when using a DRG ex vivo model (H. B. Wang et al., 2010; Daud et al., 2012). 

The study by Wen et al. (2006) suggest that diameters above 30ɛm are not as effective for 

promoting neurite outgrowth and Schwann cell migration (Wen and Tresco, 2006). Overall, 

the literature suggests that different neuronal cell lines, neuronal stem cells, and primary 

neurons, differentiate more efficiently on different fibre diameters, but that the most effective 

diameters in promoting the longest average neurite outgrowth length are between 0.75µm 

and 5ɛm (Schaub et al., 2016).  
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Therefore, this chapter focussed on investigating whether different fibre diameters influenced 

NG108-15 neuronal cell differentiation and neurite outgrowth, and Schwann cell proliferation 

and maturation. It is hypothesised, from the literature, that higher fibre diameters will support 

NG108-15 neuronal cell adherence and differentiation more effectively than smaller fibre 

diameters.  NG108-15 neuronal cells were chosen as per the reasons in chapter 2. NG108-

15 neuronal cells are a well characterised neuronal cell line used extensively in in vitro 

research (Armstrong et al., 2007). From the results of aligned electrospun fibres fabricated in 

chapter 3, 5 different diameters of PHBV fibres were chosen to investigate the effect of 

different fibre diameters on neuronal and Schwann cells. This was due to the wide range of 

fibres that could be reliably fabricated, excellent alignment created using electrospinning, as 

well as ease of reproducibility. It was hypothesised that larger fibre diameters would support 

longer NG108-15 neuronal cell neurite outgrowth, and that smaller fibre diameters would 

support increased Schwann cell adherence.  

 

4.2 Methods and Materials 

4.2.1 Fabrication of electrospun PHBV fibres  

Five different diameters of PHBV fibres were chosen for in vitro testing, to determine the 

effect of fibre diameter on neuronal and Schwann cells. These diameters were 1.92, 4.07ɛm, 

5.97, 8.08ɛm and 10.17ɛm taken from conditions 1,3,5,8 and 10 in chapter 3 to assess the 

effect that small micrometer increments had on cell viability and NG108-15 neuronal cell 

differentiation. PHBV electrospun fibres were manufactured by the conditions in the table 

below. To assess reproducibility of the fibres produced in chapter 3, new batches of PHBV 

fibres were characterised by scanning electron microscopy to assess fibre diameter and 

alignment. 

 

Table 4.1. Five successful conditions were chosen for producing aligned PHBV fibres of different diameters (see chapter 3 for 
previous work).  

Condition 
Number  

Polymer Solution 
(%) 

Voltage 
(kV) 

Distance 
(cm) 

Flow rate 
(mL/h) Speed (xg) 

Size of fibres 
(µm) 

1 10 13 20 1 134 1.92 ± 0.55 

3 14 10 20 1 33.5 4.07 ± 0.56 

5 14 12 20 4 134 5.97 ± 0.56 

8 10 10 20 4 134 8.08 ± 0.43 

10 15 12 20 4 33.5 10.17 ± 0.47 
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4.2.2 Fabrication of spin coated PHBV films 

PHBV (Goodfellow Ltd, UK) of average Mw 600,000 g/mol, was dissolved in chloroform to 

produce a 10wt% solution. Solutions were stirred for overnight, at room temperature, on a 

stirrer plate at 1000rpm. Before spin coating, glass coverslips were treated with a 1:1 

solution of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) (Fisher Scientific) to clean the 

glass slides, and then treated with 10wt% solution of 3-(trimethoxysilyl)-propyl methacrylate 

in toluene (MAPTMS) (see previous chapter for detailed method).  100ɛL of PHBV solution 

was added to the glass coverslip, and spin coated to produce a PHBV film attached to the 

glass coverslips. The solution was accelerated at 100xg for 30 seconds under a vacuum of 

25.5C. Samples were left to dry overnight in a fume cupboard before cell culture work.  

 

4.2.3 Characterisation of polymer flat films and electrospun PHBV fibres 

To determine fibre diameter and alignment, three independently electrospun batches of the 

same electrospinning conditions were analysed by scanning electron microscopy. Fibres 

were cut to size and mounted on specimen holders, and sputter coated with a 20nm thick 

gold coat. An FEI Sirion field emission gun scanning electron microscope was used to take 

images of the fibres. Images were analysed using National Institutes of Health (NIH) Image J 

software (Schneider et al., 2012). From each independently spun batch of fibres, diameters 

were taken from 50 fibres, and the fibre alignment was determined by measuring the angle 

of each fibre against a reference fibre (at 180ę). Fibre alignment was conducted using image 

J software (Schneider et al., 2012). Surface coverage of the fibres was analysed by 

determining the fibre density (number of fibres per µm). Fibres, per 100µm, were counted 

manually for each batch of electrospun fibres and fibres per µm determined.  

 

4.2.4 Preparation of aligned PHBV electrospun fibres and polymer thin films for neuronal cell 

culture 

Aligned PHBV electrospun fibres of 1.92, 4.07, 5.97, 8.08 and 10.17 µm diameter were cut 

into 25mm x 25mm squares, to fit into 6 well plates. Fibres were removed from the tin foil 

and adhered to tissue culture well plates with a 10wt% solution of PHBV in chloroform at the 

top and bottom of the well plate. PHBV spin coated films, on glass coverslips, were glued 

down into the middle of a 6 well plate.  Fibres, glued down to the well plate at each end, 

were held into position by large medical grade 316L stainless steel cell culture rings (inner 

diameter = 26mm, outer diameter = 35mm) and then a smaller stainless steel cell culture 

ring, (inner diameter = 13 mm, outer diameter = 20 mm) was placed into the middle of the 

sample, to decrease fibre surface area (see figure 4.1). Samples were sterilised using 70% 

ethanol for 3 hours, followed by a wash in PBS. Samples were immersed in PBS and left in 

https://en.wikipedia.org/wiki/Sulfuric_acid
https://en.wikipedia.org/wiki/Hydrogen_peroxide
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PBS overnight to ensure all contaminants had been removed. Before cell seeding, samples 

were washed again in PBS for 5 minutes (Daud et al., 2012).  

 

 

Figure 4.1. Diagram to illustrate the experimental set up for the fibre/cell interaction studies 

 

4.2.5 NG108-15 neuronal cell culture 

NG108-15 neuronal cells, supplied from the European Collection of Cell Cultures (ECACC), 

were used between passages 11-20 for experiments. Please see chapter 2, Methods section 

2.1.4 for more details.  

 

4.1.6 Immunolabelling of NG108-15 neuronal cells for I̡II tubulin 

Immunolabelling was performed as per the methods in Daud et al. (2012). Fibre samples 

and polymer flat films, containing NG108-15 neuronal cells, were washed with PBS, three 

times for 5 minutes, before being fixed with 3.7% paraformaldehyde for 20 minutes. After 

washing with PBS, cells were permeabilized with 0.1% Triton X-100 for 45 minutes, washed 

in PBS, and binding sites blocked with 3% bovine serum albumin (BSA) for 30 minutes. After 

a final wash, cells were incubated, for 48 hours, with a mouse anti-ɓ III-tubulin antibody 

(neuronal cell marker for NG108-15 neuronal cells and neurites) (1:250) (Promega, UK) 

diluted in 1% BSA at 4ºC. After a wash in PBS, cells were incubated at room temperature, 

for 90 minutes, with Texas Red-conjugated anti-mouse IgG antibody (1:200 dilution in 1% 

BSA from Vector Labs, USA). Samples were washed in PBS and then incubated at room 

temperature with 4ǋ,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma Aldrich) (300 
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nM) for 30 minutes, to stain the cell nuclei. DAPI was removed and samples immersed in 

PBS for imaging with an upright Zeiss LSM 510 confocal microscope, using a helium-neon 

laser (543 nm) for Texas Red excitation (ɚex = 589nm / ɚem = 615 nm). A Ti:sapphire laser 

(800 nm) was used to image DAPI (ɚex= 358 nm / ɚem = 461 nm) for visualising cell nuclei. 

Images were taken of the cells on the fibres. A starting point and end point was set on the 

confocal microscope to image the top of the fibres and the bottom of the scaffold to ensure 

that cells on the tissue culture plastic control were not images. As fibres were auto-

fluorescent, cells attached to the fibres could be imaged, and were raised as not to image 

any cells on the tissue culture plastic. Z-slices were taken every 1-2µm and images were 

analysed in 2D converted images and 3D Z stacks (Daud et al., 2012). 

 

4.2.7 Isolation of rat primary Schwann cells 

Rat primary Schwann cells were isolated using the method described by Kaewkhaw et al. 

Briefly, adult male Wistar rats (10-12 weeks old) were sacrificed, in accordance to the 

Animals Scientific Procedures Act (1986), and the sciatic nerves extracted, and placed into 

serum free DMEM. The epineurium was removed from the nerves, and the nerve fascicles 

dissociated mechanically, and then enzymatically dissociated by adding the nerves to 0.15% 

collagenase, for 90-120 minutes at 37ęC. After centrifugation, primary Schwann cells were 

seeded into 35mm petri dishes and left for 7 days in Schwann cell growth medium (DMEM 

plus D-Valine, with 10% FCS, 1% penicillin/streptomycin, 0.5% amphotericin B, 1% 

glutamine, 1% N2 supplement (Gibco BRL, UK), 20 mg/mL bovine pituitary extract, and 5mM 

of forskolin (Sigma Aldrich). Fibroblasts do not express the enzyme D-amino acid oxidase 

which metabolises D-Valine into L-Valine amino acid which is essential for growth and 

proliferation (Kaewkhaw et al., 2012). Therefore the presence of the D-Valine in the cell 

culture medium inhibits fibroblast growth and proliferation. Media was replaced every 3 to 4 

days until petri dishes were 90% confluent.  Schwann cells were cultured up to passage 1 

and used up to passage 7 for experiments. 60,000 rat primary Schwann cells per sample 

(13mm2 area) were seeded onto polymer films and fibres for 6 days, and media was 

replaced every 2 days using Schwann cell growth media (Kaewkhaw et al., 2012). 

 

4.2.8 Co-culture of NG108-15 neuronal cells and rat primary Schwann cells on PHBV fibre 

diameters 

Following the method published by Daud et al. (2012), 50,000 Schwann cells (per 13mm2) 

were seeded onto PHBV fibres and cultured in Schwann cell growth medium for 7 days.  

Medium was removed on day 8, and 7000 NG108-15 neuronal cells were seeded onto each 

PHBV fibre sample, and co-culture medium (DMEM:F12, medium containing 1% glutamine, 

1% penicillin/streptomycin, and 1% N2 supplement) was added to the samples. Co-cultures 
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were grown for 6 days and the medium was replaced with fresh medium every 2-3 days. 

Samples were then labelled and imaged to determine cell viability and NG108-15 neuronal 

cell differentiation (Daud et al., 2012).  

 

4.2.9 Immunolabelling of rat primary Schwann cells for S100  ̡

Immunolabelling of primary Schwann cells was performed as per the methods in Daud et al. 

(2012). Samples were washed one with PBS, before being fixed with 3.7% 

paraformaldehyde and permeabilized with 0.1% Triton X-100. Unreactive binding sites were 

blocked with 7.5% BSA for 60 minutes at room temperature and washed with PBS. Cells 

were incubated overnight, at 4ęC, with a rabbit-anti S100  ̡antibody (Schwann cell Marker) 

(1:100) (Dako, Denmark) diluted in 1% BSA. After washing with PBS, cells were 

immunolabelled with a FITC-conjugated secondary anti-rabbit IgG antibody (1:100) (Vector 

Labs, USA) diluted in 1% BSA for 120 minutes at room temperature. Samples were washed 

with PBS, cell nuclei labelled with DAPI, and immersed in PBS for imaging.  Schwann cells 

cultured on fibres were imaged using an upright Zeiss LSM 510 confocal microscope using 

an argon ion laser (488 nm) for FITC excitation (ɚex= 495 nm / ɚem = 521 nm) and a 

Ti:sapphire laser (716 nm) for DAPI (ɚex= 358 nm / ɚem = 461 nm). A starting point and end 

point was set on the confocal microscope to image the top of the fibres and the bottom of the 

scaffold to ensure that cells on the tissue culture plastic control were not images. Z-slices 

were taken every 1-2µm and images were analysed in 2D converted images and 3D Z 

stacks (Daud et al., 2012). 

 

4.2.10 Live/Dead analysis of NG108 neuronal cell line and primary Schwann cells 

Live/dead analysis was conducted to determine cell viability and number of live cells versus 

dead cells. See chapter 2, 2.1.6 Methods section for details.  

 

4.2.11 Neurite outgrowth assessment 

Four different parameters were analysed for neurite outgrowth: 1) percentage of cells 

expressing neurites; 2) average number of neurites per polymer sample; 3) average neurite 

length per polymer sample / fibre diameter and 4) maximum neurite length per polymer 

sample / fibre diameter. Images were analysed using Image J (NIH) and neurites were 

traced using the Neuron J plugin tracer software from the cell body to the neurite tip (Popko 

et al., 2009; Schneider et al., 2012). 90 neurites (10 on average from each field of view 

image for each sample) were measured to determine maximum and average neurite length 

for each polymer type. Average number of neurites per neuron was counted using ITCN cell 

counter software on Image J (Usaj et al., 2010; Schneider et al., 2012). The percentage of 
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neurite bearing cells was determined by counting total number of cells showing neurites 

stained positively with ɓ III tubulin, divided by the total number of cells stained positive with 

the nuclei stain DAPI. Three fields of view (841µm x 841µm) from each sample were 

measured from 3 independent experimental runs (n=3).  

 
Figure 4.2. Confocal images to illustrate how neurites are measured from the neuron body to the tip of the neurite. The ruler 
tool on image J can be used to measure straight neurites, whereas the plugin neuron J can trace more difficult neurites to 
measure (scale bar= 5µm) (Popko et al., 2009). 

 

 

4.2.12 Assessment of primary Schwann cell morphology and Schwann cell migration length 

To determine the effect of fibre diameter on Schwann cell morphology, the average 

Schwann cell length was calculated as a marker. Using the ruler tool on NIH Image J, the 

cell length was measured from tip to tip of the cell (Schneider et al., 2012). For each 

condition, 100 primary Schwann cells were measured, and the average Schwann cell length 

determined for each sample ± SD (Daud et al., 2012). 

 

4.2.13 Statistical Analysis 

GraphPad Instat (GraphPad Software, USA) was used to perform statistical tests on data 

collected. One-way analysis of variance (p < 0.05) was conducted to analyse the differences 

between the data, incorporating Tukey's multiple comparisons test if p < 0.05. Data was 
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reported as mean ± SD, p<0.05. Each experiment was performed three independent times 

with each sample repeated three times as n=3. 

 

 

 

4.3 Results 

4.3.1 Production of aligned PHBV fibres with different fibre diameters fabricated by 

electrospinning  

PHBV fibres were produced using the conditions from table 4.1. Conditions were selected to 

assess the effect that 2µm increments had on neuronal and Schwann cell viability and 

differentiation. Scanning electron micrographs were taken for all conditions to determine 

fibre diameter and angular variance. Figure 4.3 shows SEM micrographs taken aligned 

fibres with diameters of 1.92, 4.07, 5.97, 8.08, and 10.17 ɛm fibres. Visually, differences 

were observed in the size of fibres between each sample, with a minor variation in fibre size 

of 10ɛm fibres (figure 4.3E). Spin coating was used to fabricate a PHBV flat film for a 

material control, which can be seen in figure 4.3F. Small pores could be seen in the PHBV 

film and further material analysis of PHBV, and spin coating conditions, can be found in 

chapter 2.  To determine fibre diameter of fibres electrospun for each condition, samples 

were quantified by SEM, and measured using the ruler tool in Image J.  

   
 

   
Figure 4.3. Scanning electron micrographs of (A) 1.92µm PHBV fibres, B) 4.07µm PHBV fibres, C) 5.97µm PHBV fibres, D) 
8.08µm PHBV fibres, E) 10.17µm PHBV fibres and F) PHBV spin coated film. Fibre diameter and angular variance was 
determined by image analysis of SEM images.  
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Figure 4.4. A) Graph to show the average fibre diameter of the complete set of data of different fibre diameters (Figure 4.) An 
average of 30 fibres was assessed for each fibre size and mean of the diameter is presented. A one way anova with  
Tukey's multiple comparisons tests was used to analyse data (Mean ± SD, n= 3 independently fabricated samples **p < 0.01 
compared to 1.92ɛm fibres, ****p < 0.0001 compared to 1.92ɛm fibres, ##p < 0.01 compared to 4.07ɛm fibres, ####p < 0.0001 
compared to 4.07ɛm fibres, ++p < 0.01 compared to 5.97ɛm fibres, ++++p < 0.0001 compared to 5.97ɛm fibres, ~~p < 0.01 
compared to 8.08ɛm fibres). B) Combines the angular variance between PHBV fibres of 1.92µm fibres, with the other 
diameters. Expressed as a histogram, a central aligned fibre, at 180ę, was used as a reference point to measure the angular 
variance of adjacent fibres. C) Surface coverage of the fibres as fibre density, number of fibres per µm. A one way anova with 
Tukey's multiple comparisons tests was used to analyse data ( **p < 0.01, ****p < 0.0001 compared to 1.92µm fibres, ++p < 
0.01 and ++++p < 0.0001 compared to 4.07µm fibres, and ^^p < 0.01 compared to 5.97µm, Per independently electrospun 
batch of fibres, 30 fibres were measured. (n=3) 

 

Figure 4.4A shows that all PHBV diameters manufactured from the 5 investigated 

electrospinning conditions produced individual fibres with very little variance in diameter. It 
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also shows that the fibres created under their different conditions had significantly different 

diameters. To confirm if fibres were aligned, the angular variance for each fibre sample was 

calculated. A central reference fibre, measuring 180ę on image J, was used to measure the 

alignment and angular variance of the fibre orientation. Each fibre was placed into an 

angular category of 0-2, 2-4, 4-6, 6-8 and 8-12ę. 30 fibres, per condition, were measured, 

and results shown as a histogram in figure 4.4B. Over two thirds, of all fibres per condition, 

were found in the 0-2ęcategory. The least aligned fibres were the 10.17ɛm fibres. As the 

angular variance increased, fewer and fewer fibres were found. Overall, there were higher 

numbers of fibres that ran parallel to each other and there was only a low number stray 

fibres detected. This confirms that all 5 conditions fabricated aligned PHBV fibres that could 

be reproduced accurately for alignment, as well as fibre diameter.  Surface coverage of the 

fibres was determined by calculating the fibre density. The number of fibres per µm was 

determined and was 0.09 ± 0.000076, 0.07 ± 0.000055, 0.06 ± 0.0000765, 0.05 ± 0.000046, 

and 0.04 ± 0.000012 for the1.92, 4.07, 5.97, 8.08 and 10.17µm respectfully. Fibre density 

corresponded with the SEM micrographs in figure 4.3 in which the 1.92µm fibres take up the 

majority of the SEM image, and there are larger gaps between fibres in the 10.17µm fibres.  

 

4.3.2 NG108-15 neuronal cell differentiation studies and fibre diameter 

Serum was removed from the growth medium after 48 hours, to promote NG108-15 

neuronal cell differentiation and outgrowth of neurites. Neuronal cells were fixed and labelled 

for ɓIII tubulin, a neuronal cell marker to detect neurites, and for DAPI, to label the cell 

nucleus, which aided confocal micrograph interpretation. To determine if there was a 

relationship between fibre diameter and NG108-15 neuronal cell differentiation and neurite 

outgrowth, the following markers were determined: i) the number of cells bearing neurites 

(as a percentage); ii) the average number of neurites (present per neuron); iii) the average 

length of neurites (in mm). From these parameters, the most effective fibre diameter at 

promoting NG108-15 neuronal cell maturation and outgrowth of neurites, could be 

determined. Figure 4.5 shows confocal micrographs of NG108-15 neuronal cells labelled on 

the different fibre diameters and controls.  

Visually, it was seen that a high number of N108-15 neuronal cells expressed neurites, when 

cultured on all the different fibre sizes. It was also observed that the neurites, present from 

the neuronal cells grown on the fibre samples, aligned themselves along the direction of the 

fibres, and grew in an aligned orientation (see arrows). This indicates that all the PHBV 

fibres not only support NG108-15 neuronal cell attachment and proliferation, but also 

differentiation and neurite outgrowth, providing a directional guidance support for the 
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growing neurites. Neurites extending from NG108-15 neuronal cells cultured on the PHBV 

films and tissue culture plastic controls, grew out in a random orientation. Out of all the fibre 

samples, the longest neurites were observed on 8.08ɛm fibres, and overall, the longest 

neurites could be seen on sample control and 8.08ɛm fibres. Confocal micrographs were 

quantified to determine the percentage of neurite bearing cells, per condition, the average 

number of neurites extending per neuron, per condition, and the average neurite length, per 

condition. The results are presented in figure 4.6A-C. 

 
Figure 4.5. Confocal microscopy images of NG108-15 neuronal cells immunolabelled against ɓ III tubulin (red) and cell nuclei 
(blue). Cells were stained after 6 days in culture on (A) 1.92µm PHBV fibres, B) 4.07µm PHBV fibres, C) 5.97µm PHBV fibres, 
D) 8.08µm PHBV fibres, E) 10.17µm, F) PHBV spin coated flat films, G) Tissue culture plastic control and H) 3D composite 
image of neuronal cells on fibres. Neurites expressed from NG108-15 neuronal cells aligned themselves with aligned fibres, 
whereas on the PHBV flat films and tissue culture plastic control, they grew in a randomly orientated direction. From confocal 
images, average neurite length, maximum neurite length, percentage of neurite bearing cells and average number of neurite 
per neuron was determined. The arrows indicate the direction of neurite outgrowth. Scale bar = 100µm. 

 

Figure 4.6A shows that the highest percentage of cells bearing neurites were found on the 

PHBV and tissue culture plastic control (58.27 ± 3.79% and 62.75 ± 5.79% respectively). 

However, there was a significantly higher percentage of NG108-15 neuronal cells bearing 

neurites on 5.97ɛm fibres (45.87 Ñ 8.11%) compared to cells grown on 1.92ɛm fibres (21.75 
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± 5.79%). The percentage of neuronal cells showing neurites cultured on 4.07, 8.08 and 

10.17ɛm fibres was 33.69 Ñ 8.11%, 43.43 Ñ 1.50% and 41.30 Ñ 5.02% respectively (figure 

4.6A). This could indicate that 1.92ɛm fibres promote NG108-15 neuronal cell differentiation 

the least, compared to the other fibre diameters.  
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Figure 4.6. Analysis of NG108-15 neuronal cell differentiation on different PHBV fibre diameters, PHBV spin coated flat films 

and tissue culture plastic control. A) Neurite bearing NG108-15 neuronal cells after 6 days in culture, expressed as a 

percentage. Mean ± SD, n=3 *p<0.05 against TCP, # p<0.05 against PHBV films and ~p<0.05 against 5.97µm fibres). All cells 

and neurite bearing cells were counted for each field of view (841ɛm X 841ɛm) to calculate the percentage of cells expressing 

neurites. B) The average number of neurites expressed per neuron. (Mean Ñ SD, n=3 *p<0.05 against 1.92ɛm fibres). For each 

field of view (841ɛm X 841ɛm), up to 30 cells, and all neurites expressing by those cells, were manually counted on image J to 

calculate the average number of neurites expressed per neuron. C) The average neurite length measured per diameter and 

controls. 100 neurites per diameter/sample were measured, using Image J, to determine the average neurite length. (Mean ± 

SD, n=3 independent experiments *p<0.05 against 8.08µm fibres, # p<0.05 against 5.97µm fibres, +p<0.05 against 10.17µm 

fibres, ~p<0.05 against TCP).  
 

Figure 4.6B reports that the PHBV and tissue culture plastic controls had a significantly 

higher average number of neurites per neuron (1.55 ± 0.16 and 1.58 ± 0.17) compared to 

the fibrous scaffolds. Out of the different fibre diameter variables, cells expressing the 

highest average number of neurite per neuron were detected on the 8.08ɛm fibres (1.31 Ñ 

0.21) followed by cells grown on the 10.17ɛm fibres (1.29 Ñ 0.11). The average number of 
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neurites found on the 1.92, 4.07 and 5.97ɛm fibres were 1.12 ± 0.21, 1.22 ± 0.18, and 1.24 ± 

0.15 respectively. Cells grown on the 8.08ɛm fibres had a higher number of neurites, and the 

least number of neurites were found on cells grown on the 1.92ɛm fibres. However, no 

significant differences were found between the fibre diameter samples, which suggest that 

no fibre diameter was more efficient in promoting NG108-15 neuronal cell neurite outgrowth 

than the other.  

 

The average neurite length of neurites extending from NG108-15 neuronal cells grown on 

the samples is shown in figure 4.6C. Neurites from NG108-15 neuronal cells grown on 8.08, 

5.97, and 10.17ɛm fibres had a significantly higher average neurite length, (155.57 Ñ 

16.24ɛm, 127.54Ñ 13.66ɛm and 10ɛm123.08 Ñ 16.84ɛm) compared to the neurite lengths of 

cells cultured on 1.92 and 4.07ɛm fibres (57.35 Ñ11.15ɛm, 72.73 Ñ 10.38ɛm respectively). 

Neurites grown on 8.08ɛm fibres had a significantly higher average length, compared to the 

PHBV films and the tissue culture plastic, which were 99.47 Ñ 3.39ɛm, 117.93 Ñ 4.98ɛm 

respectively. Neurites growing from neuronal cells cultured on 8.08ɛm fibres were the 

longest, followed by neurites grown from neuronal cells cultured on the 5.97ɛm fibres and 

10.17ɛm fibres. This indicates that fibre diameter does have an effect of NG108-15 neuronal 

cell neurite outgrowth length. Compared to the controls, neurites extended from neuronal 

cells cultured on 8.08ɛm fibres grew further, longer, and aligned themselves to the fibres, 

whereas lengths of neurites cultured on flat films, grew out on a random orientation and were 

significantly shorter. With regards to the fibre samples, the average length of neurites from 

neuronal cells cultured on the 5.97, 8.08 and 10.17ɛm fibres was significantly higher than 

those cultured on the 1.92 and 4.07ɛm. The size of fibres are larger than the diameter of the 

neuronal cell bodies, indicating NG108-15 neuronal cells differentiate more efficiently on 

fibres larger than their size.  

 

 

4.3.3 Cell viability and biocompatibility assays of NG108-15 neuronal cells and fibre diameter 

After culture, neuronal cells were stained with Syto-9 and propidium iodide to assess cell 

viability different fibre diameters. Figure 4.7 shows that all fibre diameters, the PHBV flat film 

and the tissue plastic control supported attachment and proliferation of NG108-15 neuronal 

cells. Neuronal cells attached and aligned on the fibre diameters, whereby they adhered and 

orientated randomly on the flat PHBV film and tissue culture plastic control. 8.08 and 

10.17ɛm fibres appeared to support the highest number of NG108-15 neuronal cell 

adherence, compared to the other fibre diameters. Confocal micrographs were quantified to 

determine attached live and dead cell numbers, and to confirm the cell viability of each 

scaffold/sample as a percentage of live versus dead cells. 
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Figure 4.7. Confocal micrographs of NG108-15 neuronal cells cultured on (A) 1.92µm PHBV fibres, B) 4.07µm PHBV fibres, C) 
5.97µm PHBV fibres, D) 8.08µm PHBV fibres, E) 10.17µm, F) PHBV spin coated flat films, G) Tissue culture plastic control and  
H) 3D composite image of neuronal cells on fibres. Live/dead assay was conducted to assess cell viability.  Green cells 
represent live cells, and red cells represent dead cells.  Scale bar = 100µm. 

 

Figure 4.8A shows that the highest number of live cells, per field of view, is supported on the 

PHBV flat films (660.66 ± 228.65) compared to the other samples. With regards to the 

individual fibre diameters, 8.08ɛm fibres supported the growth of the highest number of live 

cells (564.55 Ñ 215.69) compared to 1.92, 4.07, 5.97 and 10.17ɛm fibres. (263.22 Ñ 117.92, 

427.33 Ñ 198.31, 340.55 Ñ 121.18 and 399.22 Ñ 205.69 respectively).  1.92ɛm fibres had the 

lowest number of live cells compared to all the other fibres. The highest number of dead 

cells was found on tissue culture plastic (67.62 Ñ 20.84) but out of the fibre samples, 1.92ɛm 

fibres had the highest number of dead cells (23.44 ± 7.21) compared to the 4.07, 5.97, 8.08 

and 10.17ɛm fibres. (13.33 Ñ 11.97, 13.34 Ñ 3.87, 14.67 Ñ 3.31, and 11.56 Ñ 4.45). Of note, 

higher numbers of live cells were adhered to fibres with the lowest fibre density, as seen in 

figure 4.4.  
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Out of all the fibre diameters 8.08ɛm fibres had the highest amount of NG108-15 neuronal 

cell growth and 1.92ɛm fibres promoted the least in regards of (attachment and growth.)  

However, statistical analysis confirmed that there was no difference between live cell 

numbers and dead cell numbers dependant on fibre diameter. Cell viability, as a percentage, 

is shown in Figure 4.8B in which all the samples had cell viabilities of 90% or above. 1.92ɛm 

fibres had the lowest cell viability (91.49 Ñ 2.15%) but that cells grown on the 4.07ɛm fibres 

had the highest cell viability (97.03 Ñ 1.75%). 5.97, 8.08 and 10.17ɛm fibres had cell 

viabilities of 96.20 ± 0.20%, 96.94 ± 1.63% and 96.1 ± 3.10% respectfully. No significant 

differences were detected between cell viability percentages between all samples and 

overall it can be concluded that the PHBV fibres, and films were biocompatible, and did not 

cause any toxic effects to NG108-15 neuronal cells. PHBV fibres support the attachment and 

proliferation of NG108-15 neuronal cells, as well as promote differentiation.  
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Figure 4.8. Live/dead analysis of NG108-15 neuronal cells cultured on different fibre diameters, PHBV flat film and tissue 
culture plastic control. A) Number of live cells against dead cells per sample and B) live/dead analysis expressed as a 
percentage. A one way anova with Tukey's multiple comparisons tests was used to analyse data (Mean ± SD, n=3 independent 
experiments P< 0.05). No significant difference were detected between samples.    

 

4.3.4 Primary Schwann cell culture on aligned PHBV fibres with different diameters 

Schwann cells were labelled for S100ɓ, a primary Schwann cell marker, to visualise 

Schwann cell morphology on fibre scaffolds, and confirm phenotype. Figure 4.9 shows 

confocal micrographs taken of primary Schwann cells cultured on fibres and flat films. 

Schwann cells aligned themselves in fibres in a parallel orientation. It also appeared as if 

their morphology had changed, when comparing with Schwann cells cultured on the tissue 

culture plastic control. Schwann cells on PHBV films elongated compared to the tissue 

plastic control. This indicated that Schwann cell morphology had been maintained on PHBV. 

With regards to the fibre samples, all Schwann cells stained positively for S100b, confirming 

a maintained phenotype. Visually, more Schwann cells attached to fibres with smaller 
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diameters, and migrated along fibres. In contrast, on the larger diameters, fewer cells 

seemed to adhere. Interestingly, figure 4.9E shows Schwann cells adhered to the sides of 

fibres, whereas on 1.92ɛm fibres (figure 4.9A) Schwann cells adhered to the middle of fibres.  

The average length of Schwann cells, cultured on the PHBV fibres and films, was calculated 

as a marker of morphology, to determine Schwann cell phenotype. Overall, no statistical 

differences were detected between the average Schwann cell lengths calculated on the 

PHBV fibres. However, an overall trend was observed between fibre diameter and average 

Schwann cell length. The longest average Schwann cell length was calculated on the 

1.92ɛm fibres, followed by the tissue culture plastic as seen in figure 4.9 (95.26 Ñ 15.74ɛm 

and 88.42 Ñ 14.01ɛm respectively). This indicated that a smaller diameter promoted a more 

mature Schwann cell phenotype, and therefore a longer average Schwann cell length. Thus, 

fibre diameters of 4.07, 5.97, 8.08, and 10.17ɛm had cell lengths of 85.59 Ñ 13.09ɛm, 82.60 

Ñ 11.98ɛm, 79.86 Ñ 10.49ɛm and 67.25 Ñ 10.88ɛm respectively. Although a trend could be 

seen, with regards to fibre diameter, the relationship between Schwann cell morphology and 

fibre diameter could not be confirmed. 
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Figure 4.9. Confocal micrographs of rat primary Schwann cells immunolabelled against S100ɓ (green) and cell nuclei (blue). 
Cells were stained after 6 days in culture on (A) 1.92µm PHBV fibres, B) 4.07µm PHBV fibres, C) 5.97µm PHBV fibres, D) 
8.08µm PHBV fibres, E) 10.17µm, F) PHBV spin coated flat films, G) Tissue culture plastic control and H) 3D composite image 
of Schwann cells on fibres. Schwann cells aligned themselves with the fibres, and elongate, whereas on the PHBV flat films 
and tissue culture plastic control, they grew in a randomly orientated direction (see arrows). From confocal images, the average 
Schwann cell length was measured, to determine a maintained phenotype. Scale bar= 100µm. 
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Figure 4.10. Schwann cell morphology was examined by calculating the average cell length. 100 Schwann cells, per condition, 
were measured from tip to tip, to determine the average Schwann cell length. A one way anova with Tukey's multiple 
comparisons tests was used to analyse data (mean ± SD, n=3 independent experiments). All Schwann cells retained 
phenotypical Schwann cell morphology and no significant differences were detected between samples.  
 
4.3.5 Primary Schwann cell viability on aligned PHBV fibres with different diameters 

Primary Schwann cell viability on the PHBV fibres, with varying diameters, was calculated to 

investigate the relationship between fibre diameter and cell viability. Schwann cells were 

labelled with Syto-9 and propidium iodide and confocal micrographs were taken. Figure 4.11 

shows primary Schwann cells cultured on electrospun PHBV fibres, with different diameters, 

PHBV films and tissue culture plastic control. The highest number of adhered Schwann cells 

was observed on 1.92ɛm fibres, followed by the tissue culture plastic control. Very few dead 

cells were observed on any of the fibre samples, indicating that all the PHBV fibre scaffolds 

supported Schwann cell attachment and proliferation.  
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Figure 4.11. Confocal micrographs of primary rat Schwann cells cultured on (A) 1.92µm PHBV fibres, B) 4.07µm PHBV fibres, 
C) 5.97µm PHBV fibres, D) 8.08µm PHBV fibres, E) 10.17µm, F) PHBV spin coated flat films, G) Tissue culture plastic control  
and H) 3D composite image of Schwann cells on fibres. Live/dead assay to assess cell viability. Green cells represent live cells, 
and red cells represent dead cells. Scale bar = 100µm. 
 

 

Primary Schwann cells were quantified to determine the average number of live and dead 

cells per field of view (841ɛm x 841ɛm) and calculate percentage cell viability per condition. 

Figure 4.12A shows significantly higher numbers of attached live Schwann cells on 1.92ɛm 

fibres and tissue culture plastic control, compared to the other fibres diameters and PHBV 

film. Figure 4.4C confirmed that the 1.92µm fibres had the highest fibre density, compared to 

the other diameters, and so fibre density increased Schwann cell attachment. As fibre 

diameter increased, the number of live adhered primary Schwann cells also decreased. The 

numbers of attached live Schwann cells on the 4.07, 5.97, 8.08, and 10.17ɛm fibres were all 

quite similar, suggesting that after 1.92ɛm, increasing the fibre diameters by 2ɛm increments 

did not influence primary Schwann cell attachment and proliferation.  
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Figure 4.12. Live/dead analysis on rat primary Schwann cells cultured onto PHBV fibres, films and tissue culture plastic control. 
A) Cell numbers of live cells versus dead cells are expressed as numbers, per field of view. A one way anova with Tukey's 
multiple comparisons tests was used to analyse data (Mean ± SD, n=3 independent experiments *p<0.05 in comparison with 
1.92ɛm fibres, #p<0.05 in comparison to TCP). B) Cell numbers of live versus dead cells expressed as a percentage of cell 
viability. All samples have a live cell viability of above 95% and no significant differences were detected between samples. 

 

All fibrous scaffold and control samples had a cell viability of above 95%. This indicated that 

all samples supported Schwann cell attachment and proliferation, with no adverse effects 

observed.  

 

4.3.6 Differentiation studies of co-cultures of NG108-15 neuronal cells and primary Schwann 

cell on different PHBV fibre diameters 

The addition of Schwann cells to neuronal cell cultures has been reported to increase 

neuronal cell neurite outgrowth (Armstrong et al., 2007). Daud et al. (2012) also reported 

this, co-culturing NG108-15 neuronal cells and rat primary Schwann cells on aligned PCL 

microfibres of 1, 5 and 8ɛm (Daud et al., 2012).  Comparing these results, the effect of 2ɛm 

fibre diameter increments on co-cultures of neuronal and Schwann cells was determined, as 

well as the difference in materials, as previously reported in chapter 2. PHBV films promoted 

increased NG108-15 neuronal cell differentiation, growth and proliferation compared to PCL 

films. Figure 4.13 shows confocal micrographs of co-cultures of neuronal cells and Schwann 

cells on the different diameters PHBV fibres, films and tissue culture plastic. 
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Figure 4.13. Confocal micrographs of co-cultures of NG108-15 neuronal cells co-cultured with rat primary Schwann cells, 
immunolabelled against ɓ III tubulin (red), S100ɓ (green) and cell nuclei (blue). Cells were stained after 6 days in culture on (A) 
1.92µm PHBV fibres, B) 4.07µm PHBV fibres, C) 5.97µm PHBV fibres, D) 8.08µm PHBV fibres, E) 10.17µm, F) PHBV spin 
coated flat films, G) tissue culture plastic control and H) 3D composite image of neuronal and Schwann cells on fibres. Neurites 
expressed from NG108-15 neuronal cells aligned themselves with fibres, whereas on the PHBV flat films and tissue culture 
plastic control, random orientation was seen. The addition of primary Schwann cells increased neurite length. Average neurite 
length was calculated from micrograph samples. Scale bar = 100µm. 
 
 

When comparing samples to figure 4.5 (confocal micrographs of cultured NG108-15 

neuronal cells alone), neurites outgrown from NG1080-15 neuronal cells were observed to 

be longer, supporting the evidence that Schwann cells in co-culture increases the length of 

neurite outgrowth. Both cell types attached and aligned to the different fibre diameters, 

whereas cell types were more spread out and sparse on the PHBV films and tissue culture 

plastic. Visually, neurites outgrown from NG108-15 neuronal cells cultured on PHBV fibres 

aligned themselves to the fibres, whereas neurite outgrowth was of a more random 

orientation when cultured on PHBV films and tissue culture plastic. In order to quantify the 

effect of the addition of Schwann cells in co-culture on NG108-15 neuronal cell differentiation 

and neurite outgrowth, neurite lengths of neurites expressed from the neuronal cells were 

measured using the ruler tool on image J (Schneider et al., 2012). 100 neurites were 
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imaged, per condition, to determine the average neurite length of NG108-15 neuronal cell 

neurite outgrowth on different PHBV fibre diameters in co-culture with primary Schwann 

cells.  
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Figure 4.14. Analysis of NG108-15 neuronal cell neurite outgrowth studies comparing neurite lengths in the presence and 
absence of primary rat Schwann cells. 100 neurites per diameter/sample was measured, using Image J. A two way anova with 
Sidak's multiple comparisons tests was used to analyse data (Mean ± SD, n=3 independent experiments ***p<0.001 and 
****p<0.0001 compared to neuronal cell alone).  
 

 

Figure 4.14 shows that addition of Schwann cells to a culture of NG108-15 neuronal cells 

significantly increased neurite length, depending on fibre diameter. The maximum neurite 

lengths of neurites in co-culture were 143.94 Ñ 19.01ɛm, 145.19 Ñ 17.64ɛm, 150.34 ± 

15.57ɛm, 163.13 Ñ 14.79ɛm and 155.88 Ñ 16.33ɛm for 1.92, 4.07, 5.97, 8.08 and 10.17ɛm 

fibres respectively. Interestingly, neurite outgrowth lengths from NG108-15 neuronal cells 

cultured on 1.92 and 4.07ɛm fibres were significantly higher, when in co-culture, compared 

to the other fibre diameters. Neurite outgrowth had increased from 57.35 Ñ 11.15ɛm to 

143.94 Ñ 19.01ɛm on 1.92ɛm PHBV fibres, and from 72.73 Ñ 10.38ɛm to 145.19 Ñ 17.64ɛm 

on 4.07ɛm fibres. This indicated that there was a relationship between fibre diameter and 

neuronal/Schwann cell co-culture but only on thinner fibres. In single culture of NG108-15 

neuronal cells, cultured on PHBV fibres, neurite outgrowth was significantly higher on 5.97, 

8.08, and 10.17ɛm, compared to 1.92 and 4.07ɛm fibres. This supports a rationale that 

addition of Schwann cells during nerve regeneration in vivo, could increase axon 

regeneration length if using smaller diameter fibres. However, further work in vivo would 

need to be performed to clarify this. Overall, the longest neurite outgrowth from NG108-15 

neuronal cells in co-culture was recorded on the 8.08ɛm fibres, 163.13 Ñ 14.79ɛm, followed 
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by 10.17ɛm fibres, 155.88 Ñ 16.33ɛm which would indicate that higher fibre diameters were 

the most efficient for NG108-15 neuronal cell neurite outgrowth in a co-culture system. As no 

statistical differences were detected between neurite outgrowth lengths in co-culture, this 

cannot be confirmed.  

 

4.3.7 Cell Viability Study of co-cultures of NG108-15 neuronal cells and primary Schwann 

cell on different PHBV fibre diameters 

To determine cell viability of NG108-15 neuronal cells and primary Schwann cells cultured 

on PHBV fibres in co-culture, cells were stained for Syto-9 and propidium iodide to visualise 

live and dead cells.  Figure 4.15 shows neuronal cells and Schwann cells cultured together 

aligned on the PHBV fibres. Although the live/dead cell viability assay canôt be used to 

determine cell phenotypes by colour, cell shape is distinct - Schwann cells have a more 

spindle like shape and neuronal cells a more circular shape. Overall, there were very little 

dead cells in any of the conditions, indicating that PHBV fibres support Schwann and 

neuronal cell proliferation and growth. Higher numbers of live Schwann cells were seen on 

1.92ɛm fibres (figure 4.15A) compared with other fibre diameters. Higher numbers of 

neuronal cells could be observed on 5.97ɛm fibres (figure 4.15C). The highest number of 

dead cells was seen on tissue culture plastic control.  

 

In order to determine cell viability, live versus dead cells, as well as determine which fibre 

diameter had the highest amount of neuronal and Schwann cell attachment, confocal 

micrographs were quantified. Figure 4.16A shows that the highest number of live cells was 

on the tissue culture plastic control and PHBV flat films, 484.66 ± 104.11 cells and 215.50 ± 

35.44 cells. The highest number of live cells was on 1.92ɛm fibres (212.01 Ñ 96.21 cells), 

followed by the 8.08ɛm fibres (131.22 Ñ 50.38 cells). This coincides with figure 4.12A, where 

there was a higher number of live primary Schwann cells attached to the 1.92ɛm fibres, and 

figure 4.8A which had the highest number of live NG108-15 neuronal cells attached to the 

8.08ɛm fibres. This data also corresponds to figure 4.4C, which saw that 1.92µm fibres had 

the highest fibre density and surface coverage which would explain and increase in cell 

attachment.  
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Figure 4.15. Confocal micrographs of primary rat Schwann cells co-cultured with NG108-15 neuronal cells cultured on (A) 
1.92µm PHBV fibres, B) 4.07µm PHBV fibres, C) 5.97µm PHBV fibres, D) 8.08µm PHBV fibres, E) 10.17µm,  F) PHBV spin 
coated flat films, G) tissue culture plastic control and H) 3D composite image of neuronal and Schwann cells on fibres. Green 
cells represent live cells, and red cells represent dead cells. Scale bar = 100µm. 
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Figure 4.16. Live/dead analysis of co-cultures of NG108-15 neuronal cells and rat primary Schwann cells, cultured on different 
fibre diameters, PHBV flat film and tissue culture plastic control. A) Number of live cells against dead cells per sample (mean ± 
SD, n=3 independent experiments *p< 0.05 compared to tissue culture plastic control). B) live/dead analysis expressed as a 
percentage.  A one way anova with Tukey's multiple comparisons tests was used to analyse data (Mean ± SD, n=3 
independent experiments P< 0.05). No significant differences were detected between samples.    
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4.4 Discussion 

 

This chapter reports on the relationship PHBV fibre diameter has on neuronal and Schwann 

cell response in vitro. PHBV was chosen as the fibre material to determine this effect, due to 

excellent biocompatibility and promoting NG108-15 neuronal cell adherence and 

proliferation, seen in chapter 2. As well as this, chapter 3 confirmed that aligned fibres of 

PHBV could be fabricated by electrospinning, as well as fabricating statistically different fibre 

diameters. Previous literature has shown that different diameters, ranging from nanofibres to 

microfibers, have different effects on different cell types (Schaub et al., 2016). As previous 

work on fibre diameter and NG108-15 neuronal cells had been conducted, and published, 

NG108-15 neuronal cells were chosen for fibre diameter experiments (Daud et al., 2012). 

NG108-15 neuronal cells are very well characterised and have been shown to behave and 

respond similarly to primary sensory neurons in specific co-culture conditions with primary 

Schwann cells (Armstrong et al., 2007; Armstrong et al., 2008).   

 

Electrospinning conditions, to fabricate PHBV fibres, with diameters ranging from 1.92-

10.17ɛm, had been confirmed in chapter 3. Five different fibre conditions were chosen to 

investigate the effect fibre diameter had on NG108-15 neuronal cell and primary Schwann 

cell attachment, proliferation and maturation. The largest PHBV fibre diameter fabricated, 

10.17ɛm was chosen for analysis. Wang et al. (2010) reported significantly higher Schwann 

cell migration lengths, and neurite out growth from chick DRGs on 1.325µm PLLA scaffolds 

compared 0.759µm and 0.293µm fibre scaffolds (H. B. Wang et al., 2010). The small 

diameter of PHBV fibres,1.92ɛm, were chosen for investigation. Daud et al. (2012) 

investigated 1, 5 and 8ɛm PCL fibres for use in creating a 3D peripheral nerve injury model 

(Daud et al., 2012). As 8ɛm fibres were the most effective in promoting significantly higher 

NG108-15 neurite outgrowth length, compared to other diameters, 8.08ɛm PHBV fibres were 

also investigated (Daud et al., 2012). Overall, fibres with 2ɛm increments (1.92, 4.07, 5.97, 

8.08 and 10.17ɛm) fibres were chosen for in vitro evaluation. Surface coverage and fibre 

density were also investigated to ensure that there was a relationship between cell response 

and fibre diameter, not on the addition of fibres. Analysis confirmed the 1.92µm fibres had 

the largest surface coverage and fibre density, compared to the other diameters. The highest 

numbers of live Schwann cells were observed on the 1.92µm which was expected due to the 

higher fibre density. However, in the case of the NG108-15 neuronal cells, this was the 

opposite.  
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It was hypothesised that the larger fibre diameters (6-10µm) would support NG108-15 

neuronal cell differentiation more effectively than the smaller diameters, as seen in literature 

(Gnavi et al., 2015a). The highest numbers of cells bearing neurites were observed on the 

flat controls, suggesting that a 3D scaffold, did not promote initial neurite outgrowth. Similar 

to this effect, the number of neurons showing neurites were significantly lower on the fibre 

scaffolds compared to the 2D flat controls of tissue culture plastic and PHBV film. However, 

when observing neurite outgrowth length, statistically longer neurite lengths were observed 

on the 5.97, 8.08 and 10.17ɛm fibres compared to the 1.92 and 4.07ɛm fibres and flat 

controls, with the highest average neurite length detected on the 8.08ɛm fibres. This data is 

very similar to the results published by Daud et al. (2012). However, of note, average neurite 

length, number of neurons and percentage of neuronal cells bearing neurites was higher on 

8.08ɛm PHBV fibres, compared to results on 8ɛm PCL fibres. Classical contact guidance 

could be observed by NG108-15 neuronal cells when cultured on aligned fibres, compared 

to the 2D plastic controls, as cells could be seen adhered to the fibre,  changing its 

orientation and neurites growing along the fibres (F. Yang et al., 2005a). 

This data reflects work in chapter 2 in which PHBV was more biocompatible compared to 

PCL, which could be due to its more hydrophilic properties. Average neurite outgrowth 

length of neurites cultured on 1.92 and 4.07ɛm PHBV fibres was quite similar, but there was 

a significant increase in average neurite length from 4.07 to 5.97ɛm fibres (72.73 Ñ 10.38ɛm 

to 127.54 Ñ 13.66ɛm) suggesting a minimum diameter value to promote neurite outgrowth 

length. No statistical differences were detected between NG108-18 neuronal cell attachment 

and viability across all fibre diameters, suggesting PHBV is an efficient material in promoting 

neuronal cell attachment and proliferation. Primary Schwann cells, grown according to the 

method of Kaewkhaw et al. (2012), were seeded onto the fibres, to determine maintained 

cell phenotype and cell viability on the PHBV fibres. The average Schwann cell length was 

measured for each diameter, as a marker of Schwann cell morphology, as decreased 

Schwann cell length indicates immature (or unhealthy) cells, whereas a longer cell length 

indicates a mature cell and maintained phenotype (Chew et al., 2008; Daud et al., 2012).  

Overall, the average Schwann cell length decreased, as the fibre diameter increased, 

however this result was not significant. It would suggest that Schwann cells prefer a smaller 

fibre diameter, as seen in the study by Gnavi et al. (2015) and Daud et al. (2012). The 

number of live cells on 1.92ɛm fibres was significantly higher than the other fibre diameters, 

confirming that Schwann cells attached more effectively on smaller fibre diameters. 

However, this could also be due to the increased fibre density of the 1.92µm fibres.  

Previous work has confirmed that Schwann cells mature more efficiently on aligned fibres, 

compared to random fibres, but most of this work has been performed using nanofibers, and 
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not microfibers. Although Gnavi et al. (2015) used 1.0 and 1.3ɛm fibres in their study, 

random nanofibers enhanced primary Schwann cell proliferation and adhesion, versus 

random microfibers, which would explain the results in this chapter, in which 1.92ɛm PHBV 

fibres promote higher Schwann cell attachment, than larger fibre diameters (Gnavi et al., 

2015a).  However, it is difficult to compare the results in this chapter with other published 

findings except those by Daud et al. (2012) (Chew et al., 2008).     

Previous work investigating the effect on aligned fibre diameters on neuronal and Schwann 

cells has focused mainly on either the culture of cell types individually, or using a DRG ex 

vivo culture model, to replicate a nerve injury model (H. B. Wang et al., 2010). In order to 

reduce animal work, a co-culture of NG108-15 neuronal cells and primary Schwann cells 

was established to determine the effect of the different fibre diameters on both cell types. 

Overall, the highest neurite outgrowth lengths were measured on the 8.08ɛm fibres, followed 

by the 5.97 and 10.17ɛm fibres, although this was not significant.   

However, addition of Schwann cells to NG108-15 neuronal cell cultures did significantly 

increase NG108-15 neuronal cell neurite outgrowth on the 1.92 and 4.07ɛm fibres. This is 

consistent with published findings by Armstrong et al. (2007) as well as other studies, that 

confirm that Schwann cells release neurotrophic growth factors and ECM molecules to 

stimulate neurite outgrowth (Armstrong et al., 2007; Daud et al., 2012). With regards to cell 

viability, live cell attachment was highest on the 1.92ɛm fibres, compared to the other fibre 

diameters, although this was not significant. These results could be due to smaller fibre 

diameters promoting higher Schwann cell attachment and proliferation as seen in Gnavi et 

al. (2015). But this effect could also be due to the lower amount of NG108-15 neuronal cells 

added to the co-culture, plus differentiation of NG108-15 neuronal cells is initiated straight 

away in co-culture, rather than having 2 days to proliferate and attach, in mono-culture. All 

scaffolds had high cell viability, indicating PHBV fibres, of different diameters, promote 

NG108-15 neuronal cell and primary Schwann cell attachment, proliferation and 

differentiation.  

Overall, the conclusions of this chapter report that using a higher fibre diameter, of 8.08ɛm, 

promotes longer NG108-15 neurite outgrowth, but that a smaller fibre diameter, of 1.92ɛm, 

promotes higher Schwann cell attachment and proliferation rate. 8.08ɛm fibres promoted the 

longest neurite outgrowth of NG108-15 neuronal cells in co-culture, although this result was 

not significant compared to the other fibre diameters. 1.92ɛm fibres promoted the highest 

number of live attached NG108-15 neuronal cells and primary Schwann cells, but this result 

was not significant. As 5.97 and 8.08ɛm fibres appeared to have the greatest effect on 

NG108-15 neuronal cell outgrowth, these diameters were chosen to fabricate 
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P(3HO):P(3HB) (50:50), P(3HO-co-3HD):PLLA (50:50) fibres, using PHBV and PCL fibres 

as a control. Therefore, 5 and 8ɛm fibres of all four materials / blends were taken forward to 

chapter 5 for a full in vitro analysis with NG108-15 neuronal cells and primary Schwann cells, 

in single and co-culture. Following this, the materials / blends will be taken forward to ex vivo 

analysis using a rat DRG 3D culture model established in the Haycock laboratory, in order to 

determine if any of the materials could be used as an internal guidance filler for use with a 

nerve guide conduit (Behbehani et al., 2018). 
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Chapter 5: In Vitro Analysis of Fibre Blends 

 

5.1 Introduction 

The choice of biomaterial, and its chemical composition, is an essential requirement when 

considering the design of an internal fibre scaffold to aid nerve repair. A fibrous internal 

guidance scaffold must meet certain criteria in order to successfully promote nerve 

regeneration (Subramanian et al., 2009). Nerve guide conduits must have the correct 

degradation rate, and similar mechanical and physical properties, and chemistry to native 

nerve tissue.  NGCs must also allow nutrient transfer, and have the correct surface 

topography to aid cell adhesion, proliferation and differentiation (Nectow et al., 2012). With 

regards to the fibrous internal scaffold, the biomaterial of choice must be fabricated from 

aligned fibres with specific diameters that can be easily reproduced and that are easy to 

handle and manipulate. Fibres must be able to be threaded into a conduit without losing 

alignment and maintain structure (Subramanian et al., 2009).  

 

Chapter 2 concluded that polyhydroxyalkanoates are an advantageous choice of material, 

for peripheral nerve repair, due to their range of different mechanical properties, 

biodegradability and excellent biocompatibility (Philip et al., 2007). P(3HO-co-3HD), P(3HO) 

and PLGA had Youngôs moduli closer to that of rat sciatic nerve. However, P(3HB) and 

PHBV are more hydrophilic polymers compared to other PHAs, and they promoted NG108-

15 neuronal cell adhesion more effectively.  Out of all the polyhydroxyalkanoates, P(3HB) 

has the fastest degradation rate. Therefore, blending materials was performed to achieve a 

balance of biocompatibility, mechanical and physical properties, as well as the required 

degradation rate, as is required for the ideal nerve guide conduit (Kehoe et al., 2012).  

 

Research, in nerve tissue engineering, has focused primarily on blending synthetic polymers 

with natural polymers, such as collagen and gelatine, which has shown that addition of the 

natural polymer improves cellular adhesion to a synthetic polymer and can promote 

regeneration (Gnavi et al., 2015b). However, no studies have been published which shows a 

direct comparison between individual polymers, or blends, for improving nerve regeneration, 

(except in considering an immortal Schwann cell line (Sangsanoh et al., 2007).)  There are 

many published reviews on current FDA nerve guide conduits, and wraps, in comparison to 

autografts, which have highlighted the limitations and advantages of using a conduit made of 

a specific polymer, but again, no study has shown whether one NGC material is more 

effective than another (Kehoe et al., 2012). This chapter therefore investigated a comparison 

of different candidate materials, and different blends, to determine if one material or blend 
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was more effective in promoting neuronal and Schwann cell adherence, proliferation and 

maturation, than the other. Fibres were fabricated, from each material and blends, by 

electrospinning, with the same diameters and alignment for a direct comparison.  

Overall, chapter 3 confirmed that many of the polyesters with FDA approval for peripheral 

nerve repair could be electrospun into aligned fibres of different diameters. It was also 

concluded that a softer elastomeric polymer, such as P(3HO), could only be electrospun 

successfully when blended with a more brittle polymer at a minimum of a 50:50 ratio. 

P(3HO):P(3HB) (50:50) and P(3HO-co-3HD):PLLA (50:50) were chosen blends to be 

investigated, from chapter 3, due to ease and reproducibility of electrospinning aligned 

fibres. Use of these blends was a compromise between biocompatibility and degradation 

rate. PCL fibres were also fabricated as a control material, as results of in vitro analysis 

using neuronal and Schwann cells have been well documented (Daud et al., 2012).  PHBV 

was also taken forward for in vitro analysis due to its performance in initial biocompatibility 

studies in chapter 2. PHBV is cheaper to fabricate than P(3HB) and P(3HO) and its 

mechanical properties can be tailored.  

 

Following the data reported in chapter 4, it was concluded that the most effective diameter 

for NG108-15 neuronal cell differentiation was 8ɛm. The average neurite length from 

neuronal cells cultured on 8ɛm fibres was significantly longer than on fibres 2 and 4ɛm 

diameter, and live cell attachment higher on 8ɛm fibres compared to the other diameters 

fabricated. 5 and 8ɛm fibres of all 4 materials / material blends have been fabricated for in 

vitro analysis to determine which material / blend would be the most effective for neuronal 

cell attachment and differentiation, as well as Schwann cell attachment and proliferation. It is 

hypothesised that the PHA blends and PHBV will support NG108-15 neuronal cell 

attachment and differentiation more efficiently than PCL. Although previous work by 

Lizarraga et al. (2015) had investigated the material characteristics of the PHA blends, and 

P(3HO):P(3HB) (50:50), degradation of the blend had not been investigated. Due to the 

novelty of the P(3HO-co-3HD):PLLA (50:50) blend, water contact angle was also performed 

again and compared to the other materials, as well as undergo degradation testing. 

Mechanical testing of P(3HO):P(3HB) (50:50) and P(3HO-co-3HD):PLLA (50:50) fibres, as 

well as PHBV and PCL fibres was performed in chapter 6 before ex vivo analysis.  
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5. 2 Methods and Materials 

5.2.1 Water contact angle of final blends  

As previously described in section 1.2, methods section of chapter 2, the water contact angle 

was determined for the P(3HO-co-3HD):PLLA (50:50) blend. A 10wt% solution of the blend 

was spin coated (as described in section 1.1- chapter 2) and left to dry. The data was then 

added to that found in section 2.1 chapter 2.   

 

5.2.2 Degradation studies of final fibre blends 

In vitro degradation tests were performed on spin coated films of the P(3HO):P(3HB) (50:50) 

and P(3HO-co-3HD):PLLA (50:50) in comparison with PCL and PHBV, with known 

degradation properties. Spin coated films were fabricated as previously described in section 

1.2, of the methods section in chapter 2. Glass coverslips were weighed before and after 

spin coating to determine the weight of the polymer film. Films were placed into a 24 well 

plate, sterilised with 70% ethanol and washed with PBS before experimentation. 2mL of 

sterilised PBS was added to each sample, and the pH was recorded (Jenway 310 pH 

meter). The pH was then taken every 2 weeks up to 24 weeks, to observe the change in pH. 

In a separate well plate, 1mL of sterilised PBS was added to each sample, and was replaced 

every week to keep the pH constant at pH 7.04. Samples were weighed every 4 weeks, up 

to 24 weeks, and were then vacuum dried to calculate the mass of the dried samples. 

Weight loss (%) was calculated by the following equation: 

 

Weight loss (%)= 100 (M1dry- M2dry) x M1dry 

 

In which M1 is the recorded mass at week 0, and M2 dry is the vacuum dried mass after a 

certain time point. An average of 3 samples was taken to determine the cumulative weight 

loss % of the films during degradation. (Haiyan Li and Chang, 2005) 

  

5.2.3 Fabrication of electrospun material fibres and characterisation  

Aligned 5 and 8ɛm fibres of all 4 investigated materials, were fabricated by electrospinning. 

Figure 1 shows the different electrospinning conditions used to fabricate these diameters, 

confirmed in chapter 3. Electrospinning was performed using a high-power voltage supply 

(Genvolt UK), a single syringe pump (WPI-Europe) and a rotating cylindrical collector 

attached to a motor (IKA Works) (as described in section 1.1, methods in chapter 3).  
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Table 5.1. Electrospinning conditions to fabricate 5 and 8ɛm fibres of P(3HO):P(3HB) (50:50), P(3HO):PLLA (50:50), PHBV and 
PCL.  

 Material Solution 

(%) 

Voltage 

(kV) 

Distance 

(cm) 

Flow 

rate 

(mL/h) 

Collector 

Speed 

(xg) 

Size of 

fibres (ɛm) 

A P(3HO):P(3HB) 

(50:50) 

8 12.5 15 3 134 4.97 ± 0.61 

B P(3HO):P(3HB) 

(50:50) 

8 12.5 10 3 134 7.86 ± 1.13 

C P(3HO-co-

3HD):PLLA 

(50:50) 

12 8 20 4 134 4.97 ± 0.74 

D P(3HO-co-

3HD):PLLA 

(50:50) 

12 8 15 4 134 7.81 ± 1.77 

E PCL 10 15 20 4 134 5.03 ± 0.13 

F PCL 20 18 20 6 134 8.07 ± 0.07 

G PHBV 14 12 20 3 134 5.07 ± 0.96 

H PHBV 15 10 20 4 134 8.08 ± 1.43 

 

Electrospun fibres were characterised by scanning electron microscopy to confirm fibre 

diameter and alignment (described in more detail in the materials and methods section in 

chapter 3, 1.2). The ruler tool in NIH software Image J was used to measure fibre diameter 

and determine angular variance between individual fibres (Schneider et al., 2012). The 

number of fibres, per 100µm were counted manually for each batch of electrospun fibres and 

fibres per µm determined. 

 

5.2.4 Preparation of aligned electrospun fibres for In Vitro Analysis  

Electrospun fibres were cut into 25mm x 25mm squared samples, to fit into a 6 culture well 

plate. Fibres were carefully removed from the foil collector and adhered to the surface with a 

10wt% solution of the relative polymer/blend. Fibres were held into position by large medical 

grade 316L stainless steel cell culture rings (inner diameter = 26mm, outer diameter = 

35mm) and a smaller stainless-steel cell culture ring, (inner diameter = 10 mm, outer 

diameter = 20 mm) was placed into the middle of the sample, to decrease fibre surface area. 

Samples were sterilised using 70% ethanol for 3 hours, followed by a wash in PBS. Samples 

were immersed in PBS and left in PBS overnight to ensure all contaminants had been 
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removed. Before cell seeding, samples were washed again in PBS for 5 minutes (Daud et 

al., 2012).  

5.2.5 NG108-15 neuronal cell culture 

See chapter 2, 2.2.6 Methods section for details.  

 

5.2.6 Immunolabelling of NG108-15 neuronal cells for ɓ III tubulin 

See chapter 4, 4.2.6 Methods section for details. 

 

5.2.7 Isolation of rat primary Schwann cells 

See chapter 4, 4.2.7 Methods section for details.  

 

5.2.8 Co-culture of NG108-15 neuronal cells and rat primary Schwann cells different material 

fibres with different diameters 

See chapter 4, 4.2.8 Methods section for details. 

 

5.2.9 Immunolabelling of rat Primary Schwann cells for S100ɓ 

See chapter 4, 4.2.9 Methods section for details. 

 

5.2.10 Live/Dead analysis of NG108 neuronal cells and primary Schwann cells 

See chapter 2, 2.6 Methods section for details. 

 

5.2.11 Neurite outgrowth assessments 

See chapter 4, 4.2.11 Methods section for details. 

 

5.2.12 Assessment of Primary Schwann Cell Morphology and Schwann cell migration length 
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See chapter 4, 4.2.12 Methods section for details. 

5.2.13 Statistical Analysis 

GraphPad Instat (GraphPad Software, USA) was used to perform statistical tests on data 

collected. One-way analysis of variance (p < 0.05) was conducted to analyse the differences 

between the data, incorporating Tukey's multiple comparisons test if p < 0.05. Data was 

reported as mean ± SD, p<0.05. Each experiment was performed three independent times 

with each sample repeated three times as n=3. 

 

5.3 Results 

5.3.1 Water contact angles of final fibre blends 

Water contact angles of polymers investigated, and polymer blends, were confirmed in 

chapter 2 (Results section 2.1), to determine the surface wettability and hydrophilic / 

hydrophobic characteristics. Figure 2.1A and B (chapter 2) show water contact angle for 

PCL, PHBV and P(3HO):P(3HB) (50:50) but not for P(3HO-co-3HD):PLLA (50:50), as this 

blend was included for in vitro testing after the electrospinning results in chapter 3. Figure 

5.1, below, shows a graph comparing the water contact values of the two polymers and two 

blends, with the addition of the P(3HO-co-3HD):PLLA (50:50) blend. The water contact 

angles of PCL and PHBV are significantly lower than that of the P(3HO):P(3HB) (50:50) and 

P(3HO-co-3HD):PLLA (50:50), 72 Ñ 2.12ę and 67.22 Ñ 2.72ę compared to 102.17 Ñ 1.60ę and 

94.73 Ñ 6.53ę respectively.  
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Figure 5.1. Graph to show the average water contact angle recorded on neat polymer and polymer blend spin coated films. A 
one way anova with Tukey's multiple comparisons tests was used to analyse data (Mean ± SD, n= 3 independently fabricated 
samples ****p < 0.0001 compared to PHBV, ###p < 0.001and #### p < 0.0001 compared to PCL).  
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5.3.2 Degradation studies of final fibre blends 

Figure 5.2A shows the cumulative weight loss (%) of the polymer films over an incubation 

time of 24 weeks. Scaffold weight loss increased over the time, in which the highest weight 

loss after 24 weeks incubation at 37°C was observed in the PHBV films, followed by the PCL 

films, 105.87 ± 6.96% and 120.05 ± 4.01% respectively. Due to its hydrophobic nature, PCL 

is known to degrade slowly, up to year, due to little water penetration to the bulk PCL (E 

Díaz et al., 2014). In contrast, the lowest weight loss, after 24 weeks incubation, was 

observed in the P(3HO):P(3HB) (50:50) films, of 75.92 ± 11.98%, which also had the lowest 

initial weight loss of 20.41 ± 14.88% after 8 weeks incubation. Similar data was reported in 

the study by Basnett et al. (2013) which confirmed that after 4 weeks incubation, 

P(3HO):P(3HB) (50:50) films had a weight loss percentage of 11% (Basnett et al., 2013).   

 

Figure 5.2B shows the change in pH levels of PBS, containing the polymer blends, over 24 

weeks incubation at 37°C.  The initial pH value of the PBS was 7.41, and over the time, the 

pH decreased. There was very little change in pH of PBS containing the PHA blends over 24 

weeks incubation, maintaining a neutral pH. P(3HO-co-3HD):PLLA (50:50) had the lowest 

pH of 6.62 ± 0.01 after the 24-week time. However, the lowest drop in pH was recorded from 

the PCL film of 6.02 ± 0.04. As hydrolytic degradation products of PCL are relatively acidic, 

such as valeric acid and hexanoic acid, a slight more acidic pH after 24 weeks incubation 

was expected (Sanchez et al., 2000). Out of the PHA blends, the P(3HO-co-3HD):PLLA 

(50:50) had the lowest pH, of 6.62 ± 0.14. Due to the acidic degradation products of the 

PLLA, this result was expected (Elsawy et al., 2017). However, the hydrophobic nature of 

the P(3HO-co-3HD) decreased the degradation rate, and the release of acidic degradation 

by products from the PLLA (Renard et al., 2004).  
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Figure 5.2. Change in A) weight loss % and B) pH of P(3HO):P(3HB) (50:50), P(3HO-co-3HD):PLLA (50:50), PCL and PHBV 

films incubated for 24 weeks in PBS. 

 

 

5.3.3 Fabrication of aligned fibres from different materials with different fibre diameters 

Electrospinning conditions, in table 5.1, were used to fabricated 5 and 8ɛm fibres of 

P(3HO):P(3HB) (50:50), P(3HO-co-3HD):PLLA (50:50), PCL and PHBV. Figure 5.3 shows 

scanning electron micrographs of fibres fabricated from these conditions to be used for in 

vitro testing. Fibre fabricated appeared and aligned, and differences in fibre diameter could 

be seen between the material types. 
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Figure 5.3. Scanning electron micrographs of (A) P(3HO):P(3HB) (50:50) 5µm fibres, (B) P(3HO):P(3HB) (50:50) 8µm fibres, 
(C) P(3HO-co-3HD):PLLA (50:50) 5µm fibres, (D) P(3HO-co-3HD):PLLA (50:50) 8µm fibres, (E) PCL 5µm fibres, (F) PCL 8µm 
fibres and (G) PHBV 5µm fibres, (H) PHBV 8µm fibres and (I) Tissue culture plastic. Scale bar =100µm. 

 

To confirm the correct fibre diameter of each material manufactured, fibre diameter was 

determined by measuring each fibre from micrographs taken using the ruler tool on Image J 

(Schneider et al., 2012). Figure 5.4A concluded that 5 and 8ɛm fibres of all material types 

had been fabricated, and that there was very little variance between individual fibre 

diameters measured, due to low standard deviation. It was also confirmed that the 8ɛm 

fibres, of each material type, were statistically higher than the 5ɛm fibres fabricated for each 

material/material blend.  
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Figure 5.4. A) Average fibre diameter of PHA polymers. An average of 30 fibres was assessed for each fibre condition and 
mean of the diameter presented. A two way anova with Sidak's multiple comparisons tests was used to analyse data (mean ± 
SD, n= 3 independently fabricated samples ***p < 0.01 compared to 5ɛm fibres, ****p < 0.0001 compared to 5ɛm fibres). B) 
Histogram to show the angular variance of 5 and 8ɛm fibres of the 3 different material blends compared to PCL fibres. C) 
Surface coverage of fibres was determined by the fibre density. Fibres per µm was conducted by counting the number of fibres 
per 100µm. A one way anova with Tukeyôs multiple comparisons tests was used to analyse data (****p < 0.0001 compared to 
PHBV 8ɛm fibres, ++++p < 0.0001 compared to PCL 8ɛm fibres, ^^^^p < 0.0001 compared to PCL 5ɛm fibres and ~~~~p < 
0.0001 compared to P(3HO):P(3HB) (50:50) 8ɛm fibres. Per independently electrospun batch of fibres, 30 fibres were 
measured. (n=3) 

 

Fibre alignment was also confirmed by determining the angular variance between each fibre, 

per condition. Figure 5.4B confirmed all fibres were aligned, as over 70% of fibres were 

measured in the 0-2ę category. The most aligned fibres were the PCL fibres, 8ɛm P(3HO-co-

3HD):PLLA (50:50) fibres and 8ɛm PHBV fibres. The least aligned fibres were the 5ɛm 

P(3HO):P(3HB) fibres. Figure 5A and B confirmed that fibres fabricated for in vitro analysis 

were the correct diameter and were aligned, and the conditions fabricated in chapter 3 are 

reproducible. Surface coverage of the fibres was determined by calculating the fibre density. 

The highest fibre density, number of fibres per µm, was calculated for the 8µm PCL, PHBV 

and P(3HO):P(3HB) fibres and PCL 5µm fibres, which corresponded with the SEM 

micrographs in figure 5.3.  
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5.3.4  NG108-15 neuronal cell differentiation on aligned fibres 

Figure 5.5 shows confocal micrographs of NG108-15 neuronal cells, cultured on the fibres 

after 6 days in culture. Cells were immunolabelled for the cell nucleus (DAPI - blue) and 

neurite outgrowth (ɓIII tubulin - red).  Neurites extended from NG108-15 cells on all samples 

and long neurites could be visualised aligning themselves to the fibres, compared to the 

tissue culture plastic control, in which neurites grew out in a random manner (see arrows). 

Longer neurites could be seen on the 8µm fibre sizes of all samples. Confocal micrographs 

were quantified to determine the percentage of neurite bearing cells per sample, to calculate 

the average number of neurites per neuron and calculate the average neurite length per 

sample. Three fields of view per sample, per independent experimental run, were analysed 

to calculate the percentage number of neurite bearing cells. Cells were counted manually by 

cell counter software in NIH Image J (Usaj et al., 2010). The highest percentage of neurite 

bearing cells (figure 5.6A) per sample, were detected on 5Õm PCL fibres, 8Õm and 5ɛm 

P(3HO):P(3HB) (50:50) fibres, and the P(3HO-co-3HD):PLLA 5ɛm fibres, 68.66 Ñ 39.37%, 

67.88 ± 6.91%, 66.86 ±6.78% and 66.21 ± 9.55% respectfully. No statistical differences were 

detected between the fibre samples suggesting no trend between fibre size and neurite 

bearing cell percentage. However, the percentage of neuronal cells expressing neurites on 

the 5Õm PCL fibres, 8Õm and 5ɛm P(3HO):P(3HB) (50:50) fibres, and the P(3HO-co-

3HD):PLLA 5ɛm was statistically higher than the percentage of neurite bearing neuronal 

cells cultured on the tissue culture plastic control.  
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Figure 5.5. Immunolabelled confocal micrographs of NG108-15 neuronal cells cultured on (A) P(3HO):P(3HB) (50:50) 5µm 
fibres, (B) P(3HO):P(3HB) (50:50) 8µm fibres, (C) P(3HO-co-3HD):PLLA (50:50) 5µm fibres, (D) P(3HO-co-3HD):PLLA (50:50) 
8µm fibres, (E) PCL 5µm fibres, (F) PCL 8µm fibres and (G) PHBV 5µm fibres, (H) PHBV 8µm fibres  and (I) Tissue culture 
plastic control and J) 3D composite image of neuronal cells on fibres. Neuronal cell nuclei were labelled with DAPI (blue) and 
neurite extension labelled for ɓIII tubulin (red) to conduct NG108-15 neuronal cell differentiation studies. Scale bar = 100µm. 

  

Analysis of samples from confocal micrographs was performed to calculate the average 

number of neurites present per NG108-15 neuronal cell. Figure 5.6B concluded that NG108-
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15 neuronal cells cultured on 5µm P(3HO-co-3HD):PLLA (50:50) fibres, and 8µm P(3HO-co-

3HD):PLLA (50:50) fibres had the highest average of neurites shown per neuron, 1.63 ± 0.19 

neurites per neuron and 1.31 ± 0.06 neurites per neuron. The lowest average numbers of 

neurites per neuron were from NG108-15 neuronal cells cultured on 8µm PCL fibres. 

However, no statistical differences were observed independent of fibre diameters. This 

indicates that material type, and fibre diameter does not influence initial NG108-15 neuronal 

cell neurite outgrowth.  
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Figure 5.6. Analysis of NG108-15 neuronal cell differentiation studies on candidate fibres and polymer films. A) Neurite bearing 
NG108-15 neuronal cells after 6 days in culture, expressed as a percentage. A one way anova with Tukey's multiple 
comparisons tests was used to analyse data (Mean ± SD, n=3 independent experiments, *p<0.05 compared to TCP) (B) The 
average number of neurites expressed per neuron. A one way anova with Tukey's multiple comparisons tests was used to 
analyse data (Mean ± SD, n=3 independent experiments, no statistical difference detected) and (C) The average neurite length 
measured per sample.100 neurites per diameter/sample were measured, using Image J, to determine the average neurite 
length. A one way anova with Tukey's multiple comparisons tests was used to analyse data (Mean ± SD, n=3 independent 
experiments, *p < 0.05, **p < 0.01 and ***p < 0.001 compared to 8ɛm PHBV fibres).  
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To calculate average neurite length per sample, 100 neurites per condition were measured, 

using the neuron tracer plugin, Neuron J, in NIH Image J software (Popko et al., 2009). The 

average neurite length was longer on the 8ɛm PHBV fibres, 133.32 Ñ 17.38ɛm, which was 

statistically higher than for all other fibre material blends and fibre diameters. Overall, the 

average neurite was longer on 8ɛm fibres than on 5ɛm, but there was minor difference in 

average neurite length on P(3HO-co-3HD):PLLA (50:50) 5 and 8ɛm fibres or 5 and 8ɛm 

PCL fibres, 83.03 Ñ 14.23ɛm,  86.39 Ñ 14.83ɛm, 86.30 Ñ 19.29ɛm and 87.28 Ñ 14.28ɛm 

respectively.  All materials and fibre diameters supported NG108-15 neuronal cell adhesion 

and cell differentiation. However, significantly longer neurites grew on the 8ɛm fibres. 

 

5.3.5 NG108-15 neuronal cell viability on different material aligned fibres with different 

diameters 

NG108-15 neuronal cells were labelled with Syto-9 and propidium iodide to visualise the 

average number of live and dead cells on each scaffold by confocal microscopy for each 

material type and fibre diameter, to determine cell viability.   
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Figure 5.7. Live/dead confocal micrograph analysis of NG108-15 neuronal cells cultured on (A) P(3HO):P(3HB) (50:50) 5µm 
fibres, (B) P(3HO):P(3HB) (50:50) 8µm fibres, (C) P(3HO-co-3HD):PLLA (50:50) 5µm fibres, (D) P(3HO-co-3HD):PLLA (50:50) 
8µm fibres, (E) PCL 5µm fibres, (F) PCL 8µm fibres and (G) PHBV 5µm fibres, (H) PHBV 8µm fibres, (I) Tissue culture plastic 
and J) 3D composite image of neuronal cells on fibres. Neuronal cells were labelled with Syto-9 (green) and propidium iodide 
(red) for live and dead cells respectfully. Scale bar =100µm. 

 
 

Figure 5.7 shows confocal micrographs of live and dead NG108-15 neuronal cells cultured 

on each material type and fibre diameter. NG108-15 neuronal cells align themselves to the 

fibres, whereas cells adhered and proliferated in a random orientation on the tissue culture 

plastic. Visually, there is a higher number of live cells on the P(3HO-co-3HD):PLLA (50:50), 

PHBV and the P(3HO):P(3HB) (50:50) fibres compared to the PCL fibres. Micrographs were 


