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Chapter 1 Introduction 

Peripheral nerve injury is a severe condition that affects the quality of life of a patient 

as sensory and motor function are impaired. Current treatments include end-to-end 

suturing and end-to-side suturing of the injured nerve to restore function. The gold 

standard treatment for larger peripheral nerve injuries is the use of autografts, 

however, these are limited by donor site morbidity and size mismatches. Alternatively, 

allografts and xenografts have also been tried, but they might promote immunological 

responses that lead to rejection. To overcome these disadvantages, a hollow tube called 

nerve guide conduit (NGC) has been designed and fabricated, with natural and 

synthetic polymers, to aid peripheral nerve repair by connecting the proximal and 

distal stumps. Nonetheless, nerve guide conduits are limited to repair nerve gaps 

shorter than 20 mm.  

Research has focused on innovating the design of NGCs to improve their performance 

in a variety of ways. For example, topographical cues, such as channels and 

intraluminal fibres, have been included inside the lumen of the NGC. Even though 

promising results have been obtained, for both in vitro and in vivo evaluation, the 

regeneration potential of these NGCs is still not enough, as it has been recognized that 

peripheral regeneration is a complex process in which different cells and molecules 

play a significant role to achieve complete functional regeneration. For this reason, 

chemical cues have been added to NGCs.  

Chemical cues added to NGCs include mainly growth factors, peptides, and 

extracellular matrix components, such as collagen and laminin. These molecules have 

been incorporated into NGCs through different approaches, such as coatings on the 

inner wall, matrices filling the lumen, microspheres, adding the molecules within the 

wall of the NGC, and immobilisation, either on the wall or onto intraluminal fibres. 

Growth factors, such as nerve growth factor (NGF), brain derived neurotrophic factor 

(BDNF), glial cell-derived neurotrophic factor (GDNF), neurotrophin-3 (NT-3), and 

ciliary neurotrophic factor (CNTF), play an important role during peripheral nerve 

repair, therefore, these have been included in NGC to enhance neurite outgrowth and 
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Schwann cell migration. Nevertheless, techniques to add these growth factors usually 

involve the use of solvents, which decrease the bioactivity of the growth factors. Thus, 

a method to introduce growth factors to NGCs that extends their half-life and preserves 

their bioactivity would be a promising approach to enhance neurite outgrowth and 

Schwann cell migration during nerve repair.  

The use of heparin has been reported to extend the half-life of growth factors as well 

as maintaining their bioactivity. Usually, heparin is bound covalently on different 

polymer surfaces, however, this technique could impair the bioactivity of heparin as 

covalent binding techniques also use solvents. Hence, binding heparin through 

electrostatic interactions to polymeric surfaces is an encouraging alternative. Heparin 

is a negatively charged glycosaminoglycan, thus, binding it to a positively charged 

surface would be the path to follow. Plasma deposition is a widely used technique to 

modify the surface of a material, making it hydrophilic or hydrophobic, depending on 

the application. Furthermore, plasma can be used to modify the charge on polymeric 

surfaces, either to encourage cell adhesion and proliferation of cells, or to bind other 

charged functional groups to the surface. 

 Therefore, by using plasma deposition technique on a surface, it is possible to bind 

heparin, and then to bind growth factors, which would create a bioactive surface 

capable of acting as a local delivery system of growth factors. Specifically, growth 

factors such as NGF and BDNF can be used to aid neurite outgrowth and Schwann 

cell migration during nerve repair. This bioactive surface would deliver growth factors 

in a sustained manner, avoiding undesirable high burst release. Furthermore, taking 

advantage of the flexibility of the plasma deposition technique, this bioactive surface 

could be fabricated on the surface of any polymer of choice, regardless of the shape, 

which would make this bioactive surface an attractive delivery system to adapt to any 

polymeric scaffold.   

The work in this thesis consisted of, firstly, fabricating the bioactive surface on a 

commercially available amine (NH2
+) coated plates (positively charged), to which 

heparin was bound (NH2
+ + Heparin). Then, NGF, BDNF, or a combination of NGF 

plus BDNF, at different concentrations, were immobilised on heparin by electrostatic 
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interactions (NH2
+ + Heparin + Immobilised NGF, NH2

+ + Heparin + Immobilised 

BDNF, and NH2
+ + Heparin + Immobilised NGF plus BDNF). Contact angle and XPS 

analysis were used to characterise the bioactive surface and to confirm the presence of 

heparin. ELISA was performed to characterise the release of NGF and BDNF from 

the bioactive surface. 

The bioactive surface was then evaluated using NG108-15 neuronal cells and PC12 

adh neuronal cells, finding that immobilised NGF and BDNF encouraged significant 

neurite outgrowth. Later, this bioactive surface was tested using dorsal root ganglia 

(DRG) and primary Schwann cells to evaluate neurite outgrowth and Schwann cell 

migration. The result of these experiments revealed that immobilised NGF at 1 ng/mL 

encouraged the growth of the longest neurites, in comparison to other test and control 

groups.  

Positive results were achieved so far, hence, it was important to implement this 

bioactive surface to an approach that, in the future, could be implemented in an NGC. 

Thus, this bioactive surface was added to polycaprolactone (PCL) electrospun fibres. 

To achieve this, plasma deposition was used to add positively charged amine (NH2
+) 

functional groups on the surface of PCL electrospun scaffolds. Then, heparin was 

bound to the NH2
+, and finally, NGF, BDNF, and a combination of NGF plus BDNF, 

at different concentrations, were immobilised onto the PCL + NH2
+ + Heparin surface.  

XPS analysis was performed to confirm the successful addition of NH2
+ and heparin. 

Moreover, ELISA showed that there was a sustained delivery of NGF and BDNF from 

the bioactive surface for up to21 days. Additionally, XPS analysis revealed that 

heparin was still present on the bioactive surface after 3 months of incubation at 4°C 

and 21°C.  

Furthermore, DRG were seeded on these PCL + NH2
+ + Heparin + Immobilised 

NGF/BDNF/NGF plus BDNF scaffolds and neurite outgrowth and Schwann cell 

migration were evaluated. The results of this experiment revealed that PCL + NH2
+ + 

Heparin + Immobilised NGF 1 ng/mL encouraged the longest neurite outgrowth as 

well as the furthest Schwann cell migration in comparison to other test groups, control 

groups, and importantly, to other results found in the literature.  
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Even though PCL + NH2
+ + Heparin + Immobilised BDNF did not encourage the 

longest neurite outgrowth, this surface stimulated the growth of longer neurites in 

comparison to when the bioactive surface was fabricated on flat, commercially 

available NH2
+ coated plates, revealing that topological and chemical cues further 

improve the growth of neurites and migration of Schwann cells. Nevertheless, PCL + 

NH2
+ + Heparin + Immobilised NGF plus BDNF did not stimulate an accumulative 

effect regarding neurite outgrowth and Schwann cell migration.  

In conclusion, the bioactive surface NH2
+ + Heparin + Immobilised NGF/BDNF/NGF 

plus BDNF was successfully fabricated on PCL electrospun fibres. Then, it was found 

that NGF and BDNF were delivered in a sustained manner for 21 days. In addition, it 

was found that by immobilising a relatively low concentration of NGF (1 ng/mL), 

neurite length of 3 mm was achieved in vitro. Therefore, the use of this bioactive 

surface on PCL electrospun fibres makes this approach directly applicable and 

scalable for improving the function of NGCs. 
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Chapter 2 Literature review  

 

Peripheral nerve injuries are a major cause of physical disability, leading to the loss of 

sensory and motor functions [1]–[4]. Peripheral nerve injuries cost $150 billion dollars 

annually to the United States’ health service [1], where $7 billion are expended 

annually  on nerve graft procedures (ca. 50,000) [2]. Peripheral nerve injuries are 

caused by traumatic injuries such as penetrating injury, ischemia, traction, 

compression, crush, thermal and electrical shock [1], [2]. Even though some nerve 

injuries heal without any surgical intervention, some other nerve injuries need surgery 

to minimize neurological deficits [1]. Axon regeneration is not a fast process, which 

occurs at a speed of 85 µm/day [5]. Hence, injuries greater than 3 cm fail to regenerate 

and to achieve functionality, because the response and performance of Schwann cells 

to peripheral nerve injuries is time-dependent [2], [4]. The survival of Schwann cells 

in the distal stump is reduced within 8 weeks of injury. Therefore, after this time, 

Schwann cells undergo apoptosis [2]. Nevertheless, surgical treatment can be 

performed after years from the injury, with good results [6].    

Peripheral nerve injury is a traumatic injury [4]. However, before revising the current 

treatments and research to improve nerve repair, an overview of peripheral nerve 

anatomy and repair process will be reviewed.   

  

2.1 Peripheral nervous system: anatomy overview 

The nervous system sustains and coordinates the function of the human body by 

chemical and electrical means, sending messages to and from organs and cells [7]. The 

nervous system is composed of two subsystems, the central nervous system (CNS), 

which comprises the spinal cord and the brain; and the peripheral nervous system 

(PNS), which includes all the nervous system but the brain and the spinal cord [1], [7] 

(Figure 1).  
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Figure 1. Nervous system schematic. The nervous system is composed of the central nervous 

system (A) and the peripheral nervous system (B). 

 

The PNS is comprised of nerves and ganglia (Figure 2). A nerve is a bundle of 

axons/neurites or nerve fibers enclosed in fibrous connective tissue. Ganglia, which is 

plural for ganglion, are swellings of the nerve where the cell bodies of neurons are 

contained [7]. By function, the PNS is divided into motor and sensory divisions [1], 

[7]:  

- The sensory division transmits sensory signals from different receptors to the 

CNS. The visceral sensory division transmits signals from the thoracic and 

abdominal cavities (e.g., heart, lungs). The somatic sensory division transmits 

signals from receptors in the muscles, skin, and bones [7].  

- The motor division transmits signals from the CNS to muscles and glands to 

implement the body’s response to stimuli around and within. The autonomic 
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nervous system, also known as visceral motor division, transmits to smooth 

muscle, cardiac muscle, and glands. This division has two divisions: sympathetic 

division, which prepares the body for action, and the parasympathetic division, 

which allows energy intake by stimulating digestion. The somatic motor division 

transmits signals to skeletal muscles [7].  

 

Figure 2. Diagram of the components of the peripheral nervous system. The components are 

the ganglion (singular for ganglia) and nerve. Drawing adapted from Saladin, 2014 [7].   

 

The functional cell of the nervous system is the neuron (Figure 3). The structure of the 

neurons consists of its neurosoma or cell body, where the control centre is; dendrites, 

which receive signals from other neurons; and the axon or nerve fibre, which transmits 

signals from the neurosoma to distant parts of the body [2], [7]. The cytoplasm and 

the membrane of the axon are called axoplasm and axolemma respectively (Figure 4) 

[7]. The dimensions of the neurosoma range between 5 and 135 µm in diameter (in 

humans); the diameter of the axon range from 1 to 20 µm and can measure from a few 

millimetres to more than a meter in length [7]. At the distal end of the axon, terminal 
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branches extend and form a synapse or junction with another neuron, gland cell or 

muscle cell via their synaptic knob [7].  

 

Figure 3. Diagram of a neuron. The structure of the neuron is comprised of the cell body or 

neurosoma, dendrites, axon or neurite. The synaptic knob, which is part of the axon, connects 

to another neuron, or other cell, for example, a muscle cell. Diagram based on Saladin, 2014 

[7].   

 

 

Figure 4. Schematic of the components of the axon: the axoplasm and the axolemma, which 

are the cytoplasm and the membrane of the axon. Moreover, Schwann cell covers the axon, 

forming a myelin sheath. However, not all Schwann cells form a myelin sheath around the 

axon and not all axons are covered by Schwann cells. Diagram adapted from Saladin, 2014 

[7].   
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Neurons can be classified by their structure or by their function. According to their 

structure, neurons are classified as follows: multipolar neuron, which are the ones that 

have two or more dendrites and one axon; bipolar neurons, which have one dendrite 

and one axon; unipolar neurons, which have a single process coming from the 

neurosoma and then it branches to form a T; anaxonic neurons, which have many 

dendrite but no axon, enabling communication over short distances [7].  

According to their function, neurons are classified as sensory neurons, interneurons 

and motor neurons. Sensory neurons detect stimuli, for example heat, light, and 

transmits this information to the CNS. Interneurons are found in the CNS. They 

receive signals from other neurons which they process, retrieve and store to decide on 

how the body should respond to external stimuli. Motor neurons send signals 

responding to the external stimuli from the CNS to muscle cells or gland cells [1], [7].   

Apart from neurons, the PNS is composed of neuroglia or glial cells. One of these glial 

cells are Schwann cells, which give directional guidance to neurons, eliminates 

cellular debris after nerve injury, a process mainly controlled by macrophages,  and 

form the neurilemma around nerve fibers [1], [7]–[9]. Moreover, Schwann cells wrap 

repeatedly around a nerve fiber, producing a myelin sheath between the nerve fiber 

and the neurilemma [10]. The myelin sheath insulates the nerve fiber and it is 

composed of 80% lipid and 20% protein [7], [11].  

As it requires many Schwann cells to cover one nerve fiber, the myelin sheath is not 

continuous. The gap between the myelin sheaths is called the node of Ranvier [7]. The 

nodes of Ranvier expose small, but regular, segments of the axon. These structures are 

rich in sodium and potassium ion channels and function according to the action 

potential of the axon [10]. However, as Schwann cells can be non-myelinating type 

and myelinating type, not all nerve fibers have a myelin sheath. For these nerve fibers, 

Schwann cells do not wrap repeatedly around the nerve fiber [7], [12].  

The speed of a signal along a nerve fiber depends on the diameter of such nerve fiber 

and the presence of myelin sheath as the conduction of the signal happens along the 

surface of the nerve fiber. For small unmyelinated fibers (diameter 2-4 µm), the speed 

of the signal is of 0.5-2.0 m/s; for small myelinated fibers (diameter 2-4 µm), the signal 
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speed is of 3-15 m/s; and for large myelinated fibers (diameter up to 20 µm) the signal 

speed is of 120 m/s [7], [12].  

The other type of glia present in the PNS are satellite cells, which covers the soma of 

neurons localized in the ganglia, regulating its chemical environment and providing 

electrical insulation [7], [13].       

All these structures are collectively enclosed by the endoneurium, loose connective 

tissue composed of collagen fibres, which covers each nerve fiber and Schwann cell. 

Then, the nerve fibers are assembled in fascicles, enclosed by the perineurium [1], [2], 

[7]. The perineurium is comprised of squamous epithelium [7]. Then, various fascicles 

are packed together and enclosed by the epineurium, comprising the nerve. The 

epineurium is composed of irregular fibrous connective tissue, and shields the nerve 

against injuries [1], [7]. Moreover, the ganglion is covered on the continuous 

epineurium of the nerve [7], as observed in Figure 5.  

 

Figure 5. Diagram of the nerve and its components. The endoneurium enclosed the individual 

myelinated and unmyelinated axons; the perineurium covers the fascicle, which is composed 

of axons; the epineurium encloses the nerve trunk, which contains various fascicles [1]. 

Diagram based on Saladin 2014 [7].     
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2.2 Peripheral nerve injury: causes and consequences 

Peripheral nerve injury (PNI) significantly impacts the quality of life of 1 in 1,000 

patients as it affects the health of nerves, leading to disability [1], [14]. Peripheral 

nerve dysfunctions are caused by traumatic or non-traumatic events, such as 

autoimmune disorders (e.g. Guillain-Barré syndrome [15]), drug-induced, infectious, 

deficiency-related, metabolic or genetic [16]. Furthermore, as the severity of the injury 

varies, the treatments are also variable [16]. Nevertheless, current treatments do not 

encourage a significant improvement in nerve repair after injury [17]. Moreover, there 

are different types and causes of PNI. Nerve compression injuries are caused by 

pressure on a nerve trunk. These injuries affect nerves that cross over or pass between 

rigid structures such as bones [18].  

Compression neuropathy, or nerve compression syndrome, are present in a wide 

variety of disorders, for example, carpal tunnel syndrome (median nerve), meralgia 

paraesthetica (lateral cutaneous nerve), cubital tunnel syndrome (ulnar nerve), tarsal 

tunnel syndrome (tibial nerve), sciatica syndrome (sciatic nerve) [18], [19] . Moreover, 

compression neuropathies are frequent in patients that hold a single position during 

long periods [16].  

Stretch and crush damage also cause nerve injury [16], [20]. Nerve crush injuries are 

caused by applying a significant force to the nerve, for example, with a blunt object or 

as a consequence of a large impact, such as a car accident [21].  Even though the 

severity among crush injuries differ, Wallerian degeneration occurs and, therefore, 

axon continuity is lost. However, as the integrity of the endoneurium, perineum and 

epineurium are not compromised, regeneration of axons happens allowing functional 

recovery [16], [22]. Nevertheless, neuroma formation and fibrosis are usually 

observed, preventing axonal regeneration. Stretch forces also damage peripheral 

nerves causing nerve injuries. When the stretching forces increase, the elasticity of the 

nerve is exceeded, causing the disruption of endoneurium, perineum, epineurium, 

axons and myelin sheaths [23], [24]. Studies have shown that by elongating the rat 

sciatic nerve by 8%, intraneural pressure increases and blood flow decreases, whereas 

nerve conduction velocity is not reduced [25]. One example of a stretch injury is the 

neonatal Erb-Duhenne palsy, which is a paralysis of the arm caused from tearing the 
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brachial plexus during birth [26]. Other examples of stretch injury may happen when 

a heavy object falls onto the shoulder, causing the tearing of the brachial plexus. 

Moreover, most of these stretch injuries are caused by car accidents [16], [27], [28].  

Peripheral nerves are also injured by transection or laceration. Transection injuries are 

caused by knife wounds, metal shards, wood splinters, glass shard, gunshot [29], [30]. 

Additionally, peripheral nerves could be transected during surgical procedures. These 

transection injuries cause the complete loss of the nerve continuity, making it the most 

severe injury, as it causes a complete loss of sensory and motor function [30]. Even 

though full recovery is never achieved after a transection injury, the possibility of 

functional recovery is greater when the distance between proximal stump and distal 

stump is shorter [16].   

There are two classifications for peripheral nerve injury: Seddon classification and 

Sunderland classification [31], [32], which are summarized in Table 1.b. Seddon 

classified the severity of the damaged nerve according to his observations of trauma 

cases: neuropraxia, the compression injury is repaired, segmental demyelination may 

be observed; axonotmesis, the epineurium, perineurium and endoneurium of the nerve 

were not damaged but axon continuity is lost; neurotmesis, complete transection of 

the nerve occurs [1], [16], [33]. Sunderland classified nerve injuries based on their 

histopathological characteristics: grade I is when the compression injury is repaired 

(Seddon’s neuropraxia); grade II is when the integrity of the nerve is not compromised, 

but the continuity of the axons is lost and demyelination occurs (Seddon’s 

axonotmesis); grade III, the perineurium is not damaged, but the axons and the 

endoneurium are damaged; grade IV, the epineurium is not damaged, but the axons, 

perineurium and endoneurium are damaged; grade V is the complete transection of the 

nerve (Seddon’s neurotmesis) [1], [16], [31].  

 

 

 

 



 

 

50 

 

Table 1. Peripheral nerve injury's classification according to Sudden and Sunderland. 

Schematic representation based on Nadi and Midha, 2018 [34] and Menorca et al. 2013 [21].  

Peripheral nerve injury 

classification Characteristics Schematic representation 

Seddon’s Sunderland’s 

Neuropraxia I 

A brief deficiency of 

motor function, but 

compression injury is 

repaired. Nerve and axon 

continuity is conserved. 

Recovery is from days to 

weeks [1], [16], [31]   

Axonotmesis II 

 Crush and stretch 

injuries. Axon continuity 

is lost, but epineurium, 

perineurium and 

endoneurium are not 

damaged. Rate of 

regeneration is approx. 1 

mm/day [1], [16], [31] 

 

- III 

Crush and stretch injuries. 

The continuity of the axon 

and endoneurium is lost. 

Perineurium and 

epineurium are in good 

conditions [1], [31]  

- IV 

Crush and stretch injuries. 

The continuity of 

endoneurium, perineurium 

and axon is lost. 

Epineurium is not 

damaged [1], [31].  
 

Neurotmesis V 

Knife wounds, wood 

splinters, metal shards 

injuries. It is the most 

severe injury, as it is the 

complete transection of 

the nerve: total loss of 

nerve continuity. It creates 

a physical gap between 

the distal and proximal 

end. Recovery from 3 to 4 

weeks after injury [1], 

[16], [31]    
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2.3 Peripheral nerve injury: mechanism of regeneration after 

injury 

After peripheral nerve injury, the distal components of the  injured axons degenerate, 

and go through Wallerian degeneration [3]. Retrograde reaction and Wallerian 

degeneration occur in parallel, forming a microenvironment that benefits neurite 

regrowth and elongation, allowing reinnervation and function recovery [3]. Axons in 

the PNS, when damaged and if the neurosoma is intact, can regenerate. Schwann cells 

of the neurilemma release neurotrophins that encourage axon outgrowth: nerve growth 

factor (NGF), brain derived neurotrophic factor (BDNF), glial cell-derived 

neurotrophic factor (GDNF) and ciliary neurotrophic factor (CNTF) [16]. Schwann 

cells form Bands of Bünger that lead the regenerating axon to its target location [7]. If 

the process is successful, the synaptic contact is reestablished; if not, neurons fail to 

find the target location and undergo apoptosis. A Schematic representation of 

Wallerian degeneration and axon regeneration is shown in Figure 6.  
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Figure 6. Schematic of Wallerian degeneration and nerve repair. A) When a nerve is healthy, 

its normal function is not compromised. However, B) when an injury occurs, some cellular 

components undergo apoptosis. C) Then, Schwann cells recruit macrophages, which then are 

activated and start to phagocytose myelin and axonal debris. D) Schwann cells stimulate the 

production of NGF, BDNF, GDNF and CNTF to encourage Schwann cell proliferation and 

migration. E) Furthermore, Schwann cells align to form Bands of Büngner, which encourage 

axonal regrowth and endoneurial regeneration. F) Before functional recovery is completed, 

axonal regrowth, remyelination and functional re-innervation need to happen [15], [16]. 

Schematic based on Caillaud et al. [16].  

 

In order for peripheral nerves to regenerate, injured axons, Schwann cells, 

macrophages and endoneurial fibroblasts form a microenvironment which encourages 

regrowth of the proximal axon ending. When peripheral nerves are injured, the 

transected axon is disconnected from its soma, leading to the loss of nerve 

conductivity, which causes loss of sensation, muscle weakness, pain and a biological 

response to repair the injured nerve [35]. If the injury is close to the soma or if the 

injury is large, it may cause neuronal death. Nevertheless, if the injury is distant to the 
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soma, axons may regenerate. For this to occur, first, the axons in the distal nerve 

ending need to degenerate. This process is known as Wallerian degeneration [15], [36]. 

Wallerian degeneration is the process to degenerate axons, preparing the biological 

environment for nerve regeneration [15], [16], [36]. Firstly, the axoplasma and 

axolemma are disintegrated, producing myelin and axonal debris. Macrophages in the 

nerve tissue differentiate into active macrophages, which then phagocyte cellular 

debris [15], [36]. As Schwann cells are a source of monocyte chemoattractant protein-

1, they act as recruiters of monocytes to the site of injury [37]. Additionally, mRNA 

translation is activated in axons in the proximal stump, which encourages the 

formation of importin-phosphorylated extracellular regulated protein kinase 1/2 

vimentin protein complex. This protein complex is transported retrogradely by protein 

dynein to the soma, informing the neuron about the axonal damage [16]. Then, the 

neurons increase their volume and disintegrate the endoplasmic reticulum, stimulating 

protein synthesis [16], [38]. Moreover, messenger RNAs for antioxidant proteins 

(heme oxygenase 1, Nrf2) are increased within the first hour after injury [39], [40]. 

The growing axon elongates randomly oriented filopodia; then, they acquire 

directionality due to the upregulating expression of actin and myosin within the soma 

[41].  

Two days after the injury, monocytes differentiate into activated macrophages and aid 

phagocytosis of myelin and axonal debris; this process occurs at least for two weeks. 

Moreover, this phagocytosis process is determined by the expression of galactoside-

binding protein of macrophages galectin-3, which aids Schwann cells to eliminate 

myelin debris [15], [16], [38].  Injured Schwann cells encourage changes in protein 

expression at the site of injury. When Schwann cells lose contact with the injured axon, 

it promotes retraction of the myelin sheath, generating ovoid structures.  These ovoid 

structures emerge two days after injury and remain for up to 3 weeks [16], [42], [43]. 

In addition to the loss of contact between Schwann cells and injured axons, Schwann 

cells change from a myelinating to a non-myelinating phenotype and start to 

proliferate, down-regulating the expression of myelin protein zero and peripheral 

myelin protein 22 [11]. 
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Macrophages, aside from phagocyting myelin and axonal debris, secrete interleukin-

1 (IL-1) which encourages Schwann cells to express NGF, inducing autocrine-

stimulated proliferation and growth of Schwann cells, reaching its maximum mitotic 

activity at day 4 after injury [16]. Macrophages also encourage the expression of 

transforming growth factor beta (TGF-β) and insulin-like growth factor (IGF), which 

encourages mitotic activity not only in Schwann cells but also in fibroblasts [44]. 

Furthermore, macrophages produce apolipoprotein E, which supports myelin 

restoration. Additionally to the activity of the macrophages, the production of various 

proteins is upregulated to assist neuronal growth. These proteins are BDNF, GDNF, 

growth-associated protein- 43 (GAP-43), calcitonin gene-related peptide (CGRP), c-

jun, vasoactive intestinal peptide (VIP), substance P and somatostatin [16], [45].  

From day 3 to day 7 after injury, at the end of the proximal stump, a growth cone is 

formed. Neurotrophins stimulate the attraction and repulsion of the filopodia, as 

netrins and ephrins guide the regrowing axon [46]. However, the growth of the growth 

cone might be inhibited by the effects of collapsing 1, which causes the growth cone 

to collapse, or by the appearance of scar tissue. To impede the formation of scar tissue, 

and hence, to prevent the growth of the growth cone, the growth cone releases 

plasminogen activators and proteases to degrade scar tissue. Moreover, these 

molecules degrade any interaction between cells or cell-matrix that obstruct the 

growth of the growth cone [47].  

Schwann cells secrete neurotrophins which change the neuronal gene expression to 

encourage axonal growth. For example, Schwann cells stimulated the expression of 

NGF, which promotes Schwann cell proliferation and axonal growth . At this stage, 

not only Schwann cells proliferate and migrate to the lesion site, but also endoneurial 

fibroblast. Both cell types form a bridge between the proximal and distal segment. 

This bridge is called neuroma, and it attempts to reconnect both segments [16], [48]. 

Moreover, when Schwann cells migrate to the distal segment, they align in columns 

forming Bands of Büngner, which assist endoneurial regeneration and axonal 

regrowth, as they act as physical guidance to the regenerating axon [15], [16]. 

Furthermore, Schwann cells stimulate the production of laminin and fibronectin, 

which are later incorporated into the extracellular matrix of the endoneurium. These 
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proteins aid the adhesion between the growth cone and the basal lamina of the 

endoneurium [49], [50].  

Before functional recovery is completed, axonal regrowth, remyelination and 

functional re-innervation need to occur. As NGF and CNTF are secreted to encourage 

axonal growth, neuregulin-1 (NRG1) I and III, and acetylcholine, which are produced 

by the growing axon, stimulates the change in Schwann cell phenotype: from a non-

myelinating to a myelinating phenotype [16], [51], [52]. These changes happen 

between three and four weeks after injury [16]. Additionally, the expression of 

apolipoprotein D, apolipoprotein E, cathepsin B, which are proteins involved in lipid 

metabolism, and the secretion of proteins involved in cellular maturation, including 

myelin reconstruction (tropomyosin 4-α, tropomyosin 3-γ, galectin 3) are upregulated 

[53]. Nerve fibers seem normal after three months. However, the endoneurium is 

divided into compartments by fibroblast, which later differentiate into perineurial 

cells. These compartments are then developed, forming the original fascicles in the 

nerve [54].  
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2.4  Current strategies for nerve regeneration 

For short gap nerve injuries (<5 mm), inherent axon regeneration may occur [55]. 

Nevertheless, for larger gap nerve injuries (>5 mm), direct suturing is a common surgical 

procedure to reconnect the proximal and distal ends of the severed nerve. Direct suturing 

may be a satisfactory treatment if the number of sutures to use is low and the segments of 

the nerve are aligned [14], [56]–[58]. This treatment is limited for gaps shorter than 10 

mm because this surgical procedure could introduce tension into the nerve, causing blood 

flow to decrease in the injury area, preventing nerve regeneration [14], [56], [59]–[61]. 

Other surgical approach is terminal lateral neurorrhaphy or end-to-side, used when direct 

suturing cannot be performed. However, it also causes the drawbacks mentioned for direct 

suturing [60], [62]. For this reason, for larger gaps (>10 mm) and for complete nerve 

transections, using a nerve autograft is the gold standard treatment [14], [56], [57], [59]–

[61], [63]–[65].  

The current gold standard to treat peripheral nerve injuries, when the nerve is 

completely transected, is the implantation of an autograft [16]. This autograft is 

harvested from another part of the body, for example, from the calf region. One of the 

most used autografts is a sensory nerve, called the sural nerve [16]. Other nerves that 

are used are lateral or medial antebrachial nerves, superficial cutaneous nerves [56], 

[63], [64]. However, outcomes following  autograft repair are limited and less than 

25% recover motor function [60], [63], [66]. Furthermore, the use of autografts carries 

a significant risk of  donor site morbidity including, neuroma and scar formation, 

neuropathic pain, as well as the loss of function (from where the autograft was taken) 

and has the disadvantage of having multiple surgeries. In addition, availability of nerve 

autografts is limited, and with mismatching diameter, the regenerating nerve process 

would be impaired [56], [57], [59], [60], [64], [65], [67], [68].   

To overcome some of the disadvantages of using autografts, the use of allografts (graft 

of the same species) or xenografts (graft of a different species) was explored. 

However, to use allografts or xenografts, the patient needed to be immunosuppressed. 

And, even with immunosuppression, it is possible to have rejection and risk of 

infection [65], [69], [70]. The design and development of polymeric scaffolds (natural 

or synthetic) for peripheral nerve generation has been proposed as an alternative for 
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autografts, allografts, and xenografts. These scaffolds should aim to achieve full 

functional recovery, both of sensory and motor function [59], [64], [71].  

The use of tubular polymeric scaffolds, named nerve guide conduits (NGCs), are being 

studied and developed as an alternative to aid nerve repair, as this tubular device could 

bridge the nerve gap, guiding the regenerating axon to its target [2], [16], [72].  These 

NGCs have been developed using either natural or synthetic materials, some of which 

have the approval of the Food and Drug Administration (FDA) for their commercial 

use (Table 2) [70], [72]. The most common natural materials used for the fabrication 

of NGCs include collagen, chitosan, porcine small intestinal submucosa, gelatin, 

hyaluronic acid, fibrin, and silk fibroin [2], [70]. Synthetic materials that have been 

used in research to develop NGCs include polylactic acid (PLA), polycaprolactone 

(PCL), polyglycolic acid (PGA), poly lactide-caprolactone (PLCL), poly-

hydroxbutyrate (PHB), and polylactic-co-glycolic acid (PLGA) [2], [14], [63], [70], 

[73].  
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Table 2. NGCs approved by the FDA for commercial use. These NGCs are fabricated either 

with natural and/ or synthetic materials [2], [70], [72], [74], [75].  

Material 

Origin 

Commercial name Material Characteristic 

Natural 

NeuraGen ® Collagen type I Bridges up to 20 

mm gap 

NeuraGen ® 3D Collagen type I and 

glycosaminoglycagen 

Degradation 

within 12 months 

NeuroMatrix™ 

/Neuroflex ™ 

Collagen type I Degradation after 

7 months 

CovaC ortho-nerve Collagen type I  Non-degradable 

Reaxon® plus Chitosan Degradation 

within 3 months 

AxoGuard ™ Porcine small 

intestinal submucosa 

Vascularisation 

occurs  

Synthetic 

Neurolac ® Poly-DL-lactide-co-

ɛ-caprolactone 

(PDLLA/CL) 

Bridges up to a 20 

mm gap 

Neurotube ® Polyglycolic acid 

(PGA) 

Degradation 

within 6 months 

SaluBridge ™/ 

SaluTunnel™ 

Polyvinyl alcohol 

hydrogel 

Non-degradable 

Natural and 

synthetic 

Nerbridge ™ PGA and collagen 

type I and III 

Degradation 

within 4 months 
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Even though these NGCs have shown axonal outgrowth, myelin formation and 

functional recovery, these NGCs are limited to aid repair in nerve gaps shorter than 20 

mm [2], [14], [63], [76]. This limitation may be due to their simple design, as they are 

a hollow tube, leading to an inappropriate extracellular matrix (ECM) formation, low 

infiltration and activation of neurotrophic factors, and deficient Schwann cell 

migration [14], [56], [63]. Therefore, research has been expanded to improve NGCs 

by incorporating topographical, biological or chemical cues [2], [70], [72], [76]–[79].  

 

2.5  Research to address peripheral nerve regeneration 

To improve the performance of NGCs, studies have modified the design of these 

NGCs to further encourage neurite outgrowth, Schwann cell migration and, thus, nerve 

regeneration. Such modifications include the incorporation of cells into the NGC, 

addition of intraluminal guidance, microchannels and growth factors [56], [63], [80]–

[84]. 

2.5.1 Incorporation of cells inside NGCs  

As Schwann cells are the main cells that support nerve repair after injury, Schwann 

cells have been seeded with NGCs to improve their performance [78], [85]. Schwann 

cells, during Wallerian degeneration, migrate and form Bands of Büngner to guide the 

growing neurites [2], [78], [86]. Moreover, Schwann cells secrete ECM molecules, 

signaling molecules and growth factors that support nerve regeneration [2], [78].  

NGCs seeded with Schwann cells encouraged the growth of longer neurites and the 

development of a higher number of neurites. Furthermore, NGCs with Schwann cells 

enhanced conduction velocity and myelin density [2], [70]. For example, Liu et al. 

seeded Schwann cells at one end of a 3D microchannel and demonstrated that DRG 

grew neurites into this 3D microchannel [87]. In addition, Schwann cells had been 

transfected to increase the production of NGF or BDNF, where results showed neurite 

outgrowth higher than the controls [88], [89].  

Nevertheless, the use of Schwann cells has limitations, such as tissue availability, 

donor site morbidity, long culture times for cell expansion, viability once the Schwann 
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cells are transplanted [2], [70], [78], [84], [90]. Furthermore, the use of allogenic 

Schwann cells would elicit an immune response and future rejection of Schwann cells 

[70], [78]. To overcome the limitations of the use of Schwann cells, researchers have 

focused their attention in obtaining another source for Schwann cells. Therefore, they 

have studied stem cells.  

Stem cells have been studied as an alternative to encourage nerve regeneration [2]. 

These include embryonic stem cells (ESC), induced pluripotent stem cells (iPSC), 

mesenchymal stem cells (MSC), adipose derived stem cells (ADSC) and neural stem 

cells (NSC) [2], [78], [84], [90]. Regardless of which stem cells are used, all of them 

are differentiated into Schwann cells [70], [78]. Stem cells have been delivered with 

NGCs and using gelatin microspheres [90]. However, the use of stem cells, even 

though they have shown promising results, are limited by ethical regulations, painful 

and complexity of harvesting, uncontrolled differentiation, risk of tumourogenicity, 

immunogenicity [78], [90]. Therefore, other strategies are being developed.  

2.5.2 Architectural features for NGCs: topographical cues 

The use of hollow NGCs has encouraged nerve regeneration in short injury gaps. 

However, challenges regarding wrong target innervations and neurites misdirection 

were encountered [78]. Therefore, topographical cues are being assessed alone and in 

combination with NGCs to overcome hollow NGCs limitations. It is well known that 

cell growth, proliferation and attachment is improved by micron and nano features 

[78], [91], [92]. 

For applications related to peripheral nerve regeneration, surface spatial cues such as 

roughness, grooved size, pore size, and orientation have been studied for their effects 

on cell adhesion, proliferation, differentiation, and axonal guidance [93], [94]. 

Although the mechanism of cell adhesion as a function of surface topography is not 

yet fully understood, it is known that other relevant material properties such as 

wettability and chemical composition are also key to induce cell attachment [93], [95]. 

Hence, NGCs had been designed with complex micro and nano features to enhance 

neurite outgrowth. Figure 7  shows an overview of the architectural features that can 

be added to NGCs. 
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Extrusion and stereolithography (SLA) are the most commonly used techniques to 

fabricate NGCs with micro and nano features in the inner wall [78], [96], [97]. For 

example, Field et al. used SLA for the fabrication of NGCs with grooves in its inner 

wall [96]. Furthermore, Zhu et al. also used SLA technique for the fabrication of NGCs 

with different designs: hollow tube, microchannel tube, and branched tube [97]. A         

6 mm microchannel tube was tested in vivo in a mouse sciatic nerve model, showing 

that function recovery was achieved [97].   

In addition, micropatterning and coatings are also incorporated in the inner wall of the 

NGC. Yao el al. introduced laminin-coated or collagen I-coated micropatterns in a 

PLGA guide, which showed aligned neurite outgrowth on the 5 µm grooves in 

comparison to the 10 µm grooves [98]. Sun et al. fabricated grooves in PCL NGCs, 

showing that primary Schwann cells and NG108-15 neuronal cells grew in alignment 

with the 5 µm grooves [99]. Furthermore, Rajnicek et al., fabricated 1 µm grooves 

from quartz using SLA, demonstrating that hippocampal neurites grew aligned with 

the grooves [100].  

Moreover, neurite outgrowth was enhanced when aligned micro and nanofibers were 

introduced inside the NGCs [66], [70], [78], [92], [101]–[103]. Daud et al. electrospun 

aligned PCL fibres and seeded DRG on them [104]. The results of this work showed 

that neurite outgrowth was oriented along the parallel fibres [104]. Furthermore, 

Behbehani et al. introduced aligned PCL fibres inside a polyethylene glycol (PEG) 

conduit, revealing that neurite outgrowth was enhanced, and that neurite growth was 

oriented [105]. In addition, in an in vivo study from Daly et al. collagen fibres were 

introduced inside a collagen NGC [106]. This study showed that neurite outgrowth 

and Schwann cell migration were stimulated, with reduced neurite mismatch at the 

distal target [106]. Wang et al. electrospun PLLA fibres with different diameters   

(1325 nm, 759 nm, and 293 nm) and evaluated neurite outgrowth and Schwann cell 

migration [107]. The findings were that neurite length and Schwann cell migration 

were significantly longer in 1325 nm and 759 nm fibres in comparison to neurite 

length in 293 nm [107].  



 

 

62 

 

 

Figure 7. Schematic representation of architectural cues that can be added to NGCs 

 

Different methods have been used to fabricate fibres, such as dry, wet, melt, gel and 

electrospinning [108]. Dry spinning consists of extruding a polymer solution through 

a needle into air, where fibres are obtained as the solvent evaporates supported by hot 

air [108].  For wet spinning, a polymer solution is extruded from a needle to a chemical 

bath, where the polymer is precipitated due a chemical reaction forming fibres by 

solidification [108]. Melt spinning involves extruding a polymer melt through a needle 

to form fibres while cooling [108].  Gel spinning forms fibres by spinning a gel 

polymer, where the fibres are air dried and then are cooled in a liquid bath [108]. These 

spinning techniques  produce fibres with a diameter ranging from 10 µm to 100 µm, 

and cannot reach diameters lower than 10 µm [108]. Electrospinning is a technique 

where fibres are formed by spinning a polymer solution using an external electric field 

[108]. With electrospinning, fibre diameter could reach the nanoscale [102], [108].   

Electrospinning is an advanced manufacturing technique developed during the first 

decades of the 20th century, but became characterised until the 1960s by Sir Geoffery 

Ingram Taylor [109]. However, this technique was not popularised until the early 

1990s with an increase of research groups reporting the fabrication of nanofibers for 

several applications [110].  The electrospun fibrous membranes have attractive 
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characteristics for biomedical applications due to their high surface to volume ratio, 

their versatility regarding fibre diameter (10 nm to 10 µm), and high interconnectivity 

[111]. 

The electrospinning technique requires a polymer solution into which an electrostatic 

force is applied to create a polymer jet that travels towards a grounded collector. As 

the polymer solution is being ejected from a capillary and a pendant drop is formed, 

the electrostatic force starts to deform the drop into a cone shape known as Taylor 

cone. Once the electrostatic charge raises the threshold of the surface tension holding 

the droplet, a charged jet of polymer starts to flow towards the grounded collector. As 

the polymer jet moves towards the collector, the solvent evaporates and the fibres are 

deposited into the collector [112].  

The basic electrospinning setup consists of a syringe containing the polymer solution, 

a pump to control the polymer flow from the syringe, a metallic needle, a voltage 

supply, and a metallic collector. Variations on this setup can be used on specific 

applications to control fibre alignment [113], microarchitecture [114], or for drug 

delivery applications [115]. Figure 8 shows a schematic of a basic electrospinning 

setup. The parameters of the electrospinning process play a critical role in defining 

key aspects of the fibre such as diameter and morphology. These parameters can be 

divided into process, solution, and environmental parameters. Table 3 shows a 

summary of the electrospinning parameters and their effects on fibre structure [116]. 
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Figure 8. Schematic representation of a basic electrospinning set up. The set up consists of a 

syringe pump, voltage supply and a grounded collector, which can be static or rotating.  
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Table 3. Electrospinning parameters and their effects on fibre structure [116]–[118]. 

Electrospinning 

parameter 
Variable Effect on fiber structure 

Process 

Voltage Controls fibre diameter and mainly 

controls formation of Taylor cone 

Flow rate Controls fibre diameter and it can create 

beaded fibers if is too high 

Capillary–collector 

distance 

Controls fibre diameter and small role 

on fiber deposition within collector. 

Beaded fibers if distance is too short. 

Solution 

Polymer 

concentration 

Limits formation of Taylor cone (due to 

viscosity) and control fibre diameter 

Solvent volatility Controls presence of microtexture on 

fibers 

Solution 

conductivity 

Controls fibre diameter and its 

distribution across the fibrous 

membrane 

Environmental 

Temperature Relates to solvent volatility and 

viscosity and controls fibre diameter 

Humidity Relates to solvent volatility and controls 

fibre diameter. 

 

Blend electrospinning, coaxial electrospinning and emulsion electrospinning are 

techniques that have been developed to encapsulate and deliver relevant molecules for 

biomedical applications such as drugs, growth factors, genes, and proteins [119]. 

Coaxial electrospinning requires to simultaneously electrospun two polymer solutions 

(usually with different hydrophilic profiles) through different channels into one 
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capillary to generate composite fibers with a core-shell structure. In contrast, blend 

electrospinning involves the mixing of the polymer solution with the drug followed 

by a conventional electrospinning method. Different strategies to introduce the drug 

have been implemented such as drug-loaded nanoparticles or microspheres, 

introducing another blend of polymer with the drug, and creating an emulsion of both 

polymer and drug by introducing different solvents (known as emulsion 

electrospinning) [112], [120], [121]. 

In general, electrospun fibres prepared by either blend or coaxial electrospinning show 

a burst release profile that is mostly used for rapid delivery rather than for extended 

periods of time [103]. However, new developments in electrospinning have allowed 

for a more controlled release using different polymer blends such as the work 

published by Kenawy et al. in which PLA and poly(ethylene-co-vinyl acetate) were 

used to produce a sustained release of tetracycline HCl [122]. Furthermore, controlled 

release of heparin [123], VEGF [124], and NGF [125] has been successfully achieved 

by blend or coaxial electrospinning. However, there is still controversy about the loss 

in bioactivity or decrease in the short-life of drugs loaded into electrospun fibres due 

to interactions with the solvent [126], [127]. 

 

2.5.3 Addition of chemical cues to NGCs 

Even though NGCs with architectural features enhance and guide the regeneration of 

neurites and Schwann cell migration, nerve regeneration is still not satisfactory [86], 

[128]. Therefore, the inclusion of chemical cues might be a good alternative to enhance 

NGCs performance. Specifically, the addition of neurotrophic factors into the NGC 

would improve neurite outgrowth and Schwann cell migration as neurotrophic factors 

aid peripheral nerve regeneration after injury [128]–[130].  

2.5.3.1 Nerve growth factor and brain derived neurotrophic factor 

Neurotrophic factors are a family of growth factors that regulate survival, function, 

development and repair of the nervous system, both central and peripheral systems 

[131]–[133]. This family is subdivided in three groups: neurotrophins, that include 
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nerve growth factor (NGF), brain derived neurotrophic factor (BDNF), neurotrophin-

3 (NT-3), and neurotrophin-4/5 (NT-4/5) [131], [133], [134]; neurokines, which 

include ciliary neurotrophic factor (CNTF) and leukemia inhibitory factor (LIF); and 

the transforming growth factor-β group (TGF- β), that includes TGF- β1, TGF- β2, 

TGF- β and glial-cell derived neurotrophic factor (GDNF) [131], [133], [134].  

NGF is a 26 kDa homodimeric protein, which binds to two different transmembrane 

receptors: a 140 kDa high affinity tyrosine kinase receptor A (TrkA) and a 75 kDa low 

affinity receptor p75 neurotrophin receptor (p75NRT) [86], [133]. NGF stimulates 

sensory and sympathetic neuron survival, neurite outgrowth and Schwann cell 

migration, regulation of peptides and neurotransmitters [2], [77], [86], [132], [133], 

[135]. NGF expression in the PNS increases after nerve injury [86], [133]. 

BDNF is a 13.5-14 kDa homodimeric protein [136]–[138]. The expression of BDNF 

in the CNS is higher than in the PNS. Nevertheless, after peripheral nerve injury, 

expression of BDNF is upregulated by motor neurons, DRG and Schwann cells [86], 

[133], [137]. Furthermore, BDNF binds to two transmembrane receptors, the 145 kDa 

TrkB and p75NRT [77], [86], [133], [137], [139]. BDNF promotes cell survival, 

differentiation, neurite outgrowth, remyelination (through p75NRT of Schwann cells), 

and regulates function and neuromuscular synapses [2], [77], [132], [133], [140], 

[141]. Nevertheless, BDNF may cause inhibitory responses when activating p75NRT 

[77].   

When NGF and BDNF bind to TrkA and TrkB respectively, autophosphorylation 

occurs and intracellular signalling pathways are activated. These pathways include the 

phosphatidylinositol-3 kinase/protein kinase B (PI3K/Akt) and mitogen activated 

protein kinase/ extracellular receptor kinase (MAPK/ERK, also known as MEK) 

pathways, which stimulate cell survival, function, proliferation, migration, 

differentiation and neurite outgrowth [137], [138], [141]–[143]. Activation of MEK 

above threshold might be toxic. However, basal activity will promote neuronal 

survival [141]. Additionally, PI3K/Akt increase actin expression and microtubule 

reorganisation for neurite outgrowth [131], [137]. The general binding mechanism of 

NGF and BDNF is shown in Figure 9.  
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P75NRT, a member of the tumour necrosis factor receptor family, binds to NGF, BDNF, 

NT-3 and NT4/5 [134], [137]. This receptor may elicit positive and negative signals, 

for example, by regulating RhoA, it may stimulate remyelination after injury or, might 

inhibit neurite outgrowth [137], [143]. Furthermore, if NGF binds only to  p75NRT, 

apoptosis signals are activated [142]. When either NGF or BDNF bind to both 

receptors Trk and p75NRT, signals are differently combined to promote specific 

functions [134], [144]. For example, the effect of BDNF in neurite outgrowth depends 

on the expression levels of TrkB and (or) p75NRT in neurons [141]. Furthermore, when 

NGF binds to TrkA and p75NRT, cell viability is controlled by apoptosis [134].  

 

 

Figure 9. Representation of the general binding mechanism and signalling pathways of NGF 

and BDNF. When NGF and BDNF bind to their respective Trk receptors, signalling pathways 

are activated, which encourage cell survival, proliferation, differentiation, neurite outgrowth, 

synaptic plasticity, neurotransmitter release. Based on [138], [143]. NGF and BDNF images 

from the RCSB PDB [145], [146].    
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As NGF and BDNF are two important neurotrophins that aid neurite outgrowth, cell 

survival and differentiation after peripheral nerve injury, NGF and BDNF have been 

used in the clinic to treat chronic ulcerations and diabetic neuropathy [143]. Even 

though the outcomes were positive, the side effects, such as myalgia and hyperalgesia 

in the injection site, surpassed the outcome of the treatment [135]. Furthermore, NGF 

and BDNF had also been used in clinical trials for HIV-associated peripheral 

neuropathy, brain injury, glaucoma, macular degeneration, Alzheimer’s disease, 

Parkinson’s disease, using dosages ranging from 0.03 to 1 µg/kg [135], [138], [142], 

[143]. Side effects were also reported: hyperalgesia at injection site, pain, myalgia, 

weight loss, local burning [135], [142]. Besides these side effects, other drawbacks 

such as the invasiveness of the method to deliver neurotrophins, the lack of guarantee 

that neurotrophins would be deliver at site of injury without affecting other areas, 

inadequate neurotrophins doses, neurotrophin degradation [138], [143], [147] make 

this treatment deficient.  

Currently, research has been conducted to find a treatment that overcomes the 

disadvantages aforementioned. This research has included growth factors into the 

NGCs, focusing on extending the neurotrophins half-life, searching for the optimal 

neurotrophin dose, and on the continued application of neurotrophins in the injury site 

to aid nerve regeneration [143].   

2.5.3.2 Inclusion of neurotrophins into NGCs 

Although NGCs support nerve regeneration in short injury gaps, sufficient functional 

recovery from complete transected nerves in injury gaps longer than 20 mm might 

need the use of exogenous growth factors [128]. Hence, research has designed growth 

factors delivery systems to be included in an NGC. These delivery systems include the 

use of the wall of the NGC, microspheres seeded into the wall/lumen of the NGC, 

matrices loaded inside the lumen of the NGC, immobilisation of growth factors, 

aligned fibres inside the lumen of the NGC, from which the growth factor might be 

released [2], [78], [128], [148], [149] (Figure 10). Furthermore, immobilisation of 

growth factors is achieved by chemical or physical interactions, such as electrostatic 

interactions (physical adsorption) and covalent binding [150].  
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Figure 10. Schematic showing strategies to add growth factors into an NGC 

Loading growth factors into the wall of an NGC is an approach for the later delivery 

of growth factors at the site of nerve injury. For example, Piotrowicz and Shoichet 

coated NGF directly into the wall of the poly(2-hydroxyethyl methacrylate-co-methyl 

methacrylate) and showed that NGF was completely released by day 1 [151]. Utley et 

al. covalently added BDNF to a collagen NGC and showed that functional recovery 

was achieved in a rat sciatic model [152]. Additionally, Chen et al. covalently bound 

NGF to a gelatin-tricalcium phosphate membrane, where the initial burst release of 

NGF was 60% [153]. Chang fabricated a porous PCL conduit to which gelatin solution 

was injected. Then, this solution was crosslinked with genipin to then bind NGF [154]. 

This conduit was tested in vivo in a rat sciatic nerve model and showed that more 

myelinated neurites were developed [154].     

Matrices fabricated with collagen, laminin, heparin and alginate are frequently used to 

load NGF, BDNF, bFGF or VEGF. These matrices are then placed inside the lumen 

of the NGC [128], [155]. Depending on the nature of the material to fabricate the 

matrix, the matrix could bind growth factors by covalent binding or electrostatic 

interactions [128]. For example, Li et al. designed a heparin-poloxamer hydrogel 

loaded with NGF and bFGF (by electrostatic interactions) to improved peripheral 

nerve regeneration in a rat model [156]. Furthermore, Sakiyama-Elbert and Hubbell 

loaded NGF to a heparin-fibrin based matrix, and found that NGF and heparin bound 
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even though the duration of that binding was short [157]. Santos et al. loaded NGF, 

BDNF and NT-3 in a collagen matrix inside a silicon NGC to enhance nerve 

regeneration in a sciatic nerve model [158]. These matrices decrease initial growth 

factor burst release due to their viscous nature, nevertheless, this property might 

impede neurite outgrowth and Schwann cell migration [128].  

Microspheres are being studied for the delivery of growth factors [2], [128]. This 

approach facilitates the loading of different growth factors, fabricating a specific 

microsphere type [2], [128].  Moreover, microspheres may be fabricated with different 

degradation properties to control growth factor dosing [2], [128]. Microspheres could 

be loaded into the lumen or into the wall of the NGC. If microspheres are loaded in 

the lumen, these can be in suspension or in a hydrogel [2], [128].  Zhang et al. 

encapsulated erythropoietin or NGF in PLGA  microspheres, and found their potential 

to aid nerve regeneration in a rat sciatic nerve model [159]. Moreover, Yu et al. 

evaluated NGF loaded microspheres on nerve regeneration in a crush injury model 

[160]. Furthermore, Xu et al. encapsulated NGF in a phosphoester and ethylene 

terephthalate microsphere. NGF microspheres were loaded in the lumen of an NGC 

and implanted in a rat sciatic nerve model, which showed a higher number of 

developed neurites in comparison to the control [161]. Nevertheless, disadvantages on 

using this method include the complexity in protein encapsulation, and to preserve the 

bioactivity of the growth factor, as this is hampered by solvents (e.g., 

dichloromethane) used during the encapsulation process.  

Furthermore, fibres have been also studied to deliver growth factors. For example, 

Whitehead et al.  encapsulated NGF in PLGA microspheres which then were added to 

a methacrylated hyaluronic acid which was subsequently electrospun to fabricate 

aligned fibres [79]. DRG evaluation on the fibres revealed that NGF delivered from 

the PLGA microspheres and methacrylated hyaluronic acid fibres improved neurite 

outgrowth [79]. Moreover, Liu et al.  encapsulated NGF and GDNF in PDLLA and 

PLGA fibres, respectively, using emulsion electrospinning [162]. Tests with PC12 

neuronal cells showed that NGF and GDNF encouraged longer neurite lengths [162]. 

Ma et al. prepared a collagen-binding domain (CBD) to immobilise VEGF into 

collagen fibres. Then, these VEGF-CBD-collagen fibres were introduced to a collagen 
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NGC, which was tested in a rat sciatic nerve model [163]. This study showed that 

recovery of nerve function was higher compared to control groups [163]. In addition, 

Dinis et al. added NGF and CNTF to a silk solution to fabricate align electrospun 

fibers [164]. DRG evaluation showed Schwann cell migration and aligned neurite 

outgrowth [164]. Also, Guex et al. covalently immobilised VEGF on an oxygen 

plasma treated electrospun PCL scaffold, showing that proliferation of endothelial 

cells was increased [165].   

Even though positive results have been shown of nerve regeneration using different 

methods to add growth factors, loss in bioactivity or decreased short half-life due to 

interactions with the solvent used [126], [127] are limitations, therefore leading to the 

study of an alternative approach to incorporate growth factors with a solvent-free 

method. Loading molecules by electrostatic interactions and affinity binding domains 

are promising methods for the addition of growth factors to a delivery system. 

Collagen and laminin domains were used to bind NGF and CNTF to collagen scaffolds 

and laminin-collagen fibres to support nerve regeneration in a rat sciatic nerve model 

[78], [149]. Furthermore, as all growth factors have a heparan sulphate proteoglycan 

(HSPG) binding domain [143], and the structure of heparin is similar to heparan 

sulphate [166], heparin would be an ideal candidate to test to bind growth factors, and 

therefore, fabricate a bioactive surface that would work as a delivery system.      

 

2.5.3.3 Heparin  

Heparin is a linear polysaccharide, member of the glycosaminoglycans (GAGs) 

family, composed of a uronate residue and a D-glucosamine residue [166]. Its uronate 

residues are mostly α-L-iduronate and its D-glucosamine residues are N-sulfated 

[166]. Heparin is composed, at least 70% of the disaccharide L-iduronate-2-O-sulfate 

D-glucosamine N,6-sulfate [166]–[168]. Schematic representation of the disaccharide 

unit of heparin is shown in Figure 11. As heparin has a high content of sulfates, it has 

higher charge and it has the strongest growth factor binding site in comparison to other 

GAGs [166], [167], [169], [170].  
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Figure 11.  Schematic diagram of the main disaccharide unit of heparin L-iduronate-2-O-

sulfate D-glucosamine N,6-sulfate.  

The most conventional use of heparin is as an anticoagulant because it prevents 

thrombus formation by binding and activating the serine protease inhibitor 

antithrombin [166], [171]–[173]. Nevertheless, heparin could cause thrombocytopenia 

as a consequence of extended exposure [172]. Therefore, heparin has been 

immobilised to polymers to fabricate haemocompatible medical devices, for example, 

Pandiyaraj et al. immobilised heparin on polyethylene terephthalate films to improve 

anti-thrombogenic properties, such as platelet adhesion [174].   

Furthermore, research has shown that negatively charged heparin is able to bind to 

different growth factors, through their positively charged amino acid residues lysine 

and arginine, extracellular matrix proteins (fibronectin, laminin), and to different 

receptors activating intercellular signalling [166]. For example, heparin binds to 

VEGF or bFGF to encourage angiogenesis [166], [175], [176].  

As heparin binds different growth factors, this GAG could be used to bind 

neurotrophins to a biomaterial. For example, heparin was bound to a modified version 

on antithrombin III-heparin binding domain contained in a fibrin matrix, and then 

GDNF was bound to heparin. Results showed that this matrix stimulated nerve 

regeneration in a rat sciatic nerve model [177], [178].     
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Heparin has been covalently bound to different polymeric surfaces. Usually, heparin 

is covalently bound to protein using (1-ethyl-3-(3-dimethylamino-propyl)) 

carbodiimide (EDC) [179]. For example, Zhu et al. covalently immobilised a 

chitosan/heparin complex on a PLA surface using EDC and a solution of 4-

azidobenzoic acid [180]. Liao et al. covalently immobilised heparin to a decellularised 

artery using EDC [181]. Nonetheless, covalent binding techniques could modify the 

functionality of heparin [182], therefore, binding heparin by electrostatic interactions 

is a promising approach.  

Layer-by-layer film assembly technique has been used to electrostatically bind 

molecules. This technique consists of depositing polycationic and polyanionic 

polymers from aqueous solution to create alternating charged layers [81]. Kreke et al. 

prepared a poly(allylamine hydrochloride) (PAH) solution and a heparin solution and 

created a film that consisted of 10 bilayers on silicon wafers, demonstrating that these 

films encouraged cell adhesion [81]. Moreover, Elahi et al. prepared 1.5 and 2.5 

bilayers on silk fibroin using PAH and poly(acrylic acid) (PAA) and added heparin on 

the PAH layer, showing that this device improved haemocompatibility [183]. 

However, layer-by-layer technique might change the mechanical properties, such as 

tensile strength and elongation at break. Furthermore, if the topography of the 

substrate wants to be preserved, layer-by-layer technique might interfere with this 

[184], [185]. Plasma deposition technique has been used to functionalise surfaces to 

improve cell adhesion properties [186]. Furthermore, if plasma deposition can add 

positively charge functional groups on the surface of a material, therefore, heparin 

could be bound by electrostatic interactions.    

 

2.5.3.4 Plasma deposition  

The use of polymers in medical applications has been popularised due to their 

versatility to meet specific tissue engineered requirements of mechanical, chemical, 

and conductive properties. However, in order to achieve cell adhesion, which is critical 

for biomedical applications, most synthetic polymers require activation of their 

surface. Therefore,  modifying the surface properties of a polymeric device without 
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altering the bulk properties is key [187]. Among the different techniques for surface 

treatment such as wet chemistry, UV irradiation, or self-assembly monolayers, plasma 

deposition is one of the most versatile and effective techniques [172]. 

Wet chemistry is a combination of techniques that generates functional groups on the 

surface of a polymer by using liquid reagents. The advantages of this approach over 

plasma deposition include the capacity of penetrating porous 3D substrates, the lack 

of specialized equipment, and the ability to perform in situ functionalization for 

specific applications. However, significant limitations of wet chemical techniques 

include non-specificity that produces a variety of oxygen-containing functional 

groups, chemical contamination, and low repeatability dependent on polymer 

molecular weight and crystallinity [172], [188]. 

UV irradiation uses a similar mechanism to plasma deposition as a polymer surface is 

exposed to UV light to generate reactive sites that can become functional groups by 

the exposure of a gas. The main difference of UV irradiation is that it is possible to 

control the depth of surface reactivity by changing the absorption coefficient through 

altering the wavelength of the UV source [172], [187], [189]. However, certain 

disadvantages had limited UV surface treatment. For example, the polymer needs to 

be photoactive to interact with the UV source and the ageing effect of the surface is 

stronger and most surfaces suffer from hydrophobic recovery over a period of time 

[190]. Additionally, exposure to UV has been reported to cause photooxidative 

degradation on certain polymers [191]. 

Self-assembled monolayers (SAMs) is a technique that creates a film by molecular 

assemblies formed by the adsorption of a surfactant on a polymer surface. This 

approach allows for the control of both head and tail functional groups but requires a 

deep understanding of the self-organization molecular hierarchy and the interfacial 

properties of the polymer. Although SAMs are commonly used for electronic devices, 

monolayers fabricated for biomedical applications include fatty acids and 

alkylsiloxanes [172], [192]–[194]. 

Plasma deposition is a fast reaction and waste-free surface treatment process that has 

been used to treat polymeric surfaces for medical applications. The reactions between 



 

 

76 

 

plasma and a polymer surface can be divided into 3 groups: surface reactions, plasma 

cleaning, and plasma polymerization [187]. The basic mechanism of plasma 

deposition is to expose the polymer surface to the plasma, a high energy state of matter 

in which charged particles, radical species, electrons, and neutral molecules are 

created from ionized gas. The ionized gas is typically obtained when the gas is excited 

by radio frequency, direct current, electrons from a hot filament discharge, or 

microwaves. Additionally, plasma deposition is often achieved using low-pressure 

systems (vacuum), although new developments have led to the use of atmospheric-

pressure plasma [172], [195], [196].  

Depending on the selected gas, specific surface properties can be achieved, for 

example, oxygen plasma increases the surface energy of a polymer surface, in contrast 

with fluorine plasma which decreases surface energy. Table 4 shows an overview of 

the use of plasma deposition for tissue engineering applications The general result 

from the plasma deposition is an insoluble, mechanically tough, and thermally stable 

film that can range from 100 Å to 1 µm [197]. However, the disadvantages of the 

plasma deposition treatment are related to not being able to control the amount of a 

particular functional group and that the process parameters are highly system-

dependent [187]. 
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Table 4. Plasma deposition as a surface treatment technique for tissue engineering 

applications. 

Ionized 

gas 

Application Ref 

Oxygen 

Surface treatment of rapid prototyping polydimethylsiloxane 

(PDMS) microchannels to improve cell adhesion and electro 

osmotic flow. 

[186] 

3D printed hydroxyapatite/gelatin/chitosan composite scaffolds 

were treated to improve bioactivity. 

[198] 

Electrospun poly(ethylene oxide terephthalate)/poly(butylenee 

terephthalate) fibres treated to improve protein adsorption and 

induce osteogenic differentiation. 

[199] 

Treatment of ultra high molecular weight polyethylene fibres to 

chemically graft PVA hydrogels for soft tissue applications. 

[200] 

Nitrogen 

Amination of PVA hydrogel by H2/N2 plasma to increase surface 

wettability and cell attachment. 

[201] 

Amine groups introduced to 3D surfaces to promote attachment, 

proliferation, and osteogenic differentiation of human adipose 

derived stem cells. 

[202] 

Use of allylamine treated 2D surfaces for the delivery of growth 

factors to improve neurite outgrowth. 

[203] 

Argon 

Chitosan membranes treated to increase surface hydrophilicity to 

improve human skin fibroblasts attachment and proliferation. 

[204] 

Silk fibroin nanofibrous scaffolds treated to improve cell behaviour 

of human articular chondrocytes. 

[205] 

Fluorine 

PDMS surface treated to maintain hydrophobic characteristics, 

improve biocompatibility, and reduce cytotoxicity. 

[206] 

Biomedical-grade zirconia treated to create the more reactive 

zirconium oxyfluoride for dental applications 

[207] 
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There are different forms in which the plasma reactor can be designed, and the process 

parameters differ among setups. Radiofrequency glow discharge (RFGD) plasma and 

direct current glow discharge (DCGD) plasma are some of the most common low-

pressure plasma setups available. Both setups have a chamber in which to create a 

low-pressure environment. DCGD uses electrodes to create and direct a potential 

difference that produces higher ion bombardment towards the cathode and higher 

electron bombardment towards the anode [208]. In contrast, RFGD uses an internal or 

external electrode to create a discharge that can generate a stable large volume of 

plasma [196]. A schematic of a basic RFGD plasma setup is shown in Figure 12. 

 

 

Figure 12. General configuration of a RFGD plasma setup. The sample is placed inside the 

chamber that is surrounded by an external RF generator. The discharge tube (chamber) is 

usually made of quartz or borosilicate. Once the chamber is sealed, a vacuum pump is used to 

create a low-pressure environment. The gas inlet is open after the vacuum is created to allow 

the gas to fill the entire chamber. After reaching a specific pressure threshold, the RF generator 

is activated, forming an ionized gas that creates a discharged glow inside the chamber. The 

exposure time varies according to the application. Finally, the venting valve is open to allow 

the system to recover atmospheric pressure. The general RFGD plasma parameters are 13.56 

MHz with pressure during discharge between 10-3 and 100 Torr [196]. 
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2.5.4 Bioactive surface for the delivery of NGF and BDNF  

Plasma deposition has been used to bind heparin, either by covalent techniques or by 

electrostatic interactions. Cheng et al. functionalized PLL fibrous scaffolds using 

argon-ammonia plasmas. Then, heparin was covalently bound by EDC and N-

hydroxysulfosuccinimide (NHS) [209]. Yang et al., modified stainless steel with 

poly(allylamine) plasma deposition and then covalently bound heparin by NHS and 

EDC [210].  Nevertheless, as mentioned before, covalent binding techniques use 

solvents that might cause the loss of bioactivity in heparin. Therefore, electrostatic 

interactions should be used to bind heparin to a surface.  

The surface of a material can be functionalized by plasma deposition technique, by 

adding negatively charged or positively charged functional groups. For example, 

Mahoney et al. modified microtiter wells using allylamine plasma deposition. Then, a 

heparin solution was added to the wells and incubated overnight [211].  Results 

showed that heparin was bound to the surface [211]. Furthermore, Robinson et al. 

functionalised microwell plates using allylamine plasma deposition. Then, a heparin 

solution was added and incubated overnight. After, either tissue inhibitor of 

metalloproteinases 3 (TIMP-3) or osteoprotogerin (OPG) were bound to heparin 

[212].  Their results showed that allylamine was deposited on the surface, and that 

heparin and TIMP-3 or OPG were also on the surface [212]. Furthermore, another 

study by Robinson et al. reported the addition of amine (NH2
+) functional groups on 

melt electrospun PCL scaffold by allylamine plasma deposition [213]. Then, heparin 

was added to the surface followed by FGF-2 immobilisation. Their results showed that 

NH2
+ and FGF-2 were added to the surface. In addition, biological evaluation showed 

that keratinocytes and fibroblasts were proliferating and forming layers [213].  

Therefore, a bioactive surface could be fabricated for the local and sustained delivery 

of neurotrophins. Plasma deposition would functionalise a surface with positively 

charged groups using allylamine (C3H5NH2), to where heparin would bind. Then, 

neurotrophins, either NGF, BDNF or a combination of NGF plus BDNF would be 

added and immobilised to heparin by electrostatic interaction. As PCL is a 

biodegradable polyester, (C6H10O2)n  [214],  the bioactive surface NH2
+ + Heparin + 
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Immobilised NGF/BDNF/NGF plus BDNF could then be incorporated to PCL 

electrospun scaffolds.   

2.6  Hypothesis  

In summary, the nerve repair process is complex and cannot heal long injury gaps   (> 

5 mm). Therefore, exploring new alternatives for effective treatment of long gap nerve 

injuries is essential to improve the patient’s quality of life. Based on the previous 

knowledge from our group [215], the following hypothesis was proposed: 

Bioactive surfaces NH2
+ + Heparin + Immobilised NGF, NH2

+ + Heparin + 

Immobilised BDNF and NH2
+ + Heparin + Immobilised NGF plus BDNF, fabricated 

by allylamine plasma deposition, heparin passive conjugation and immobilisation of 

NGF, BDNF or a combination of NGF plus BDNF would significantly encourage 

neurite outgrowth by the local and sustained delivery of neurotrophins.  
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Chapter 3 Aims and objectives 

 

The aims of this thesis were: 

• To develop a scalable bioactive surface that encourages neurite outgrowth, 

using amine groups NH2
+, heparin and growth factors, specifically nerve 

growth factor (NGF) and brain derived neurotrophic factor (BDNF).  

• To identify the optimal concentration of growth factors to use to maximise 

neurite outgrowth in dorsal root ganglia (DRG).  

 

The objectives of this thesis were: 

1. To fabricate and characterise the bioactive surface in tissue culture plastic 

(TCP).  

2. Evaluate the effects of the bioactive surface (in TCP) when immobilised with 

NGF, BDNF and NGF plus BDNF on NG108-15 neuronal cell line and PC12 

adh neuronal cell line.  

3. Assess the effects of the bioactive surface (in TCP) when immobilised with 

NGF, BDNF and NGF plus BDNF on dorsal root ganglia (DRG). 

4. To fabricate and characterise the bioactive surface in polycaprolactone (PCL) 

align electrospun fibres; and to evaluate the effects of the bioactive surface in 

PCL electrospun fibres in DRG. 
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Chapter 4 Materials and Methods  

 

In this chapter, materials and methods used in this project are described. Additionally, 

each chapter describes their specific methodology used therein.  

Please refer to Table 20 in the appendix for the catalogue number of all reagents used.  

For simplicity, the culture medium used is described next: 

• Culture medium: composed of Dulbecco’s Modified Eagle’s Medium 

(DMEM, Sigma, United Kingdom), 10% foetal bovine serum v/v (FBS, PAN 

Biotech, Germany), 1% L-glutamine v/v (200 mM, Sigma, United Kingdom), 

1% penicillin-streptomycin v/v (P/S, 10,000 units penicillin / 10 mg/mL 

streptomycin, Sigma, United Kingdom), 0.25% amphotericin B v/v                

(250 µg/mL, Sigma, United Kingdom).  

• Serum-free medium: composed of DMEM (Sigma, United Kingdom), 1%   L-

glutamine v/v (200 mM, Sigma, United Kingdom), 1% P/S v/v (10,000 units / 

10 mg/mL, Sigma, United Kingdom), 0.25% amphotericin B v/v    (250 µg/mL, 

Sigma, United Kingdom).  

• Schwann cell isolation medium: MEM Eagle D-Valine (USBiological Life 

Sciences, USA), 1% L-glutamine v/v (200 mM, Sigma, United Kingdom), 

10% FBS v/v (PAN Biotech, Germany), 0.25% amphotericin B v/v                

(250 µg/mL, Sigma, United Kingdom), 1% P/S v/v (10,000 units /10 mg/mL, 

Sigma, United Kingdom), 0.35% N2 supplement v/v (100x, 1 mM human 

transferrin, 0.0861 mM insulin recombinant, 0.002 mM progesterone,        

10.01 mM putrescine, 0.00301 mM selenite, Invitrogen, United Kingdom), 

0.15% v/v bovine pituitary extract (22 mg/mL, Sigma, United Kingdom), 

0.01% v/v forskolin (10 mg/mL, Sigma-Aldrich, United Kingdom).  
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4.1 Fabrication and characterisation of bioactive surface 

4.1.1 Adding heparin and growth factors to TCP + NH2
+ surface 

4.1.1.1 Heparin conjugation   

A solution of heparin sodium salt from porcine intestinal mucosa (Sigma, United 

Kingdom) was prepared at a concentration of 50 µg/mL in phosphate buffered saline 

(PBS, Oxoid, United Kingdom). Then, the solution was filtered sterilized with a filter 

of 0.2 µm pore size (Filtropur S, Sarstedt AG & Co., Germany). The heparin solution 

was added to 96-well plates pre-coated with amine groups (TCP + NH2
+, Becton 

Dickinson, BD PureCoatTM, Belgium) and left overnight at room temperature. Finally, 

the heparin solution was discarded, and the surfaces washed one time with PBS. After 

performing this step, this surface became the bioactive surface TCP + NH2
++ Heparin 

(Figure 13.C).  

4.1.1.2 Immobilisation of nerve growth factor and brain derived neurotrophic 

factor.  

Nerve growth factor (NGF, R&D systems, USA), brain derived neurotrophic factor 

(BDNF, R&D systems, USA) and combinations of NGF plus BDNF were 

immobilised onto the bioactive surface TCP + NH2
+ + Heparin (prepared as described 

in section 4.1.1.1). Different concentrations of NGF, BDNF and NGF plus BDNF 

were prepared at concentrations of 1 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL and            

1 µg/mL in sterile PBS. Each solution was added onto the bioactive surface and 

incubated for 5 hours at room temperature (Figure 13.D). Then, the solution was 

discarded, and the surface was washed one time with PBS. The bioactive surface with 

immobilised NGF and/or BDNF was now created (Figure 13.E). Figure 13 illustrates 

the design of the bioactive surface with immobilised neurotrophic factors. 
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Figure 13. Schematic illustration of the fabrication of the bioactive surface with immobilised 

NGF and/or BDNF. A) TCP + NH2
+ surface. B) A solution of heparin at 50 µg/mL was added. 

C)  TCP + NH2
+ + Heparin surface. D) NGF and/or BDNF solution was added. E) Bioactive 

surface with immobilised NGF and/or BDNF (TCP + NH2
+ + Heparin + Immobilised 

NGF/BDNF). Each asterisk (*) above the arrows shows that at that step of fabrication, the 

surface was washed one time with PBS. NGF and BDNF images from the RCSB PDB [145], 

[146]. 

 

4.1.2 Surface characterisation  

4.1.2.1 Water contact angle  

Water contact angle was measured with Krüss GmbH drop shape analyzer-100 

(DSA100) equipment by placing 5 μL of distilled water, from a 1 mL syringe (BD, 

United Kingdom) and 20-gauge needle (1 inch long Fisnar, USA) on top of the surface. 

Then, the contact angle of the bioactive surfaces was measured by sessile drop method 

and calculated with DSA100 software.  

4.1.2.2 X-ray Photoelectron Spectroscopy (XPS) analysis 

XPS analysis was performed at the Sheffield Surface Analysis Centre (The University 

of Sheffield, United Kingdom). Samples were interrogated to determine surface 

elemental composition (survey scans), carbon scans (C 1s), nitrogen scans (N 1s), and 



 

 

85 

 

sulphur scans (S 2p) using a Kratos Ultra instrument with a monochromated 

aluminium source (1486.6 eV). Elemental survey scans were collected between 1200 

to 0 eV binding energy, 160 eV pass energy and 1 eV intervals. High resolution C 1s 

and N 1s scans were collected for all samples at 20 eV pass energy and 0.1 eV 

intervals. S 2p spectra were collected for samples containing heparin, at 20 eV pass 

energy, and 0.1 eV intervals. Two points per sample were analysed. The area of the 

analysis points was 700 µm by 300 µm. Data was processed and analysed using 

CasaXPS (version 2.3.19 PR 1.0, Casa Software Ltd). 

4.1.2.3 Release profile of NGF and BDNF from bioactive surfaces 

Methodology described in section 4.1.1 from this chapter was performed to prepare 

the bioactive surface with immobilised NGF or BDNF. Then, these bioactive surfaces 

were tested to investigate the release of NGF and BDNF from the bioactive surface. 

However, firstly, the quantity of NGF or BDNF bound to heparin needed to be 

calculated in order to quantify the percentage of growth factor released from the 

bioactive surface. In order to do this, the solution of NGF and BDNF which was 

removed after 5 hours of incubation (consequently called supernatant) was stored at   

-20°C for later enzyme-linked immunosorbent assay (ELISA).   

In vitro release of NGF and BDNF was tested by incubating the bioactive surfaces 

immobilised with NGF or BDNF with 1 mL of PBS at 4°C and 37°C. Samples were 

taken at 1 hour, 24 hours, 48 hours, and 168 hours and kept at -20°C for ELISA assays 

[216], [217]. Standards for the calibration curve, provided as part of the kit, were 

prepared as serial dilutions in standard buffer. For samples taken from the supernatant 

and at 1 hour (both NGF and BDNF), 1:100 (1 µg/mL) and 1:10 (100 ng/mL and         

10 ng/mL) dilutions were prepared with standard buffer to assure that the absorbance 

readings could be fitted inside the standard curve.  

Firstly, standards and samples were added into the wells of the ELISA assay plate and 

incubated at room temperature for 2 hours and 30 minutes. Then, the samples and 

standards were discarded, and the plate rinsed with washing buffer (provided as part 

of the kit). Biotinylated antibody was added to the wells and incubated for1 hour at 

room temperature. The plate was then rinsed with washing buffer and Streptavidin-
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HRP (horseradish peroxidase) was added. The wells were incubated for 45 minutes at 

room temperature. The plate was rinsed with washing buffer and 3,3’,5,5’-

tetramethylbenzidine (TMB) substrate was added and incubated for 30 minutes at 

room temperature, covered from light. Then, the stop solution was added. The 

absorbance was read at 450 nm using a Bio-Tek ELx 800 absorbance microplate reader 

and data was recorded using KC junior software 1.41.8 (Bio-Tek Instruments, USA).  

 

4.2 In vitro studies with neuronal cell lines 

4.2.1 General cell culture 

Neuronal cell lines used in this thesis were handled using aseptic techniques and under 

sterile conditions in a class II biological safety cabinet (Airstream, ESCO Biotech, 

China). Cells were maintained in T-75 culture flasks (75 cm2, Sarstedt, Germany) and 

incubated at 37°C and 5% CO2. Cells were used within 10 passages. Culture medium 

and serum-free medium were pre-warmed at 37°C in a water bath prior to use. After 

pre-warming, growth factors were added to the culture medium or serum-free medium 

when needed.    

4.2.1.1 Cell resurrection 

Universal tube was prepared with 9 mL of warmed culture medium. Frozen cell vials 

were thawed in a 37°C water bath. Inside the biological safety cabinet II, cells were 

transferred to the universal tube. Then, the universal tube was centrifuged for 5 

minutes at 1000 rpm. The supernatant was discarded, and the cell pellet was 

resuspended in 1 mL of warmed culture medium. A T-75 flask was prepared with        

14 mL of warmed culture medium. The content of the universal tube was then 

transferred to the T-75 flask. Then, the T-75 flask was incubated overnight at 37°C, 

5% CO2. The next day, the culture medium was replaced with fresh, warmed culture 

medium. The cells in the flask were incubated until 80% - 90% confluency was 

reached.  
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4.2.1.2 Cell passaging 

The T75 flask containing the cells was removed from the incubator and the cell culture 

medium was discarded. The cells were washed one time with PBS. Then,      5 mL of 

trypsin-ethylenediaminetetraacetic acid (Trypsin/ EDTA, ((0.5% wt/v) / (0.2% wt/v)), 

Sigma, United Kingdom) was added for 1 - 3 minutes. After inspecting that the cells 

were detached from the culture flask, 10 mL of culture medium was added to the T-

75 flask. Then, the contents were transferred to a universal tube and centrifuged for 5 

minutes at 1000 rpm. After, the supernatant was discarded, and the cell pellet 

resuspended in 1 mL of warmed culture medium. Then, 250 µL of cell suspension 

were transferred to a new T-75 flask with 15 mL of warmed culture medium. The T-

75 flasks were incubated at 37°C, 5% CO2 until confluency was reached before 

experiments were performed. Every 2 - 3 days, culture medium in the T-75 flasks was 

replaced.  

4.2.1.3 Cell storage 

Confluent cells from a T-75 flask were detached with Trypsin/EDTA, as described 

above (section 4.2.1.2). Then, the content was transferred to a universal tube and 

centrifuged for 5 minutes at 1000 rpm. The supernatant was discarded, and the pellet 

was resuspended with freezing medium (culture medium with 10% v/v dimethyl 

sulfoxide (DMSO, Alfa Aesar, United Kingdom). After, the cell suspension was 

transferred to cryo vials (1 mL per vial, Sarstedt, Germany). The cryo vials were 

placed in a freezer container (MrFrosty, Thermo Fisher, United Kingdom). This 

container was placed at a -80°C freezer. The cryo vials were kept at -80°C if they were 

used within 1 month, otherwise, the cryo vials were transferred to liquid nitrogen 

containers for long-term storage.  

 

4.2.2 In vitro studies with NG108-15 neuronal cell line 

An NG108-15 neuronal cell line (mouse neuroblastoma x rat glioma hybrid, 

cancerous. ECACC, United Kingdom) was seeded in vitro onto the bioactive surfaces 

(prepared as described in section 4.1.1) to evaluate the effects of the bioactive surface 

on neural length, percentage of neurons bearing neurites, maximum neurite length and 
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metabolic activity. Table 5 shows the bioactive surfaces that were prepared and later 

tested.   

NG105-15 neuronal cells were detached with trypsin/EDTA from a T75 flask and 

centrifuged at 1000 rpm for 5 min. The supernatant was then discarded, and the cells 

were resuspended in cell culture medium. Cells were counted in a 1mm2 Neubauer 

cell counting chamber. Next, 500 cells were seeded per well in 150 µL of cell culture 

medium. These samples were incubated at 37 ℃ and 5% CO2 for a total time of 7 

days, where the culture medium was changed to serum-free medium with NGF, BDNF 

or NGF plus BDNF accordingly to Table 5, on day 2. For the bioactive surfaces with 

immobilised NGF, BDNF or NGF plus BDNF, serum-free medium with no growth 

factors was used. The experiment was performed three times independently. Each 

bioactive surface was tested in triplicate.  
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Table 5. Summary of the different surfaces and bioactive surfaces that were prepared, 

highlighting the delivery method of growth factor of each surface. NGF, BDNF and NGF plus 

BDNF solutions for immobilisation were prepared in PBS.  

Surface 
Growth factor 

delivery method 
NGF BDNF 

NGF plus 

BDNF 

TCP 
In solution with 

culture medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 pg/mL 1 pg/mL 1 pg/mL 

1 ng/mL 1 ng/mL 1 ng/mL 

10 ng/mL 10 ng/mL 10 ng/mL 

100 ng/mL 100 ng/mL 100 ng/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

TCP+NH2
+ 

In solution with 

culture medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 pg/mL 1 pg/mL 1 pg/mL 

1 ng/mL 1 ng/mL 1 ng/mL 

10 ng/mL 10 ng/mL 10 ng/mL 

100 ng/mL 100 ng/mL 100 ng/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

TCP+NH2
++Heparin 

In solution with 

culture medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 pg/mL 1 pg/mL 1 pg/mL 

1 ng/mL 1 ng/mL 1 ng/mL 

10 ng/mL 10 ng/mL 10 ng/mL 

100 ng/mL 100 ng/mL 100 ng/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

TCP+NH2
++Heparin 

Immobilised on 

surface 

0 pg/mL 0 pg/mL 0 pg/mL 

1 pg/mL 1 pg/mL 1 pg/mL 

1 ng/mL 1 ng/mL 1 ng/mL 

10 ng/mL 10 ng/mL 10 ng/mL 

100 ng/mL 100 ng/mL 100 ng/mL 

1 µg/mL 1 µg/mL 1 µg/mL 
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4.2.3 In vitro studies with PC12 adh neuronal cell line 

A PC12 adh neuronal cell line (rat pheochromocytoma, cancerous, ATCC, USA) was 

seeded on bioactive surfaces prepared on pre-coated 96 well plates as described in 

section 4.1.1 and in Table 5. PC12 adh neuronal cells were seeded in vitro to evaluate 

the effects of the bioactive surface on neural length, percentage of neurons bearing 

neurites, maximum neurite length and metabolic activity. 

PC12 adh neuronal cells were detached with trypsin/EDTA from a T75 flask and 

centrifuged at 1000 rpm for 5 min. The supernatant was then discarded, and the cells 

were resuspended in cell culture medium. Cells were counted in a 1mm2 Neubauer 

cell counting chamber. Next, 700 cells were seeded per well in 150 µL of cell culture 

medium with NGF, BDNF or NGF plus BDNF accordingly to Table 5. These samples 

were incubated at 37 ℃ and 5% CO2 for a total of 5 days. For the bioactive surfaces 

with immobilised NGF, BDNF or NGF plus BDNF, culture medium with no growth 

factors was used. The experiment was performed three times independently. Each 

bioactive surface was tested in triplicate.  

 

4.2.4 Metabolic activity assay: MTS  

CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, United 

Kingdom) was preformed to evaluate the effect of the bioactive surfaces on metabolic 

activity. This assay contains MTS, which is a tetrazolium compound [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H 

tetrazolium] and an electron coupling reagent (phenazine ethosulfate, PES). Both 

come together in the same solution, which is used directly onto the samples. At day 7 

(for NG108-15 neuronal cells) and at day 5 (for PC12 adh neuronal cells), 20% of 

CellTiter 96® AQueous One Solution Cell Proliferation Assay solution (v/v) was added 

directly to the samples and incubated at 37 ℃ and 5% CO2 for 4 hours and the samples 

were covered from light with aluminium foil. After the incubation period, the 
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absorbance was read at 490 nm with Bio-Tek ELx800 absorbance microplate reader 

and KC junior software 1.41.8 (Bio-Tek Instruments, USA).  

4.2.5 Fixing and staining of NG108-15 and PC12 adh neuronal cell lines 

A 3.7% solution of formaldehyde (FA, Sigma-Aldrich, United Kingdom) was added 

to each sample (30% v/v) and incubated for 15 minutes at room temperature as a pre-

fixing step.  Then, cell culture medium or serum free media with FA was discarded 

and 3.7% of FA was added and incubated for 45 minutes at room temperature. Then, 

FA was discarded, and the samples were washed one time with PBS. A 0.1% Triton 

X-100 solution in PBS (v/v) was added and incubated for 45 minutes at room 

temperature. After this incubation period, 0.1% Triton X-100 was discarded, and the 

samples washed 2 to 3 times with PBS. DAPI (4′,6-diamidino-2-phenylindole, 

300mM, Sigma, United Kingdom) and phalloidin TRITC (Phalloidin–Tetramethyl 

rhodamine B isothiocyanate, Sigma-Aldrich, USA) solution (1:1000) in PBS was 

added to the samples and incubated for 1 hour at room temperature, covered from light 

with aluminium foil. The solution was discarded, and the samples washed 1 time with 

PBS. The samples were covered with PBS and stored at 4℃, covered from light with 

aluminium foil.  

 

4.2.6 Epifluorescence microscopy 

The images were obtained from the Inverted Olympus IX73 epifluorescent microscope 

and Micro-Manager 1.4.22 software (University of California, USA). A mercury lamp 

was used as a light source. To image DAPI and Phalloidin TRITC, excitation and 

emission wavelengths of λex = 405 nm / λem = 450 nm and λex = 540 nm / λem = 570 

nm were used respectively.  

Image J 1.52a software (National Institutes of Health, USA) [218] was used to measure 

the length of developed neurites and to count how many neurites were developed. 

Three images were taken per condition, and 10-15 neurites were measured to 

determine the averaged neurite length, averaged maximum neurite length and 

percentage of neurons bearing neurites. Background was subtracted (30-50 pixels) to 

enhance intensity and contrast.  
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4.2.7 Averaged neurite length calculations 

For each image taken, 10-15 neurites were measured. The neurite was measured from 

the cell body to the tip of the neurite. Then, all neurites were averaged per condition, 

per repeat.  

4.2.8 Averaged maximum neurite length calculations 

For each image taken, 10-15 neurites were measured. The neurite was measured from 

the cell body to the tip of the neurite.  The longest neurite was identified in each 

condition and then, it was averaged with the longest neurite from the other repeats 

(same condition).  

4.2.9 Percentage of neurons bearing neurites calculations 

For each image taken, 10-15 neurites were measured. Neurons with at least one neurite 

were counted as neurons bearing neurites. Neurons and neurons bearing neurites were 

counted per image and a percentage calculated according to Equation 1. An averaged 

value was calculated for the total of repeats.  

Percentage of neurons bearing neurites (%) = number of neurons bearing neurites    x 100    

                                                                              Total number of neurons  

 

Equation 1. Equation to calculate the percentage of neurons bearing neurites. 

 

4.3 In vitro studies with primary cells 

To evaluate the effects of the bioactive surface on primary neurons, chicken embryonic 

dorsal root ganglia (DRG) were utilised.   

To study how the bioactive surface affect the migration of Schwann cells, these cells 

were isolated from DRGs.  

 

4.3.1 Dorsal root ganglia dissection from chick embryos 

Fertilised brown chicken eggs (Henry Stewart & Co Ltd, United Kingdom) were 

incubated at 37.5 ℃ and 50% – 70% humidity until embryonic development day 12 

(EDD12) ((in compliance with UK Home Office Animals [Scientific Procedures] Act 
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1986 and definition of chicken as a Protected Animal from E14). The eggs were 

cracked in a biological safety cabinet to collect the embryo. The head of the chick 

embryo was removed with sharp surgical scissors. Then, the embryo was cleaned from 

its yolk, as seen in Figure 14.A, and its organs removed (Figure 14.B).  

With the use of a dissecting microscope (Wild M3Z, Switzerland) and surgical 

tweezers, the DRG were dissected and placed in a petri dish with PBS and 10% P/S 

(v/v) (Figure 14.C) and any remains of the root were cut (Figure 14.D) [219]. DRGs 

were seeded at a density of one DRG per well on the bioactive surfaces in the prepared 

bioactive surfaces, as described in section 4.1.1. Firstly, they were seeded with a drop 

of 10 µL culture medium and then incubated at 37 ℃ for 1 hour to enhance adherence 

to the surface. Then, culture medium and NGF, BDNF or NGF plus BDNF was added 

as described in Table 6. For the bioactive surfaces with immobilised NGF, BDNF or 

NGF plus BDNF, culture medium with no growth factors was added. The DRGs were 

cultured for 7 days at 37 ℃ and 5% CO2. Three independent tests were performed. 

Each bioactive surface was tested in triplicate.  



 

 

94 

 

 

Figure 14. Photographs outlining dorsal root ganglia dissection from chick embryos EDD12. 

A) Chick embryo was cleaned from its yolk and the head was removed. B) The organs of the 

chick embryo were removed. C) View from the dissecting microscope. DRG is found next to 

the spinal cord (circled and signalled by arrow in red). D) DRG (green arrow) after being 

dissected from the chick embryo. Nerve root was cut (circled and signalled by arrow in red).  
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Table 6. The following surfaces were prepared, summarising the delivery method of growth 

factor for each surface. NGF, BDNF and NGF plus BDNF solutions for immobilisation were 

prepared in sterile PBS. 

Surface 

Growth 

factor 

delivery 

method 

NGF BDNF 
NGF plus 

BDNF 

TCP 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

TCP+NH2
+ 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

TCP+NH2
++Heparin 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

TCP+NH2
++Heparin 

Immobilised 

on surface 

0 pg/mL 0 pg/mL 0 pg/mL 

1 pg/mL 1 pg/mL 1 pg/mL 

1 ng/mL 1 ng/mL 1 ng/mL 

10 ng/mL 10 ng/mL 10 ng/mL 

100 ng/mL 100 ng/mL 100 ng/mL 

1 µg/mL 1 µg/mL 1 µg/mL 
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4.3.2 Primary Schwann cell isolation from DRG 

The protocol described in section 4.3.1 was followed to retrieve DRG from chick 

embryos. Then, the protocol from Kaewkhaw et al., [220] to isolate primary Schwann 

cells from adult rat sciatic nerves was adapted to isolate primary Schwann cells from 

chick embryo DRG. DRG were placed in 10 mL trypsin and incubated at 37℃ and 

5% CO2 for 15 minutes. The cell solution was then centrifuged at 1600 rpm for 6 

minutes. The supernatant was discarded, and the pellet resuspended in 2 mL of 

Schwann cell isolation medium. After, 1 mL of the cell suspension was transferred to 

a T-75 cell culture flask with 13 mL of Schwann cell isolation medium. This was done 

twice. The cells were incubated at 37℃ and 5% CO2 for    24 hours. Then, 50% of the 

Schwann cells isolation medium was changed to culture medium. After 24 hours, 

culture medium was replaced with fresh normal culture medium. The cells were 

further incubated at 37℃ and 5% CO2 until confluency was reached. Then, the cells 

were passaged 1:2, using cell culture medium. The cells were incubated at 37℃ and 

5% CO2.  

4.3.3 Primary Schwann cell migration assay 

Primary Schwann cells were detached from a T-75 culture flask by using 5 mL of 

trypsin/EDTA. Trypsin/EDTA was deactivated using culture medium. Then, the cell 

solution was collected and centrifuged for 6 minutes at 1600 rpm. The supernatant was 

discarded, and the pellet resuspended in culture medium. Stoppers (Figure 15.A) were 

placed on the bioactive surface, to create an area where Schwann cells would not 

adhere, as the stopper created a seal with the bioactive surface. (Figure 15.B-D). 

Bioactive surfaces were prepared following section 4.1.1 of this chapter. However, 

only concentrations of NGF 1 ng/mL, NGF 10 ng/mL, BDNF 1 ng/mL or BDNF         

10 ng/mL were immobilised and investigated for Schwann cell migration. Schwann 

cells (10,000 cells) were seeded on the bioactive surface with culture medium and 

incubated at 37℃ and 5% CO2. After 24 hours, the stoppers were removed, and an 

image taken of the area with no Schwann cells using an inverted Olympus IX73 

epifluorescence microscope and Micro-Manager 1.4.22 software (University of 

California, USA). A LED lamp was used as a light source for brightfield imaging 

(Cairn Research, United Kingdom). As a positive control, Tumor Necrosis Factor-α 
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(TNF-α, Sigma, United Kingdom) was used at a concentration of 300 U/mL in PBS. 

This was added after images of day 0 were taken.  

Image J 1.52a software (National Institutes of Health, USA) [218] was used to measure 

cell-free area at day 0, 1, 2, 5 and 7 using the oval tool. The value on day 0 was set as 

0%, and thereafter, decrements in the cell-free area were calculated as a percentage of 

Schwann cell migration (Figure 16).   

 

Figure 15. Set up for Schwann cell migration assay. A) Silicon stoppers; B) Stoppers in a 96-

well plate; C) Images from the bottom of a 96-well plate with the stoppers, where a seal was 

observed between the stopper and the 96-well plate (circled in red); D) Top-view of the 

stopper, where a channel can be seen. This channel was used to introduce the tip of the 

micropipette for Schwann cell seeding.  
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Figure 16. Schematic of how the cell-free area left by the stoppers was measured at day 0 (A). 

Then, decrements of this area were measured using the oval tool of Image J to calculate the 

migration percentage of Schwann cells (B). Scale bar = 500 µm.  

 

4.3.4 Fixing and immunolabelling of DRGs and primary Schwann cells.  

Immunolabelling was performed for β-III tubulin protein, to identify neurons and 

measure neurite outgrowth while S100-β protein was used to identify Schwann cells. 

DAPI was used to stain cell nuclei. Table 7 shows which primary (1°) and respective 

secondary (2°) antibodies were used to stain the DRG and primary Schwann cells.  
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Table 7. Primary (1°) and secondary (2°) antibodies used for immunolabeling of DRG, for  β-

III tubulin protein, and Schwann cells S100-β.  

Structure 1° antibody Dilution 

factor of 1° 

antibody (in 

1% BSA 

solution in 

PBS) 

2° antibody Dilution 

factor of 2° 

antibody (in 

1% BSA 

solution in 

PBS) 

β-III tubulin 

protein 

(neurons and 

neurites) 

Mouse Anti-

β-III tubulin 

(Abcam, 

United 

Kingdom) 

1:1000 Alexa Fluor 

488 goat anti-

mouse (Life 

technologies, 

USA) 

1:400 

S100-β protein 

(Schwann 

cells) 

Rabbit Anti-

S100-β 

(Dako, USA) 

1:400 Alexa Fluor 

546 goat anti-

rabbit (Life 

technologies, 

USA) 

1:400 

 

First, culture medium was discarded from all samples. Cells were fixed with 3.7% FA 

for 30 minutes at room temperature. Then, FA was discarded, and the samples were 

washed one time with PBS. A solution of 0.1% Triton X-100 (v/v) with 3% bovine 

serum albumin (BSA, Sigma, United Kingdom) (w/v) in PBS was added and incubated 

for 1 hour at room temperature. This solution was then discarded, and the samples 

washed 2 - 3 times with PBS. After, a solution containing both 1° antibodies in 1% 

BSA (w/v) in PBS was added to each sample and left overnight at 4℃. Then, this 

solution was removed, and the samples washed one time with PBS. The 2° antibodies 

in 1% BSA (w/v) in PBS solution was added to the samples and incubated for 3 hours 

at room temperature protected from light with aluminium foil. The samples were then 

washed one time with PBS.  
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DAPI solution in PBS (1:1000) was added to each sample and incubated for 30 

minutes at room temperature. Finally, DAPI solution was discarded, samples were 

washed one time with PBS, and stored at 4℃ with PBS.  

4.3.5 Epifluorescence microscopy and images analysis  

DRG images were taken using an inverted Olympus IX73 epifluorescence microscope 

and Micro-Manager 1.4.22 software (University of California, USA). A mercury lamp 

was used as a light source. To image DAPI, Alexa Fluor-488 and Alexa Fluor-546, 

excitation and emission wavelengths of λex = 405 nm / λem = 450 nm, λex = 488 nm / 

λem = 525 nm, and λex = 546 nm / λem = 570 were used, respectively. 

Image J 1.52a software (National Institutes of Health, USA) [218] was used to measure 

the length of developed neurites and to count how many neurites were developed.  

Neurites were measured from the DRG to the tip of the neurite. One image was taken 

per well. Three images were taken per condition, and 10-15 neurites were measured 

to determine the average neurite length and number of neurites. Background was 

subtracted (20-30 pixels) to enhance intensity and contrast. 

Image J 1.52a software was also used to identify Schwann cell purity. Cells positive 

for S100-β protein were counted against the total number of cells, and a percentage 

was calculated to obtain the purity percentage of primary Schwann cells.  
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4.4 Fabrication and characterisation of polycaprolactone electrospun 

scaffolds, polycaprolactone spin-coated films and TCP well plates 

with bioactive surface  

4.4.1 Fabrication of polycaprolactone electrospun scaffolds  

A 20% w/v solution of polycaprolactone (PCL, Mn. 80,000 g/mol, Aldrich, United 

Kingdom) was prepared in a glass container with dichloromethane (DCM, Fisher 

Scientific, United Kingdom) as a solvent. The solution was left overnight at room 

temperature, in a fume cupboard, to dissolve.  

The 20% PCL solution was loaded in a 1 mL syringe (Beckton Dickinson, BD, United 

Kingdom). A dispensing blunt needle of 20-gauge, (1 inch long, Fisnar, USA) was 

attached to the syringe and then placed in the syringe pump (AL 1000-220, World 

Precision Instruments, WPI, United Kingdom) as shown in Figure 17.A. A high 

voltage supply (Genvolt, United Kingdom) was used to set the required voltage 

(Figure 17.B). An overhead stirrer (RW20 digital, IKA) was used to rotate the 

collector as shown in Figure 17.D and Figure 17.E respectively. Aluminium foil was 

placed over the collector to facilitate the removal of the PCL electrospun scaffold. The 

volume used to electrospin was 1 mL each time. A new syringe and blunt needle were 

used each time. The parameters shown in Table 8 were set to achieve aligned PCL 

fibres to fabricate the PCL electrospun scaffold. 

Table 8. Electrospinning parameters used for obtaining PCL electrospun scaffolds. 

Parameter  

Distance between blunt needle and collector (Figure 17.C) 20 cm 

Flow rate 6 mL/hr 

Voltage 16-18 kV 

Speed of collector 2,000 rpm 
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Figure 17. Electrospinning rig set up. A) syringe pump; B) high voltage supply; C) distance 

between the blunt needle and the collector; D) collector; e) overhead stirrer.  

 

4.4.2 Fabrication of PCL spin-coated films  

A 10% w/v solution of PCL (Mn 80,000 g/mol, Aldrich, United Kingdom) was 

prepared in a glass container with DCM (Fisher Scientific, United Kingdom) as a 

solvent. The solution was left overnight at room temperature, in a fume cupboard, to 

dissolve. Then, this solution was loaded in a 1 mL syringe (BD, United Kingdom). A 

dispensing blunt needle of 20-gauge, 1 inch long (Fisnar, USA) was set to the syringe. 

A spin-coater (Laurell WS-400B-6NPP/Lite, USA) was set up to spin for 35 seconds 

at 3000 rpm. The lid of the spin-coater was opened, and a coverslip (13 mm diameter, 

Thermo Scientific, Germany) was placed inside the spin-coater. Then,    200 µL of the 

PCL solution was dispensed in the middle of the cover slip. The lid was closed, and 

the process was performed. When the sample was ready, the lid of the spin-coater was 

opened and the PCL film with the cover slip were retrieved.  
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4.4.3 Adding amine groups NH2
+, heparin and growth factors to PCL electrospun 

scaffolds, PCL films, and TCP well plates 

Plasma deposition was used to clean and add NH2
+ on to polycaprolactone (PCL) 

electrospun scaffolds, PCL films, and TCP culture plates. Allylamine (Aldrich, United 

Kingdom) was the monomer used to obtain the NH2
+ groups. The diameter and length 

of the glass vessel used were of 10.5 cm and 42.0 cm, respectively. This glass vessel 

was encircled by a coil of copper wire.  

4.4.3.1 Air plasma cleaning  

Air plasma cleaning was performed to clean the glass vessel and the PCL electrospun 

scaffold and PCL films from any chemical contamination. The cleaning of the glass 

vessel was done before the cleaning of the PCL electrospun scaffolds or PCL films. 

Firstly, the cold trap (Figure 18.B) was filled up to 75% of its capacity with liquid 

nitrogen. Making sure that the lid was properly closed (Figure 18.H), the vacuum 

pump was turned on (Figure 18.A) to evacuate the plasma rig glass vessel (Figure 

18.G) to 7x10-2 mBar. The equalisation valve (Figure 18.I) was open and adjusted to 

reach a steady pressure of 1.8x10-1 mBar. Then, the radio frequency generator of 13.56 

MHz (RF generator, Figure 18.F) was turned on and the output power adjusted to 50 

W. The air plasma deposition process began and was left for 30 minutes (Figure 19.A). 

After this time, the RF generator was turned off. The equalization valve and the 

isolation valve (Figure 18.C) were closed, and the vacuum pump turned off. The 

atmospheric valve (Figure 18.D) was open to reach atmospheric pressure to the glass 

vessel (1x103 mBar).  

Then, the lid was opened and the PCL electrospun scaffolds or PCL films were placed 

inside the plasma rig glass vessel. The cold trap was refilled with liquid nitrogen, the 

isolation valve was opened, and the air plasma cleaning protocol was performed once 

more to clean the PCL electrospun scaffolds or PCL films from any contamination. 

The power used for this was 20 W. After this, the allylamine plasma deposition was 

performed.  
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4.4.3.2 Allylamine plasma deposition to add NH2
+ on PCL electrospun scaffolds, 

PCL films and TCP well plates 

The cold trap was filled up to 75% volume capacity with liquid nitrogen. Then, with 

the PCL electrospun scaffolds, PCL films or TCP well plates inside the glass vessel 

and the isolation valve open, the vacuum pump was turned on to evacuate the glass 

vessel to 8x10-3 mBar. The monomer flask (Figure 18.J), which contained allylamine, 

was attached to the equalisation valve. Then, the equalisation valve was opened and 

adjusted to reach a steady pressure of 2.2x10-2 mBar. Then, the RF generator was 

turned on and the output power adjusted to 10 W. The allylamine plasma 

polymerisation process was left for 10 minutes (Figure 19.B). After this time, the RF 

generator was turned off. The equalization valve and the isolation valve were closed, 

and the vacuum pump turned off. The atmospheric valve was opened to reach 

atmospheric pressure in the glass vessel. The monomer flask was then detached from 

the equalisation valve. The lid was opened, and the PCL + NH2
+ scaffolds, PCL + 

NH2
+ films or TCP + NH2

+ well plates were removed.  
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Figure 18. Plasma rig. The components are A) vacuum pump, B) cold trap, C) isolation valve, 

D) atmospheric valve, E) pressure monitor, F) radiofrequency generator, G) plasma rig 

chamber, H) lid of the chamber, I) equalisation valve, J) monomer flask. 

 

 

Figure 19. Difference in colour seen in the plasma rig glass vessel during A) air plasma 

cleaning and B) allylamine plasma deposition.  
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4.4.3.3 Heparin conjugation to PCL electrospun scaffolds, PCL films and TCP 

well plates 

Heparin conjugation to PCL electrospun scaffolds, PCL films and TCP well plates 

was performed following the protocol described in section 4.1.1.1 of this chapter. 

Briefly, a heparin solution of 50 µg/mL was added to the PCL electrospun scaffolds, 

PCL films and TCP well plates and incubated overnight at room temperature. Then, 

the heparin solution was discarded, and the samples washed one time with PBS.  

PCL films, PCL Air films, PCL + NH2
+ films and PCL + NH2

++ Heparin films were 

used for XPS analysis.  

TCP, TCP + NH2
+ and TCP + NH2

+ + Heparin were used for a storage study described 

in section 4.4.7 of this chapter.  

PCL + NH2
+ scaffolds and PCL + NH2

++ Heparin scaffolds were used for 

immobilisation of NGF, BDNF or NGF plus BDNF as described in section 4.4.3.3 of 

this chapter.  

4.4.3.3 NGF, BDNF and NGF plus BDNF immobilisation to PCL electrospun 

scaffolds, and TCP well plates 

After heparin conjugation, NGF, BDNF and NGF plus BDNF were immobilised to 

PCL + NH2
+ scaffolds and PCL + NH2

++ Heparin scaffolds. NGF plus BDNF were 

immobilised at a concentration of 1 ng/mL and 100 ng/mL only. NGF or BDNF was 

immobilised on TCP well plates at 1 ng/mL only. The immobilisation process 

followed the one described in section 4.1.1.2 of this chapter. Briefly, NGF or BDNF 

solutions of concentrations of 1 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL and 1 µg/mL 

were prepared and added to the samples. The samples were incubated for 5 hours at 

room temperature. Then, scaffolds were washed one time with PBS.  

PCL electrospun scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL + NH2

+ + 

Heparin scaffolds, PCL + NH2
+ + Heparin + immobilised NGF/BDNF and were used 

to analyze neurite growth and Schwann cell migration from a seeded DRG.  

TCP + NH2
+ + Heparin + immobilised NGF/BDNF were used for a 21 days release 

profile, described in section 4.4.8 of this chapter.  
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4.4.4 Scanning Electron Microscopy analysis of PCL electrospun scaffolds 

Scanning Electron Microscopy (SEM) was used to obtain images of the PCL 

electrospun scaffolds to measure the diameter and alignment of the fibres.  Samples 

of the PCL electrospun scaffold were cut in 1x1 cm squares and placed on carbon 

adhesive tabs (Leit adhesive carbon tabs, Agar Scientific, United Kingdom). Then, the 

tabs were placed on aluminium pins (Agar Scientific, United Kingdom). To improve 

the quality of the image, all samples of PCL electrospun scaffolds were gold-coated 

(SC 500A, Emscope) before imaging with a field emission SEM (Sorby Centre, FE 

SEM JSM-6500F, Jeol Ltd., United Kingdom). Magnifications of 94x, 6000x and 

10000x were used to obtain the images. The voltage used was 10 kV and the spot size 

was 3.5 nm.  

4.4.5 Measurement of diameter and alignment of PCL electrospun scaffolds  

Image J 1.52a software (National Institutes of Health, USA) [218] was used to measure 

the diameter and alignment of the fibres in the PCL electrospun scaffold. Three tests 

were run independently, and three PCL electrospun scaffolds chosen as samples. 

Three images were taken, and 10 PCL fibres were measured, per image. To determine 

the averaged diameter of the fibres, the straight tool of Image J was used. A straight 

line was drawn across the fibre, and then the diameter measured using the scale bar of 

the SEM image. The diameter values were taken from the measurement panel and 

averaged afterwards. To determine if the PCL electrospun scaffold was aligned, the 

angular difference between the PCL fibres was measured. Similarly, to the procedure 

used to determine the diameter of the fibre, the straight tool of Image J was used. A 

straight line was drawn along the PCL fibre, and the angle taken from the 

measurements panel. A 0° zero was defined to calculate the angular difference 

between the fibres. After the angles were calculated, an average was calculated.  

4.4.6 X-ray Photoelectron Spectroscopy (XPS) analysis of PCL films 

X-ray Photoelectron Spectroscopy (XPS) analysis was performed at the Sheffield 

Surface Analysis Centre (The University of Sheffield, United Kingdom). PCL film 

samples were interrogated to determine surface elemental composition (survey scans), 

carbon scans (C 1s), oxygen scans (O 1s), nitrogen scans (N 1s), and sulphur scans (S 
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2p) using a Kratos Ultra instrument with a monochromated aluminium source (1486.6 

eV). Elemental survey scans were collected between 1200 to 0 eV binding energy,  

160 eV pass energy and 1 eV intervals. High resolution C 1s, O 1s and N 1s scans 

were collected for all samples at 40 eV pass energy and 0.1 eV intervals. S 2p spectra 

was collected for samples containing heparin, at 40 eV pass energy, and 0.1 eV 

intervals. Two points per sample were analysed. The area of the analysis points was 

of 700 µm by 300 µm. Data was processed and analysed using CasaXPS (version 

2.3.19 PR 1.0, Casa Software Ltd). 

4.4.7 Storage of bioactive surfaces at different temperatures 

Polystyrene (PS), TCP, TCP + NH2
+ and TCP + NH2

++ Heparin were stored at 4℃, 

room temperature (ca. 21℃) and 37℃ for 24 hours, 1 month and 3 months. After 

storage periods, any changes in surface wettability were evaluated by water contact 

angle, as described in section 4.1.2.1 of this chapter.  

4.4.8 Release profile of NGF or BDNF from bioactive surfaces for 21 days  

TCP + NH2
++ Heparin +immobilised NGF at 1 ng/mL and TCP + NH2

++ Heparin + 

immobilised BDNF at 1 ng/mL were used to observe how much NGF or BDNF was 

released within 21 days. 

After immobilisation of NGF or BDNF, bioactive surfaces were incubated at 37℃, 

with 1 mL of PBS for 21 days. Samples were taken at 1 hour, 24 hours, 48 hours, 168 

hours (7 days), 240 hours (10 days), 336 hours (14 days), 408 hours (17 days), and 

504 hours (21 days) and stored at -20℃ for later quantification by ELISA. ELISA was 

performed as described in section 4.1.2.3 of this chapter.  
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4.5 Evaluation of bioactive surface on PCL electrospun scaffold on a 

neuronal cell line and primary cells 

4.5.1 Crystal violet adhesion assay 

PCL scaffold, PCL Air scaffold, PCL + NH2
+ scaffold and PCL + NH2

++ Heparin 

scaffold were tested to evaluate if NG108-15 neuronal cells adhered to them. Firstly, 

NG108-15 neuronal cells (1,500 cells) were seeded on each scaffold, which were 

placed inside a 24 well plate, with culture medium. The samples were incubated for 3 

days at 37℃ and 5% CO2. Then, the samples were fixed with 3.7% FA. The scaffolds 

were then transferred to a new 24 well plate. A 0.2% crystal violet solution (w/v 

Sigma, United Kingdom, in 10% (v/v) ethanol (Fisher Scientific, United Kingdom)) 

was added to each sample and incubated for 10 minutes at room temperature. Then, 

the samples were rinsed one time with PBS. After, a 10% acetic acid solution (v/v 

Fisher Scientific, United Kingdom; in dH2O) was added to each sample and used to 

elute the stain. The eluate was transferred to a 96-well plate, in triplicate, and the 

absorbance read at 630 nm using a Bio-Tek ELx 800 absorbance microplate reader 

and KC junior software 1.41.8 (Bio-Tek Instruments, USA). Three independent tests 

were performed, each sample was tested in triplicate. 

4.5.2 Dorsal root ganglia seeding on PCL electrospun scaffolds  

DRG were isolated as described earlier in this chapter, section 4.3.1. DRGs were 

seeded at a density of one DRG per PCL scaffold, PCL Air scaffold, PCL + NH2
+ 

scaffold, and PCL + NH2
++ Heparin scaffold. Then, culture medium and NGF, BDNF 

or NGF plus BDNF was added as described in Table 9. For the bioactive surface PCL 

+ NH2
++ Heparin with immobilised NGF, BDNF or NGF plus BDNF, one DRG per 

scaffold was seeded and culture medium with no growth factors was added. The DRG 

were cultured for 7 days at 37℃ and 5% CO2. Three independent tests were 

performed. Each sample was tested in triplicate.  
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Table 9. Summary of the different bioactive surfaces that were prepared, highlighting the 

delivery method of growth factor of each surface. NGF, BDNF and NGF plus BDNF solutions 

for immobilisation were prepared in sterile PBS. 

Surface 

Growth 

factor 

delivery 

method 

NGF BDNF 
NGF plus 

BDNF 

PCL electrospun 

scaffold (PCL) 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

Air plasma PCL 

electrospun 

scaffolds 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

PCL + NH2
+ 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

PCL + NH2
++ 

Heparin 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

PCL + NH2
++ 

Heparin 

Immobilised 

on surface 

0 pg/mL 0 pg/mL 0 pg/mL 

1 pg/mL 1 pg/mL 1 ng/mL 

1 ng/mL 1 ng/mL 100 ng/mL 

10 ng/mL 10 ng/mL -- 

100 ng/mL 100 ng/mL -- 

1 µg/mL 1 µg/mL -- 
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4.5.3 Fixing and immunolabelling of DRGs  

Immunolabelling was performed for β-III tubulin protein, to identify neurons and 

measure neurite outgrowth and S100-β protein to identify Schwann cells. 

Immunolabelling was performed following the protocol described in section 4.3.4 of 

this chapter. Briefly, the samples were fixed using 3.7% FA. Then, 0.1% Triton X-100 

with 3% BSA solution was added to the samples and incubated for 1 hour at room 

temperature. Primary antibodies (anti-β-III tubulin and anti-S100-β) in 1% BSA 

solution were added to the samples and incubated overnight at 4℃ (Table 7).  Then, 

the solution was discarded and secondary antibodies in 1% BSA solution was added 

and incubated for 3 hours at 4℃. The samples were rinsed one time with PBS and then 

stored at 4℃ with PBS.  

4.5.4 Lightsheet microscopy 

Lightsheet microscopy was used to obtain images of the DRG seeded on bioactive 

surface PCL electrospun scaffolds. Z.1 lightsheet microscope (Carl Zeiss AG, 

Germany) and ZEN imaging software (Zen 9.2.8.54, Carl Zeiss, Germany) were used 

to obtain these images. Samples were cut longitudinally (Figure 20.A) and then 

mounted in 1% agarose solution (v/v, in dH2O, Sigma-Aldrich, United Kingdom) 

inside glass capillaries (diameter 2.15 mm, Carl Zeiss AG, Germany). A plunger with 

Teflon tip (diameter 2 mm, Carl Zeiss AG, Germany) was used to insert the sample 

inside the glass capillaries. Then, capillaries were mounted inside a sample holder and 

placed inside the sample chamber, which was filled with dH2O (Figure 20.B). Samples 

were localised and positioned in front of the objective. The objective used was a Zeiss 

W Plan-Apochromat 10x/ N.A. 0.5 for detection and two Zeiss LSFM 5x/ N.A. 0.1 

for illumination. Alexa Fluor-488 and Alexa Fluor-546 were imaged using excitation 

and emission wavelengths of λex = 488 nm / λem = 550 nm (short band filter), and λex 

= 561 nm / λem = 545-590 nm (band pass filter) respectively. For each sample, various 

fields of view (longitudinally) were taken to capture all neurite outgrowth and 

Schwann cell migration. Each field of view was imaged in z-stack.  

The z-stack was combined to produce a maximum projection intensity image using 

ZEN lite software (Carl Zeiss, Germany). Then, the maximum projection intensity 
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images were put together using the stitching tool in Image J [221]. Neurites (neurite 

bundle) were measured from DRG to the tip of the neurite. Schwann cells were 

measured from the DRG to the last Schwann cell (the one most distal from the DRG) 

[218]. Two images were taken per sample (upper half and lower half of the DRG, 

Figure 20.B). Three independent tests were performed. Each condition was tested in 

triplicate. 

 

Figure 20. Preparation of DRG for lightsheet imaging. A) DRG on scaffold. Blue dashed lines 

highlight where the scaffold was cut. Orange arrow shows DRG B) DRG on scaffold, mounted 

with agarose, inside the sample chamber of the lightsheet microscope. Green arrow shows 

DRG. Blue brackets show upper DRG and lower DRG. 

 

 4.6 Statistical analysis 

Analysis of variance (ANOVA) with Tukey multiple comparison post-test was 

performed to analyse statistical difference among the different conditions using 

GraphPad Prism 8.2.0 software (USA).  A p value of < 0.05 was used to indicate if 

differences in data were significant.  
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Chapter 5 Fabrication and characterisation of a 

bioactive surface  

 

The following experimental chapter has been partially taken from Sandoval-

Castellanos et al., (2020) [203] which was published as an open access article under 

the terms of the Creative Commons Attribution License, allowing the use, distribution 

and reproduction of the material provided that it is properly cited.  

5.1  Introduction  

Cells interact directly to locally produced growth factors, responding to their stimuli 

with a specific cell behaviour; therefore, the use of a systemic delivery is impractical 

[222]. Moreover, systemic delivery of growth factors may cause adverse effects, for 

example, growth factors not arriving at the site of injury, inhibition of neurite 

outgrowth, and the further reduction of their half-lives [169], [217]. Immobilisation of 

growth factors on surfaces allows the retention and local delivery of these proteins at 

the site of injury, hence, they would be able to encourage cell differentiation, 

proliferation, and activity [222].  

In addition, the immobilisation of growth factors could prevent undesirable adverse 

effects by controlling the release of the growth factors [169]. An initial high burst 

release is undesirable, as it may cause adverse effects, however, it is difficult to avoid 

[223]. For example, excessive initial nerve growth factor (NGF) dose can inhibit early 

neurite regeneration [217], [224] or may cause substantial branching of regenerating 

neurites, producing dysfunctional connections and inappropriate neuronal target 

reinnervations [217]. Previous failure in encouraging nerve regeneration using growth 

factors might have been due to a unsuitable delivery system [61]. For example, when 

growth factors were introduced in a nerve conduit, the outcome was not satisfactory 

due to aberrant neurite growth, resulting in mismatched connections between the nerve 

and the target [224]. This failure was attributed to an inappropriate growth factor dose 

and release kinetics at the injury site, undesired initial burst release and the use of a 
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single growth factor, instead of using various growth factors as occurring biologically 

[224]. Therefore, one of the steps to develop a bioactive surface for the delivery of 

growth factors, was to choose two growth factors that have an effect in nerve repair.  

Nerve growth factor (NGF) is known for encouraging differentiation, function and 

survival of neurons in the peripheral nervous system. Additionally, after injury, NGF 

promotes neurite outgrowth, in vitro and in vivo [224]–[227].  Moreover, it has been 

used as a chemo-attractant to guide neurite growth [225]. Nevertheless, as with other 

growth factors, it has a short half-life in vivo [217], [226].   

Additionally, brain derived neurotrophic factor (BDNF) is widely expressed in the 

brain and the central nervous system [141]. It promotes neuronal plasticity, 

morphogenesis and survival [137], [141]. For example, it is involved in the 

regeneration of the hippocampus [137]. Even though its name gives its primary 

location, it is not limited to be present in the central nervous system or in the brain. 

BDNF is also present in the peripheral nervous system, as it encourages neurite 

outgrowth after injury [51], [137]. It is synthesized by motor neurons, some dorsal 

root ganglia neurons and Schwann cells [137].  

The optimal dosage of growth factors to encourage biological activity is still unknown, 

as there are no studies that define or characterise the delivery of different amounts of 

growth factors from the same delivery system [217], [224], [226]. However, it has 

been estimated to be from the picograms to nanograms range [226]. Therefore, an 

experimental range from picograms to nanograms was chosen to test the performance 

of the bioactive surface. It is important to design a delivery system capable of 

delivering an optimal amount of growth factors, avoiding its drawbacks, and that 

encourages neurite outgrowth and posterior nerve regeneration [226].  

To directly adsorb neurotrophins to a biomaterial surface for delivery, coating into a 

solution of growth factors has disadvantages, for example, low loading and hence, 

limited supply and fast growth factor release [227]. Immobilisation of growth factors 

by introducing functional groups to bind them, has been studied to overcome these 

disadvantages [227]. Epidermal growth factor (EGF), and vascular endothelial growth 

factor (VEGF) are some of the growth factors that have been immobilised on 
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biomaterials for different applications [227]. Covalent and non-covalent 

immobilisation of growth factors have both been employed for the local delivery of 

growth factors. These strategies are promising approaches since they enhance the half-

life and function of growth factors. Moreover, the chosen technique depends on how 

the functional groups can be presented and then bonded to growth factors [228]. 

Nevertheless, the disadvantage of covalent immobilisation is that, after performing 

this technique, it is difficult to use the whole potential of the growth factor [229]. For 

example, when NGF is covalently immobilised, its stability and bioactivity is reduced 

considerably [230]. To overcome this drawback, non-covalent immobilisation is a 

promising approach to maintain growth factor stability and bioactivity. The non-

covalent immobilisation technique used in this work, utilises electrostatic interactions 

to bind NGF and BDNF to a biomaterial, creating a bioactive surface that encourages 

neurite outgrowth. This bioactive surface will be fabricated with amine functional 

groups and heparin. The reason for this is that amine functional groups are positively 

charged under physiological conditions, and can be used to bind growth factors or 

other biomolecules, such as heparin, as amine functional groups have high affinity for 

negatively charge biomolecules [210], [231]. Heparin is a sulphated 

glycosaminoglycan, rich in carboxyl, hydroxyl and sulphate groups which has binding 

affinity with diverse growth factors [169], [223]. Moreover, the half-life of growth 

factors is increased when they are bound to heparin [169]. This represents an 

advantage as the growth factors will be retained on the surface, maintaining 

bioactivity.  Therefore, the work in this chapter will present the fabrication and 

characterisation of amine (NH2
+) + Heparin + immobilised NGF and/or BDNF 

bioactive surfaces.  
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5.2  Aims and objectives 

The aims of this chapter are: 

1. Fabrication of a bioactive surface that contains amine groups NH2
+, heparin, 

nerve growth factor or brain derived neurotrophic factor. 

2. Characterisation of a bioactive surface that contains amine groups NH2
+, 

heparin, nerve growth factor or brain derived neurotrophic factor. 

 

The objectives of this chapter are: 

1. Conjugate heparin to the surface that contains NH2
+ in the surface. 

2. Add nerve growth factor or brain derived neurotrophic factor to the NH2
+ + 

Heparin bioactive surface. 

3. Characterise the NH2
+ bioactive surface and the NH2

++ Heparin bioactive 

surface by water contact angle and XPS analysis. 

4. Characterise the release of nerve growth factor and brain derived neurotrophic 

factor by ELISA assay from NH2
++ Heparin + Immobilised NGF/BDNF 

bioactive surface.  
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5.3  Materials and Methods 

5.3.1 Adding heparin and growth factors to TCP + NH2
+ surface 

5.3.1.1 Heparin conjugation   

A solution of heparin sodium salt from porcine intestinal mucosa (Sigma, United 

Kingdom) was prepared at a concentration of 50 µg/mL in phosphate buffered saline 

(PBS, Oxoid, United Kingdom). Then, the solution was filter sterilized with a filter of 

0.2 µm pore size (Filtropur S, Sarstedt AG & Co., Germany). The heparin solution 

was added to 96 pre-coated well plates with amine groups (TCP + NH2
+, Becton 

Dickinson, BD PureCoatTM, Belgium) and left overnight at room temperature. Then, 

the heparin solution was discarded, and the surfaces washed one time with PBS. After 

performing this step, this surface became the bioactive surface TCP + NH2
++ Heparin 

(Figure 21.C).  

 

5.3.1.2 Immobilisation of nerve growth factor and brain derived neurotrophic 

factor 

Nerve growth factor (NGF, R&D systems, USA), brain derived neurotrophic factor 

(BDNF, R&D systems, USA) and combinations of NGF plus BDNF were 

immobilised onto the bioactive surface TCP + NH2
+ + Heparin. Different 

concentrations of NGF, BDNF and NGF plus BDNF were prepared at concentrations 

of 1 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL and 1 µg/mL in sterile PBS. Each solution 

was added onto the bioactive surface and incubated for 5 hours at room temperature 

(Figure 21.D). Then, the solution was discarded, and the surface was washed one time 

with PBS. The bioactive surface with immobilised NGF and/or BDNF was now 

created (Figure 21.E). Figure 21 illustrates the design of the bioactive surface with 

immobilised neurotrophic factors. 
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Figure 21. Diagram illustrating the fabrication of the bioactive surface with immobilised NGF 

and/or BDNF. A) TCP + NH2
+ surface. B) A solution of heparin at 50 µg/mL was added. C)  

TCP + NH2
+ + Heparin surface. D) NGF and/or BDNF solution was added. E) Bioactive 

surface with immobilised NGF and/or BDNF (TCP + NH2
+ + Heparin + Immobilised 

NGF/BDNF). Each asterisk (*) shows that at that step of fabrication, the surface was washed 

one time with PBS. NGF and BDNF images from the RCSB PDB [145], [146].    

  

5.3.2 Surface characterisation 

5.3.2.1 Water contact angle 

Water contact angle was measured with Krüss GmbH drop shape analyzer-100 

(DSA100) equipment by placing 5 μL of distilled water, from a 1 mL syringe (BD, 

United Kingdom) and 20-gauge needle, (1 inch long, Fisnar, USA) on top of the 

surface. Then, the contact angle of the bioactive surfaces was measured by sessile drop 

method and calculated with DSA100 software.  

Contact angle measures the angle formed between a liquid drop and a surface. This 

angle, θ, is determined by the equilibrium of the liquid drop under the solid-liquid  (s-

l), the solid-vapor (s-v) and liquid-vapour (l-v) interfacial tensions [232]   (Figure 22).  

This equilibrium between these interfacial tensions, gives an angle θ that reveals 

information about the surface chemistry of a material [233]. 
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Figure 22. Diagram of the contact angle θ and the three interfacial tensions: liquid-vapour (l-

v), solid-liquid (s-l), and solid-vapour (s-v). Adapted from [232].  

 

5.3.2.2 X-ray Photoelectron Spectroscopy (XPS) analysis 

XPS analysis was performed at the Sheffield Surface Analysis Centre (The University 

of Sheffield, United Kingdom). Samples were interrogated to determined surface 

elemental composition (survey scans), carbon scans (C 1s), nitrogen scans (N 1s), and 

sulphur scans (S 2p) using a Kratos Ultra instrument with a monochromated 

aluminium source (1486.6 eV). Elemental survey scans were collected between 1200 

to 0 eV binding energy, 160 eV pass energy and 1 eV intervals. High resolution C 1s 

and N 1s scans were collected for all samples at 20 eV pass energy and 0.1 eV 

intervals. S 2p spectra were collected for samples containing heparin, at 20 eV pass 

energy, and 0.1 eV intervals. Two points per sample were analysed. The area of the 

analysis points was 700 µm by 300 µm. Data was processed and analysed using 

CasaXPS (version 2.3.19 PR 1.0, Casa Software Ltd). 

XPS consists of irradiating a sample with a monoenergetic x-rays source followed by 

the analysis of the emitted electrons from the surface. This analysis plots the number 

of detected electrons per energy interval versus their binding energy, creating a 

spectrum. Each element has its own specific spectrum, hence, when a compound is 

analysed, its spectrum is the sum of the peaks of its components. Identification of 

chemical states of the components can be obtained, as they also have a unique 

spectrum. Further, the concentration of each component can be calculated from the 

peak area, which is expressed as a percentage [234].   



 

 

120 

 

5.3.2.3 Release profile of NGF and BDNF from bioactive surfaces 

Methodology described in section 4.1.1 from chapter 4 materials and methods was 

performed to prepare the bioactive surface with immobilised NGF or BDNF. Then, 

these bioactive surfaces were tested to investigate the release of NGF and BDNF from 

the bioactive surface. However, firstly, the quantity of NGF or BDNF bound to heparin 

needed to be calculated in order to quantify the percentage of growth factor released 

from the bioactive surface. In order to do this, after the 5 hours incubation the solution 

of NGF and BDNF (called afterwards as supernatant) was stored at -20°C for later 

enzyme-linked immunosorbent assay (ELISA).   

In vitro release of NGF and BDNF was tested by incubating the bioactive surfaces 

immobilised with NGF or BDNF with 1 mL of PBS at 4°C and 37°C. Samples were 

taken at 1 hour, 24 hours, 48 hours, and 168 hours and kept at -20°C for ELISA assays 

[216], [217]. Standards for the calibration curve were prepared as serial dilutions in 

standard buffer. For samples taken from the supernatant and at 1 hour (both NGF and 

BDNF), 1:100 (1 µg/mL) and 1:10 (100 ng/mL and 10 ng/mL) dilutions were prepared 

with standard buffer to assure that the absorbance readings could be fitted inside the 

standard curve.  

Firstly, standards and samples were added into the wells of the ELISA assay plate and 

incubated at room temperature for 2 hours and 30 minutes. Then, the samples and 

standards were discarded, and the plate rinsed with washing buffer. Biotinylated 

antibody was added to the wells and incubated for 1 hour at room temperature. The 

plate was then rinsed with washing buffer and Streptavidin-HRP (horseradish 

peroxidase) was added. The wells were incubated for 45 minutes at room temperature. 

The plate was rinsed with washing buffer and 3,3’,5,5’-tetramethylbenzidine (TMB) 

substrate was added and incubated for 30 minutes at room temperature, covered from 

light. Then, the stop solution was added. The absorbance was read at 450 nm using a 

Bio-Tek ELx 800 absorbance microplate reader and data was recorded using KC 

junior software 1.41.8 (Bio-Tek Instruments, USA).  
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5.3.3 Statistical analysis 

One-way analysis of variance (ANOVA) with a Tukey multiple comparison post-test 

was performed to identify statistical differences between conditions, using GraphPad 

Prism 8.2.0 software (USA).  A p value of < 0.05 was considered significant.  
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5.4 Results 

Bioactive surfaces were fabricated using methods described in section 5.3.1  

5.4.1 Water contact angle characterisation of TCP, TCP+NH2
+, TCP+NH2

+ + 

Heparin surfaces  

Water contact angle (section 5.3.2.1) was performed to measure and compare the 

contact angle formed between the droplet of water and the surface, as a relative 

measure of hydrophilicity [223]. Moreover, if a change in contact angle was noticed, 

it would give an indication of surface modification. As shown in Figure 23, the 

averaged contact angle of polystyrene (PS), TCP, TCP + NH2
+ and TCP + NH2

+ + 

Heparin was 98°, 70°, 43° and 39°, respectively. The decreased hydrophobicity is 

explained by the addition at the surface of charged functional groups, such as amine 

(NH2
+) and sulphate, present in heparin. The lowest contact angle was found for TCP 

+ NH2
+ + Heparin surface. PS control was significantly different (****p<0.0001) 

compared to TCP+NH2
+ and TCP+NH2

++heparin surfaces. Moreover, TCP control 

was also significantly different when compared with TCP+NH2
+ and 

TCP+NH2
++heparin surfaces (***p<0.001, ****p<0.0001 respectively). 

Nevertheless, the contact angles between TCP+NH2
+ and TCP+NH2

++heparin were 

not significantly different. Figure 24 shows the shape of a droplet of water formed 

according to the surface they were on. These results indicated the hydrophilicity (or 

hydrophobicity) of each of the material, which changed after the surface modification.  
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Figure 23. Water contact angle from each surface showing the significant difference 

****p<0.0001 and ***p<0.001 among PS (98°), TCP (70°), TCP+NH2
+ (43°) and TCP+NH2

+ 

+ Heparin (39°) surfaces. Bars represent the mean ± SD. N=3, n=3. 

 

 

Figure 24. Water contact angle droplet shapes according to the surface they are on: A) PS, B) 

TCP, C) TCP+NH2
+, D) TCP+NH2

+ + Heparin.  
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5.4.2 X-ray Photoelectron Spectroscopy characterisation of TCP, TCP+NH2
+, 

and TCP+NH2
+ + Heparin surfaces  

XPS analysis was used to determine the elemental composition of test surfaces after 

each modification. Figure 25 shows the spectra of the chemical survey scans of each 

of the modified surfaces. Figure 25.A corresponds to the survey scan of control TCP, 

which determined that its carbon content was 90.5%, and oxygen content was 9.45%. 

In comparison, TCP + NH2
+ bioactive surface revealed a peak at 400 eV, confirming 

the presence of nitrogen, which composed 12.6% (Figure 25.B). The carbon and 

oxygen content of the TCP + NH2
+ bioactive surface was 79% and 8.3% respectively.  

Furthermore, TCP + NH2
+ + Heparin surface revealed a S 2p peak at 168 eV (Figure 

25.C, signalled by arrow), revealing sulphur content in the bioactive surface. This 

sulphur content was 0.7%. Additionally, carbon, oxygen and nitrogen content were 

75% ( peak at 258 eV), 11.2% (550 eV), and 9.1% (400 eV) respectively [234]–[238].   
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Figure 25. XPS survey scans of the surfaces after each modification. A) TCP surface control. 

B) TCP + NH2
+ surface, where nitrogen peak can be seen at 400 eV. C) TCP + NH2

+ + Heparin 

surface, where nitrogen peak can be seen at 400 eV, and sulphur peak is shown by the arrow 

at 168 eV.  
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The C 1s high resolution scans of the bioactive surfaces are compared in Figure 26. 

The peak at 285.0 eV corresponded to the hydrocarbon C-C/C-H contribution. The 

peaks at 286.5 eV and 288.0 eV were attributed to C-O and C=O contribution [239]–

[242]. These peaks are comparable with those peaks present in TCP seen in literature 

[243], [244]. The scan of the TCP surface (Figure 26.A) showed 65.4% of C-C/C-H 

content. Additionally, the content of C-O and C=O was 8.9% and 1.8% respectively.  

For the TCP + NH2
+ bioactive surface (Figure 26.B), the percentage of C-C/C-H 

content was 68.6%. The contribution of the 286.5 eV peak increased up to 24% in 

comparison to the content of C-O from TCP surface (8.9%). This peak at 286.5 eV 

was also attributed to a C-N environment [240], [242], [245]–[247].  It can be 

concluded that the increase in atomic content at this 286.5 eV peak is due to the 

presence of nitrogen in the surface, as there is no nitrogen in the TCP surface, and the 

survey scan of TCP + NH2
+ bioactive surface revealed the incorporation of nitrogen 

to the surface.  

The C1s high resolution scan of TCP + NH2
+ + Heparin is seen in Figure 26.C. The 

content of C-C/C-H, C-O/C-N and C=O was 69%, 25.4% and 6.6% respectively. The 

content of C-O/C-N contribution increased slightly in comparison to this same 

contribution in the TCP + NH2
+ bioactive surface (from 24% to 25.4%). Moreover, 

this information is consistent with previous studies [248]–[250], where the high 

resolution C 1s scan did not show a great increase in the C-O contributions after 

heparin was added to the surface. This statement is also supported by the TCP + NH2
+ 

+ Heparin survey scan, where the oxygen content was 11.2%, which is higher 

compared to the 8.3% of oxygen content in the TCP + NH2
+ bioactive surface.  
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Figure 26. C 1s high resolution scans of the surfaces after each modification. C-C/C-H peak 

was detected at 285 eV, C-O/C-N peaks were detected at 286.5 eV and C=O peak was detected 

at 288 eV.  A) TCP control. B) TCP + NH2
+ surface. C) TCP + NH2

+ + Heparin surface.  
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The N 1s high resolution scans of TCP + NH2
+ and TCP + NH2

+ + Heparin are shown 

in Figure 27. TCP + NH2
+ bioactive surface showed a peak at 401.5 eV. Additionally, 

TCP + NH2
+ + Heparin bioactive surface presented a peak at 400.9 eV.  The presence 

of this peak in the N 1s high resolution scan confirmed the presence of -NH2
+ in both 

TCP + NH2
+ and TCP + NH2

+ + Heparin bioactive surfaces [246], [247]. This peak 

shift is due to the chemical environment of the components of the surface.  

 

 

Figure 27. N 1s high resolution scan of A) TCP + NH2
+ surface, and B) TCP + NH2

+ + Heparin 

surface. The peak seen at ≈ 400 eV was attributed to -NH2, confirming the presence of amine 

groups in the surfaces.  
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The S 2p high resolution spectrum of TCP + NH2
+ + Heparin bioactive surface is 

shown in Figure 28. Two signals were identified, where each one is a spin orbit split 

doublet, S 2p3/2 and S 2p1/2 (2:1 ratio). These S 2p3/2 (168.2 eV) and S 2p1/2  (169.3 eV) 

peaks correspond to the -OSO3 and -NSO3 groups found in heparin [234], [251], [252]. 

Therefore, heparin was bound successfully to the TCP + NH2
+ + Heparin bioactive 

surface.  

 

 

 

Figure 28.  S 2p high resolution scan of TCP+NH2
+ + Heparin surface. The S 2p peak shows 

a doublet in a 2:1 proportion of S 2p3/2 and S 2p1/2 (66.6% and 33.3% respectively) 

corresponding to -OSO3 and -NSO3 groups present in heparin.  
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5.4.3 Quantification of NGF and BDNF released from bioactive surface 

5.4.3.1 NGF and BDNF bound to heparin on the surface of the bioactive surface 

The concentration of NGF or BDNF remaining after 5 hours incubation period with 

TCP + NH2
+ + Heparin was quantified by ELISA. This concentration represents the 

quantity of growth factor not bound to heparin. The total amount of growth factor in 

the solution prior immobilisation step minus the amount present in the supernatant 

would be the quantity of growth factor bound to heparin in the bioactive surface. 

Consequently, the quantity of growth factor bound to heparin was used to calculate 

the percentage of the released NGF or BDNF from the bioactive surface TCP + NH2
+ 

+ Heparin.  

Figure 29  shows a bar graph with the percentage of NGF bound to heparin, calculated 

as described above. As seen in this graph, when NGF was immobilised on the 

bioactive surface with NGF 1 µg/mL, 97% of the total dose was bound to heparin on 

the bioactive surface. For bioactive surfaces immobilised with NGF 100 ng/mL and     

10 ng/mL, 98% of NGF was bound to heparin. When bioactive surfaces were 

immobilised with NGF at 1 ng/mL, 99% of the total load was bound to heparin on the 

bioactive surface.  

 

Figure 29. NGF bound to heparin on the bioactive surfaces. For each concentration of NGF 

immobilised, the quantity of NGF bound to the surface was calculated and represented as 

percentage. None of the results are statistically different from each other p < 0.05. Mean ± SD. 

N=2, n=4.  
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Figure 30  shows a bar graph with the percentage of BDNF bound to heparin, 

calculated as described above. It can be observed in the graph that 91% of BDNF was 

bound to heparin when the bioactive surface was immobilised with BDNF at 1 µg/mL. 

When the bioactive surface was immobilised with BDNF at 100 ng/mL, 86% of the 

total load was bound to heparin on the bioactive surface. Moreover, 85% of the total 

load was bound to heparin when the bioactive surfaces were immobilised with BDNF 

at 10 ng/mL and 1 ng/mL.  

 

Figure 30. BDNF bound to heparin on the bioactive surfaces. For each concentration of BDNF 

immobilised, the quantity of BDNF bound to the surface was calculated. None of the results 

are statistically different from each other p < 0.05. Mean ± SD. N=2, n=4.  

 

 

 

 

 

1 ng/mL 10 ng/mL 100 ng/mL 1 g/mL

0

50

100

150

BDNF bound in the bioactive surface

P
e
r
c
e
n

ta
g

e
 (

%
) 85% 85% 86% 91%



 

 

132 

 

5.4.3.2 Quantification of released NGF from bioactive surface 

Bioactive surfaces were fabricated as described in section 5.3.1. Furthermore, ELISA 

was used to quantify the release of neurotrophins as described in section 5.3.2.3. The 

quantity of NGF bound to heparin calculated in section 5.4.3.1 was used to calculate 

the percentage of the released NGF from the bioactive surface. A Calibration curve 

was also done (please see appendix, Figure 132, to see this graph).  

The quantification of released NGF from the bioactive surface was evaluated over 168 

hours at 37°C and 4°C, as shown in Figure 31 and Figure 32. None of the bioactive 

surfaces released NGF after1 hour incubation, either at 37°C or 4°C.  

Release of NGF from bioactive surfaces immobilised with NGF incubated at 37°C are 

described first. At 24 hours, 0.03% of the total dose was detected for surfaces 

immobilised with NGF at 1µg/mL. For surfaces immobilised with NGF with              

100 ng/mL, 1% and 0.04% were detected at 24 hours and 48 hours respectively. For 

surfaces immobilised with 10 ng/mL, NGF release was quantified at 24 hours and  48 

hours, where 1% and 0.06% of total load was detected, respectively. Surfaces 

immobilised with NGF at the lower concentration of 1ng/mL did not show any NGF 

release at 1 hour, 24 hours or 48 hours. However, at 168 hours, 1% of total load of 

NGF was detected (Table 10).  

When the bioactive surfaces immobilised with NGF were incubated at 4°C, the 

released NGF profile was different. For surfaces immobilised with NGF 1µg/mL, 

0.003%, 0.007% and 0.02% of the total load was detected at 24 hours, 48 hours and 

168 hours respectively. For surfaces immobilised with NGF 100 ng/mL, no growth 

factor release was detected until 168 hours, with 0.001% of the total load. At 48 hours, 

the release of NGF was 0.03% for surfaces immobilised with NGF 10 ng/mL. 

Moreover, for surfaces immobilised with NGF 1 ng/mL, 6% of the total dose was 

released at 24 hours. After that, no growth factor release was detected (Table 10).  

Interestingly, when the bioactive surface immobilised with NGF at 1 µg/mL was 

incubated at 4°C, the bioactive surface released 0.02% (0.10 ng/mL) of NGF at          

168 hours. In comparison, this same bioactive surface when incubated at 37°C, 
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released 0.03% (0.11 ng/mL) of NGF at 24 hours. This finding raises questions 

regarding how temperature might affect NGF release from the bioactive surface.  
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Figure 31. Concentration of NGF released from bioactive surface NH2
+ + Heparin + 

Immobilised NGF incubated at 37°C within 168 hours (7 days).  Mean ± SD. N = 2, n = 4. 
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Figure 32. Concentration of NGF released from bioactive surface NH2
+ + Heparin + 

Immobilised NGF incubated at 4°C within 168 hours (7 days). Mean ± SD. N = 2, n = 4.  
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Table 10. Released concentration, within 168 h at 37°C and 4°C, of NGF in ng/mL and its 

corresponding percentage (%) according to the initial load. Mean ± SD.  

  

Released Concentration (ng/mL) from bioactive surface/Released 

Percentage (%) from the total immobilized load 

  1 ng/mL 10 ng/mL 100 ng/mL 1 µg/mL 

  ng/mL % ng/mL % ng/mL % ng/mL % 

NGF 

at 

37°C 

1 h 0 ± 0 0 0 ± 0 0  0 ± 0 0 0 ± 0 0 

24 h 0 ± 0 0 
0.027 ± 

0.054 
1 

0.044 ± 

0.041 
1 

 0.115 ± 

0.146 
0.03 

48 h 0 ± 0 0 
0.002 ± 

0.002 
0.06 

0.009 ± 

0.019 
0.04 0 ± 0 0 

168 h 
0.004 ± 

0.004 
1 0 ± 0 0 0 ± 0 0 0 ± 0 0 

NGF 

at 

4°C 

1 h 0 ± 0 0 0 ± 0 0 0 ± 0 0 0 ± 0 0 

24 h 
0.023 ± 

0.03 
6 0 ± 0 0 0 ± 0 0 

0.015 ± 

0.021 
0.003 

48 h 0 ± 0 0 
0.001 ± 

0.001 
0.03 0 ± 0 0 

0.03 ± 

0.04 
0.007 

168 h 0 ± 0 0 0 ± 0 0 
0.0003 ± 

0.0005 
0.001 

0.015 ± 

0.10 
0.02 

 

5.4.3.3 Quantification of released BDNF from bioactive surface 

The quantity of BDNF bound to heparin calculated in section 4.3.1 was used to 

calculate the percentage of the released BDNF from the bioactive surface. A 

calibration curve was also done (please see appendix, Figure 133, to see this graph). 

The quantification of released BDNF from the bioactive surface was evaluated over 

168 hours of incubation at 37°C and 4°C, as shown in Figure 33 and Figure 34. Firstly, 

the release of BDNF from bioactive surfaces incubated at 37°C are described. For 

surfaces immobilised with BDNF with 1 µg/mL, 3% and 0.01% of the total dose was 

detected at 1 hour and 24 hours. Additionally, 0.06% and 0.01% release were 

measured at 48 hours and 168 hours respectively. The release of BDNF was also 

quantified at 1 hour, 24 hours, 48 hours and 168 hours from surfaces immobilised with 

100 ng/mL resulting in 32%, 0.18%, 0.37% and 0.17% of initial load respectively. For 

surfaces immobilised with BDNF at 10 ng/mL, 35% (1 hour), 2.8% (24 hours), 1.2% 

(48 hours) and 1.5% (168 hours) of the initial BDNF load was measured. Bioactive 
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surfaces immobilised with BDNF at 1 ng/mL showed 25%, 30%, 11% and 31% of 

BDNF released at 1 hour, 24 hours, 48 hours and 168 hours respectively (Table 11).  

The release of BDNF from bioactive surfaces with immobilised BDNF at 4°C was 

lower. Bioactive surfaces immobilised with BDNF at 1 µg/mL released 0.003%, 

0.001% and 0.025% at 24 hours, 48 hours and 168 hours respectively. When bioactive 

surfaces immobilised with BDF at 100 ng/mL were measured, 3%, 0.01%, 0.02% and 

0.01% of the initial load was released at 1 hour, 24 hours, 48 hours and 168 hours 

respectively. For bioactive surfaces immobilised with BDNF at 10 ng/mL, 0.02% (24 

hours), 1% (48 hours) and 0.23% (168 hours) were detected.  Moreover, for bioactive 

surfaces immobilised with BDNF at 1ng/mL, the released BDNF from the bioactive 

surface at 1 hour, 24 hours, 48 hours and 168 hours was 1.2%, 0.34%, 1% and 1% of 

the initial load respectively (Table 11).  

For the bioactive surface immobilised with BDNF 100 ng/mL, the release of growth 

factor at 1 hour was 10 times less when this bioactive surface was incubated at 4°C 

than when it was incubated at 37°C. Therefore, this information suggested that the 

temperature affects the quantity of growth factor released from the bioactive surface.  
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Figure 33. Concentration of BDNF released from bioactive surface NH2
+ + Heparin + 

Immobilised BDNF incubated at 37°C within 168 hours (7 days). Mean ± SD. N = 2, n = 4. 
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Figure 34. Concentration of BDNF released from bioactive surface NH2
+ + Heparin + 

Immobilised BDNF incubated at 4°C within 168 hours (7 days). Mean ± SD. N = 2, n = 4. 

 

Table 11. Released concentration, within 168 h at 37°C and 4°C, of BDNF in ng/mL and its 

corresponding percentage (%) according to the initial load. Mean ± SD.  

  

Released Concentration (ng/mL) from bioactive surface/Released 

Percentage (%) from the total immobilized load 

  1 ng/mL 10 ng/mL 100 ng/mL 1 µg/mL 

  ng/mL % ng/mL % ng/mL % ng/mL % 

BDNF 

at 

37°C 

1 h 
 0.075 ± 

0 
25 

 1.04 ± 

0 
35 9.35 ± 0 32 

 12.92 ± 

0 
3 

24 h 
0.090 ± 

0.008 
30 

0.083 ± 

0.043 
2.8 

 0.053 ± 

0.074 
0.18 

0.043 ± 

0.06 
0.01 

48 h 
0.033 ± 

0.047 
11 

 0.036 ± 

0.050 
1.2 

0.108 ± 

0.013 
0.37 

0.243 ± 

0.18 
0.06 

168 

h 

0.096 ± 

0.003 
31 

 0.043 ± 

0.061 
1.5 

0.05 ± 

0.071 
0.17 

0.049 ± 

0.07 
0.01 

BDNF 

at 4°C 

1 h 
0.004 ± 

0.003  
1.2 0 ± 0 0 

1.23 ± 

0.86 
3 0 ± 0 0 

24 h 
0.001 ± 

0.002 
0.34 

0.001 ± 

0.001 
0.02 

0.003 ± 

0.004 
0.01 

0.011 ± 

0.005 
0.003 

48 h 
0.004 ± 

0.005 
1 

0.002 ± 

0.05 
1 

0.01 ± 

0.01 
0.02 

0.002 ± 

0.003 
0.001 

168 

h 

0.004 ± 

0.005 
1 

0.01 ± 

0.012 
0.23 

0.003 ± 

0.005  
0.01 

0.09 ± 

0.11 
0.025 
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5.5 Discussion 

The main aim of this chapter was to fabricate and characterise bioactive surfaces that 

consisted of NH2
+, heparin, NGF or BDNF. Fabrication was performed by adding a 

heparin solution onto a NH2
+ surface. Then, NGF or BDNF were added to the NH2

+ + 

Heparin bioactive surface, binding to heparin by electrostatic interactions. Contact 

angle and XPS analysis were conducted to characterise the bioactive surface NH2
+ and 

NH2
+ + Heparin. An ELISA was performed to evaluate the release of NGF and BDNF 

from the bioactive surface NH2
+ + Heparin + Immobilised NGF or BDNF.  

The main findings were that heparin was successfully adsorbed to the TCP + NH2
+ 

bioactive surface as confirmed by water contact angle and the XPS analysis. 

Furthermore, NGF and BDNF were immobilised at different concentrations on the 

TCP + NH2
+ + Heparin bioactive surface. Moreover, their release from the bioactive 

surface was detected and quantified by ELISA assay. 

The technique used to incorporate heparin to the TCP + NH2
+ bioactive surface was 

based on the knowledge that heparin, a negatively charged glycosaminoglycan, will 

bind electrostatically to the positively charged NH2
+ amine group [211], [239]. 

Moreover, NGF and BDNF would be immobilised to the TCP + NH2
+ + Heparin 

bioactive surface electrostatically and by means of their heparin binding domain.  

Irrespective of the technique employed to modify surfaces or to immobilise 

biomolecules, XPS analysis and contact angle analysis are two frequently used 

techniques to characterise the surface of a material. XPS consists of irradiating a 

sample with a monoenergetic x-rays source followed by the analysis of the emitted 

electrons from the surface. Identification of chemical states of the components can be 

obtained, as they have a unique spectrum. Further, the concentration of each 

component can be calculated from the peak area, which is expressed as a percentage 

[234].   

Moreover, contact angle has been used to investigate the wettability of materials and 

to follow how surface modification changes the surface chemistry of a material. For 

example, Lee et al., added carboxyl functional groups, amide groups and amine 

functional groups on polyethylene films. By contact angle, they concluded that the 
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wettability of the modified polyethylene (PE) increased in comparison with 

unmodified PE [239].  

In the literature, different techniques for surface modification and addition of 

functional groups have been described. These techniques successfully bound or added 

a variety of biomolecules or other chemical substances to a diversity of materials. A 

common factor among these studies was the use of XPS and contact angle techniques 

to characterise the modification of the surface of the material. For example, Hopper et 

al., functionalised nanodiamond with amine groups in order to increase the adhesion 

properties of a material. Firstly, they coated a glass coverslip with acrylic acid by 

plasma deposition. Then, the nanodiamond surface was functionalised with 10-amino 

dec-1-ene by photochemical attachment using ultraviolet (UV) light. After, an amine 

functionalised nanodiamond solution was added to the glass coverslip-acrylic acid 

surface. Then, the samples were rinsed in distilled water and then with PBS prior to 

cell culture. XPS analysis confirmed the presence of amine groups as the survey scan 

showed 21.4% of nitrogen content. Additionally, the contact angle of the glass 

coverslip, glass coverslip-acrylic acid and glass coverslip-acrylic acid-amine 

functionalised nanodiamond was of 50°, 56° and 67° respectively.  This data indicated 

a change in wettability on the surface as a consequence of the surface modification. 

This work focused on modifying a material by encouraging electrostatic interactions 

between a negatively charged acrylic acid and a positively charged 10-amino dec-1-

ene, as they have carboxyl and amine groups, respectively [253].    

Lee and Schmidt synthesised an amine functionalised polypyrrole by reducing 1-(2-

cyanoethyl)pyrrole using LiAlH4 to improve cell adhesion and electrical stimulation 

by the polypyrrole [231]. Similarly, to Hopper et al., Lee and Schmidt used contact 

angle and XPS analysis to confirm the addition of amine functional groups to 

polypyrrole films. The amine functionalised polypyrrole revealed an increased 

hydrophilicity in comparison to polypyrrole films as the contact angles were of 67.3° 

and 83.5° respectively. This change in wettability was attributed to the addition of 

amine groups to polypyrrole. Moreover, XPS analysis detected nitrogen content in the 

amine functionalised polypyrrole. The peak shown at 401.9 eV in the N 1s high 
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resolution spectra was attributed to amine functional groups present in the amine 

functionalised polypyrrole [231].    

In contrast to Lee and Schmidt, Hopper et al., and the work presented in this thesis, 

Graisuwan et al., fabricated multilayers films using three derivatives of chitosan: N-

sulfofurfuryl chitosan (SFC), N-[(2-hydroxyl-3-trimethylammonium)propyl] chitosan 

chloride (HTACC), and N-succinyl chitosan (SCC). These three derivatives of 

chitosan were paired either with polyacrylic acid (PAA) or poly(allylamine 

hydrochloride) (PAH) on a treated surface of poly(ethylene terephthalate) (t-PET). 

After hydrolysis by sodium hydroxide (NaOH) and hydrochloric acid (HCl), t-PET 

films were layer-by-layer dipped in a cation solution (2 mg/mL of either HTACC or 

PAH) and an anion solution (1 mg/mL of SCC or 2 mg/mL of either PAA or SFC) for 

20 minutes at each step until 9 layers (odd number, positively charged surface layer) 

or 10 layers (even number, negatively charged surface layer) were assembled. 

Different combinations of films were fabricated, however, contact angle analysis 

revealed that, regarding the nature of the last layer, the positively charged surface layer 

was less hydrophilic than the films with a negatively charged surface layer. This 

difference in wettability was attributed to the negative charge of the carboxyl 

functional group over the positive charge of the amine groups [254]. However, this 

work did not show any numerical quantification of said measurement, so it cannot be 

concluded if the 9 layered films had a statistical difference when compared to the 10 

layered films. Both functional groups were proven to improve the wettability of a 

surface they were present on.   

In comparison, Zhu et al., modified polylactic acid (PLA) films with a 

chitosan/heparin complex to enhance cell adhesion properties of PLA. This surface 

modification was achieved by covalent immobilisation of chitosan on the PLA films. 

Chitosan powder, [1-ethyl-3-(3-dimethylamino-propyl)] carbodiimide (EDC) and   4-

azidobenzoic acid were mixed with N,N,N’,N’-tetramethylethylene diamine methanol 

(TEMED) solution. Then, this mixture was stirred for 72 hours and filtered. The Az-

chitosan powder was dissolved in acetic acid/methoxyethanol to produce an Az-

chitosan solution. This Az-chitosan solution was cast on PLA films and left to dry. 

Then, it was crosslinked with a UV lamp. A heparin solution (in acetate buffer 
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solution) was then added to the Az-chitosan-PLA film and it was incubated for 2 hours, 

achieving a heparin-Az-chitosan-PLA film. Chitosan was covalently immobilised to 

the PLA films by the photosensitive regent 4-azidobenzoic. Then, heparin was 

electrostatically bound to the positively charged chitosan  [180]. To characterise their 

Az-chitosan-PLA film, Zhu et al., used XPS analysis and contact angle technique. The 

XPS analysis revealed a new peak, in comparison to control PLA film, at 400.28 eV, 

which was attributed to nitrogen, present in chitosan, bound to the PLA film. 

Moreover, an S 2p high resolution scan was obtained, revealing a sulphur peak at ca. 

168 eV, suggesting that heparin was bound to the surface of hep-Az-chitosan-PLA 

film [180].  Contact angle analysis showed an increased hydrophilicity after each 

surface modification as PLA, Az-chitosan-PLA film and hep-Az-chitosan-PLA film 

had a contact angle of 65°, 48° and 40° respectively. The addition of chitosan and 

heparin changed the wettability of PLA films, as these molecules introduce a charge 

in the surface [180].  

Heparin has also been bound to surfaces covalently. Yang et al., immobilised heparin 

on plasma allylamine-stainless steel films. Moreover, they demonstrated that heparin 

is well retained in allylamine. Firstly, allylamine was deposited by pulsed plasma 

deposition on the stainless steel films. Heparin was mixed with N-hydroxysuccinimide 

(NHS) and EDC to prepare a heparin solution. Then, the heparin solution was 

incubated with the allylamine-stainless steel films for 24 hours at 4°C. Heparin 

covalently bound to the -NH2 amine functional groups present in the surface of the 

allylamine-stainless steel film. This was possible as allylamine has a high density of 

amine functional groups [210]. XPS analysis confirmed nitrogen content in the 

allylamine-stainless steel films and in the heparin-allylamine-stainless steel films. 

Additionally, contact angle decreased from 70.8°, on stainless steel, to 62.7° on 

allylamine-stainless steel. Moreover, the immobilisation of heparin in allylamine-

stainless steel films also increases the surface hydrophilicity [210].  

Comparably to Yang et al., and to Zhu et al., Wang et al., use covalent immobilisation 

technique to modify poly(lactic acid-co-glycolic acid) (PLGA) [255]. Chitosan was 

covalently immobilised to PLGA using EDC, NHS in a 2-morpholinoethane sulfonic 

acid (MES) buffer. Then, heparin, using the ECD-NHS-MES buffer, was covalently 



 

 

141 

 

immobilised to the chitosan-PLGA film. After 4 hours of incubation, the heparin-

chitosan-PLGA film was rinsed with distilled water.  XPS analysis revealed a peak at 

ca. 409 eV, which was attributed to the presence of amino groups (H-N-C=O) [255]. 

This is possible because the amine functional groups of the chitosan changed to amino 

groups, forming a covalent peptide linkage between chitosan and heparin. 

Additionally, an S 2p peak appeared in the survey scan, revealing that the surface had 

the sulphated groups found in heparin. This data confirmed the presence of heparin on 

the surface. Contact angle analysis showed that when the PLGA film was modified 

with chitosan, this film was more hydrophilic than the PLGA control. Furthermore, 

when heparin was immobilised on  chitosan-PLGA films, the contact angle was lower 

compared to chitosan-PLGA films and  the PLGA control [255].  This data indicated 

that the hydrophobicity of PLGA films was modified by the addition of amine groups 

from chitosan and sulphate groups and carboxyl groups from heparin.  

In a complementary study, Liu et al., synthesised heparin-poly-L-lysine (PLL) 

nanoparticles and immobilised them on dopamine (DM) coated stainless steel. PLL, 

which is rich in amine functional groups, hence, it is positively charged, was mixed 

with negatively charged heparin to form heparin-PLL nanoparticles. These heparin-

PLL nanoparticles were incubated for 12 hours at 20°C with the DM coated stainless 

steel samples to achieve nanoparticle immobilisation. DM has the ability to bind to 

amine groups, hence, DM bound to PLL allowing the immobilisation of the heparin-

PLL nanoparticles to stainless steel [223]. XPS analysis revealed an S 2p peak at   

168.8 eV, attributed to the sulphur content found in heparin. It is important to note 

that, from the original heparin solution of 10 mg/mL, only 0.9% of the total 

composition of the surface was sulphur. Additionally, an N 1s peak was shown at 400 

eV, which was attributed to the presence of nitrogen on the surface. Contact angle was 

measured to change in hydrophilicity after the immobilisation of heparin-PLL 

nanoparticles. The heparin-PLL nanoparticle-DM-stainless steel sample was 

significantly more hydrophilic than the DM-stainless steel sample [223].    

Moreover, Chen et al., immobilised heparin on silicone (PDMS) using poly(ethylene 

glycol) (PEG) and platinum-divinyltetramethylsisiloxane (Karstedt’s Pt catalyst).  

Silicone samples were incubated with 2-methoxyethylene ether, α-allyl-ω-N-
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succinimidyl carbonate PEG, and Karsteadt’s Pt catalyst. Then, the modified silicon 

was rinsed and incubated for 6 hours with a heparin solution (10 mg/mL). Contact 

angle analysis revealed that the surface wettability was changed after each 

modification [248]. Control PDMS samples had an advancing contact angle of 120°. 

Modified PEG samples had a contact angle of 85°, whereas PEG-heparin surface had 

a contact angle of 48°. These results indicate that the surface became more hydrophilic 

after each surface modification. In addition, XPS analysis revealed an S 2p peak in the 

survey scan, which indicated the incorporation of sulphur content after heparin was 

added to the PEG modified surface. The sulphur content, attributed to heparin being 

immobilised in the PEG-heparin surface, was of 0.4%, representing approximately 

0.68 µg/cm2 of heparin in the PEG modified surface [248].   

Interestingly, the method used by Chen et al., for the covalent immobilisation of 

heparin on silicon, by means of the reaction between PEG and PDMS, only bound 

0.4% of sulphur on the surface [248]. This sulphur content came from the immobilised 

heparin; therefore, a low concentration of heparin was bound to the surface. It is 

important to notice that the heparin solution used in the covalent immobilisation 

process had a concentration of 10 mg/mL [248]. Comparatively, Liu et al., who also 

used a heparin solution of 10 mg/mL to electrostatically bind heparin to PLL, found 

that 0.91% of the surface composition was sulphur, which was attributed to heparin 

[223]. Both methods immobilised heparin on the surface, but electrostatic binding was 

more efficient for retaining heparin. In addition, the bioactive surface developed in 

this thesis immobilised, by electrostatic interactions, 50 µg/mL of negatively charged 

heparin to positively charged amine functional group, and XPS analysis revealed that 

0.7% of sulphur was present in the modified surface. More information that would 

compare both methods would be needed. However, results found here suggested that 

heparin binding by electrostatic interactions is a more efficient method.  

These findings raise the question of would the success of binding biomolecules 

increase when the biomolecules were immobilised by electrostatic means. This 

statement is supported by Mahoney et al., who non-covalently immobilised heparin 

on allylamine surfaces. Heparin solution (in PBS, 0-10 µg/well) was incubated on the 

allylamine surface overnight at room temperature. XPS analysis revealed a nitrogen 
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peak at 400 eV, confirming the presence of amines on the surface. Moreover, the 

Link_TSG6 binding assay showed that heparin bound to surfaces modified with 

allylamine. In addition, heparin was not found on surfaces without allylamine [211]. 

Heparin was bound to allylamine by electrostatic interactions because allylamine is 

positively charged, and heparin is negatively charged [211]. This work, which is 

similar to the one presented in this thesis, interrogates if heparin binds more efficiently 

to positively charged functionalities rather to negatively charged functionalities.  

Kang et al. supported the hypothesis that more efficient binding is achieved when a 

negatively charged molecule is bound to a positively charged molecule instead of 

binding two negatively or two positively charged molecules [256]. Kang et al. 

covalently immobilised heparin on functionalised polyurethane (PU) samples with 

amine functional groups or carboxylic acid functional groups. Firstly, PU samples 

were modified with oxygen plasma deposition and then 1-acryloylbenzotriazole (AB) 

was polymerised on the surface (PU-AB) [256].  

To add carboxylic acid functional groups on the PU-AB surface, this surface was 

incubated in a sodium hydroxide solution for 3 hours at room temperature. After the 

surfaces were rinsed, citric acid dissolved in an aqueous methanol solution was added 

to convert sodium carboxylate to carboxylic acid. Hence, they obtained the PU-COOH 

surface. For the addition of amine functional groups on PU-AB, this surface was 

incubated with ethylene diamine solution for 24 hours at room temperature [256].  In 

this manner they fabricated the PU-NH2 surface. 

To prepare PU-COOH surfaces with immobilised heparin, the PU-COOH surface was 

incubated with EDAC solution for 24 hours at 4°C. Then, the surface was rinsed with 

deionised water. Afterwards, the surface was incubated with heparin solution (in 

sodium citrate buffer) for 24 hours at 4°C. Then, the PU-C-Hep surface was obtained. 

In comparison, heparin solution in EDAC was incubated on PU-NH2 surface for 24 

hours at 4°C to obtain PU-N-Hep [256].  

Contact angle of PU decreased from 69° to 52° after AB modification. Additionally, 

when carboxylic acid and amine functional groups were added to the surface, the 

contact angle decreased to 42° and 46°, respectively. When heparin was immobilised 
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to PU-COOH surface and PU- NH2 , the contact angle was 42° and 43°, respectively 

[256].  Moreover, XPS analysis revealed that the sulphur content in PU-N-Hep (0.5%) 

was larger than the sulphur content in PU-C-Hep (0.1%) [256]. These results support 

the hypothesis that heparin has more affinity to bind to a positively charged surface 

than to a neutral or negatively charged surface.  

These studies reinforce the use of positively charged functional groups to bind 

negatively charged functional groups or biomolecules, such as heparin. In addition, 

regardless of surface modification technique, XPS and contact angle techniques are 

widely used to characterise the surface of a material.  

Having heparin on the surface is a paramount step to successfully immobilise growth 

factors. Moreover, it is important that these growth factors are retained on the surface 

to avoid an initial burst release that could compromise neurite outgrowth [169], [217], 

[224]. Different approaches had been studied to immobilise growth factors and to 

avoid or minimise an initial burst. Furthermore, ELISA has been frequently used to 

characterise growth factor content on the surface as they are released from that surface. 

ELISA recognises and quantifies proteins, antibodies, antigens, viruses and hormones. 

This assay uses antibodies and enzymes to detect the desired antigen, which are then 

quantified by colorimetry [257].   

Photochemical techniques have been used to immobilise growth factors. Gomez and 

Schmidt reported on the immobilisation of NGF on the surface of polypyrrole (PPy) 

by UV exposure using polyallylamine and arylazido compound. Fluorescence 

microscopy was used to calculate the surface concentration of NGF on the PPY 

substrate and ELISA was performed to quantify the concentration of released NGF 

from the PPy substrate. Additionally, XPS was used to  analyse the chemical changes 

in the PPy substrates after the modifications [227]. NGF photochemical 

immobilisation was performed as follows: N-4-(azidobenzoyloxy)succinimide was 

synthesised by adding a solution of dicyclohexylcarbodiimide in tetrahydrofuran to a 

solution of N-hydroxysuccinimide, and 4-azidobenzoic acid in tetrahydrofuran. 

Then,this solution was filtered and crystallised with isopropyl alcohol/ diisopropyl 

ether. After, a solution of polyallylamine (PAA) was added to a N-4-



 

 

145 

 

(azidobenzoyloxy)succinimide solution in N,N-dimethylformamide and mixed for 24 

hours at 4°C. The solution was filtered and washed with distilled water to obtain a 

photosensitive PAA-azido solution [227]. The solution was coated onto PPy substrates 

employing an UV lamp for 15 seconds. Then, after being washed with hydrochloric 

acid, this substrate was coated with a PAA solution, followed by the addition of NGF 

solution (0.5-2 µg in 50 µL of PBS). The substrates were treated with UV light for 15 

seconds and then washed with PBS [227].  XPS analysis revealed a peak at 401.7 eV 

in the N 1s high resolution scan, which was attributed to the C-N+ corresponding to 

PAA being present in the substrate. Fluorescence microscopy was performed to 

calculate the surface concentration of NGF on the PPy substrate. Only 100 ng of NGF 

were immobilised in an area of 1 cm2, which corresponds to 5% of the initial load of 

NGF (2 µg). Moreover, ELISA revealed that at 6, 24, 48 and 72 hours, the averaged  

concentration of released NGF was 1.06 ng/mL[227]. NGF was immobilised on the 

surface by UV light activating the azido groups in the PAA-azido solution, enabling 

covalent bonds (N-H or C-N) between NGF and the PPy substrate [227]. This study 

revealed that the use of UV light for immobilising growth factors is not optimal, as 

most of the protein was lost or inactivated during the process.  

Similarly, Kapur and Schoichet covalently immobilised NGF to poly-2-hydroxy-

ethylmethacrylate  (PHEMA) gels with NHS azido, using UV light [258]. By ELISA, 

only 30 ng of the initial load of 150 ng of NGF was detected on the PHEMA gels. 

Moreover, within the first measurement, 27.65 ng of NGF was detected, and                 

1.5 ng/mL was detected daily over the next three days [258]. According to Kapur and 

Schoichet, this amount is inadequate to encourage a biological response [258]. The 

explanation for the loss of NGF is that the UV light was very intense (23 W/cm2 for 1 

second) damaging NGF, as it compromised its structure and function [258].  

As using UV light is not an appropriate method to immobilise growth factors, as it 

would affect the growth factor’s biological activity, Madduri et al. designed a collagen 

nerve conduit to release glial cell line-derived neurotrophic factor (GDNF) alone or 

with NGF [224]. The collagen from the nerve conduits was crosslinked through a 

dehydro-thermal treatment (DHT, at 110°C and 20 mBar for 5 days). Then, either 

GDNF (40 ng/ collagen conduit) or GDNF in combination with NGF (40 ng GDNF + 
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40 ng NGF /collagen conduit) were loaded into the collagen nerve conduit. Then, the 

conduits were coated, using an ultrasonic spray nozzle, with polylactic-co-glycolic 

acid (PLGA, 50:50) to prevent diffusion of the growth factors [224].  

ELISA analysis showed that non-crosslinked collagen conduits released high amounts 

of GDNF and NGF during the first three days: for GDNF, 9 ng/mL on day 1, 5 ng/mL 

on day 2 and 3 ng/mL on day 3; for when NGF and GDNF were co-immobilised:       

4.5 ng/mL (GDNF) and 6.5 ng/mL (NGF) on day 1, 2.5 ng/mL and 4 ng/mL on day 2, 

and 2 ng/mL on day 3. In contrast, crosslinked collagen tubes did not exhibit a burst 

release: for GDNF, 1 ng/mL on day 1, 3 ng/mL on day 2 and 3 ng/mL on day 3; for 

when NGF and GDNF were co-immobilised: ca. 1 ng/mL on day 1, 1.5 ng/mL 

(GDNF) and 2 ng/mL (NGF) on day 2 and 3. Additionally, within 30 days, non-

crosslinked collagen tubes released 83% and 78% of the initial load of NGF and 

GDNF respectively, whereas crosslinked collagen conduits released 56% of NGF and 

68% of GDNF [224].  

It was expected that the DHT treatment would decrease the growth factors release, as 

it crosslinks the collagen chains through the interactions of the carboxylic and amino 

functional groups of the collagen chains [224]. Physical crosslinking, specifically 

DHT treatment, avoids the use of cytotoxic reagents, which would impact cellular 

activity. However, DTH treatment also affects the mechanical properties of the 

material, for example, it denatures collagen, making the scaffold stiffer [259]. DHT as 

a technique to entrap growth factors may work, however, the success of this technique 

is dependent on the material, as this must have carboxyl and amino functional groups, 

so the crosslinking can take place. Moreover, the final application needs to be 

considered when using the DHT technique, as it changes the mechanical properties 

and the degradation rate of the material.  

Other studies have also used crosslinking to entrap growth factors. Lee et al. designed 

an NGF delivery system, which consisted mainly of fibrin glue, to encourage nerve 

regeneration after dental injuries [260]. Firstly, a heparin conjugated fibrin gel was 

fabricated with heparin, fibrinogen, aprotinin, calcium chloride and thrombin. Then, 

250 ng of NGF were added to the heparin-fibrin gel. The release profile of NGF from 
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this delivery system was measured by ELISA and samples were collected at 1, 3, 5, 7, 

10 and 14 days [260].  By day 3, 0.46 ng/mL of NGF was released from the fibrin 

glue; and by day 5, 1 ng/mL was released. After day 5, the release of NGF was 

decreased until day 10, where all NGF was released [260]. Within 10 days, 250 ng of 

NGF were released from the fibrin glue, assuming that this initial load remained in the 

fibrin gel, as no test was performed to quantify the amount of NGF present in the glue. 

This delivery system was designed using the hypothesis that thrombin would reinforce 

the crosslinking of fibrin, hence decreasing the diffusion rate of NGF. Nevertheless, 

the targeted release rate was not achieved. In comparison, the work presented in this 

thesis showed that less than 6% of the immobilised NGF and was released after 7 days.  

Neither photochemical nor physicochemical crosslinking techniques are suitable for 

the immobilisation and release of growth factors. Other studies have presented 

different approaches to accomplish immobilisation of growth factors. For example, 

Fine et al. added NGF and GDNF to ethylene-vinyl acetate (EVA) extruded conduits.  

Either 10 mg of NGF or GDNF, dissolved in 7.6 mL of water, were added to an EVA 

(in methylene chloride) and BSA solution. The solutions were mixed and sonicated to 

form an emulsion. Then, this polymer was frozen in liquid nitrogen and lyophilised 

for 48 hours. After the polymer was extruded to produce a conduit, it was left to dry 

under vacuum to remove all remaining solvent [61]. No quantification of growth 

factors was performed, however, the in vitro results showed that 1.817 mm (NGF) / 

1.125 mm (GDNF) of neurite outgrowth, after 6 days, can be achieved using this 

delivery system with NGF. Furthermore, they concluded that the lack of success in 

previous studies regarding nerve outgrowth using growth factors were due to an 

inappropriate neurotrophic factor delivery system [61]. As this may be a good example 

for the delivery of growth factors, their lack of evidence of how much growth factor 

was retained in the EVA conduits after extrusion and how these growth factors were 

released from the delivery system does not support their statement that the lack of 

success in nerve outgrowth were due to an inappropriate delivery system of growth 

factors, as they did not characterise its delivery profile. Moreover, the high amount of 

NGF and GDNF (10 mg) represents a large investment that makes its manufacture 

more challenging to implement this delivery system to the clinic.  
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Additionally, Dinis et al. functionalised silk electrospun conduits with NGF and ciliary 

neurotrophic factor (CNTF). Silk solution was mixed with polyethylene oxide (PEO); 

then NGF and CNTF were reconstituted in PBS and added to the silk solution to obtain 

a functionalised spinning solution. NGF was added to the silk solution at a 

concentration of 100 ng/mL with or without CNTF at a concentration of 10 ng/mL. 

For the growth factor release study, functionalised silk conduits were incubated in 

sterile PBS at 37°C. Samples were collected after 1, 6, 24, 72, 168 (CNTF) and 240 

hours (NGF) and stored at -80°C for later ELISA analysis. NGF released from the silk 

electrospun conduits was detected after 1 hour, at a concentration of 0.2 ng/mL. For 

240 hours, NGF release was 0.4 ng/mL. CNTF released from the silk electrospun 

conduits was detected after 6 hours at a concentration of 0.2 ng/mL. At 24 hours and 

168 hours, the release of CNTF was  0.5 ng/mL and 1.1 ng/mL, respectively [225]. 

Dinis et al. reported that 1% and 12% of NGF and CNTF respectively were released 

from the silk electrospun conduits [225]. However, they calculated this by assuming 

that all the original NGF (100 ng/mL) and CNTF (10 ng/mL) added to the silk solution 

remained after the electrospinning process. An ELISA determining the NGF and 

CNTF present at the silk electrospun conduit would support this assumption. 

Nevertheless, the low release of the growth factors from the silk electrospun conduit 

can be explained by the size and charge of NGF and CNTF, as their molecular weight 

are 27 kDa and 23 kDa, respectively; and at physiological pH both growth factors are 

charged positively. Both molecular weight and charge could hinder their diffusion 

from the silk electrospun conduit [225], [261]. This would explain why the release rate 

of both growth factors is different when compared to each other, as their molecular 

weight is different.  

Furthermore, Hu et al. fabricated a polycaprolactone (PCL) electrospun nanofibrous 

scaffold by emulsion electrospinning, where PCL formed the shell and NGF and BSA 

were encapsulated in the core [226]. The emulsion electrospinning process used two 

phases, an inner water phase, which contained NGF and/or BSA; and the organic phase 

that comprised a PCL solution in chloroform with an emulsifying agent. Either alone 

or in combination, 8 µg of NGF and 8 mg of BSA were dissolved in 250 µL of distilled 

water. Then, this solution was added to the PCL solution. Afterwards, the emulsions 
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were mixed for 2 hours and used immediately for electrospinning [226]. ELISA 

analysis revealed that 60 pg of NGF were released from the PCL electrospun nanofiber 

scaffold (with no BSA) on the first day. After one day, NGF was no longer detected, 

suggesting that the growth factor was denatured or lost immunoreactivity during the 

preparation of the emulsion solution or during the electrospinning process. When NGF 

was encapsulated with BSA in the PCL solution, NGF was protected by BSA, 

therefore the NGF released from the scaffold was 0.81 ng within the first hour. After 

the initial burst release, by day 5, the NGF release was 1.5 ng. Then, NGF 

concentration was sustained for over 15 days. By day 28, NGF was not detectable by 

ELISA. Hu et al. suggested that the duration of NGF release could be related to a low 

initial NGF load concentration, which was 8 µg  or 32 µg/mL [226]. However, they 

did not test the quantity of NGF in the emulsion or the quantity present in the PCL 

electrospun nanofiber scaffolds. Moreover, it has to be considered that another reason 

that NGF was not fully incorporated into the scaffold was that the emulsion was stirred 

for 2 hours, meaning that NGF was mechanically disturbed and in contact with an 

organic solvent, which could denature the protein [228]. In addition, by incorporating 

more NGF in the initial load concentration, the cost of manufacture would 

increase[165]. Furthermore, it is important to consider that a high concentration of 

growth factors may elicit an apoptotic signal instead of a survival signal [226].  

Another approach should be considered to incorporate growth factors to a delivery 

system in order to avoid denaturation and loss of activity. Naka et la. coated nanoscale 

magnetic beads with NGF or BDNF to regulate survival and differentiation of neurons. 

NGF or BDNF solution at a concentration of 10 µg/mL was mixed with 

glutaraldehyde-activated nanoscale magnetic beads for 30 seconds in a bath sonicator. 

Then, this solution was incubated for 2 hours at room temperature. Afterwards, the 

growth factor-coated nanoscale magnetic beads were washed three times with PBS 

[262]. ELISA detected the binding of the growth factors to the nanoscale magnetic 

beads, revealing that more NGF was bound to the magnetic beads than BDNF, 

although no explanation or possible mechanism was given for this [262]. Interestingly, 

glutaraldehyde has been used as a crosslinking agent to bind proteins, as it forms 

covalent bonds with amine, thiols, phenols, and hydroxyl functional groups. 
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Nevertheless, the by-products of glutaraldehyde are toxic and elicit a negative effect 

in cells and tissue [263]. If these magnetic beads were to be implanted into a living 

system, it would cause adverse effects. Thus, reminding us that when designing a 

delivery system, the reagents or other chemicals used should not provoke any toxic 

effects in the long term.  

In yet another different approach, Matsumoto et al. coated NGF or BDNF in carbon 

nanotubes using EDC reagent. Firstly, the carbon nanotubes were activated by adding 

amino groups. NGF or BDNF were mixed with EDC reagent at a concentration of      

10 µg/mL and 100 µg/mL respectively, and then incubated with the carbon nanotubes 

for 2 hours at room temperature. Afterwards, sodium acetate solution was added to 

terminate the reaction. As a result, NGF/BDNF were covalently bound to the carbon 

nanotubes. ELISA confirmed that NGF and BDNF were immobilised on the carbon 

nanotubes. However, no quantification was done for the growth factors on the surface 

and neither for their release from the carbon nanotubes [264]. In addition, it is 

important to highlight that even though the growth factors were covalently 

immobilised, the initial load is too high, which leads to the question of what would be 

their biological effects.  

Furthermore, Puleo et al. immobilised bone morphogenetic protein-4 (BMP-4) on 

titanium alloy by allylamine plasma deposition. After titanium alloy samples were all 

plasma treated to deposit amine groups on the surface, lysozyme (used as a model to 

study the effects of immobilisation) was immobilised following 3 different protocols 

[222]. For the adsorption protocol, amine-titanium alloy samples were incubated for 2 

hours at room temperature with a lysozyme solution (5 mg/mL). For the one-step 

protocol the amine-titanium alloy sample was incubated with lysozyme solution, 

EDAC, NHS and 2-(N-morpholino)ethanesulfonic acid (MES) buffer. For the two-

step protocol, amine groups from the amine-titanium alloy samples were converted to 

carboxyl groups by overnight incubation with succinic anhydride at room temperature. 

Then, samples were treated with EDAC and NHS solution in MES buffer for 2 hours 

at room temperature. After washing, samples were incubated with lysozyme solution 

for 2 hours [222]. For the adsorption protocol, no results were reported. For the one-

step protocol, BCA (bicinchoninic acid) assay showed that lysozyme-amine-titanium 
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alloy samples retained 27% of lysozyme, where untreated titanium alloy samples 

retained 0 µg. In contrast, for the two-step protocol, 60% of lysozyme was 

immobilised on the amine-titanium alloy sample. One-step protocol retained a lower 

quantity of lysozyme in the surface in comparison to the two-step protocol. The main 

reason was, as the EDAC solution was mixed with the lysozyme solution in the same 

step, it crosslinked the protein, inactivating it or preventing access to its active site  

[222]. If this was the case, the bioactivity of the lysozyme might be reduced, not 

accomplishing any stimuli to the cells. Moreover, as the two-step protocol firstly 

incubated the EDAC solution and then incubated the lysozyme solution, crosslinking 

was avoided, and bioactivity might be achieved. Nevertheless, the EDAC solution may 

have left some by-products, causing further cytotoxicity. Neither of these issues were 

tested.   

Additionally, Kim et al., immobilised basic fibroblast growth factor (bFGF) and/or 

NGF on PCL/Pluronic F127 microspheres using heparin. The quantity of growth 

factor immobilised on the microspheres and their release was assessed by ELISA.  

PCL/Pluronic F127 microspheres were incubated in heparin solution (1 mg/mL) for 3 

hours at 4°C. Then, the heparin-PCL/Pluronic F127 microspheres were washed with 

water and incubated in an NGF or bFGF solution (200 ng/mL, in PBS) for 5 hours at 

room temperature. Afterwards, the growth factor-immobilised microspheres were 

washed three times with PBS [265]. By ELISA, the amount of growth factor 

immobilised on the microspheres was determined. NGF was immobilised at a 

concentration of 3.87 ng/ mg of microsphere, whereas bFGF was immobilised at     

4.74 ng/mg. Moreover, growth factor immobilisation was assessed on microspheres 

with no heparin, revealing that the concentration at which NGF and bFGF were 

immobilised was 1.63 ng/mg and 1.89 ng/mg respectively. These findings suggested 

that heparin allowed a larger growth factor immobilisation. In addition, the release of 

NGF and bFGF from heparin-PCL/Pluronic F127 microspheres was 94% and 84% (of 

total loading amount) respectively within 28 days [265]. Moreover, the release of NGF 

after 10 days was 2.5 ng/mg, which corresponds to 65% of the initial immobilised 

NGF. In contrast, the release of NGF and bFGF from PCL/Pluronic F127 

microspheres (no heparin) was 93% and 88%, respectively, after 7 days [265].  
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Heparin was immobilised by hydrogen bonding to PEG, present in Pluronic F127 

[265]. These findings support the use of heparin as means to bind growth factors, 

because without heparin, the amount of growth factors present in the system would be 

smaller. Furthermore, NGF and bFGF were immobilised by the same technique, in the 

same conditions, but their final concentration on the microspheres was different. One 

explanation to this could be the molecular weight and charge of the growth factors, as 

suggested by Dinis et al. and Uebersax et al. [225], [261].  

More research has been carried out using heparin to bind growth factors. Yang et al., 

immobilised human bone morphogenetic protein-2 (hBMP-2) and/or human growth 

and differentiation factor-5 (hGDF-5) on titanium discs using heparin [169]. Titanium 

discs were incubated and stirred in a sodium hydroxide (NaOH) solution for 48 hours 

at 80°C. This step was to add carboxyl (-COOH) groups to the titanium discs. Then, 

the discs were washed in distilled water and dried with nitrogen gas. Titanium-COOH 

discs were activated with 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium chloride (DMT-MM) for one hour at room temperature. 

Afterwards, activated titanium-COOH discs were incubated with heparin solution for 

three days at room temperature. The hep-titanium discs were washed with distilled 

water and dried with nitrogen gas. Then, hBMP-2 (50 ng), heparin (10 mg) and   

hGDF-5 (50 ng) were incubated with the hep-titanium discs in 40 mL of PBS for 24 

hours at 4°C. Then, the discs were washed with distilled water and dried with nitrogen 

gas [169]. The contact angle was decreased after the modifications, indicating that the 

growth factors were bound to the surface. The contact angle of titanium discs, hBMP-

2-titanium, hGDF-5-titanium, and hBMP-2/hGDF-5-titanium, was 76 °, 58 °, 56 ° and 

56° respectively. ELISA showed that the amount of growth factor retained after the 

fabrication process in the hBMP-2-titanium, hGDF-5-titanium, and hBMP-2/hGDF-

5-titanium discs was 76%, 73% and 75% / 73% respectively. Moreover, the initial 

burst release (day one) of growth factors from hBMP-2-titanium, hGDF-5-titanium, 

and hBMP-2/hGDF-5-titanium discs was 12.5%, 4.5% and 13.5% / 3.2% respectively 

from their initial load. However, after the first day, a sustained released was observed, 

where the cumulated release was 50.5%, 47.8% and 45.2% / 36.4% respectively [169]. 



 

 

153 

 

DMT-MM was needed to effectively bind heparin, as carboxyl functional groups 

would not bind the required heparin as reported by Kang et al. [256].  

Furthermore, Gigliobianco et al. bound vascular endothelial growth factor (VEGF) to 

the surface of a scaffold fabricated from alternate layers of polyethyleneimine (PEI, 

positively charged) and heparin or PEI and polyacrylic acid coated on plasma 

polymerised poly-L-lactic acid (PLLA). Electrospun PLLA scaffolds were plasma 

polymerised with polyacrylic acid to add negatively charged carboxyl functional 

groups [266] onto the surface of PLLA [267]. Then, two different coatings were 

prepared using layer-by-layer techniques. The first coating consisted of PEI and 

heparin: the plasma treated PLLA scaffold was incubated in PEI solution for 30 

minutes at room temperature. Then, the scaffolds were washed with deionised water 

and incubated in heparin solution for 30 minutes at room temperature. These steps 

were repeated 7 times and the last layer was always PEI [267]. The second coating 

consisted of PEI and polyacrylic acid: the plasma treated PLLA scaffold was incubated 

in PEI solution for 30 minutes at room temperature. Afterwards, the scaffold was 

incubated with polyacrylic acid solution for 30 minutes at room temperature. Then, 

the scaffold was washed with deionised water.  These steps were also repeated 7 times, 

with being PEI the last layer. After the layer-by-layer coatings, the scaffolds were 

incubated with heparin solution overnight. Then, the scaffolds were incubated with a 

VEGF solution at a concentration of 2 ng/mL for 24 hours [267].  

XPS spectra were used to evaluate sulphur content in the scaffold, as an indicator that 

heparin was bound to the scaffold. Moreover, ELISA was performed to study the 

binding of VEGF to the scaffolds, but not its release profile. XPS results showed that 

heparin was bound to the PEI-heparin scaffolds, with 0.53% sulphur content. In 

contrast, for the PEI-polyacrylic acid scaffolds, the sulphur content was 4.6%. This 

was attributed to the fact the PEI-polyacrylic acid scaffolds built the necessary charge 

to bind heparin, whereas PEI-heparin scaffolds did not [267]. However, another 

positively charged molecule could be used for coating and, possibly, obtain the same 

result as the PEI-polyacrylic scaffold. ELISA showed that VEGF was bound to PEI-

polyacrylic acid scaffold, as 950 pg/cm2 of VEGF was quantified. Unfortunately, 

VEGF content was not assessed in the PEI-heparin scaffolds, due to its low heparin 
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content. Nevertheless, it would be interesting to study the quantity of VEGF bound to 

this scaffold to see if a certain quantity of heparin is needed to bind more growth factor 

[267]. However, it is necessary to consider that acrylic acid is less biocompatible than 

heparin [267]. These findings showed that it is possible to bind heparin by electrostatic 

means to a positively charged surface, supporting the answer to one of the research 

questions of this thesis: that heparin will bind to a positively charged functional group 

NH2
+, and that growth factors will bind to heparin. Moreover, these scaffolds coated 

using layer-by-layer technique needed at least 5 layers to successfully bind heparin to 

the scaffold [267]. The work presented in this thesis, only required an NH2
+ surface to 

successfully bind heparin, and therefore, NGF and BDNF were able to bind to the 

surface through heparin.  

It has been reported that the charge of the protein has an effect on its binding affinity 

to a charged molecule. In addition, the surface should have enough charge to bind 

molecules effectively. For example, Satriano et al. studied that at physiological pH 

7.4, the isoelectric point of NGF is ca. 9, whereas the isoelectric point of BDNF is ca. 

8. The evaluated gold surface is negatively charged at pH 7.4, hence, an attractive 

interaction, caused by electrostatic forces, can be deduced with both NGF and BDNF, 

as they both have positive charges at physiological pH [268]. Nevertheless, these 

isoelectric points change according to the origin and sequence of the protein that is 

used.  Liu et al. reported that the isoelectric point of  human BDNF was 9.1 [269]. 

Moreover, Harper et al. showed that the isoelectric point of bovine NGF and mouse 

NGF was of 9.5-10 and 9.3 respectively [270]. Therefore, it was important to 

corroborate the growth factor’s data provided by the manufacturer to adequately report 

and explain the findings in this thesis.  

According to the manufacturer, the isoelectric point of NGF was 8.81 (accession No. 

P25427), its molecular weight was 26.4 kDa and its sequence Ser122-Gly241 [136], 

[271]. In addition, the isoelectric point of BDNF was 9.59 (accession No. P23560), its 

molecular weight was 13.5 kDa and its sequence His129-Arg247 [136], [272]. 

Furthermore, arginine and lysine amino acids provide the positive charge of NGF and 

BDNF at physiological pH. The arginine and lysine content of NGF and BDNF are 

14/18 and 11/11 respectively.  According to Mascotti and Lohman, arginine has a 
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slightly higher affinity compared to lysine when they bind to the sulphate groups in 

heparin through hydrogen bonding [273].  In addition, another factor to consider is the 

degradation of both NGF and BDNF in PBS [269], [274], [275]. As these growth 

factors were incubated in PBS with the bioactive surface for 5 hours, it is expected 

that to a certain extent, the growth factors degraded.  

Additionally, as can be seen in section 5.4.3.1, NGF was retained more on the 

bioactive surface than BDNF. The reason could be the isoelectric point of the 

molecules, hydrogen bonding between the growth factors and heparin, degradation of 

BDNF in PBS during incubation time, and the interactions dictated by the three-

dimensional (3D) structure of the growth factors [276], as the availability of binding 

sites in the growth factors to create hydrogen bonds with heparin would change [228]. 

Therefore, even though BDNF has a higher isoelectric point compared to NGF, BDNF 

has a lower arginine and lysine content than NGF, which would explain why 97% - 

99% of the initial load of NGF was retained on the bioactive surface, whereas the 

bioactive surface retained 85% - 91% of the initial load of BDNF.  

Moreover, temperature and 3D structure of the neurotrophins would also explain the 

differences in release of NGF and BDNF from the bioactive surface. NGF and BDNF 

were immobilised on the bioactive surface at concentrations of 1 ng/mL, 10 ng/mL, 

100 ng/mL and 1 µg/mL. These bioactive surfaces were incubated at 37°C and 4°C. 

The release of neurotrophins was different between these test conditions. This might 

be explained by the 3D structure of the neurotrophins and the concentration at which 

they were immobilised. If the concentration was low, the neurotrophin would bind to 

heparin without competing with another molecule for that same binding site and, even 

finding more binding sites, making the bond between the growth factor and the 

bioactive surface more stable [277]–[279]. However, if the concentration was higher, 

neurotrophins would compete with each other for heparin binding sites, making the 

bonding between the growth factor and heparin not as stable as it could be, with a 

possibility of creating aggregates. This hypothesis could explain to a certain extent 

why at higher concentrations of immobilised NGF or BDNF, the release was greater 

than in other conditions.   
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The maximum concentration at which NGF was released from the bioactive surface 

was 0.1 ng/mL, both at 37°C and 4°C. However, the timing at which this concentration 

was found was different (24 hours and 168 hours respectively). In comparison, the 

maximum concentration at which BDNF was released from the bioactive surface was 

14 ng/mL at 37°C and 1.4 ng/mL at 4°C.  

Based on the results on this thesis, regarding release of NGF and BDNF from bioactive 

surfaces, it is suggested that the bioactive surface acts as a stabiliser for both 

neurotrophins, and temperature may act as an on/off switch to break the bonds between 

heparin and the growth factors. Eng et al. evaluated the degradation of NGF in acetate 

buffer (pH 5.5) at 5℃ and 37℃, finding that degradation was faster at 37℃ than at 

5℃ [280]. They also elucidated that chemical stability decreased, as aggregation was 

found at 37℃, leading to degradation [280], [281]. This raises the question to whether 

growth factors would be stable at physiological pH. Nevertheless, according to Lam 

et al., and DeYoung et al., NGF can degrade rapidly at physiological pH if the 

neurotrophin is not stabilised [281], [282]. Furthermore, when NGF was in solution 

with PBS (with no stabiliser), its stability was reduced by at least 50%. Nevertheless, 

when NGF was in solution with PBS and Tween 20, its stability was maintained 

between 80% – 60% [73]. In addition, Polyakova et al. studied the stability of BDNF 

in solution with serum and ethylenediaminetetraacetic acid (EDTA)-plasma when 

stored at -80 ℃ and at room temperature [283]. Their findings suggested that BDNF 

was stable up to 6 months when stored at -80℃ when it was in solution with both 

serum and EDTA-plasma. It also highlighted that BDNF was stable for up to 2 hours 

at room temperature, also in both serum and EDTA-plasma [283]. Furthermore, 

Callahan et al. also evaluated the stability of BDNF when in solution with histidine 

buffer with and without sodium chloride (NaCl), finding that BDNF maintained 

stability at 52℃ when it was in solution with NaCl [284].  

The stability of NGF and BDNF bound onto the bioactive surface NH2
+ + Heparin has 

the potential of controlling the release of these neurotrophins, delivering an adequate 

dosage, at an appropriate time, which would encourage extensive neurite outgrowth. 

Which concentration of immobilised neurotrophin would be the most appropriate to 

achieve this will be evaluated in the following chapters.  
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5.6 Conclusion 

The aim of this chapter was to fabricate and characterise a NH2
+ + Heparin + 

Immobilised NGF/BDNF bioactive surface. This bioactive surface was fabricated by 

the adsorption of heparin onto a NH2
+ surface by electrostatic interactions. NGF and 

BDNF were then added to the NH2
+ + Heparin surface. These neurotrophins bond to 

heparin by electrostatic interactions. 

Contact angle confirmed a change in wettability when heparin was added. Moreover, 

XPS analysis confirmed the presence of heparin on the NH2
+ + Heparin bioactive 

surface. Furthermore, NGF and BDNF were successfully immobilised, at different 

concentrations, onto the NH2
+ + Heparin bioactive surface. ELISA confirmed the 

presence and the release of the neurotrophins from the bioactive surface. Even though 

the NH2
+ + Heparin + Immobilised NGF/BDNF were incubated at 4℃ and 37℃, 

revealing different release profiles for NGF and BDNF, ELISA still indicated the 

presence of the neurotrophins on the bioactive surfaces. Furthermore, it will be 

interesting to understand which concentration of neurotrophin would encourage the 

growth of larger neurites. This will be described and discussed in the next chapter.  

In conclusion, the bioactive surface NH2
+ + Heparin + Immobilised NGF/BDNF was 

successfully fabricated.  

 

 

 

 

 

 

 



 

 

158 

 

Chapter 6 Effects of bioactive surface on 

immortalised cell lines: NG108-15 neuronal cell 

line and PC12 adh neuronal cell line  

 

6.1  Introduction 

The effects of neurotrophins on neurite outgrowth and development are being studied 

in research, to evaluate their potential for improving nerve regeneration  [77], [84]. 

Nerve growth factor (NGF), brain derived neurotrophic factor (BDNF), glial cell-

derived neurotrophic factor (GDNF) and ciliary neurotrophic factor (CNTF) have been 

used for this purpose [61], [225], [285]–[287].   

Even though neurotrophins have been introduced into nerve guide conduits (NGCs), 

nerve repair has not been successful, because of their short half-life, proteolytic 

degradation, and lack of diffusion [288]–[291]. Therefore, it is paramount to design a 

sustained delivery system for neurotrophins to enhance NGCs functionality [227], 

[229].  

The development of bioactive surfaces, such as the one fabricated in chapter 5 of this 

thesis NH2
+ + Heparin + Immobilised NGF, BDNF or NGF plus BDNF, will deliver 

neurotrophins more precisely, encouraging neurite outgrowth. The advantages of 

immobilising growth factors are that their half-life can be extended and that their 

bioactivity will not be lost [292]. Moreover, as the growth factor is immobilised, it 

will not be internalised by the cell, sustaining signaling for longer periods thus 

increasing their half-life [217], [292], [293]. Physical adsorption, crosslinking, 

covalent bonding, and entrapment are techniques used to immobilise neurotrophins 

[150].  

Research has been performed to study the effects of immobilised growth factors. For 

example, Lee et al. loaded 250 ng and 500 ng of NGF into a heparin-fibrin gel. This 

delivery system encouraged neurite outgrowth of 40 µm in PC12 neuronal cells [260].  

Furthermore, Oh et al. micropatterned 1 mg/mL of NGF in collagen sponges, and 
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found that 27.2% of PC12 neuronal cells developed neurites [294].  Bhang et al. 

immobilised NGF on a heparin surface, discovering that PC12 neuronal cells 

developed more neurites when NGF was immobilised than when it was in solution in 

culture media [292].  

Additionally, growth factors have been co-immobilised to obtain an additive effect. 

Lequoy et al. co-immobilised epidermal growth factor (EGF) and vascular endothelial 

growth factor (VEGF) on a chondroitin sulfate coating [295]. The results obtained by 

Lequoy et al. showed that cell survival was improved compared to when each growth 

factor was immobilised alone [295]. Moreover, Kim et al. co-immobilised NGF and 

basic fibroblast growth factor (bFGF) on polycaprolactone/pluronic F127 

microspheres and studied their effects on muscle derived stem cells [265]. Their 

findings showed that microspheres with both NGF and bFGF stimulated the 

development of more neurites in comparison to when the microspheres were 

immobilised with only one growth factor [265]. Furthermore, Naka et al. coated 

nanoscale magnetic beads with 10 µg/mL of NGF, BDNF, or NGF and BDNF and 

evaluated neurite outgrowth in PC12 neuronal cells [262]. Neurite extension was only 

found in cells cultured with NGF coated beads [262]. Nevertheless, BDNF has been 

known to also promote neurite growth [84].  

Although the use of neurotrophins has been studied, there are no studies that define 

which is the optimal dose of neurotrophin to use and how frequently the neurotrophin 

should be administered [217]. For example, inappropriate target reinnervation and 

defective connections might result as a consequence of using high quantities of NGF 

[217], [296]. Moreover, Achyuta et al. suggested that there are a minimum number of 

TrkA receptors that must bind to NGF to initiate neurite outgrowth stimulation [229]. 

The appropriate dose and frequency of administration might be related to how the 

growth factors are being delivered. For example, the degradation of the material, or 

the degradation of the bond formed with a substrate or other molecule to which the 

growth factor was immobilised.  
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Therefore, in this chapter, an evaluation was performed regarding what would be the 

appropriate dose of immobilised NGF, BDNF, or NGF plus BDNF (1 pg/mL,                   

1 ng/mL, 10 ng/mL, 100 ng/mL and 1 µg/mL) to encourage the formation of longer 

neurites, in NG108-15 neuronal cells and in PC12 adh neuronal cells (an adherent 

variant of the PC12 cell line). Moreover, the bioactive surfaces NH2
+ + Heparin + 

Immobilised NGF, NH2
+ + Heparin + Immobilised BDNF, and NH2

+ + Heparin + 

Immobilised NGF plus BDNF were assessed to evaluate how the bioactive surface 

affected the metabolic activity of the NG108-15 neuronal cell line and PC12 adh 

neuronal cell line.  
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6.2  Aims and objectives 

The bioactive surfaces NH2
+ + Heparin + Immobilised NGF, NH2

+ + Heparin + 

Immobilised BDNF, and NH2
+ + Heparin + Immobilised NGF plus BDNF were 

prepared on flat surface tissue culture plastic (TCP). 

The aims of this chapter are: 

1. Evaluate the effects of bioactive surface immobilised with NGF on NG108-15 

neuronal cells.  

2. Study the effects of bioactive surface immobilised with BDNF on NG108-15 

neuronal cells. 

3. Evaluate the effects of bioactive surface immobilised with NGF plus BDNF 

on NG108-15 neuronal cells. 

4. Evaluate the effects of bioactive surface immobilised with NGF on PC12 adh 

neuronal cells.  

5. Study the effects of bioactive surface immobilised with BDNF on PC12 adh 

neuronal cells. 

6. Evaluate the effects of bioactive surface immobilised with NGF plus BDNF 

on PC12 adh neuronal cells. 

The objectives of this chapter are: 

1. Assess the metabolic activity of NG108-15 neuronal cells when cultured on 

bioactive surfaces immobilised with NGF, BDNF or NGF plus BDNF. 

2. Calculate the average neurite length of NG108-15 neuronal cells when cultured 

on bioactive surfaces immobilised with NGF, BDNF or NGF plus BDNF.  

3. Obtain the average maximum neurite length of NG108-15 neuronal cells when 

cultured on bioactive surfaces immobilised with NGF, BDNF or NGF plus 

BDNF. 
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4. Quantify the percentage of neurons bearing neurites of NG108-15 neuronal 

cells when cultured on bioactive surfaces immobilised with NGF, BDNF or 

NGF plus BDNF. 

5. Assess the metabolic activity of PC12 adh cells when cultured on bioactive 

surfaces immobilised with NGF, BDNF or NGF plus BDNF. 

6. Quantify the average neurite length of PC12 adh cells when cultured on 

bioactive surfaces immobilised with NGF, BDNF or NGF plus BDNF.  

7. Obtain the average maximum neurite length of PC12 adh cells when cultured 

on bioactive surfaces immobilised with NGF, BDNF or NGF plus BDNF. 

8. Calculate the percentage of neurons bearing neurites of PC12 adh cells when 

cultured on bioactive surfaces immobilised with NGF, BDNF or NGF plus 

BDNF. 
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6.3  Materials and methods 

General cell culture methodology was performed as described in Chapter 4, in sections 

4.2.1, 4.2.1.1, 4.2.1.2 and 4.2.1.3.  Bioactive surfaces were prepared as described in 

chapter 5, section 5.3.1.  

6.3.1 In vitro studies with NG108-15 neuronal cell lines 

An NG108-15 neuronal cell line was seeded on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ 

+ Heparin with immobilised NGF, BDNF or NGF plus BDNF surfaces in vitro to 

evaluate the effects of these bioactive surfaces on metabolic activity, neural length, 

maximum neurite length, and percentage of neurons bearing neurites. Detailed 

protocol was performed as described in chapter 4, section 4.2.2. Briefly, NG108-15 

cell line cells were retrieved from a T-75 flask. Then, 500 cells were seeded per well 

in 150 µL of cell culture medium. The samples were incubated at 37℃ and 5% CO2 

for 7 days, where the medium was changed to serum free medium with NGF, BDNF 

or NGF plus BDNF, according to Table 12, on day 2. For the bioactive surfaces with 

immobilised NGF, BDNF or NGF plus BDNF, serum-free medium with no growth 

factors was used. The experiment was performed 3 times independently; each 

condition was tested in triplicate.  

6.3.2 In vitro studies with PC12 adherent neuronal cell line 

A PC12 adherent (adh) neuronal cell line was seeded on TCP, NH2
+, NH2

+ + Heparin, 

and NH2
+ + Heparin with immobilised NGF, BDNF or NGF plus BDNF surfaces in 

vitro to evaluate the effects of these bioactive surfaces on metabolic activity, neural 

length, maximum neurite length, and percentage of neurons bearing neurites. Detailed 

protocol was performed as described in chapter 4, section 4.2.3. Briefly, PC12 adh cell 

line cells were retrieved from a T-75 flask. Then, 700 cells were seeded per well in 

150 µL of cell culture medium with NGF, BDNF or NGF plus BDNF according to 

Table 12. The samples were incubated at 37℃ and 5% CO2 for 5 days. For the 

bioactive surfaces with immobilised NGF, BDNF or NGF plus BDNF, culture 

medium with no growth factors was used. The experiment was performed 3 times 

independently; each condition was tested in triplicate.  
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Table 12. Summary of the different surfaces and bioactive surfaces that were prepared, 

indicating the delivery method of NGF, BDNF or NGF plus BDNF. 

Surface 

Growth 

factor 

delivery 

method 

NGF BDNF 
NGF plus 

BDNF 

TCP 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 pg/mL 1 pg/mL 1 pg/mL 

1 ng/mL 1 ng/mL 1 ng/mL 

10 ng/mL 10 ng/mL 10 ng/mL 

100 ng/mL 100 ng/mL 100 ng/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

NH2
+ 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 pg/mL 1 pg/mL 1 pg/mL 

1 ng/mL 1 ng/mL 1 ng/mL 

10 ng/mL 10 ng/mL 10 ng/mL 

100 ng/mL 100 ng/mL 100 ng/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

NH2
++Heparin 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 pg/mL 1 pg/mL 1 pg/mL 

1 ng/mL 1 ng/mL 1 ng/mL 

10 ng/mL 10 ng/mL 10 ng/mL 

100 ng/mL 100 ng/mL 100 ng/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

NH2
++Heparin 

Immobilised 

on surface 

0 pg/mL 0 pg/mL 0 pg/mL 

1 pg/mL 1 pg/mL 1 pg/mL 

1 ng/mL 1 ng/mL 1 ng/mL 

10 ng/mL 10 ng/mL 10 ng/mL 

100 ng/mL 100 ng/mL 100 ng/mL 

1 µg/mL 1 µg/mL 1 µg/mL 
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6.3.3 Metabolic activity assay: MTS  

Detailed protocol was performed as described in chapter 4, section 4.2.4. Briefly, after 

total incubation period of the samples, 20% of CellTiter 96® AQueous One Solution 

Cell Proliferation Assay solution (v/v) was added directly to the samples and incubated 

at 37℃ and 5% CO2 for 4 hours covered from light. After incubation time, the 

absorbance was read at 490 nm using a Bio-Tek ELx 800 absorbance microplate reader 

and KC junior software 1.41.8 (Bio-Tek Instruments, USA).  

6.3.4 Fixing and staining of neuronal cell line 

Cell culture medium was discarded, and 3.7% formaldehyde (FA) solution was added 

and incubated for 45 minutes at room temperature. Then, FA was discarded, and 

samples washed one time with PBS. After, 0.1% Triton X-100 was added and 

incubated for 45 minutes at room temperature. Triton X-100 was discarded, and the 

samples washed 2 - 3 times with PBS. DAPI and phalloidin-TRITC solution were 

added to the samples and incubated for 1 hour at room temperature. The solution was 

discarded, and the samples washed one time with PBS. The samples were covered 

with PBS and stored at 4 ℃. Details were described in Chapter 4, section 4.2.5.  

6.3.5 Epifluorescence microscopy 

Images of the cells cultured on the bioactive surfaces were obtained from an Inverted 

Olympus IX73 Epifluorescent microscope and Micro-Manager 1.4.22 software. To 

image DAPI and phalloidin-TRITC, excitation and emission wavelengths of                  

λex = 405 nm / λem = 450 nm and λex = 540 nm / λem = 570 nm were used respectively. 

Image J 1.52a [218] software was used to measure the length of developed neurites 

and to count how many neurites were developed. Neurite length was measured from 

the cell body to the tip of the neurite. Cells with at least one neurite were counted as 

cells bearing neurites and Equation 1 from chapter 4, section 4.2.9, was used to 

calculate the percentage of neurons bearing neurites. Three images were taken per 

condition, and 10-15 neurites were measured to determine the mean. The largest 

neurite from each repeat was counted and averaged for the maximum neurite length. 
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6.3.6 Statistical analysis 

Two-way ANOVA analysis was performed following the Tukey procedure of multiple 

comparisons using GraphPad Prism 8.2.0 software. A p value of < 0.05 was used to 

indicate if the differences in the data were significant.  
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6.4  Results 

6.4.1 Effects of bioactive surfaces on NG108-15 neuronal cell line cultures 

6.4.1.1 Effects of Nerve Growth Factor 

Metabolic activity was studied for NG108-15 neuronal cells cultured on TCP, NH2
+, 

NH2
+ + Heparin, and NH2

+ + Heparin + Immobilised NGF. This assay was performed 

to evaluate any changes in metabolic activity of NG108-15 neuronal cells cultured on 

bioactive surfaces in comparison to TCP control. It was important to study any 

significant changes in the metabolic activity of the neuronal cells, because, if the 

metabolic activity was reduced, it was important to determine the cause of it, whether 

it was the bioactive surface, the concentration of NGF used or a combination of both.  

The metabolic activity of NG108-15 neuronal cells was not significantly different 

when cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised 

NGF as shown in Figure 35.  The metabolic activity of the neuronal cells did not 

change when NGF was in solution or immobilised onto the bioactive surface. 

Moreover, the information presented in Figure 35 also suggested that the metabolic 

activity did not change due to the surface where the neuronal cells were cultured on. 

These results show that neither the concentration of NGF used nor the surface where 

the neuronal cells were seeded changed the metabolic activity of the cells. Therefore, 

the bioactive surface and NGF did not decrease the metabolic activity of the  NG108-

15 neuronal cells in vitro.   
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Figure 35. Metabolic activity of NG108-15 neuronal cells, measured with MTS assay at day 

7, cultured onto different bioactive surfaces with NGF at different concentrations. NGF was 

present in culture medium in TCP, NH2
+ and NH2

+ + Heparin (controls). NGF was 

immobilised on NH2
+ + Heparin (test). Two-way ANOVA statistical analysis was performed 

with Tukey procedure of multiple comparisons (*p<0.05). Mean ± SD. N=3, n=3. 
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Figure 36, Figure 37, Figure 38 and Figure 39 show NG108-15 neuronal cells cultured 

on different bioactive surfaces (TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised NGF respectively) at different concentrations of NGF. Developed 

neurites can be seen in all the images, with some highlighted with a yellow brace. 

DAPI was used to stain nuclei; phalloidin TRITC was used to stain the f-actin 

filaments of the cytoskeleton of the neurons, which includes the neurite. Regardless 

of the concentration used of NGF, either in solution in culture medium or immobilised, 

or the bioactive surface where the NG108-15 cells were seeded, neurites developed in 

all conditions, with no significant difference among them. These images are 

representative of average neurite length.  
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Figure 36. Epifluorescence images of NG108-15 neuronal cells cultured onto TCP with 

different concentrations of NGF. F-actin filaments are stained in red (phalloidin TRITC)., 

nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 37. Epifluorescence images of NG108-15 neuronal cells cultured onto NH2
+ with 

different concentrations of NGF. F-actin filaments are stained in red (phalloidin TRITC)., 

nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 38. Epifluorescence images of NG108-15 neuronal cells cultured onto NH2
+ + Heparin 

with different concentrations of NGF. F-actin filaments are stained in red (phalloidin TRITC)., 

nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 39. Epifluorescence images of NG108-15 neuronal cells cultured onto NH2
+ + Heparin 

+ Immobilised NGF with different concentrations of NGF. F-actin filaments are stained in red 

(phalloidin TRITC)., nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Neurite length of NG108-15 neuronal cells was measured and averaged to obtain the 

averaged neurite length of NG108-15 neuronal cells seeded on TCP, NH2
+, NH2

+ + 

Heparin, and NH2
+ + Heparin + Immobilised NGF.  On average, the largest neurite 

was developed from neuronal cells cultured on NH2
+ surface with soluble NGF at                 

1 µg/mL, its length was 134 ± 12 µm. The shortest neurite measured was 87 ± 20 µm, 

which was from neuronal cells cultured onto NH2
+ surface. In addition, when NG108-

15 neuronal cells were cultured onto TCP, the averaged neurite length was 120 ± 29 

µm. In comparison, when NG108-15 neuronal cells were cultured on NH2
+ + Heparin 

+ Immobilised NGF at 1 µg/mL, the averaged neurite length was 128 ± 36 µm. 

However, as Figure 40 shows, there was no statistical difference between any samples, 

indicating that the bioactive surfaces and NGF, regardless of concentration, did not 

significantly affect neurite outgrowth of NG108-15 neuronal cells.  
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Figure 40. Average neurite length of NG108-15 neuronal cells when cultured on TCP, NH2
+, 

NH2
+ + Heparin, and NH2

+ + Heparin + Immobilised NGF. NGF was added to the bioactive 

surfaces at different concentrations. Two-way ANOVA statistical analysis was performed 

with Tukey procedure of multiple comparisons (*p<0.05). Mean ± SD. N=3, n=3. 
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Figure 41 shows the averaged maximum neurite length measured from the     NG108-

15 neuronal cells cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised NGF. This measurement indicates the maximum neurite outgrowth 

reached under the test conditions. The average maximum neurite length was calculated 

by identifying the maximum neurite outgrowth from each condition, and then making 

an average from the values of each repeat. The shortest maximum neurite length was 

170 ± 48 µm for NG108-15 neuronal cells cultured on NH2
+   surface. The largest 

neurite length was 370 ± 116 µm for neuronal cells cultured on TCP with soluble NGF 

at a concentration of 1 pg/mL. Similarly, for neuronal cells seeded on NH2
+ + Heparin 

+ Immobilised NGF at 1 µg/mL, the averaged maximum neurite length was                  

365 ± 91 µm. Moreover, neuronal cells cultured on NH2
+   surface with soluble NGF 

at 1 µg/mL and NH2
+ + Heparin surface with soluble NGF at 1 µg/mL developed 

maximum neurite lengths of 314 ± 46 µm and 351 ± 130 µm respectively.  

Interestingly, when NG108-15 neuronal cells were cultured on TCP, with soluble NGF 

at different concentrations, a trend towards a reduction in maximum neurite length was 

observed as the concentration of NGF increased, even though there was no significant 

difference. Firstly, the averaged maximum length of neuronal cells cultured on TCP 

was 332 ± 92 µm; when NG108-15 neuronal cells were cultured on TCP with soluble 

NGF at 1 pg/mL, the averaged maximum neurite length was 370 ± 116 µm; when the 

neuronal cells were cultured on TCP with soluble NGF at 1 µg/mL, the averaged 

maximum neurite length was 232 ± 60 µm. In comparison, when NGF was 

immobilised onto the bioactive surface NH2
+ + Heparin, the averaged maximum 

neurite length of the NG108-15 neuronal cells increased as the concentration of NGF 

increased: from 265 ± 21 µm (immobilised NGF at 1 pg/mL), 275 ± 102 µm 

(immobilised NGF at 1 ng/mL), 290 ± 60 µm (immobilised NGF at 10 ng/mL),          

339 ± 131 µm (immobilised NGF at 100 ng/mL) to 365 ± 91 µm (immobilised NGF 

at 1 µg/mL).  Even though there was no significant difference between any samples, 

important information was obtained regarding the concentration of NGF used:  

increasing the concentration of soluble NGF delivered to cells on TCP decreased the 

average neurite length, but if a bioactive surface was used to immobilise NGF, 

increasing the concentration of NGF increased the maximum neurite length.  
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Figure 41. Average maximum neurite length of NG108-15 neuronal cells when culture on 

TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised NGF (test). NGF 

was added to the bioactive surfaces at different concentrations. Two-way ANOVA statistical 

analysis was performed with Tukey procedure of multiple comparisons (*p<0.05). Mean ± 

SD. N=3, n=3.   
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The percentage of neurons bearing neurites was calculated for NG108-15 neuronal 

cells cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised 

NGF. The lowest percentage value of neurons bearing neurites was 20 ± 17% for 

neuronal cells cultured on NH2
+ surface. The highest percentage of neurons bearing 

neurites was 51 ± 12% for neuronal cells seeded on TCP with soluble NGF at a 

concentration of 10 ng/mL. Control TCP revealed 35 ± 15% of neurons bearing 

neurites while bioactive surfaces with immobilised NGF at 1 µg/mL supported             

35 ± 20% of neuronal cells bearing neurites. This suggests that high concentrations of 

immobilised NGF did not significantly affect neurite development. As Figure 42 

shows, there was no significant difference between the samples regarding percentage 

of neurons bearing neurites, however, none of the conditions affected the development 

of neurites.  

 

Figure 42. Percentage of neurons bearing neurites of NG108-15 neuronal cells when culture 

on TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised NGF (test). 

NGF was added to the bioactive surfaces at different concentrations. Two-way ANOVA 

statistical analysis was performed with Tukey procedure of multiple comparisons (*p<0.05). 

Mean ± SD. N=3, n=3.   
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6.4.1.2 Effects of Brain Derived Neurotrophic Factor 

Metabolic activity was also evaluated for NG108-15 neuronal cells cultured on TCP, 

NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised BDNF. This assay was 

used to observe any effect in the metabolic activity of NG108-15 neuronal cells that 

the bioactive surfaces could elicit. It was important to evaluate any changes in the 

metabolic activity of the NG108-15 neuronal cells when cultured with BDNF because 

if the metabolic activity was reduced, it was paramount to determine the cause of it: 

whether the bioactive surface or the concentration of BDNF used.    

When NG108-15 neuronal cells were cultured on TCP with BDNF in solution at             

1 µg/mL, the metabolic activity was significantly higher in comparison to the 

metabolic activity of the neuronal cells cultured on NH2
+ with BDNF at 100 ng/mL 

and on NH2
+ + Heparin with BDNF at 1 ng/mL and 100 ng/mL. Furthermore, when 

NG108-15 neuronal cells were cultured on NH2
+ + Heparin + Immobilised BDNF at 

1 µg/mL, the metabolic activity was significantly higher compared to neuronal cells 

cultured on NH2
+ + Heparin with BDNF at 100 ng/mL. However, there was no 

significant difference in the metabolic activity of NG108-15 neuronal cells cultured 

on TCP with BDNF at 1 µg/mL and NH2
+ + Heparin + Immobilised BDNF at 1 µg/mL. 

In addition, there was no significant reduction of the metabolic activity of the neuronal 

cells cultured on any of the bioactive surfaces NH2
+ + Heparin + Immobilised BDNF 

with different concentrations of BDNF, as shown in Figure 43.  
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Figure 43. Metabolic activity of NG108-15 neuronal cells, measured with MTS assay at day 

7, cultured on different bioactive surfaces with BDNF at different concentrations. BDNF was 

present in culture medium in TCP, NH2
+ and NH2

+ + Heparin (controls). BDNF was 

immobilised on NH2
+ + Heparin (test). Two-way ANOVA statistical analysis was performed 

with Tukey procedure of multiple comparisons (*p<0.05). Mean ± SD. N=3, n=3.  
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Figure 44, Figure 45, Figure 46, Figure 47 show NG108-15 neuronal cells cultured on 

different bioactive surfaces (TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised BDNF respectively) at various concentrations of BDNF. Developed 

neurites can be seen in all the images with some highlighted with a yellow brace. DAPI 

was used to stain nuclei; phalloidin TRITC was used to stain the f-actin filaments of 

the cytoskeleton of the neuron, which includes the neurite. Regardless of the BDNF 

concentration or bioactive surface, NG108 neuronal cells developed neurites in all 

conditions. These images are representative of average neurite length. 
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Figure 44. Epifluorescence images of NG108-15 neuronal cells cultured onto TCP with different concentrations of BDNF. F-

actin filaments are stained in red (phalloidin TRITC)., nuclei are stained in blue (DAPI). Developed neurites can be seen in all 

the images with some highlighted with a yellow brace.  Scale bar = 200 µm. 
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Figure 45. Epifluorescence images of NG108-15 neuronal cells cultured onto NH2
+ with different concentrations of BDNF. F-

actin filaments are stained in red (phalloidin TRITC)., nuclei are stained in blue (DAPI).  Developed neurites can be seen in all 

the images with some highlighted with a yellow brace. Scale bar = 200 µm. 
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Figure 46. Epifluorescence images of NG108-15 neuronal cells cultured onto NH2
+ + Heparin with different concentrations of 

BDNF. F-actin filaments are stained in red (phalloidin TRITC)., nuclei are stained in blue (DAPI). Developed neurites can be 

seen in all the images with some highlighted with a yellow brace.  Scale bar = 200 µm. 
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Figure 47. Epifluorescence images of NG108-15 neuronal cells cultured onto NH2
+ + Heparin + Immobilised BDNF with different 

concentrations of BDNF. F-actin filaments are stained in red (phalloidin TRITC)., nuclei are stained in blue (DAPI). Developed 

neurites can be seen in all the images with some highlighted with a yellow brace. Scale bar = 200 µm. 
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The neurite length of NG108-15 neuronal cells was measured and averaged to obtain 

the averaged neurite length of NG108-15 neuronal cells cultured on TCP, NH2
+, NH2

+ 

+ Heparin, and NH2
+ + Heparin + Immobilised BDNF (Figure 48). On average, the 

longest neurite was 137 ± 19 µm for neuronal cells cultured on TCP with BDNF at     

1 µg/mL. The shortest neurite was 36 ± 62 µm for neuronal cell cultures on TCP with 

BDNF at 10 ng/mL. There was a significant difference between these two groups 

(*p<0.05). No significant differences were found among other groups. The average 

neurite length of NG108-15 neuronal cells seeded on TCP was 119 ± 29 µm, whereas 

the average neurite length of the neuronal cells was 113 ± 20 µm when cultured on 

NH2
+ + Heparin + Immobilised BDNF at 1 µg/mL. In addition, 129 ± 35 µm was the 

average neurite length of neuronal cells cultured on NH2
+ + Heparin + Immobilised 

BDNF at 1 ng/mL.  
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Figure 48. Average neurite length of NG108-15 neuronal cells when cultured on TCP, NH2
+, 

NH2
+ + Heparin (controls), and NH2

+ + Heparin + Immobilised BDNF (test). BDNF was added 

to the bioactive surfaces at different concentrations. Two-way ANOVA statistical analysis 

was performed with Tukey procedure of multiple comparisons (*p<0.05). Mean ± SD. N=3, 

n=3.    

 

The average maximum neurite length was measured to observe the maximum neurite 

outgrowth that the NG108-15 neuronal cells could develop. Figure 49 shows the 

average maximum neurite length of NG108-15 neuronal cells seeded on TCP, NH2
+, 

NH2
+ + Heparin, and NH2

+ + Heparin + Immobilised BDNF. The longest averaged 

maximum neurite length was 335 ± 113 µm, measured from NG108-15 neuronal cells 

cultured on NH2
+ + Heparin + Immobilised BDNF at 1 ng/mL. The shortest average 

maximum neurite length was 88 ± 152 µm, calculated from neuronal cells seeded on 

TCP with BDNF in solution at a concentration of 10 ng/mL. For neuronal cells seeded 
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on TCP with BDNF in solution at a concentration of 1 µg/mL, the average maximum 

neurite length was 331 ± 43 µm. In comparison, the average maximum neurite length 

of neuronal cells seeded on NH2
+ + Heparin + Immobilised BDNF at 1 µg/mL was 

269 ± 88 µm. There was no significant difference among the groups.  

 

Figure 49. Average maximum neurite length of NG108-15 neuronal cells when cultured on 

TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised BDNF (test). 

BDNF was added to the bioactive surfaces at different concentrations. Two-way ANOVA 

statistical analysis was performed with Tukey procedure of multiple comparisons (*p<0.05). 

Mean ± SD. N=3, n=3.     
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The percentage of neurons bearing neurites, shown in Figure 50, was calculated for 

NG108-15 neuronal cells cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + 

Heparin + Immobilised BDNF. The highest percentage of neurons bearing neurites 

was 38 ± 18% for neuronal cells cultured on NH2
+ + Heparin with BDNF in solution 

at a concentration of 10 ng/mL. The lowest percentage was 7 ± 12% for NG108 

neuronal cells cultured on TCP with soluble BDNF at a concentration of 10 ng/mL. 

Even though there were no significant differences between the control and test groups, 

the percentage of neurons beating neurites decreased slightly for the neuronal cells 

seeded on NH2
+ + Heparin + Immobilised BDNF: from 36 ± 14%     (0 pg/mL),             

31 ± 5% (1 pg/mL), 31 ± 16% (1 ng/mL), 26 ± 8% (10 ng/mL), 27 ± 7% (100 ng/mL) 

to 24 ± 10% (1 µg/mL).  

 

Figure 50. Percentage of neurons bearing neurites of NG108-15 neuronal cells when cultured 

on TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised BDNF (test). 

BDNF was added to the bioactive surfaces at different concentrations. Two-way ANOVA 

statistical analysis was performed with Tukey procedure of multiple comparisons (*p<0.05). 

Mean ± SD. N=3, n=3.   
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6.4.1.3 Effects of Nerve Growth Factor plus Brain Derived Neurotrophic Factor 

Metabolic activity was also assessed for NG108-15 neuronal cells cultured on TCP, 

NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised NGF plus BDNF. It was 

important to evaluate how the neuronal cells responded when they were cultured with 

both NGF and BDNF. The NG108-15 neuronal cells with the highest metabolic 

activity were the ones cultured on NH2
+ with soluble NGF plus BDNF at 1 pg/mL. 

The lowest metabolic activity was detected for the neuronal cells seeded on NH2
+. The 

metabolic activity of the neuronal cells was higher when seeded on bioactive surfaces 

where NGF plus BDNF were present in comparison to bioactive surfaces without NGF 

plus BDNF. However, no significant difference was found between the control and 

test groups, as shown in Figure 51. 

 

 



 

 

190 

 

 

Figure 51. Metabolic activity of NG108-15 neuronal cells, measured with MTS assay at day 

7, cultured on different bioactive surfaces with NGF plus BDNF at different concentrations. 

NGF plus BDNF were present in culture medium on TCP, NH2
+ and NH2

+ + Heparin 

(controls). NGF plus BDNF were immobilised on NH2
+ + Heparin (test). Two-way ANOVA 

statistical analysis was performed with Tukey procedure of multiple comparisons (*p<0.05). 

Mean ± SD. N=3, n=3.      
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Figure 52, Figure 53, Figure 54, Figure 55 show NG108-15 neuronal cells cultured on 

different bioactive surfaces (TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised NGF plus BDNF respectively) at the various concentrations of NGF plus 

BDNF. Developed neurites can be seen in all the images, with some of them 

highlighted with a yellow brace. DAPI was used to stain nuclei; phalloidin TRITC was 

used to stain the f-actin filaments of the cytoskeleton of the neuron, which includes 

the neurite. Regardless of the bioactive surface or concentration used of NGF plus 

BDNF, all conditions developed neurites. These images are representative of average 

neurite length. 
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Figure 52. Epifluorescence images of NG108-15 neuronal cells cultured onto TCP with 

different concentrations of NGF plus BDNF. F-actin filaments are stained in red (phalloidin 

TRITC)., nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 53. Epifluorescence images of NG108-15 neuronal cells cultured onto NH2
+ with 

different concentrations of NGF plus BDNF. F-actin filaments are stained in red (phalloidin 

TRITC)., nuclei are stained in blue (DAPI). Scale bar = 200 µm.  
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Figure 54. Epifluorescence images of NG108-15 neuronal cells cultured onto NH2
+ + Heparin 

with different concentrations of NGF plus BDNF. F-actin filaments are stained in red 

(phalloidin TRITC)., nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 55. Epifluorescence images of NG108-15 neuronal cells cultured onto NH2
+ + Heparin 

+ Immobilised NGF plus BDNF with different concentrations of NGF plus BDNF. F-actin 

filaments are stained in red (phalloidin TRITC)., nuclei are stained in blue (DAPI).               

Scale bar = 200 µm.  
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The average neurite length of NG108-15 neuronal cells was calculated from NG108-

15 neuronal cells cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised NGF plus BDNF. The longest average neurite length, 182 ± 55 µm, was 

obtained from NG108-15 cells cultured on NH2
+ + Heparin + Immobilised NGF plus 

BDNF at a concentration of 1 µg/mL. The shortest average neurite length was               

68 ± 62 µm, which was measured and calculated from NG108-15 neuronal cells 

cultured on NH2
+ with NGF plus BDNF in solution at a concentration of 1 ng/mL. 

Interestingly, the average neurite length of NG108-15 neuronal cells increased as the 

bioactive surface was modified, while seeded with NGF plus BDNF at a concentration 

of 1 µg/mL: from 143 ± 32 µm (TCP), 153 ± 81 µm (NH2
+), 177 ± 109 µm (NH2

+ + 

Heparin), to 182 ± 55 µm (NH2
+ + Heparin + Immobilised NGF plus BDNF). 

However, when the neuronal cells were cultured with NGF plus BDNF at 1 pg/mL, 

the average neurite length was slightly different when compared to the average neurite 

length of neuronal cells cultured with NGF plus BDNF at 1 µg/mL: 156 ± 131 µm 

(TCP), 169 ± 96 µm (NH2
+), 130 ± 53 µm (NH2

+ + Heparin), and 178 ± 64 µm (NH2
+ 

+ Heparin + Immobilised NGF plus BDNF). Nevertheless, there was no significant 

difference in average neurite length among all control and test groups, as shown in 

Figure 56. 
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Figure 56. Average neurite length of NG108-15 neuronal cells when cultured on TCP, NH2
+, 

NH2
+ + Heparin (controls), and NH2

+ + Heparin + Immobilised NGF plus BDNF (test). NGF 

plus BDNF were added to the bioactive surfaces at different concentrations. Two-way 

ANOVA statistical analysis was performed with Tukey procedure of multiple comparisons 

(*p<0.05). Mean ± SD. N=3, n=3.    
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The average maximum neurite length of NG108-15 neuronal cells was calculated from 

NG108-15 neuronal cells seeded on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin 

+ Immobilised NGF plus BDNF. The longest average maximum neurite length was 

525 ± 118 µm for NG108-15 neuronal cells seeded on NH2
+ with NGF plus BDNF in 

solution at a concentration of 10 ng/mL. The shortest average maximum neurite length 

was 160 ± 141 µm for NG108-15 neuronal cells cultured on NH2
+ with NGF plus 

BDNF in solution at a concentration of 1 ng/mL. When NG108-15 neuronal cells were 

cultured on NH2
+ + Heparin + Immobilised NGF plus BDNF, the average maximum 

neurite length increased as the concentration of NGF plus BDNF increased, until a 

plateau was reached and then, the average maximum neurite length decreased slightly, 

as seen in Figure 57: 276 ± 99 µm (0 pg/mL), 368 ± 116 µm (1 pg/mL), 420 ± 213 µm 

(1 ng/mL),  476 ± 144 µm (10 ng/mL), 475 ± 189 µm (100 ng/mL), and 457 ± 210 µm 

(1 µg/mL). Nevertheless, there was no significant difference in average maximum 

neurite length among all control and test groups.   
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Figure 57. Average maximum neurite length of NG108-15 neuronal cells when cultured on 

TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised NGF plus BDNF 

(test). NGF plus BDNF were added to the bioactive surfaces at different concentrations. Two-

way ANOVA statistical analysis was performed with Tukey procedure of multiple 

comparisons (*p<0.05). Mean ± SD. N=3, n=3.    
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The percentage of neurons bearing neurites of NG108-15 neuronal cells was 

calculated from NG108-15 neuronal cells cultured on TCP, NH2
+, NH2

+ + Heparin, 

and NH2
+ + Heparin + Immobilised NGF plus BDNF. The highest percentage was      

42 ± 4% for NG108-15 neuronal cells cultured on NH2
+ + Heparin with NGF plus 

BDNF in solution at a concentration of 10 ng/mL. The lowest percentage of neurons 

bearing neurites was 19 ± 17% for neuronal cells cultured on TCP with NGF plus 

BDNF in solution at a concentration of 10 ng/mL. As shown in Figure 58, there was 

no significant difference among the control and test groups.  

 

Figure 58. Percentage of neurons bearing neurites of NG108-15 neuronal cells when cultured 

on TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised NGF plus 

BDNF (test). NGF plus BDNF were added to the bioactive surfaces at different concentrations. 

Two-way ANOVA statistical analysis was performed with Tukey procedure of multiple 

comparisons (*p<0.05). Mean ± SD. N=3, n=3.   
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6.4.2 Effects of bioactive surfaces on PC12 adh neuronal cell line cultures 

6.4.2.1 Effects of Nerve Growth Factor 

Metabolic activity was also evaluated for PC12 adh neuronal cells cultured on TCP, 

NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised NGF. It was important to 

evaluate how the neuronal cells responded when cultured on the different surfaces 

with NGF at different concentrations. When PC12 adh neuronal cells were cultured 

on NH2
+ + Heparin + Immobilised NGF at 1 µg/mL, the metabolic activity was 

significantly higher in comparison to the metabolic activity of the PC12 adh neuronal 

cells seeded on TCP control without NGF.  Moreover, the metabolic activity was also 

significantly higher for neuronal cells seeded on NH2
+ + Heparin with NGF in solution 

at 1 µg/mL and on NH2
+ with NGF in solution at 1 µg/mL in comparison to TCP 

control without NGF. When PC12 adh neuronal cells were cultured on TCP with NGF, 

the metabolic activity was slightly lower in comparison with TCP with no NGF, 

although not statistically different. However, when the neuronal cells were seeded on 

TCP with NGF in solution at a concentration of 1 µg/mL, as the metabolic activity 

was higher.  

In addition, as shown in Figure 59 when PC12 adh neuronal cells were cultured on 

NH2
+ + Heparin, the metabolic activity decreased slightly as the concentration of NGF 

increased, except for the metabolic activity of the neuronal cells seeded with NGF at 

1 µg/mL, which was higher. Furthermore, the metabolic activity of the neuronal cells 

cultured on NH2
+ + Heparin + Immobilised NGF was similar, except for the metabolic 

activity of PC12 adh neuronal cells seeded on NH2
+ + Heparin + Immobilised NGF at 

100 ng/mL and 1 µg/mL, which were lower and higher respectively.  
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Figure 59. Metabolic activity of PC12 adh neuronal cells, measured with MTS assay at day 5, 

cultured on different bioactive surfaces with NGF at different concentrations. NGF was 

present in culture medium in TCP, NH2
+ and NH2

+ + Heparin (controls). NGF was 

immobilised on NH2
+ + Heparin (test). Two-way ANOVA statistical analysis was performed 

with Tukey procedure of multiple comparisons *p <0.05, **p<0.01, *** p<0.001, 

****p<0.0001 Mean ± SD. N=3, n=3.     
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Figure 60, Figure 61, Figure 62, Figure 63 show PC12 adh neuronal cells cultured on 

different bioactive surfaces (TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised NGF respectively) at different concentrations of NGF. Developed 

neurites can be seen in images taken from when the cells were cultured with NGF, 

some of the neurites are highlighted with a yellow brace. DAPI was used to stain 

nuclei; phalloidin TRITC was used to stain the f-actin filaments of the cytoskeleton of 

the neuron, which includes the neurite. Increased number of neurites can be observed 

when PC12 adh neuronal cells were cultured on NH2
+ + Heparin + Immobilised NGF 

at 1 µg/mL. Nevertheless, larger neurites developed when cells were seeded on NH2
+ 

+ Heparin + Immobilised NGF at 1 pg/mL and on NH2
+ + Heparin + Immobilised 

NGF at 1 µg/mL. These images are representative of average neurite length. 
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Figure 60. Epifluorescence images of PC12 adh neuronal cells cultured TCP  with different 

concentrations of NGF. F-actin filaments are stained in red (phalloidin TRITC)., nuclei are 

stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 61. Epifluorescence images of PC12 adh neuronal cells cultured onto NH2
+ with 

different concentrations of NGF. F-actin filaments are stained in red (phalloidin TRITC)., 

nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 62. Epifluorescence images of PC12 adh neuronal cells cultured onto NH2
+ + Heparin 

with different concentrations of NGF. F-actin filaments are stained in red (phalloidin TRITC)., 

nuclei are stained in blue (DAPI).  Scale bar = 200 µm. 
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Figure 63. Epifluorescence images of PC12 adh neuronal cells cultured onto NH2
+ + Heparin 

+ Immobilised NGF with different concentrations of NGF. F-actin filaments are stained in red 

(phalloidin TRITC)., nuclei are stained in blue (DAPI). Scale bar = 200 µm. 



 

 

208 

 

The average neurite length of PC12 adh neuronal cells was calculated from images 

taken of PC12 adh neuronal cells cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ 

+ Heparin + Immobilised NGF. The longest average neurite length was 56 ± 20 µm 

for PC12 adh neuronal cells seeded on NH2
+ + Heparin + Immobilised NGF at a 

concentration of 1 pg/mL. The shortest average neurite length was 23 ± 17 µm for 

neuronal cells cultured on TCP.  

When PC12 adh neuronal cells were cultured on NH2
+ with NGF in solution in culture 

medium, the average neurite length was significantly higher when compared to the 

average neurite length of neuronal cells seeded on TCP. Moreover, the average neurite 

length of PC12 adh cells cultured on NH2
+ + Heparin + Immobilised NGF at 1 pg/mL 

and 10 ng/mL were significantly higher compared to the average neurite length of 

neuronal cells cultured on TCP and NH2
+ + Heparin without NGF. In addition, even 

though the average neurite lengths of PC12 adh neuronal cells cultured on the NH2
+ + 

Heparin bioactive surface did not show significant differences among the NGF 

concentrations, as seen in Figure 64,  the average neurite length of neuronal cells 

seeded with NGF in solution at 1 pg/mL was 45 ± 6 µm, which was the largest neurite 

developed within this bioactive surface group.  

Interestingly, PC12 adh neuronal cells cultured on NH2
+ + Heparin + Immobilised 

NGF at 1 pg/mL showed a neurite outgrowth of 56 ± 20 µm, a length similar to the 

average neurite length developed by neuronal cells seeded on NH2
+ + Heparin + 

Immobilised NGF at 10 ng/mL (55 ± 21 µm).  These results suggested that a low 

immobilised concentration of NGF (1 pg/mL) stimulated a similar neurite outgrowth 

response as when a higher immobilised concentration of NGF (10 ng/mL) was used.  
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Figure 64. Average neurite length of PC12 adh neuronal cells when cultured on TCP, NH2
+, 

NH2
+ + Heparin (controls), and NH2

+ + Heparin + Immobilised NGF (test). NGF was added 

to the bioactive surfaces at different concentrations. Two-way ANOVA statistical analysis 

was performed with Tukey procedure of multiple comparisons * p < 0.05, **p<0.01, *** p< 

0.001, ***p<0.0001. Mean ± SD. N=3, n=3.      
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The average maximum neurite length of PC12 adh neuronal cells was measured and 

calculated from PC12 adh neuronal cells cultured on TCP, NH2
+, NH2

+ + Heparin, and 

NH2
+ + Heparin + Immobilised NGF. The longest average maximum neurite length 

was 124 ± 28 µm for PC12 adh neuronal cells cultured on NH2
+ + Heparin + 

Immobilised NGF at a concentration of 1 µg/mL. The shortest was 35 ± 25 µm for 

neuronal cells cultured on TCP, as shown in Figure 65. There was a significant 

difference in the average maximum neurite length among neuronal cells cultured on 

TCP in comparison to neuronal cells seeded on NH2
+ with soluble NGF at a 

concentration of 1 µg/mL and NH2
+ + Heparin + Immobilised NGF at 1 µg/mL. PC12 

adh neuronal cells cultured on NH2
+ with soluble NGF at 1 µg/mL and NH2

+ + Heparin 

with soluble NGF at 1 µg/mL developed significantly larger maximum neurite length 

in comparison to their respective controls (NH2
+ and NH2

+ + Heparin respectively).  

Moreover, PC12 adh neuronal cells seeded on NH2
+ + Heparin + Immobilised NGF at 

1 µg/mL had a significantly longer average maximum neurite length in comparison to 

NH2
+ + Heparin, NH2

+ + Heparin + Immobilised NGF at 10 ng/mL and NH2
+ + 

Heparin + Immobilised NGF at 100 ng/mL. Furthermore, neuronal cells seeded on 

NH2
+ + Heparin + Immobilised NGF at 1 pg/mL, developed significantly larger 

maximum neurite length in comparison to NH2
+ + Heparin. Interestingly, the average 

maximum neurite length of PC12 adh neuronal cells seeded on NH2
+ + Heparin + 

Immobilised NGF at 1 pg/mL was 112 ± 36 µm, whereas the average maximum 

neurite length of the neuronal cells when cultured on NH2
+ + Heparin + Immobilised 

NGF at 1 µg/mL, and on NH2
+ + Heparin with soluble NGF at 1 µg/mL was                  

123 ± 28 µm and 112 ± 49 µm respectively. These results suggest that by immobilising 

a low concentration of NGF onto the bioactive surface, the maximum neurite 

outgrowth could be similar to that stimulated by soluble NGF at 1 µg/mL. 

Furthermore, as there was no significant difference in average maximum neurite 

length between NH2
+ + Heparin + Immobilised NGF at 1 pg/mL and NH2

+ + Heparin 

+ Immobilised NGF at 1 µg/mL, a similar result in average maximum neurite length 

could be expected, which supports the use of relatively low concentrations of 

immobilised NGF to encourage maximum neurite growth.  
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Figure 65. Average maximum neurite length of PC12 adh neuronal cells when cultured on 

TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised NGF (test). NGF 

was added to the bioactive surfaces at different concentrations. Two-way ANOVA statistical 

analysis was performed with Tukey procedure of multiple comparisons *p< 0.05, **p<0.01, 

***p<0.001, **** p<0.0001. Mean ± SD. N=3, n=3.    
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Percentage of neurons bearing neurites of PC12 adh neuronal cells was calculated 

from PC12 adh neuronal cells seeded on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + 

Heparin + Immobilised NGF. The highest percentage of neurons bearing neurites was 

8 ± 2% for PC12 neuronal cells cultured on NH2
+ + Heparin + Immobilised NGF at a 

concentration of 1 µg/mL. The lowest percentage was 0.5 ± 0.4% for neuronal cells 

seeded on TCP. The percentage of neurons bearing neurites was significantly higher 

when PC12 adh cells were cultured on NH2
+ with soluble NGF at 10 ng/mL in 

comparison to when they were seeded on TCP. As seen in Figure 66, even though for 

some groups there were no significant differences, the percentages of neurons bearing 

neurites was higher for neuronal cells cultured with NGF, either immobilised or in 

solution, in comparison to when they were seeded with no neurotrophin. For PC12 adh 

neuronal cells, the percentage of neurons bearing neurites was significantly higher 

when cultured on NH2
+ + Heparin + Immobilised NGF at 1 µg/mL in comparison to  

when they were seeded on TCP (***p = 0.0008), NH2
+ (**p = 0.006), NH2

+ with NGF 

in solution at 1pg/mL (*p = 0.04), NH2
+ + Heparin (**p = 0.0015), NH2

+ + Heparin + 

Immobilised NGF at 1 pg/mL  (**p = 0.0021), NH2
+ + Heparin + Immobilised NGF 

at 10 ng/mL and NH2
+ + Heparin + Immobilised NGF at 100 ng/mL (*p = 0.04 and 

*p = 0.028, respectively). These results suggested that the immobilisation of NGF at 

1 µg/mL stimulated the development of more neurites in comparison to control and 

test groups.  
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Figure 66. Percentage of neurons bearing neurites of PC12 adh neuronal cells when cultured 

on TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised NGF (test). 

NGF was added to the bioactive surfaces at different concentrations. Two-way ANOVA 

statistical analysis was performed with Tukey procedure of multiple comparisons *p< 0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. Mean ± SD. N=3, n=3.    
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6.4.2.2 Effects of Brain Derived Neurotrophic Factor  

Metabolic activity was also evaluated for PC12 adh neuronal cells cultured on TCP, 

NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised BDNF. It was important 

to evaluate how the neuronal cells responded when cultured on the different surfaces 

with BDNF at different concentrations, either in solution or immobilised. As shown 

in Figure 67, after 5 days of culture, the metabolic activity of tPC12 adh neuronal cells 

was decreased on all surfaces when cultured with BDNF at a concentration of                  

1 µg/mL, both in solution or immobilised.  

The metabolic activity of PC12 adh neuronal cells was relatively lower when they 

were cultured on TCP than when they were seeded on NH2
+, NH2

+ + Heparin, and 

NH2
+ + Heparin + Immobilised BDNF. When PC12 neuronal cells were cultured on 

NH2
+ with soluble BDNF at a concentration of 100 ng/mL, the metabolic activity was 

significantly higher when compared to neuronal cells seeded on NH2
+ with BDNF in 

solution at a concentration of 1 µg/mL and TCP with BDNF in solution at 1 µg/mL. 

Moreover, when PC12 neuronal cells were cultured on NH2
+ + Heparin + Immobilised 

BDNF at 1 pg/mL, the metabolic activity was significantly higher in comparison to 

when the neuronal cells were seeded on TCP, TCP with BDNF at 1 pg/mL, TCP with 

BDNF at 1 ng/mL, TCP with BDNF at 10 ng/mL and NH2
+ + Heparin + Immobilised 

BDNF at 1 µg/mL.  

In addition, the metabolic activity was significantly higher for PC12 adh neuronal cells 

when cultured on NH2
+ + Heparin + Immobilised BDNF at 1 ng/mL, NH2

+ + Heparin 

+ Immobilised BDNF at 10 ng/mL and NH2
+ + Heparin + Immobilised BDNF at       

100 ng/mL in comparison to when they were seeded on NH2
+ + Heparin + Immobilised 

BDNF at 1 µg/mL. Furthermore, when PC12 adh neuronal cells were seeded on NH2
+ 

+ Heparin + Immobilised BDNF at a concentration from 1 pg/mL to 100 ng/mL, the 

metabolic activity was significantly higher in comparison when the neuronal cells 

were seeded on TCP with BDNF in solution at 1 µg/mL.  

Overall, these results suggested that the concentration of BDNF of 1 ug/mL was too 

high for PC12 adh neuronal cells to continue to be highly active after 5 days in culture. 

Nevertheless, they were still metabolically active. Furthermore, it did not indicate that 
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the bioactive surface or the BDNF were cytotoxic. Moreover, when BDNF at 1 pg/mL 

was immobilised, the metabolic activity of the cells increased significantly after 5 days 

in culture.   

 

Figure 67. Metabolic activity of PC12 adh neuronal cells cultured on different bioactive 

surfaces with BDNF at different concentrations. Metabolic activity was measured at day 5, 

with MTS assay. BDNF was present in culture medium in TCP, NH2
+ and NH2

+ + Heparin 

(controls). BDNF was immobilised on NH2
+ + Heparin (test). Two-way ANOVA statistical 

analysis was performed with Tukey procedure of multiple comparisons *p< 0.05, **p<0.01, 

***p< 0.001, ****p<0.0001. Mean ± SD. N=3, n=3.    
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Figure 68, Figure 69, Figure 70, Figure 71 show PC12 adh neuronal cells cultured on 

different bioactive surfaces (TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised BDNF respectively) at different concentrations of BDNF. Developed 

neurites can be seen in images taken from when the cells were cultured with BDNF, 

with some of them highlighted with a yellow brace. DAPI was used to stain nuclei; 

phalloidin TRITC was used to stain the f-actin filaments of the cytoskeleton of the 

neuron, which includes the neurite. A high number of neurites developed when PC12 

adh neuronal cells were seeded with BDNF at 1 µg/mL. However, when neuronal cells 

were seeded on NH2
+ + Heparin + Immobilised BDNF at 1 pg/mL longer neurites 

were developed. These images are representative of average neurite length. 
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Figure 68. Epifluorescence images of PC12 adh neuronal cells cultured onto TCP with 

different concentrations of BDNF. F-actin filaments are stained in red (phalloidin TRITC)., 

nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 69. Epifluorescence images of PC12 adh neuronal cells cultured onto NH2
+ with 

different concentrations of BDNF. F-actin filaments are stained in red (phalloidin TRITC)., 

nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 70. Epifluorescence images of PC12 adh neuronal cells cultured onto NH2
+ + Heparin 

with different concentrations of BDNF. F-actin filaments are stained in red (phalloidin 

TRITC)., nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 71. Epifluorescence images of PC12 adh neuronal cells cultured onto NH2
+ + Heparin 

+ Immobilised BDNF with different concentrations of BDNF. F-actin filaments are stained in 

red (phalloidin TRITC)., nuclei are stained in blue (DAPI). Scale bar = 200 µm. 



 

 

221 

 

The average neurite length of PC12 adh neuronal cells was calculated from PC12 adh 

neuronal cells seeded on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised BDNF. The longest average neurite length was 61 ± 21 µm for PC12 adh 

neuronal cells cultured on NH2
+ + Heparin + Immobilised BDNF at a concentration of 

100 ng/mL, as seen in Figure 72. The shortest average neurite length was 23 ± 17 µm 

for neuronal cell seeded on TCP. Interestingly, the delivery of BDNF by 

immobilisation on the bioactive surface stimulated significant neurite outgrowth, 

either by immobilising 1 pg/mL (56 ± 16 µm) or immobilising 100 ng/mL                     

(61 ± 21 µm). The presence of this neurotrophin in solution with the bioactive surface 

or TCP did not encourage any significant neurite growth. Moreover, the 

immobilisation of BDNF at 1 ng/mL, 10 ng/mL or 1 µg/mL, did not reveal any 

significant difference in neurite outgrowth.  

Furthermore, even though the average neurite length was longer for neuronal cells 

seeded on NH2
+ + Heparin + Immobilised BDNF at 100 ng/mL than in NH2

+ + Heparin 

+ Immobilised BDNF at 1 pg/mL, no significant difference was found between these 

two groups. These results suggested that using a relatively low concentration of 

immobilised BDNF, such as 1 pg/mL, encouraged neurite outgrowth similarly to the 

stimuli of using immobilised BDNF at 100 ng/mL.  
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Figure 72. Average neurite length of PC12 adh neuronal cells when cultured, after 5 days, on 

TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised BDNF (test). 

BDNF was added to the bioactive surfaces at different concentrations. Two-way ANOVA 

statistical analysis was performed with Tukey procedure of multiple comparisons *p< 0.05, 

**p<0.01, ***p< 0.001, ****p<0.0001. Mean ± SD. N=3, n=3.    
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The average maximum neurite length of PC12 adh neuronal cells was calculated from 

PC12 adh neuronal cells seeded on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin 

+ Immobilised BDNF. The largest average maximum neurite length was 144 ± 29 µm 

for PC12 adh neuronal cells cultured on NH2
+ + Heparin + Immobilised BDNF at a 

concentration of 1 pg/mL. The shortest average maximum neurite length was                

35 ± 25 µm for PC12 adh neuronal cells seeded on TCP. As shown in Figure 73, when 

neuronal cells were cultured either on NH2
+ with BDNF in solution at a concentration 

of 1 µg/mL or NH2
+ + Heparin with BDNF at 1 µg/mL, the average maximum neurite 

length was significantly different from the average maximum neurite lengths of 

neuronal cells cultured on TCP, NH2
+  and NH2

+ + Heparin.  

These results suggested that the bioactive surfaces, NH2
+ and NH2

+ + Heparin, with 

BDNF in solution at 1µg/mL encouraged maximum neurite outgrowth. Nevertheless, 

interestingly, bioactive surface NH2
+ + Heparin + Immobilised BDNF at 1 pg/mL 

stimulated the largest maximum neurite length, measured as 144 ± 29 µm. This value 

was not significantly different from the average maximum neurite length developed 

from the stimulation of NH2
+ with soluble BDNF at 1 µg/mL, NH2

+ + Heparin with 

soluble BDNF at 1 µg/mL, and NH2
+ + Heparin + Immobilised BDNF at 1 µg/mL, 

which suggested that immobilisation of BDNF at 1 pg/mL encouraged the average 

maximum neurite outgrowth similarly to when BDNF was in solution at a higher 

concentration. Therefore, immobilisation of a relatively low concentration of BDNF 

on the bioactive surface stimulated a similar response in PC12 adh neuronal cells, 

compared to when the neurotrophin was delivered in solution at a higher 

concentration.  
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Figure 73. Average maximum neurite length of PC12 adh neuronal cells when cultured on 

TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised BDNF (test). 

BDNF was added to the bioactive surfaces at different concentrations. Two-way ANOVA 

statistical analysis was performed with Tukey procedure of multiple comparisons *p< 0.05, 

**p<0.01, ***p< 0.001, ****p<0.0001. Mean ± SD. N=3, n=3.    
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The percentage of neurons bearing neurites of PC12 adh neuronal cells was calculated 

from PC12 adh neuronal cells cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + 

Heparin + Immobilised BDNF. Disregarding the surface where the neuronal cells were 

cultured, the concentration of BDNF that encouraged the highest percentage of 

neurons bearing neurites was 1 µg/mL. The percentages were 10 ± 6% (TCP),               

14 ± 2% (NH2
+), 13 ± 0.4% (NH2

+ + Heparin), and 14 ± 3% (NH2
+ + Heparin + 

Immobilised BDNF). All these groups were significantly different from other surfaces 

using BDNF at a concentration below 1 µg/mL, as observed in Figure 74. These results 

suggested that using BDNF at a concentration of 1 µg/mL encouraged the 

development of neurites.  

 

Figure 74. Percentage of neurons bearing neurites of PC12 adh neuronal cells when cultured 

on TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised BDNF (test). 

BDNF was added to the bioactive surfaces at different concentrations. Two-way ANOVA 

statistical analysis was performed with Tukey procedure of multiple comparisons *p< 0.05, 

**p<0.01, ***p< 0.001, ****p<0.0001. Mean ± SD. N=3, n=3.    
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6.4.2.3 Effects of Nerve Growth Factor plus Brain Derived Neurotrophic Factor  

MTS assay was used to assess the metabolic activity of PC12 adh neuronal cells 

cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised NGF 

plus BDNF. It was important to evaluate how the neuronal cells responded when 

cultured on the different bioactive surfaces with NGF plus BDNF at different 

concentrations, either in solution or immobilised. The metabolic activity of PC12 adh 

neuronal cells when cultured on NH2
+ + Heparin with soluble BDNF at 1 µg/mL, and 

on NH2
+ + Heparin + Immobilised NGF plus BDNF at a concentration of 1 µg/mL 

was significantly higher compared to TCP. Moreover, the metabolic activity of the 

neuronal cells was significantly higher when seeded on NH2
+ + Heparin with soluble 

BDNF at 1 µg/mL compared to when cultured on TCP with BDNF at 1 pg/mL and 

TCP with BDNF at 100 ng/mL, as shown in Figure 75. These results suggested that 

when NGF and BDNF were used together, the metabolic activity of PC12 adh 

neuronal cells increased, even though for some conditions the increase was slight, and 

no significant differences were found.   
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Figure 75. Metabolic activity of PC12 adh neuronal cells, measured with MTS assay at day 5, 

cultured on different bioactive surfaces with NGF plus BDNF at different concentrations. 

NGF plus BDNF were present in culture medium in TCP, NH2
+ and NH2

+ + Heparin 

(controls). NGF plus BDNF was immobilised on NH2
+ + Heparin (test). Two-way ANOVA 

statistical analysis was performed with Tukey procedure of multiple comparisons *p < 0.05, 

**p<0.01, ***p< 0.001, ****p<0.0001. Mean ± SD. N=3, n=3.    
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Figure 76, Figure 77, Figure 78, Figure 79 show PC12 adh neuronal cells cultured on 

different bioactive surfaces (TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised NGF respectively) at different concentrations of NGF plus BDNF. 

Developed neurites can be seen in images taken from when the cells were cultured 

with NGF plus BDNF, some of them are highlighted with a yellow brace. DAPI was 

used to stain nuclei; phalloidin TRITC was used to stain the f-actin filaments of the 

cytoskeleton of the neuron, which includes the neurite. Neurite outgrowth was 

significantly increased when PC12 adh neuronal cells were seeded on bioactive 

surfaces immobilised with NGF plus BDNF at 1 ng/mL and 1 µg/mL. Moreover, more 

neurites developed when PC12 adh neuronal cells were cultured with NGF plus BDNF 

in solution in culture medium at 1 µg/mL. These images are representative of average 

neurite length. 
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Figure 76. Epifluorescence images of PC12 adh neuronal cells cultured onto TCP with 

different concentrations of NGF plus BDNF. F-actin filaments are stained in red (phalloidin 

TRITC)., nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 77. Epifluorescence images of PC12 adh neuronal cells cultured onto NH2
+ with 

different concentrations of NGF plus BDNF. F-actin filaments are stained in red (phalloidin 

TRITC)., nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 78. Epifluorescence images of PC12 adh neuronal cells cultured onto NH2
+ + Heparin 

with different concentrations of NGF plus BDNF. F-actin filaments are stained in red 

(phalloidin TRITC)., nuclei are stained in blue (DAPI). Scale bar = 200 µm. 
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Figure 79. Epifluorescence images of PC12 adh neuronal cells cultured onto NH2
+ + Heparin 

+ Immobilised NGF plus BDNF with different concentrations of NGF plus BDNF. F-actin 

filaments are stained in red (phalloidin TRITC)., nuclei are stained in blue (DAPI). Scale bar 

= 200 µm. 
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Average neurite length of PC12 adh neuronal cells was calculated from PC12 adh 

neuronal cells cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised NGF plus BDNF. The longest average neurite length was 58 ± 9 µm for 

PC12 neuronal cells seeded on NH2
+ with soluble NGF plus BDNF at a concentration 

of 1 µg/mL. The shortest average neurite length was 23 ± 17 µm for neuronal cells 

cultured on TCP.   

The average neurite length of PC12 adh neuronal cells seeded on TCP was 

significantly shorter than those from the neuronal cells seeded on NH2
+ with soluble 

NGF plus BDNF at 1 pg/mL, 1 ng/mL, 10 ng/mL, and 1 µg/mL, as shown in Figure 

80. Furthermore, the averaged neurite length of TCP was also significantly shorter in 

comparison to NH2
+ + Heparin with soluble NGF plus BDNF at 10 ng/mL, 100 ng/mL 

and 1 µg/mL. In addition, the average neurite length of neuronal cells cultured on TCP 

was significantly shorter than the average neurite length of neuronal cells seeded on 

NH2
+ + Heparin + Immobilised NGF plus BDNF at 1 pg/mL, 1 ng/mL, 10 ng/mL, and 

1 µg/mL.  

Moreover, the average neurite length of PC12 adh neuronal cells was significantly 

longer when seeded on NH2
+ + Heparin + Immobilised NGF plus BDNF at 1 ng/mL 

in comparison to the average neurite length of neuronal cells cultured on NH2
+ + 

Heparin. Nevertheless, even though the average neurite length of PC12 adh neuronal 

cells was longer when seeded on NH2
+ with soluble NGF plus BDNF at 1 µg/mL       

(58 ± 9 µm) in comparison to when they were cultured on NH2
+ + Heparin + 

Immobilised NGF plus BDNF at 1 ng/mL (49 ± 9 µm) and NH2
+ + Heparin + 

Immobilised NGF plus BDNF at 1 µg/mL (49 ± 2 µm), the difference was not 

significant.  

These results suggested that immobilising NGF plus BDNF encouraged the growth of 

longer neurites in comparison to TCP control. Moreover, the immobilisation of NGF 

plus BDNF at 1 ng/mL and 1 µg/mL stimulated neurite outgrowth with similar length 

to when NGF plus BDNF was delivered in solution at 1 µg/mL in NH2
+ surface. 

Furthermore, it is important to highlight that the immobilisation of NGF plus BDNF 

at a relative low concentration of 1 ng/mL encouraged the growth of neurites as long 
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as the ones stimulated by NH2
+ with soluble NGF plus BDNF at      1 µg/mL and NH2

+ 

+ Heparin + Immobilised NGF plus BDNF at 1 µg/mL.  
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Figure 80. Average neurite length of PC12 adh neuronal cells when cultured on TCP, NH2
+, 

NH2
+ + Heparin (controls), and NH2

+ + Heparin + Immobilised NGF plus BDNF (test). NGF 

plus BDNF were added to the bioactive surfaces at different concentrations. Two-way 

ANOVA statistical analysis was performed with Tukey procedure of multiple comparisons *p 

< 0.05, **p<0.01, ***p< 0.001, ****p<0.0001. Mean ± SD. N=3, n=3.    
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The average maximum neurite length of PC12 adh neuronal cells was calculated from 

PC12 adh neuronal cells seeded on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin 

+ Immobilised NGF plus BDNF. The largest average maximum neurite length was 

119 ± 26 µm for PC12 adh neuronal cells cultured on NH2
+ with NGF plus BDNF in 

solution at a concentration of 1 µg/mL, as seen in Figure 81. Additionally, the shortest 

maximum neurite length was 35 ± 25 µm for neuronal cells seeded on TCP. The 

average maximum neurite length was significantly higher for PC12 neuronal cells 

when they were cultured on NH2
+ + Heparin + Immobilised NGF plus BDNF at              

1 pg/mL (91 ± 30), NH2
+ + Heparin + Immobilised NGF plus BDNF at 1 ng/mL          

(110 ± 36 µm) and NH2
+ + Heparin + Immobilised NGF plus BDNF at 1 µg/mL       

(110 ± 20 µm) in comparison to when they were cultured on TCP.  

Furthermore, the average maximum neurite length of PC12 adh neuronal cells was 

significantly higher when cultured on NH2
+ with NGF plus BDNF in solution at             

1 µg/mL in comparison when they were cultured on TCP, NH2
+ (49 ± 7 µm) and NH2

+ 

+ Heparin (50 ± 21 µm). Additionally, the average maximum neurite length of PC12 

adh neuronal cells was significantly higher when cultured on NH2
+ + Heparin + 

Immobilised NGF plus BDNF at 1 ng/mL and NH2
+ + Heparin + Immobilised NGF 

plus BDNF at 1 µg/mL in comparison to NH2
+ + Heparin.  

Moreover, even though that the average value of the maximum neurite length was 

higher for PC12 adh neuronal cells seeded on NH2
+ with NGF plus BDNF in solution 

at 1 µg/mL than in NH2
+ + Heparin + Immobilised NGF plus BDNF at 1 ng/mL and 

NH2
+ + Heparin + Immobilised NGF plus BDNF at 1 µg/mL, there was no significant 

difference between them. These results indicated that the delivery of NGF plus BDNF 

by immobilisation on the bioactive surface was an appropriate platform to encourage 

neurite outgrowth using a low concentration of growth factors as it stimulated the 

maximum growth of neurite similarly to when NGF plus BDNF were in solution.  
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Figure 81. Average maximum neurite length of PC12 adh neuronal cells when cultured on 

TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised NGF plus BDNF 

(test). NGF plus BDNF were added to the bioactive surfaces at different concentrations. Two-

way ANOVA statistical analysis was performed with Tukey procedure of multiple 

comparisons *p < 0.05, **p<0.01, ***p< 0.001, ****p<0.0001. Mean ± SD. N=3, n=3.    
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The percentage of neurons bearing neurites of PC12 adh neuronal cells was calculated 

from PC12 adh neuronal cells cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + 

Heparin + Immobilised NGF plus BDNF.  The highest percentage of neurons bearing 

neurites was 7.5 ± 2% for PC12 adh neuronal cells seeded on NH2
+ + Heparin + 

Immobilised NGF plus BDNF at a concentration of 1 µg/mL. The lowest percentage 

of neurons bearing neurites was 0.6 ± 0.4% for neuronal cells cultured on TCP.   

The percentage of neurons bearing neurites was significantly higher for PC12 adh 

neuronal cells when cultured on TCP with NGF plus BDNF in solution at a 

concentration of 1 µg/mL, NH2
+ with NGF plus BDNF in solution at concentration of 

1 ng/mL and 1 µg/mL, and NH2
+ + Heparin + Immobilised NGF plus BDNF at                

1 ng/mL and 10 ng/mL in comparison to when the neuronal cells were seeded on TCP, 

as shown in Figure 82.  Additionally, the percentage of neurons bearing neurites was 

significantly higher for those neuronal cells cultured on NH2
+ with NGF plus BDNF 

in solution at 1 ng/mL and 1 µg/mL, and NH2
+ + Heparin + Immobilised NGF plus 

BDNF at 1 ng/mL, 10 ng/mL and 1 µg/mL in comparison to neuronal cells seeded on 

NH2
+.  

Furthermore, the percentage of neurons bearing neurites was significantly lower for 

PC12 adh neuronal cells when cultured on NH2
+ + Heparin compared to when the 

neuronal cells were seeded on NH2
+ + Heparin with NGF plus BDNF in solution at    

1 µg/mL, NH2
+ + Heparin + Immobilised NGF plus BDNF at 1 ng/mL, 10 ng/mL and 

1 µg/mL. Moreover, even though the percentage of neurons bearing neurites of PC12 

adh neuronal cells seeded on NH2
+ + Heparin + Immobilised NGF plus BDNF at            

1 ng/mL was lower (6.4 ± 1.3%) in comparison to neuronal cells cultured on NH2
+ + 

Heparin + Immobilised NGF plus BDNF at 1 µg/mL (7.5 ± 2%), there was no 

significant difference between these two values.  

Therefore, these results suggested that with a low immobilised concentration of NGF 

plus BDNF (1 ng/mL), the percentage of neurons bearing neurites was similar to the 

percentage of neurons bearing neurites from neuronal cells seeded at higher 

immobilised concentrations of NGF plus BDNF and with NGF plus BDNF at 1 µg/mL 

in solution.  
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Figure 82. Percentage of neurons bearing neurites of PC12 adh neuronal cells when cultured 

on TCP, NH2
+, NH2

+ + Heparin (controls), and NH2
+ + Heparin + Immobilised NGF plus 

BDNF (test). NGF plus BDNF were added to the bioactive surfaces at different concentrations. 

Two-way ANOVA statistical analysis was performed with Tukey procedure of multiple 

comparisons *p < 0.05, **p<0.01, ***p< 0.001, ****p<0.0001. Mean ± SD. N=3, n=3.    
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6.5  Discussion 

Metabolic activity, average neurite length, maximum neurite length and percentage of 

neurons bearing neurites were studied for NG108-15 neuronal cells and PC12 adh 

neuronal cells in response to when they were cultured on TCP, NH2
+, NH2

+ + Heparin, 

and NH2
+ + Heparin + Immobilised NGF or BDNF or NGF plus BDNF.  

Firstly, the effect of the bioactive surface on NG108-15 neuronal cells was assessed. 

Metabolic activity was evaluated to study the biocompatibility of the bioactive surface. 

The assessment of metabolic activity of cells is a standard procedure used in vitro to 

study the biocompatibility of biomaterials. An increase in metabolic activity was taken 

to mean that cells were not adversely affected by the biomaterials, or in this case the 

bioactive surface.  

The metabolic activity response of NG108-15 neuronal cells when seeded on bioactive 

surfaces was not significantly different from when the neuronal cells were cultured on 

TCP, NH2
+, or NH2

+ + Heparin with soluble NGF, BDNF, NGF plus BDNF at 

different concentrations. Moreover, there was no significant difference between the 

metabolic activity when the neuronal cells were seeded on NH2
+ + Heparin + 

Immobilised NGF, BDNF or NGF plus BDNF at different concentrations in 

comparison to controls. These results suggest that neither the bioactive surface nor the 

concentrations of the growth factors affected the metabolic activity of the neuronal 

cells, hence, the bioactive surface is biocompatible.  

The average neurite length of NG108-15 neuronal cells when cultured on TCP, NH2
+, 

or NH2
+ + Heparin with soluble growth factors was not significantly different from 

when they were cultured on NH2
+ + Heparin + Immobilised NGF, BDNF or NGF plus 

BDNF. Moreover, for average maximum neurite length, even though neurite length 

from when the neuronal cells were cultured with NGF plus BDNF were slightly 

higher, there was no significant difference between these neurite length values. In 

addition, the percentage of neurons bearing neurites from NG108-15 neuronal cells 

when seeded on control and test surfaces at different concentrations of NGF, BDNF 

or NGF plus BDNF were not significantly different from each other.  
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Therefore, according to these results, the bioactive surfaces NH2
+ + Heparin + 

Immobilised NGF, BDNF or NGF plus BDNF are not cytotoxic in vitro, however, 

these bioactive surfaces did not stimulate the growth of longer neurites or more 

neurites in comparison to control surfaces. Research has previously been conducted 

using NG108-15 neuronal cells to assess neurite outgrowth and material 

biocompatibility. For example, Hopper et al. [253] functionalised nanodiamond with 

amine functional groups. This study assessed cell viability and percentage of NG108-

15 cells bearing neurites in order to demonstrate that this coating had the potential to 

be used for future treatments for peripheral nerve regeneration. This study found that         

NG108 adhered on glass (negative control), but no neurites were developed. When the 

cells were cultured on poly-L-lysine (PLL, positive control), neurite formation was 

observed. In addition, NG108-15 cells cultured on amine functionalised nanodiamond 

formed long neurites, similarly to when they were seeded on PLL. The percentage of 

neurons bearing neurites was high (ca. 90%), when cells were cultured on PLL or 

amine functionalised nanodiamond, in comparison to glass (ca. 20%). Neurite 

outgrowth was longer (150 µm), in both PLL and amine functionalised nanodiamond 

in comparison to glass controls. Viability tests showed that cell proliferation was not 

significantly different between amine functionalised nanodiamond and PLL.  

In addition, Armstrong et al. [50] assessed the effect of collagen, fibronectin, laminin 

and Schwann cells on neurite outgrowth. Neurite length was longer when NG108-15 

neuronal cells were seeded in contact with Schwann cells than on collagen, fibronectin 

or laminin. The authors suggested that neurotrophins released from Schwann cells 

encouraged the initiation of neurite outgrowth, and that the contact of the neurons with 

Schwann cells promoted further neurite growth. The percentage of neurons bearing 

neurites was 77% and 69% when NG108-15 neuronal cells were cultured in contact 

with Schwann cells with laminin and fibronectin, respectively. The authors suggested 

that the interaction between Schwann cells and fibronectin, laminin and collagen 

encouraged the release of neurotrophins, such as NGF, BDNF or CNTF. However, 

this release was not characterised. Moreover, when NG108-15 neuronal cells were 

seeded with fibronectin, laminin or collagen alone, there was no significant difference 

in neurite length or percentage of neurons bearing neurites.  
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Schuh et al. [297] designed and engineered a neural tissue, composed of a blend of 

90% collagen and 10% fibrin, to encourage peripheral nerve repair. This engineered 

neural tissue, which also included Schwann cells, encouraged average neurite 

outgrowth of 180.6 ± 76.5 µm on NG108-15 neuronal cells [297]. In comparison to 

the results presented in this thesis, regarding NG108-15 neuronal cells, the average 

neurite length when seeded with NGF or NGF plus BDNF fitted within the average 

neurite length range reported by Schuh et al. Moreover, when the NG108-15 neuronal 

cells were seeded with immobilised BDNF at low concentrations (1 pg/ml and                

1 ng/mL), neurite lengths also fitted within the average neurite length range reported 

by Schuh et al. These results suggest that a low immobilised concentration of BDNF 

or by using NGF or NGF in combination with BDNF stimulated a similar neurite 

outgrowth in NG108-15 neuronal cells than when cultured with collagen, fibrin and 

Schwann cells [297].   

Additionally, Melissinaki et al. [298] fabricated a polylactide-based 3D scaffold and 

studied its biocompatibility as a neuronal scaffold. MTT assay and DNA 

quantification assay were performed to evaluate NG108-15 neuronal cell viability and 

when on these scaffolds. DNA quantification revealed that NG108-15 neuronal cells 

proliferated similarly on the 3D scaffold and on glass after 72 hours. Moreover, MTT 

assay showed that, after 72 hours, metabolic activity of NG108-15 neuronal cells was 

not significantly different when cultured on the 3D scaffold than when cultured on 

glass. However, after 120 hours, the metabolic activity of the neuronal cells when 

cultured on the 3D scaffold was significantly higher compared to when they were 

cultured on glass [298].  These results suggested that the polylactide-based 3D scaffold 

was biocompatible to use for neuronal tissue engineering.  

Most of the research that has been performed using NG108-15 neuronal cells was to 

assess the biocompatibility of a material, or neurite outgrowth/percentage of neurons 

bearing neurites as a response to extracellular matrix molecules or Schwann cells 

being present in a scaffold.  Little has been investigated regarding the response of 

NG108-15 neuronal cells to scaffolds, or other delivery systems that supply growth 

factors. The research by Lai et al., [299] evaluated the effect of H. erinaceus aqueous 

extract on the percentage of neurons bearing neurites of NG108-15 neuronal cells. As 
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the extract contained neuroactive molecules that encouraged neurite outgrowth, 

comparison to NGF was logical. When H. erinaceus aqueous extract was combined 

with NGF (1 µg/mL and 10 ng/mL respectively) the percentage of neurons bearing 

neurites increased up to 60.6% [299]. When NGF, at 10 ng/mL, or H. erinaceus 

aqueous extract, at 1 µg/mL, were cultured alone with NG108-15 neuronal cells, the 

percentage of neurons bearing neurites was 33.3% and 34.5% respectively [299]. 

These results suggested that the highest percentage of neurons bearing neurites was 

enhanced when both H. erinaceus aqueous extract and NGF were present in culture. 

Nevertheless, when the concentration of H. erinaceus aqueous extract increased, the 

percentage of neurons bearing neurites decreased. This was attributed to the fact that 

H. erinaceus increased extracellular NGF levels, which inhibited neurite outgrowth in 

NG108-15 neuronal cells [299].  

However, to the best knowledge of this author, NG108-15 neuronal cells are not 

widely used to assess the effects of neurotrophins, such as NGF or BDNF, on neurite 

outgrowth or neurons bearing neurites. NG108-15 neuronal cells are primarily used to 

study ion channels and receptors, such as opioid receptors [300], [301]. Moreover, 

they have been used to evaluate biocompatibility [253], [297], [298]. Nevertheless, 

PC12 neuronal cells have been used extensively to study the effects of neurotrophins, 

as these neuronal cells are a well-characterised model to study neuronal differentiation 

in the presence of neurotrophins. For example, NGF encourages differentiation of 

PC12 neuronal cells to the mature, sympathetic neuronal phenotype [300], [302], 

[303]. In addition, the BDNF-TrkB pathway has been studied for its neuroprotective 

role in PC12 neuronal cells [304], [305].  

Therefore, PC12 adh neuronal cells were used to evaluate the effects of NGF and 

BDNF when immobilised on bioactive surfaces on metabolic activity, neurite length, 

percentage of neurons bearing neurites and maximum neurite length. The results 

obtained were very interesting, as they showed that immobilised NGF or BDNF 

increased the neurite length at lower concentrations compared to when these 

neurotrophins were in solution in culture medium. The neurite length was also not 

affected significantly by the concentration of immobilised NGF or BDNF. Moreover, 

when NGF and BDNF were co-immobilised at a low concentration, the percentage of 
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neurons bearing neurites was comparable to when the neuronal cells were seeded with 

the neurotrophins in solution in culture medium. Additionally, when BDNF was 

present in culture, either in solution or immobilised, at 1 µg/mL, the number of 

developed neurites was higher in comparison to other groups, even though results from 

MTS assay showed low metabolic activity at day 5.  

Research has been conducted to design a more suitable delivery system for 

neurotrophins, to achieve an optimised effect. Hu et al. encapsulated 8 µg of NGF in 

PCL nanofibers and evaluated cytotoxicity, using MTS assay,  and neurite length [64]. 

Their results suggested that the incorporation of NGF did not negatively affect the 

metabolic activity of PC12 cells [64]. Moreover, the averaged neurite length and 

maximum neurite length of PC12 neuronal cells were of 17.86 ± 10.39 µm and       

41.67 µm, respectively, when cells were cultured on randomly oriented PCL fibers. 

When PC12 cells were seeded on aligned fibers, the averaged neurite length and 

maximum neurite length were 30.33 ± 17.92 µm and 70.17 µm [64]. In comparison, 

the results in this thesis showed that when NGF was immobilised on the bioactive 

surface at 1 pg/mL and 1 µg/mL, the average neurite length and the maximum neurite 

length was 56 ± 20 µm and 124 ± 28 µm, respectively. These results suggested that 

when using a lower concentration of NGF, below 8 µg, a better outcome regarding 

average neurite length and maximum neurite length can be achieved.  

Also, Gomez and Schmidt immobilised 2 µg of NGF on polypyrrole and evaluated its 

effects regarding neurite length and percentage of neurons bearing neurites on PC12 

neuronal cells [227]. After 2 days in cell culture, neurite outgrowth was 16.8 µm and 

the percentage of neurons bearing neurites was 6%.  After 10 days, neurite outgrowth 

was 42.2 µm, and 9% of PC12 neuronal cells expressed neurites [227]. In comparison, 

the results in this thesis showed that when NGF was immobilised at 1 pg/mL, neurite 

outgrowth of PC12 adh neuronal cells was 56 µm after 5 days in culture. However, 

the percentage of neurons bearing neurites was lower (1%). Moreover, when NGF was 

immobilised at 1 µg/mL, the percentage of neurons bearing neurites was 8%. The 

results from Gomez and Schmidt might not have encouraged longer neurite outgrowth 

because NGF was immobilised using photochemical techniques, suggesting that NGF 

might have lost bioactivity during the process [227], [258]. Hence, immobilising NGF 
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by electrostatic means might be an effective approach to stimulate the growth of longer 

neurites.  

Furthermore, Bhang et al. evaluated the percentage of neurons bearing neurites of 

PC12 neuronal cells when 5, 10 and 100 ng of NGF were immobilised on a heparin-

allylamine surface [292]. It is important to highlight that heparin was covalently 

immobilised to allylamine, then, NGF was immobilised to heparin by electrostatic 

interactions [292]. The study showed that when 100 ng of NGF were added daily into 

cell culture, 37% of PC12 neuronal cells developed neurites. Similarly, when  10 ng 

of NGF were immobilised, the percentage of neurons bearing neurites was also 37% 

[292]. Moreover, Bhang et al., immobilised 10 ng of NGF per sample (113 mm2) 

which might explain the high percentage of neurons bearing neurites [292]. Even 

though the percentage of neurons bearing neurites was higher in their study, in 

comparison to the 8% of neurons bearing neurites in this thesis, it is not clear if the 

immobilisation technique of Bhang et al. encourages the growth of longer neurites, as 

this was not assessed. Nevertheless, the study performed by Bhang et al., supports the 

use of small amounts of NGF to encourage PC12 neuronal cells to develop neurites.  

A study performed by Achyuta et al. covalently immobilised laminin and NGF              

(1 µg/mL and 5 µg/mL) on glass coverslips to promote neurite outgrowth on PC12 

neuronal cells [229]. The average neurite length was 20 µm and 45 µm for 

immobilised NGF at 0.25 ng/mm2 (original load of 1 µg/mL) and 1.5 ng/mm2                 

(5 µg/mL) respectively [229]. It is interesting to notice that, from the original loads, 

just a small amount of growth factor remained on the surface. This suggested that 

covalently immobilising laminin and NGF might be affecting the bioactivity of both 

proteins. Comparing these results from Achyuta et al. to the ones obtained in this thesis 

chapter, the hypothesis that using less quantities of growth factors will stimulate the 

growth of longer neurites is supported.   

Research using BDNF to evaluate neurite length or developed neurites in PC12 

neuronal cells is not extensive. However, one study by Iwasaki et al. [306] evaluated 

the morphology of PC12 neuronal cells when cultured with 100 ng/mL of NGF or    

100 ng/mL of BDNF. Iwasaki et al. found that BDNF encouraged the growth of longer 
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and thicker neurites compared to NGF [306]. The authors suggested that the low 

affinity NGF receptor, p75LNGFR, might have decreased the activity of TrkA 

receptor, as p75LNGFR is known to affect the activity of TrkA [306]. The results 

presented in this thesis showed that at an immobilised concentration of 1 pg/mL, NGF 

and BDNF encouraged neurite outgrowth similarly (56 ± 20 µm and 56 ± 16 µm 

respectively). However, regarding maximum neurite length, 1 pg/mL of immobilised 

BDNF encouraged the growth of longer neurites (144 ± 29 µm) compared to 1 pg/mL 

of immobilised NGF (124 ± 28 µm). These results agree to a certain extent with 

Iwasaki et al. because BDNF promoted longer maximum neurite length. Nevertheless, 

at a lower concentration, both NGF and BDNF stimulated almost the same neurite 

length. This might suggest that an equilibrium was reached regarding the activation of 

p75LNGFR and TrkA, where the ERK 1/2 pathway was activated by TrkA, which 

stimulates neurite growth in PC12 neuronal cells [307].   

Furthermore, Bierlein De la Rosa et al. evaluated how BDNF secreted from 

mesenchymal stem cells affected neurite outgrowth in PC12 neuronal cells [84]. When 

39.9 ± 6.3 ng/mL of BDNF were added per day to the cell culture, neurite length at 

day 8 was 41.6 ± 6 µm. Moreover, when 102.3 ± 30.4 ng/mL were added daily for 20 

days, neurite outgrowth in PC12 neuronal cells was 54.3 ± 7.3 µm [84]. In comparison, 

results in this thesis chapter showed that when 100 ng/mL of BDNF were added in 

solution in culture medium, neurite outgrowth was, at day 5, 38.2 ± 3.6µm. However, 

when BDNF at 100 ng/mL was immobilised on the bioactive surface, neurite length 

was 61 ± 21 µm, at day 5. Hence, the immobilisation of 100 ng/mL of BDNF supported 

the growth of longer neurites, in lesser time.  

In addition, Naka et al. coated nanoscale magnetic beads with 10 µg/mL of NGF, 

BDNF or NGF and BDNF, and evaluated neurite outgrowth from PC12 neuronal cells 

[262]. Their findings showed that magnetic beads coated with NGF encouraged 

neurite outgrowth whereas magnetic beads coated with BDNF did not [262]. 

Nevertheless, neurite outgrowth was seen on PC12 neuronal cells when cultured with 

magnetic beads coated with both NGF and BDNF. However, neurite growth was not 

as great as when only NGF was used [262]. Naka et al. argued that BDNF had no 

effect on PC12 neuronal cells because these cells do not have TrkB receptor [262]. 
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Nonetheless, Iwasaki et al. stimulated neurite outgrowth in PC12 neuronal cells using 

BDNF [306]. They also found that the strength of TrkB stimulation was not 

significantly different from the strength of TrkA stimulation [306]. Moreover, the 

results in this thesis also showed that PC12 neuronal cells developed neurites when 

cultured with BDNF. One reason why the results from Naka et al. did not show neurite 

outgrowth when PC12 neuronal cells were cultured with BDNF might be related with 

the concentration of BDNF used. The concentration of BDNF might be too high        

(10 µg/mL), so instead of encouraging neurite outgrowth, it might have inhibited 

neurite formation signaling [89], [308]. Furthermore, the results of this thesis also 

showed that, when PC12 neuronal cells were seeded with both NGF and BDNF, 

neurite development was observed. However, an additive effect was not achieved as 

the average neurite length was 58 ± 9 µm and maximum neurite length was                  

119 ± 26 µm for when 1 µg/mL of NGF plus BDNF was in solution with culture 

medium. Even though there was no significant difference among the before mentioned 

values of average neurite length and maximum neurite length and the ones developed 

from immobilised 1 ng/mL and 1 µg/mL NGF plus BDNF surfaces, average neurite 

length and maximum neurite length were similar in comparison to when NGF or 

BDNF were immobilised alone.   

Growth factors, such as NGF and BDNF, bind to specific membrane receptors tyrosine 

kinase (Trk) [309]. NGF binds to TrkA [132], [227] and BDNF to TrkB [132], [137]. 

Moreover, both neurotrophins bind to p75NTR transmembrane receptor [132], [134], 

[137], [138]. When a neurotrophin binds to its receptor, intrinsic tyrosine kinase 

activities, such as survival and differentiation, are activated [134], [138], [309]. The 

subunits of the receptor autophosphorylate residues, enabling the formation of a 

signal-generating complex. The neurotrophin-receptor complex promotes the 

internalization of the active receptor into vesicles [27].  These neurotrophin-receptor 

complexes activate the phosphotidyl-inositol-3 kinase (PI3K) and mitogen activated 

protein kinase/ extracellular receptor kinase (MAPK/ERK) pathways, which stimulate 

neurite outgrowth and neurite survival [131], [137], [138], [158], [310].  

Gomez and Schmidt stated that not all neurotrophin-receptor complexes need to be 

internalised to activate signaling pathways [227]. Non-internalised neurotrophin-
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receptor complexes also initiate phosphorylation of tyrosines, activating the PI3K 

pathway and hence, stimulating cell survival and neurite extension [227]. This 

suggests that neurite formation could be encouraged by neurotrophins while these are 

being immobilised onto a surface. If the neurotrophins are immobilised on a surface 

and at the same time are bound to their Trk receptor, the PI3K pathway would be 

activated, forming neurites and stimulating survival.  

Nevertheless, the exact dose at which the growth factors need to be administered, 

including its frequency, is unknown [217]. This dose would depend on how the 

neurotrophins are delivered. Also, this dose needs to continuously activate the PI3K 

and MAPK/ERK pathways to stimulate neurite outgrowth and survival, without 

activating any pathway that would lead to inhibitory activities or apoptosis [77], [134], 

[158], [310]. The work in this thesis showed that adding or immobilising 1 pg/mL,      

1 ng/mL, 10 ng/mL, 100 ng/mL or 1 µg/mL of  NGF or BDNF enhanced neurite 

development, but it did not lead to cell death. Furthermore, the immobilisation of NGF, 

BDNF or NGF plus BDNF on a NH2
+ + Heparin surface was not cytotoxic and the 

bioactivity of NGF and BDNF was maintained. More importantly, the work in this 

thesis has revealed that immobilising relatively low concentrations of NGF or BDNF 

on a NH2
+ + Heparin surface encouraged the growth of larger neurites in PC12 adh 

neuronal cells.  
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6.6  Conclusion 

This chapter evaluated how the bioactive surface NH2
+ + Heparin + Immobilised NGF, 

NH2
+ + Heparin + Immobilised BDNF and NH2

+ + Heparin + Immobilised NGF plus 

BDNF affected metabolic activity, neurite length and percentage of neurons bearing 

neurites of NG108-15 neuronal cells and PC12 adh neuronal cells.  

Even though metabolic activity, average neurite length, average maximum neurite 

length and percentage of neurons bearing neurites of NG108-15 neuronal cells showed 

no significant differences, it can be concluded that the bioactive surface NH2
+ + 

Heparin + Immobilised NGF, BDNF or NGF plus BDNF was not cytotoxic.  

PC12 adh neuronal cells were used to measure neurite length, and to calculate the 

percentage of neurons bearing neurites as these cells are widely used to evaluate 

neurite formation when they are cultured with NGF. The results in this chapter 

revealed that by immobilising relatively low concentrations of NGF (1 pg/mL), longer 

neurites were developed in comparison to when NGF was in solution with culture 

medium. Furthermore, the average neurite length was longer as well.  

When BDNF was immobilised at 100 ng/mL, neurite length was longer in comparison 

to when BDNF was in solution in culture medium. However, when BDNF was 

immobilised at a lower concentration (1 pg/mL), the average neurite length was not 

significantly different for the neurite length developed when  PC12 adh neuronal cells 

were seeded with immobilised BDNF at 100 ng/mL. Furthermore, BDNF immobilised 

at 1 pg/mL developed the average maximum neurite length. These results also 

suggested that by immobilising a low concentration of neurotrophin, longer neurites 

can be developed. Moreover, when NGF and BDNF were co-immobilised, the effect 

was not cumulative as neurites did not grow any longer in comparison to when NGF 

and BDNF were immobilised alone. Nevertheless, the results showed that at lower 

concentrations, similar lengths can be achieved to when the neurotrophins were 

immobilised alone.  
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In summary, the results in this chapter support the immobilisation of NGF and BDNF 

at relatively low concentrations as they encouraged the growth of longer neurites in 

PC12 adh neuronal cells. It will be interesting to investigate if the effects are similar 

to when the NH2
+ + Heparin + Immobilised NGF, BDNF or NGF plus BDNF bioactive 

surface are cultured with dorsal root ganglia. Moreover, it will be interesting to study 

how the bioactive surface affects primary Schwann cells.   
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Chapter 7 Effects of bioactive surface on dorsal 

root ganglia and primary Schwann cells 

 

The following experimental chapter has been partially taken from Sandoval-

Castellanos et al., (2020) [203] which was published as an open access article under 

the terms of the Creative Commons Attribution License, allowing the use, distribution 

and reproduction of the material provided that it is properly cited.  

 

7.1  Introduction  

In chapter 5 and 6 of this thesis, the fabrication, characterisation and biological 

response, of NG108-15 neuronal cells and PC12 adh neuronal cells, to the bioactive 

surfaces NH2
+ + Heparin + Immobilised NGF, NH2

+ + Heparin + Immobilised BDNF 

and NH2
+ + Heparin + Immobilised NGF plus BDNF was investigated.  

In this chapter, the effect of the bioactive surfaces was evaluated using chick embryo 

dorsal root ganglia (DRG) and primary chick embryo Schwann cells. As the use of 

DRG and primary cells are biologically relevant, it was a logical next step to evaluate 

the effect on neurite development of DRG and Schwann cell migration from the 

bioactive surfaces. 

Growth factors, which stimulate and regulate growth and survival [264], have been 

used in research to evaluate their effects on primary cells and tissue. For example, 

blood vessel formation was encouraged in a chick chorionic allantoic membrane by a 

scaffold which had immobilised vascular endothelial growth factor (VEGF) [267]. 

Moreover, nerve growth factor (NGF), brain derived neurotrophic factor (BDNF) and 

glial cell-derived neurotrophic factor (GDNF), which encourage neurite growth in 

DRG [61], [84], [264], are being used in different delivery systems to assess their 

effects in DRG neurite outgrowth. For example, Matsumoto et al. functionalised 

nanotubes with NGF and BDNF and found that both NGF-nanotubes and BDNF-

nanotubes stimulated neurite outgrowth in chick embryo DRG neurons [264]. 
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Furthermore, Madduri et al. studied the release of GDNF (80 ng) or GDNF with NGF 

(40 ng each) from a collagen nerve conduit and evaluated neurite development in chick 

embryo DRG [75]. They observed that when using GDNF, only neurite outgrowth was 

observed. In contrast, when GDNF and NGF were used together, neurite outgrowth 

and branching was observed [75]. In addition, Naka et al. used    10 µg/mL of either 

NGF or BDNF to coat nanoscale magnetic beads to promote neurite development in 

neurons from chick embryo DRG [262]. After 2 days in culture, NGF-magnetic beads 

and BDNF-magnetic beads encouraged ca. 550 neurons with neurites and ca. 200 

neurons with neurites, respectively [262].   

Sakiyama-Elbert and Hubbell showed that the release of NGF from a heparin-fibrin 

matrix encouraged nerve regeneration in vivo [157]. However, the authors highlighted 

and recognised that it was difficult to maintain neurotrophin release over a long time 

during nerve repair, and that a delivery system that provides a slow and maintained 

release of growth factors over long periods would be more effective to aid nerve repair 

[157]. Moreover, this delivery system needs to supply the appropriate neurotrophin 

dose, as low levels of neurotrophins might not encourage any action, whereas high 

levels may impede regeneration [158], [217]. Moreover, a localised and sustained 

delivery of neurotrophins at the injury site may improve regeneration [129], [130]. In 

addition, as there are no studies that give information about the optimal dose of 

neurotrophins over long periods [217], it is important to test not only one, but various 

concentrations of growth factors to elucidate which concentration, used within a 

delivery system, encourages the best biological response.   

Even though one of the main objectives in this thesis is to assess neurite outgrowth, 

evaluating the effects of the bioactive surface on Schwann cell migration is also 

important, as Schwann cells migration assists neurite outgrowth during nerve repair 

[12], [311]. Moreover, Schwann cells remyelinate neurons after regeneration [312], 

[313]. Hence, an improvement in Schwann cell migration could enhance nerve repair 

and regeneration [4].   

Schwann cell migration has been studied before. Ren et al. fabricated a gradient of 

poly(3-dimethyl-methacryloyloxyethylammonium propane sulfonate) (PDMAPS) 
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and KHIFSDDSSE peptide (KHI) to stimulate Schwann cell migration [314]. This 

research showed that Schwann cell migration was improved and that this migration 

was directed toward the region with higher KHI peptide density and lower PDMAPS 

density [314]. 

Moreover, growth factors, specifically neurotrophins, such as NGF, BDNF, glial cell-

derived neurotrophic factor (GDNF), neurotrophin-3 (NT-3) and ciliary neurotrophic 

factor (CNTF) have been studied in regard to Schwann cell migration, where some 

contradictory data has been obtained [313], [315]–[318].    

Therefore, supported by the data obtained in Chapter 6, it was hypothesized, that 

bioactive surfaces NH2
+ + Heparin + Immobilised NGF, NH2

+ + Heparin + 

Immobilised BDNF and NH2
+ + Heparin + Immobilised NGF plus BDNF would 

encourage neurite outgrowth from DRG. Moreover, it was also hypothesized that 

primary Schwann cell migration would be affected positively by bioactive surfaces 

NH2
+ + Heparin + Immobilised NGF and NH2

+ + Heparin + Immobilised BDNF.  
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7.2  Aims and objectives  

The bioactive surface was prepared on flat surface tissue culture plastic (TCP). 

The aims of this chapter were to: 

1. Evaluate the effects of bioactive surface immobilised with NGF on dorsal root 

ganglia primary cells.  

2. Study the effects of bioactive surface immobilised with BDNF on dorsal root 

ganglia primary cells. 

3. Assess the effects of bioactive surface immobilised with NGF plus BDNF on 

dorsal root ganglia primary cells. 

4. Evaluate the migration profile of chick embryo primary Schwann cells when 

cultured on bioactive surface immobilised with NGF or BDNF.   

The objectives of this chapter were to: 

1. Calculate the average neurite length of dorsal root ganglia primary cells when 

cultured on bioactive surface immobilised with NGF, BDNF or NGF plus 

BNDF. 

2. Obtain the maximum average neurite length of dorsal root ganglia primary 

cells when cultured on bioactive surface immobilised with NGF, BDNF or 

NGF plus BNDF. 

3. Quantify the number of developed neurites from dorsal root ganglia primary 

cells when cultured on bioactive surface immobilised with NGF, BDNF or 

NGF plus BNDF. 

4. Assess the migration profile of chick embryo primary Schwann cells when 

cultured on bioactive surface immobilised with NGF or BDNF.  
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7.3  Materials and Methods 

7.3.1 Fabrication of the bioactive surface  

Fabrication of the bioactive surface was done by following the protocol described in 

Chapter 4, sections 4.1.1.1 and 4.1.1.2, using a commercially available 96 well-plate 

pre-coated with amine groups NH2
+. Briefly, heparin solution was passively 

conjugated on the TCP + NH2
+. Then, NGF, BDNF or NGF plus BDNF, at different 

concentrations, were immobilised by electrostatic interactions onto the TCP + NH2
++ 

Heparin bioactive surface.  

 

7.3.2 Dorsal root ganglia primary cell culture  

7.3.2.1 Dorsal root ganglia dissection from chick embryos 

The complete methodology to dissect dorsal root ganglia (DRG) from chick embryos 

is described in Chapter 4, section 4.3.1. Briefly, chick embryos were incubated until 

embryonic development day 12 (EDD12). The head and organs of the chick embryo 

were removed. Then, using a dissecting microscope and surgical tweezers, the DRG 

were dissected from the chick embryo and then placed in a petri dish with phosphate 

buffered saline (PBS) with 10% v/v penicillin/streptomycin (P/S). DRG were seeded 

with a density of one DRG per well on the bioactive surface. Culture medium with 

NGF, BDNF or NGF plus BDNF was used as described in Table 13. DRG were 

cultured for 7 days at 37℃ and 5% CO2. Three independent tests were performed. 

Each bioactive surface was tested in triplicate.  
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Table 13. The following surfaces were prepared, and NGF and BDNF delivered method are 

described herein. NGF, BDNF and NGF plus BDNF solutions for immobilisation were 

prepared in sterile PBS. 

Surface 

Growth 

factor 

delivery 

method 

NGF BDNF 
NGF plus 

BDNF 

TCP 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

TCP+NH2
+ 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

TCP+NH2
++Heparin 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

TCP+NH2
++Heparin 

Immobilised 

on surface 

0 pg/mL 0 pg/mL 0 pg/mL 

1 pg/mL 1 pg/mL 1 pg/mL 

1 ng/mL 1 ng/mL 1 ng/mL 

10 ng/mL 10 ng/mL 10 ng/mL 

100 ng/mL 100 ng/mL 100 ng/mL 

1 µg/mL 1 µg/mL 1 µg/mL 
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7.3.2.2 Fixing and immunolabeling of DRG 

Immunolabelling was performed as described in Chapter 4, section 4.3.4. Briefly, 

cultured medium was discarded, and 3.7% formaldehyde (FA) was added to each 

sample, which later was incubated for 30 minutes at room temperature. Then, FA was 

discarded and 0.1% Triton X-100 with 3% bovine serum albumin v/v (BSA) solution 

was added and incubated for 1 hour at room temperature. This solution was discarded 

and a primary antibody (anti β-III tubulin to identify neurites) in 1% BSA solution was 

added to the samples and incubated overnight at 4℃. After, this solution was discarded 

and the secondary antibody (goat IgG, Alexa Fluor 488) in 1% BSA solution was 

added and incubated for 3 hours at room temperature. The solution was then discarded 

and the DAPI solution in PBS was added and incubated for 30 minutes at room 

temperature. Finally, DAPI solution was discarded, samples washed one time with 

PBS and stored at 4℃ with PBS. Controls of secondary antibodies were also done.  

7.3.2.3 Epifluorescence microscopy and neurite length analysis 

DRG images were obtained as described in Chapter 4, section 4.3.5, using an inverted 

Olympus IX73 epifluorescence microscope and Micro-Manager 1.4.22 software.  

Neurites were measured from the DRG body to the tip of the neurite. One image was 

taken per well. Three images were taken per condition, and 10-15 neurites were 

measured to determine the average neurite length and number of neurites. Background 

was subtracted (20-30 pixels) to enhance intensity and contrast. 
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7.3.3 Primary Schwann cells migration assay  

7.3.3.1 Primary Schwann cell isolation from chick embryo 

Schwann cell isolation from chick embryo EDD 12 was adapted from Kaewkhaw et 

al. [220]. This method was described in Chapter 4, section 4.3.2. Briefly, DRG were 

placed in 10 mL trypsin/EDTA and incubated at 37℃ and 5% CO2 for 15 minutes. 

Then, the cell solution was centrifuged for 6 minutes at 1600 rpm. The supernatant 

was discarded, and the pellet resuspended in 2 mL of Schwann cell isolation medium. 

Then, 1 mL was transferred to a T-75 culture flask with 13 mL of Schwann cell 

isolation medium. The cells were incubated at 37℃ and 5% CO2. After 24 hours, 

culture medium change was performed, where 50% of the Schwann cell isolation 

medium was replaced with cell culture medium (as described in Chapter 4). Schwann 

cells were incubated at 37℃ and 5% CO2 until confluency was reached.  

7.3.3.2 Primary Schwann cell migration assay 

Schwann cell migration assay was performed as described in Chapter 4, section 4.3.3. 

Briefly, stoppers were placed on the bioactive surface and then 10,000 Schwann cells 

were seeded on them with culture medium and incubated at 37 ℃ and 5% CO2. After 

24 hours, the stoppers were removed, and an image was taken of the free area with no 

Schwann cells using an inverted Olympus IX73 epifluorescence microscope and 

Micro-Manager 1.4.22 software (University of California, USA). As a positive 

control, Tumor Necrosis Factor-α (TNF-α) was used at a concentration of 300 U/mL. 

This was added after images of day 0 were taken. 

Image J 1.52a software (National Institutes of Health, USA) [218] was used to measure 

cell-free area at day 0, 1, 2, 5 and 7. The value on day 0 was set as 0%, and then, 

decrements in the cell-free area were calculated as a percentage of Schwann cell 

migration.   

7.3.4 Statistical analysis 

ANOVA with Tukey multiple comparison test was performed to analyze statistical          

differences among the different conditions using GraphPad Prism 8.2.0 software. A p 

value of < 0.05 was used to indicate significant differences among the data.  
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7.4  Results 

7.4.1 Effects of bioactive surfaces in Dorsal Root Ganglia primary cells cultures 

DRG were cultured on bioactive surfaces for 7 days. Then, they were immunolabeled 

so neurite length, maximum average neurite length and number of neurites could be 

quantified. Controls of secondary antibodies were done, showing no fluorescence 

signal (refer to Figure 134 in appendix) 

Figure 83 shows neurite development from DRG seeded on control surfaces TCP, 

NH2
+ and NH2

+ + Heparin, with and without NGF, BDNF and NGF plus BDNF in 

solution in cell culture medium at a concentration of 1 µg/mL. Immunolabelling was 

performed for β-III tubulin (green). Nuclei were stained with DAPI (blue). From 

Figure 84, neurite development can be observed from DRG seeded on bioactive 

surface NH2
+ + Heparin + Immobilised NGF, NH2

+ + Heparin + Immobilised BDNF 

and NH2
+ + Heparin + Immobilised NGF plus BDNF. Neurotrophins were 

immobilised at concentrations of 1 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, and             

1 µg/mL. Immunolabelling was performed for β-III tubulin (green). Nuclei was 

stained with DAPI (blue). Please note that the images represent average neurite length.  
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Figure 83. DRG seeded on control bioactive surfaces, where NGF, BDNF or NGF plus BDNF 

were in solution with culture medium at a concentration of 1 µg/mL. Nuclei stained in blue 

(DAPI); β-III tubulin protein in neurites stained in green. Scale bar = 500 µm. 
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Figure 84. DRG seeded on bioactive surfaces with immobilised NGF, BDNF or NGF plus 

BDNF at concentrations of 1 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL and 1 µg/mL. Nuclei 

stained in blue (DAPI); β-III tubulin protein in neurites stained in green. Scale bar = 500 µm.  
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7.4.1.1 Effect of Nerve Growth factor 

Neurite outgrowth of DRG was measured and averaged to obtain average neurite 

length of DRG cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised NGF (immobilised NGF). The largest neurite length was 1075 ± 165 µm 

for DRGs seeded on immobilised NGF at 1 ng/mL. The shortest neurite length was  

44 ± 44 µm for DRGs cultured on TCP. Neurite outgrowth from DRGs cultured on 

immobilised NGF at 1 ng/mL was significantly longer in comparison to neurite length 

developed by DRGs when seeded on any other bioactive surface, as observed in Figure 

85.  

Additionally, it is important to notice that the response of the DRG, regarding neurite 

length, was related to the immobilised concentration of NGF on the surface: neurite 

outgrowth increased from 1 pg/mL (159 ± 116 µm) to a maximum length with 1 ng/mL 

(1075 ± 165 µm), and then neurite outgrowth started to decrease, from 10 ng/mL to   

1 µg/mL (377 ± 0 µm, 353 ± 131 µm, 308 ± 112 µm respectively). Even though DRGs 

seeded on NH2
+ + Heparin with NGF 1 µg/mL in solution developed neurites of        

267 ± 105 µm in length, there was no significant difference from when the DRGs were 

cultured on immobilised NGF at 1 pg/mL.  

These results suggested that the delivery of NGF as an immobilised molecule, 

encouraged the growth of larger neurites, in comparison to control groups. Moreover, 

NH2
+ + Heparin + Immobilised NGF 1 ng/mL stimulated the growth of the longest 

neurites, indicating that using a relatively low concentration of NGF, long neurite 

outgrowth was achieved.  
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Figure 85. Average neurite length of dorsal root ganglia when cultured on TCP, NH2
+, NH2

+ 

+ Heparin, and NH2
+ + Heparin + Immobilised NGF. NGF was added to the bioactive surfaces 

at different concentrations. One-way ANOVA statistical analysis was performed with Tukey 

procedure of multiple comparisons *p< 0.05, **p<0.01, ***p< 0.001, ****p<0.0001. Mean 

± SD. N=3, n=3.    
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Average maximum neurite outgrowth of DRG was measured and averaged to obtain 

average maximum neurite length of DRG cultured on TCP, NH2
+, NH2

+ + Heparin, 

and NH2
+ + Heparin + Immobilised NGF (immobilised NGF). The shortest maximum 

neurite length was 53 ± 75 µm for DRG cultured on TCP. The largest maximum 

neurite length was 1357 ± 361 µm for DRG seeded on immobilised NGF at 1 ng/mL. 

A tendency is observed when the concentration of immobilised NGF was increased: 

for DRG with immobilised NGF at 1 pg/mL, the maximum neurite length was            

338 ± 65 µm; then, the maximum neurite length reached the maximum neurite length 

(1357 ± 361 µm) when DRG were cultured on immobilised NGF 1 ng/mL. Then, when 

DRG were seeded on immobilised 10 ng/mL, 100 ng/mL and 1 µg/mL, maximum 

neurite length decreased as the concentration of NGF increased, from 843 ± 0 µm,   

535 ± 246 µm to 468 ± 166 µm, respectively.  

In addition, as control surfaces changed, from TCP, NH2
+ to NH2

+ + Heparin, and the 

addition of NGF in solution at a concentration of 1 µg/mL increased the maximum 

neurite length as well, as seen in Figure 86. However, when the DRG were seeded on 

immobilised NGF 1 ng/mL, the stimuli received from the bioactive surface 

encouraged the outgrowth of the largest neurite, significantly larger when compared 

to neurite growth from any other bioactive surface, indicating the significant potential 

of this bioactive surface to develop larger neurites.  
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Figure 86. Average maximum neurite length of dorsal root ganglia when cultured on TCP, 

NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised NGF. NGF was added to the 

bioactive surfaces at different concentrations. One-way ANOVA statistical analysis was 

performed with Tukey procedure of multiple comparisons *p< 0.05, **p<0.01, ***p< 0.001, 

****p<0.0001. Mean ± SD. N=3, n=3.    

 

Number of neurite outgrowth by DRG was measured and averaged to obtain average 

number of neurites developed by DRGs cultured on TCP, NH2
+, NH2

+ + Heparin, and 

NH2
+ + Heparin + Immobilised NGF (immobilised NGF). The lowest number of 

neurites developed was 2 ± 2, for neurites that grew on TCP (Figure 87). The highest 

number of neurites was 11 ± 4, for DRG cultured on immobilised NGF 1 ng/mL. 

However, this number was not significantly different in comparison to the number of 

neurites developed on other surfaces.   
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For DRG cultured on NH2
+ + Heparin + NGF in solution at 1 µg/mL, the number of 

neurites developed was 10 ± 4, which was not significantly different from the number 

of developed neurites from DRGs cultures on NH2
+ + Heparin, and NH2

+ + Heparin + 

Immobilised NGF. Nevertheless, from Figure 87, it is noticeable that the number of 

neurites increased as the surface was modified with the addition of NH2
+, heparin and 

NGF.  
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Figure 87. Averaged number of neurites outgrowth by dorsal root ganglia when cultured on 

TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised NGF. NGF was added to the 

bioactive surfaces at different concentrations. One-way ANOVA statistical analysis was 

performed with Tukey procedure of multiple comparisons *p< 0.05, **p<0.01, ***p< 0.001, 

****p<0.0001. Mean ± SD. N=3, n=3.    
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7.4.1.2 Effects of Brain Derived Neurotrophic Factor 

Neurite outgrowth of DRG was measured and averaged to obtain average neurite 

length of DRGs cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised BDNF (immobilised BDNF). The largest neurite length was                     

310 ± 68 µm for DRG cultured on immobilised BDNF at 1 ng/mL. The shortest neurite 

length was 44 ± 44 µm for DRGs cultured on TCP. Even though there were no 

significant differences in neurite length among all groups, it can be observed in Figure 

88 that neurite length increased from when DRG were seeded on immobilised BDNF 

at 1 pg/mL (129 ± 23 µm) to when DRGs were cultured on immobilised BDNF at        

1 ng/mL (310 ± 68 µm). After that, neurite length decreased as concentration of 

immobilised BDNF increased: from 268 ± 41 µm to 112 ± 7 µm.    
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Figure 88. Average neurite length of dorsal root ganglia when cultured on TCP, NH2
+, NH2

+ 

+ Heparin, and NH2
+ + Heparin + Immobilised BDNF. BDNF was added to the bioactive 

surfaces at different concentrations. One-way ANOVA statistical analysis was performed with 

Tukey procedure of multiple comparisons *p< 0.05, **p<0.01, ***p< 0.001, ****p<0.0001. 

Mean ± SD. N=3, n=3.    
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Maximum neurite outgrowth of DRG was measured and averaged to obtain average 

maximum neurite length of DRG cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ 

+ Heparin + Immobilised BDNF (immobilised BDNF). The longest maximum neurite 

length was 557 ± 136 µm for DRGs cultured on immobilised BDNF at 1 ng/mL. The 

shortest maximum neurite length was 53 ± 75 µm for DRG cultured on TCP.  

Even though the maximum neurite length was not significantly different among 

conditions, as seen in Figure 89, the maximum neurite length increased from                

137 ± 32 µm (immobilised BDNF 1 pg/mL) to 557 ± 136 µm (immobilised BDNF      

1 ng/mL). Then, the maximum neurite length started to decrease as immobilised 

concentration of BDNF increased: from 526 ± 255 µm, 458 ± 20 µm to 187 ± 12 µm 

(immobilised BDNF 10 ng/mL, 100 ng/mL and 1 µg/mL respectively. Moreover, 

maximum neurite length developed from control groups increased with surface 

modification and with the addition of BDNF at 1 µg/mL in solution.  

In addition, although maximum neurite length was not significantly different among 

control and test groups, the maximum neurite length developed when DRG were 

cultured on immobilised BDNF 1 ng/mL was longer in comparison to maximum 

neurite length developed from NH2
+ + Heparin with BDNF 1 µg/mL in solution       

(492 ± 130 µm).  
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Figure 89. Average maximum neurite length of dorsal root ganglia when cultured on TCP, 

NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised BDNF. BDNF was added to the 

bioactive surfaces at different concentrations. One-way ANOVA statistical analysis was 

performed with Tukey procedure of multiple comparisons *p< 0.05, **p<0.01, ***p< 0.001, 

****p<0.0001. Mean ± SD. N=3, n=3.    

 

Number of neurite outgrowth by DRG was measured and averaged to obtain average 

number of neurites developed by DRG cultured on TCP, NH2
+, NH2

+ + Heparin, and 

NH2
+ + Heparin + Immobilised BDNF (immobilised BDNF). The highest number of 

neurites developed was 11 ± 2 for DRG seeded on NH2
+ + Heparin with BDNF in 

solution at 1 µg/mL. The lowest number of developed neurites was 2 ± 2 and 2 ± 1 for 

DRG seeded on TCP and immobilised BDNF at 1 pg/mL respectively. Additionally, 

when DRG were cultured on immobilised BDNF at 1 ng/mL, the average number of 

neurites developed was 10 ± 7. This could suggest that this bioactive surface 

encouraged the outgrowth of a maximum of 17 neurites. However, the standard 
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deviation was, as seen in Figure 90, led to a non-significant difference among this 

bioactive surface and other control and test groups.  

Although there were no significant differences among control and test groups, when 

BDNF was immobilised at 1 pg/mL and 1 µg/mL, the number of developed neurites 

was low (2 ± 1 and 4 ±1 respectively), suggesting that a low and a high concentration 

of BDNF may not encourage the formation of neurites, either by no activation or over 

activation of neurite formation pathways.  
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Figure 90. Averaged number of neurites outgrowth by dorsal root ganglia when cultured on 

TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised BDNF. BDNF was added 

to the bioactive surfaces at different concentrations. One-way ANOVA statistical analysis was 

performed with Tukey procedure of multiple comparisons *p< 0.05, **p<0.01, ***p< 0.001, 

****p<0.0001. Mean ± SD. N=3, n=3.    
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7.4.1.3 Effects of Nerve Growth Factor plus Brain Derived Neurotrophic Factor 

Neurite outgrowth of DRG was measured and averaged to obtain average neurite 

length of DRGs cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + 

Immobilised NGF plus BDNF (immobilised NGF plus BDNF). The largest neurite 

length was 502 ± 141 µm for DRGs cultured on immobilised NGF plus BDNF at       

100 ng/mL. The shortest neurite was 44 ± 44 µm when DRG were cultured on TCP 

control. Furthermore, NH2
+ with NGF plus BDNF in solution at 1 µg/mL did not 

encourage the growth of any neurite.  

Interestingly, as observed in Figure 91, neurite outgrowth was low in control groups. 

However, when the neurotrophins were immobilised on the surface, neurite outgrowth 

was encouraged further, even though neurite length for DRG cultured on immobilised 

NGF plus BDNF at 10 ng/mL and 1 µg/mL was 138 ± 36 µm and 188 ± 2 µm, 

respectively. Moreover, there was no significant difference between neurite length 

developed from DRG cultured on immobilised NGF plus BDNF 1 ng/mL and 

immobilised NGF plus BDNF at 100 ng/mL, suggesting that by immobilising both 

neurotrophins at a relative low concentration (1ng/mL), it may encourage the 

outgrowth of neurites that are of similar length than the ones developed by a higher 

concentration (100 ng/mL) of co-immobilised neurotrophins.  
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Figure 91. Average neurite length of dorsal root ganglia when cultured on TCP, NH2
+, NH2

+ 

+ Heparin, and NH2
+ + Heparin + Immobilised NGF plus BDNF. NGF plus BDNF were added 

to the bioactive surfaces at different concentrations. One-way ANOVA statistical analysis was 

performed with Tukey procedure of multiple comparisons *p< 0.05, **p<0.01, ***p< 0.001, 

****p<0.0001. Mean ± SD. N=3, n=3.    
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Maximum neurite outgrowth of DRG was measured and averaged to obtain average 

maximum neurite length of DRG cultured on TCP, NH2
+, NH2

+ + Heparin, and NH2
+ 

+ Heparin + Immobilised NGF plus BDNF (immobilised NGF plus BDNF). The 

largest maximum neurite length was 702 ± 104 µm for DRG cultures on immobilised 

NGF plus BDNF at 100 ng/mL. The shortest maximum neurite length was 0 ± 0 µm 

and 53 ± 75 µm for DRG cultured on NH2
+ with NGF plus BDNF in solution at               

1 µg/mL and TCP respectively.  

Moreover, maximum neurite length increased as the immobilised concentration of 

NGF plus BDNF increased (as seen in Figure 92), reaching the highest point with 

immobilised NGF plus BDNF at 100 ng/mL. Then, maximum neurite length decreased 

from 702 µm to 313 µm (immobilised NGF plus BDNF at 1 µg/mL) 

Although maximum neurite length was achieved for DRG cultured on immobilised 

NGF plus BDNF at 100 ng/mL, there was no significant difference among this and the 

maximum neurite length developed by immobilised NGF plus BDNF at 1 pg/mL and 

immobilised NGF plus BDNF at 1 ng/mL (335 ± 148 µm and 460 ± 193 µm, 

respectively). These results suggest that bioactive surface immobilised with relative 

low concentrations of NGF plus BDNF at 1 pg/mL and NGF plus BDNF at 1 ng/mL 

have the potential to encourage a maximum neurite length as long as the one developed 

by DRG cultured on immobilised NGF plus BDNF at 100 ng/mL.  

 



 

 

273 

 

TC
P n

eg
at

iv
e 
co

nt
ro

l

TC
P N

G
F p

lu
s 
B
D

N
F 1

 
g/

m
L

N
H 2

+  n
eg

at
iv

e 
co

nt
ro

l

N
H 2

+ N
G

F p
lu

s 
B
D

N
F 1

 
g/

m
L

N
H 2

+  +
 H

ep
ar

in
 n

eg
at

iv
e 
co

nt
ro

l

N
H 2

+  +
 H

ep
ar

in
 N

G
F p

lu
s 
B
D

N
F 1

 
g/

m
L

Im
m

ob
ili

se
d 

N
G

F p
lu

s B
D

N
F 1

 p
g/

m
L

Im
m

ob
ili

se
d 

N
G

F p
lu

s B
D

N
F 1

 n
g/

m
L

Im
m

ob
ili

se
d 

N
G

F p
lu

sB
D

N
F 1

0 
ng

/m
L

Im
m

ob
ili

se
d 

N
G

F p
lu

s 
B
D

N
F 1

00
 n

g/
m

L

Im
m

ob
ili

se
d 

N
G

F p
lu

s B
D

N
F 1

 
g/

m
L

0

500

1000

1500

2000

Average maximum neurite length of DRGs cultured

with NGF plus BDNF

N
e
u

ri
te

 l
en

g
th

 (


m
)

✱

✱

✱

 

Figure 92. Average maximum neurite length of dorsal root ganglia when cultured on TCP, 

NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised NGF plus BDNF. NGF plus BDNF 

were added to the bioactive surfaces at different concentrations. One-way ANOVA statistical 

analysis was performed with Tukey procedure of multiple comparisons *p< 0.05, **p<0.01, 

***p< 0.001, ****p<0.0001. Mean ± SD. N=3, n=3.    
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Number of neurite outgrowth by DRG was measured and averaged to obtain average 

number of neurites developed by DRG cultured on TCP, NH2
+, NH2

+ + Heparin, and 

NH2
+ + Heparin + Immobilised NGF plus BDNF (immobilised NGF plus BDNF). The 

largest number of neurites was 10 ± 2, obtained from DRG cultured on immobilised 

NGF plus BDNF at 1 µg/mL. The smallest number of neurites was 0 and 2, from 

DRGs seeded on NH2
+ with NGF plus BDNF at 1 µg/mL in solution and immobilised 

NGF plus BDNF at 1 pg/mL.  

As observed in Figure 93, the number of neurites increased as the concentration of 

immobilised NGF plus BDNF increased. However, surface NH2
+ + Heparin 

encouraged the growth of 7 ± 3 neurites. Although there was no significant difference 

among control and test groups, the NH2
+ + Heparin surface promoted the growth of as 

many neurites as the immobilised NGF plus BDNF 100 ng/mL surface (8 ± 2). 

However, immobilised NGF plus BDNF at 100 ng/mL encouraged the growth of 

longer neurites.  
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Figure 93. Averaged number of neurites outgrowth by dorsal root ganglia when cultured on 

TCP, NH2
+, NH2

+ + Heparin, and NH2
+ + Heparin + Immobilised NGF plus BDNF. NGF plus 

BDNF were added to the bioactive surfaces at different concentrations. One-way ANOVA 

statistical analysis was performed with Tukey procedure of multiple comparisons *p< 0.05, 

**p<0.01, ***p< 0.001, ****p<0.0001. Mean ± SD. N=3, n=3.    
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7.4.2 Effects of bioactive surfaces in migration profile of primary Schwann cells  

Firstly, the purity of Schwann cells was verified, as the protocol followed from 

Kaewkhaw et al. [220] was used to purify Schwann cells from adult rat sciatic nerve. 

Schwann cells were immunolabeled against S100-β, and nuclei were stained with 

DAPI following the protocol described in Chapter 4, section 4.3.4. Images were taken 

as described in Chapter 4, section 4.3.5.  

Schwann cell purity based on S100-β positive immunolabeling, at passage 3 ( Figure 

94), was 99.8 ± 0.24%. This percentage of purity was calculated by counting the 

number of cells that stained positive for S100-β, then multiplying this number by 100, 

and dividing this value by the total number of cells. Kaewkhaw et al. showed that by 

passage 2, Schwann cell purity was 98.3 ± 0.3% [220]. Moreover, this increased to 

99.9 ± 0.6% (passage 7) [220]. These findings support the idea that the cells isolated 

from chick embryo DRG, using Kaewkhaw et al. protocol, were Schwann cells.  

 

Figure 94. Schwann cell purity based on S100-β positive immunolabeling (red). Nuclei were 

stained with DAPI (blue). Scale bar = 200 µm 
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After confirming that the cells isolated from chick embryo DRG were Schwann cells, 

a migration assay was conducted to evaluate if the bioactive surface affected the 

migration profile of Schwann cells. Stoppers were used to create an area free of cells, 

which on day 0 were removed so Schwann cells could migrate to the free space. On 

days 1, 2, 5 and 7, the free area was measured, and a percentage calculated which 

represented the area to which Schwann cells migrated on that day.  

As seen in Figure 95, bioactive surfaces immobilised with NGF did not show any 

significant difference in the percentage of area covered by Schwann cells after 7 days 

in culture. Neither bioactive surfaces, with or without NGF in solution, showed any 

significant difference regarding Schwann cell migration. However, Schwann cells 

cultured with TNF-α 300 U/mL revealed that 98 ± 1.7% of the original cell-free area 

was covered by Schwann cells within 7 days in culture. It is important to highlight that 

the standard deviation of this condition was small, showing that Schwann cells 

responded to the stimuli of TNF-α homogeneously. In contrast, Schwann cells cultured 

on the bioactive surfaces, with or without NGF, showed a heterogeneous response.  
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Figure 95. Migration assay of Schwann cells represented as a percentage of cell-free area 

covered by Schwann cells after 7 days in culture on bioactive surfaces with NGF. Immobilised 

NGF 1 ng/mL and 10 ng/mL were chosen as they had a better performance in neurite growth 

in PC12 adh neuronal cells. One-way ANOVA statistical analysis was performed with Tukey 

procedure of multiple comparisons *p< 0.05, **p<0.01, ***p< 0.001, ****p<0.0001. Mean 

± SD. N=3, n=3.    
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Similarly, the percentage of migration of Schwann cells when cultured on bioactive 

surfaces immobilised with BDNF did not show any significant difference, as seen in 

Figure 96. Comparably to the results obtained from Schwann cells cultured with NGF, 

the response of Schwann cells when cultured with BDNF were not significantly 

different either. Nevertheless, significant differences were found for the percentage of 

migration of Schwann cells when cultured with TNF-α.  

These results suggested that bioactive surface and bioactive surface with immobilised 

NGF or BDNF did not encourage Schwann cells to migrate rapidly nor 

homogeneously.  



 

 

280 

 

TN
F-α

 3
00

 U
/m

L
TC

P

TC
P B

D
N

F 1
 

g/
m

L

N
H 2

+  n
eg

at
iv

e 
co

nt
ro

l

N
H 2

+  +
 B

D
N

F 1
 

g/
m

L

N
H 2

+  +
 H

ep
ar

in
 n

eg
at

iv
e 
co

nt
ro

l

N
H 2

+  +
 H

ep
ar

in
 +

 B
D

N
F 1

 μ
g/

m
L

Im
m

ob
ili

se
d 

B
D

N
F 1

 n
g/

m
L

Im
m

ob
ili

se
d 

B
D

N
F 1

0 
ng

/m
L

0

50

100

Schwann cells migration assay
when cultured with BDNF

P
er

c
en

ta
g

e 
(%

)

✱✱

✱✱

✱

✱✱✱✱

✱

✱✱✱

✱✱✱

✱✱✱

 

Figure 96. Migration assay of Schwann cells represented as a percentage of cell-free area 

covered by Schwann cells after 7 days in culture on bioactive surfaces with BDNF. 

Immobilised BDNF 1 ng/mL and 10 ng/mL were chosen as they had a better performance in 

neurite growth. One-way ANOVA statistical analysis was performed with Tukey procedure 

of multiple comparisons *p< 0.05, **p<0.01, ***p< 0.001, ****p<0.0001. Mean ± SD. N=3, 

n=3.    
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Migration of Schwann cells on days 0, 1, 2, 5 and 7,  on the different surfaces TCP ( 

Figure 97), NH2
+ (Figure 98), and NH2

+ + Heparin (Figure 99), with and without NGF 

or BDNF at a concentration of 1 µg/mL in solution in cell culture media are shown. 

Furthermore, images can be seen of Schwann cells seeded on NH2
+ + Heparin + 

Immobilised NGF and NH2
+ + Heparin + Immobilised BDNF (Figure 100). NGF and 

BDNF were immobilised at 1 ng/mL and 10 ng/mL. Also, TNF-α at 300 U/mL in 

solution in cell culture medium was used as a positive control.  
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Figure 97. Migration assay when Schwann cells were seeded on TCP with and without NGF or BDNF in solution. Schwann cells migrated towards the cell-

free area left by the stoppers. Scale bar = 1 mm. N=3, n=3.  
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Figure 98. Migration assay when Schwann cells were seeded on NH2
+ surface with and without NGF or BDNF in solution. Schwann cells migrated towards the 

free area left by the stoppers. Scale bar = 1 mm. N=3, n=3.  
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Figure 99. Migration assay when Schwann cells were seeded on NH2
+ + Heparin surface with and without NGF or BDNF in solution. Schwann cells migrated 

towards the free area left by the stoppers. Scale bar = 1 mm. N=3, n=3. 
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Figure 100. Migration assay when Schwann cells were seeded on bioactive surface with immobilised NGF or BDNF. Schwann cells migrated towards the 

free area left by the stoppers. Scale bar = 1 mm. N=3, n=3.
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7.5  Discussion  

Average neurite length, average maximum neurite length, and number of neurites 

developed by DRG cultured on bioactive surfaces NH2
+, NH2

+ + Heparin, and NH2
+ + 

Heparin + Immobilised NGF or BDNF or NGF plus BDNF were evaluated. Neurites 

were grown and developed successfully when cultured on bioactive surfaces with 

immobilised growth factors. The longest average neurite length was 1075 ± 165 µm 

for DRG seeded on NH2
+ + Heparin + Immobilised NGF at 1 ng/mL. Furthermore, 

under the same condition, average maximum neurite length was 1357 ± 361 µm, and 

the largest number of neurites was 11 ± 4 (as seen in Figure 84).  

Nevertheless, immobilised BDNF also encouraged neurite development and 

outgrowth, although not to a great extent as when compared to DRG were seeded on 

surfaces immobilised NGF. Longest neurite length and maximum neurite length were 

310 ± 68 µm and 557 ± 136 µm, respectively, for DRGs cultured on surfaces 

immobilised with BDNF at 1 ng/mL. Moreover, the largest number of neurites was 11 

± 2 for DRG seeded on NH2
+ + Heparin with BDNF in solution at 1 µg/mL.  

It was hypothesised that when NGF and BDNF were co-immobilised on the NH2
+ + 

Heparin bioactive surface, their effects on neurite length, maximum neurite length and 

number of neurites would be cumulative. However, this was not the case. Longest 

neurite length and longest maximum neurite length were 502 ± 141 µm and                 

702 ± 104 µm, respectively, when DRG were cultured on surfaces immobilised with 

NGF plus BDNF at 100 ng/mL. The largest number of neurites was 10 ± 2 observed 

when DRG were seeded on surfaces immobilised with NGF plus BDNF at 1 µg/mL. 

A better response was observed when NGF was immobilised alone on the bioactive 

surface, but not for BDNF. The co-immobilisation of NGF and BDNF promoted the 

growth of neurites longer than those grown with BDNF alone, but shorter than those 

grown with NGF alone. Furthermore, the concentration of co-immobilised NGF and 

BDNF was 100 ng/mL, 100 times more than when DRG were cultured with NGF or 

BDNF alone.  
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The use of DRG to evaluate the effects of the bioactive surface NH2
+ + Heparin + 

Immobilised NGF, NH2
+ + Heparin + Immobilised BDNF and NH2

+ + Heparin + 

Immobilised NGF plus BDNF is biologically relevant. DRG are a representative 

model of the complexity of the nervous system as they are composed of neurons, 

Schwann cells and supportive cells such as fibroblasts. The use of DRG as a model 

for peripheral nerve injury mimics similar neurite outgrowth and Schwann cell 

migration during nerve repair as occurs in vivo. Therefore, these results are 

encouraging, as they demonstrated that by using a relative low concentration of 

immobilised NGF (1 ng/mL), a higher response from DRG was obtained in 

comparison to immobilised BDNF, immobilised NGF plus BDNF and control groups.  

Researchers have previously evaluated NGF, BDNF, and GDNF in conjunction with 

nerve guide conduits and scaffolds, and investigated neurite expression [75], [158], 

[227], [229], [291], [319]. In these studies, neurotrophins were added to the 

biomaterial’s surface using different approaches. The concentration of neurotrophins 

employed was higher than those used in this thesis. Gomez and Schmidt [227] 

immobilised 1 ng/mm2 of NGF on polypyrrole using a photochemical technique. 

Average neurite length developed by rat DRG was 20 µm after 2 days in culture [227]. 

Tang et al. [291] fabricated a gradient of immobilised NGF on poly(ɛ-caprolactone)-

poly(L-lactic)acid. The release of NGF within 7 days was 3.6 to 11.35 ng/mL, and 

neurite length of DRG after 3 days in culture differed according to gradient zone: from 

600 to 1,500 µm [291]. In contrast, bioactive surfaces produced herein were used as a 

platform to deliver immobilised growth factors after 7 days release, using less than      

1 ng/mL. The longest average neurite length of 1,075 µm was developed when 

bioactive surfaces were immobilised with  1 ng/mL of NGF. This indicates that the 

delivery of neurotrophins is more efficient when using neurotrophins at less than           

1 ng/mL for encouraging the growth of neurites greater than 1,000 µm in length in 

vitro.   

Furthermore, Matsumoto et al. functionalized amino nanotubes with NGF or BDNF 

[264]. NGF and BDNF (at a concentration of 10 ng/mL) were covalently immobilised 

to the amino nanotubes using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) reagent [264]. The NGF-nanotubes and BDNF-nanotubes 
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stimulated neurite development from chick DRG similarly to when NGF or BDNF 

were in solution in culture medium at a concentration of 10 ng/mL [264]. Interestingly, 

when 0.5 to 20 µL of NGF-nanotubes were added to the culture medium, they achieved 

a dose-response similar to when NGF was in solution in the culture medium. 

Nevertheless, when adding more than 20 µL of NGF-nanotubes, the number of 

neurites decreased. The authors suggested that NGF receptors were downregulated in 

the presence of a high concentration of NGF [264]. In contrast, when 2 µL of BDNF-

nanotubes (2 ng of neurotrophin) were added to DRG culture, the highest number of 

neurites was achieved [264]. The loading concentration of neurotrophins was higher 

than the ones used in this thesis. Moreover, it is difficult to determine at which volume 

of NGF-nanotube more neurites were developed. This data may or may not be similar 

to the response of immobilised NGF at 1 ng/mL shown in this thesis. However, it 

might be that BDNF-nanotubes stimulated a greater response in comparison to 

immobilised BDNF regarding the number of developed neurites.  

Fine et al. created polymer rods, within a guidance channel, for releasing NGF or 

GDNF [61]. This rod was fabricated with 760 mg of ethylene-vinyl acetate (EVA), 

7.6 mL of methylene chloride, 230 mg BSA and 10 mg of either NGF or GDNF 

dissolved in 7.6 mL of water (final concentration of 1.3 mg/mL) [61]. Polymer rods 

were cultured with DRG for 30 minutes and then retrieved. Subsequently, DRG were 

cultured for a total of 6 days. For DRG cultured with NGF-rods, neurite outgrowth 

was 1817 ± 55 µm; similarly, when cultured with GDNF-rods, neurite outgrowth was 

1124 ± 88 µm [61]. The concentration of either NGF or GNDF in each rod was            

1.3 mg/mL [61]. As the authors did not characterised the release of NGF or GDNF, it 

is unknown how much neurotrophin was released to the culture medium with the 

DRG. However, neurite length achieved using these rods was very close to neurite 

outgrowth using a low concentration of immobilised NGF in this thesis (1 ng/mL, 

average neurite length 1075 ±165 µm; average maximum neurite length                      

1357 ± 361 µm). This suggests that by using low concentrations of immobilised NGF, 

specifically 1 ng/mL, a similar response regarding neurite length is obtained when 

compared with the use of 1.3 mg/mL of NGF.     
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Additionally, Sakiyama-Elbert and Hubbell immobilised 100 ng/mL of NGF, BDNF 

or neurotrophin-3 (NT-3) into a fibrin-based cell ingrowth matrix, which contained 

heparin [157]. This study showed that this delivery system improved neurite extension 

of chick embryo DRG up to 50, 75 and 100% when DRG were seeded on NT-3, NGF 

and BDNF fibrin matrices, respectively [157]. Moreover, the authors also tested the 

effect of 50 and 250 ng/mL of immobilised NGF into the fibrin matrix. They found 

that neurite length response was biphasic, where significant neurite extension was 

achieved at 100 ng/mL [157]. This finding was attributed to the saturation of TrkA 

receptors [157]. Nevertheless, they did not state the neurite length developed from the 

3 different amounts of immobilised NGF. Although a biphasic dose response was 

observed, where the optimal dose encouraged the growth of the longest neurites; doses 

greater than the optimal dose did not stimulate neurite outgrowth [157]. These findings 

support the results in this thesis, where NGF and BDNF encourage neurite outgrowth, 

and where a biphasic dose response was obtained from both immobilised NGF and 

immobilised BDNF. Moreover, the optimal dose of immobilised NGF and BDNF in 

this thesis was 1 ng/mL, suggesting that the bioactive surface NH2
+ + Heparin + 

Immobilised NGF and NH2
+ + Heparin + Immobilised BDNF at 1 ng/mL, a relative 

low concentration, promotes the growth of long neurites, which may be comparable 

to the ones stimulated by 100 ng/mL of NGF used by Sakiyama-Elbert and Hubbell.     

NGF and BDNF stimulate neurite expression and outgrowth. However, their effects 

may differ depending if the neurons are sensory or motor neurons. Santos et al. 

characterised the effect of 5, 10, 50 and 100 ng/mL of NGF, BDNF, GDNF, 

neurotrophin-3 (NT-3) and 25, 50, 250 and 500 ng/mL of  fibroblast growth factor-2 

(FGF-2) in DRG and in organotypic culture of spinal cord in vitro [158]. Results 

showed that GDNF and FGF-2 stimulated sensory and motor neurite growth at all 

concentrations. However, concentrations of 50 and 100 ng/mL promoted longer 

neurites [158].  NGF and NT-3 enhanced sensory neurite outgrowth, with the largest 

neurite outgrowth obtained at 50 ng/mL. Moreover, 50 ng/mL of BDNF promoted the 

development of longer neurites in motor neurons. Furthermore, 5 and 10 ng/mL of 

BDNF slightly encouraged the growth of longer neurites, whereas 100 ng/mL did not 

stimulate neurite outgrowth [158]. Thereafter, NGF, BDNF and NT-3 were added into 
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a collagen matrix inside a silicon tube to aid sciatic nerve repair [158]. This experiment 

showed that high concentrations of BDNF stimulated neurite outgrowth in motor 

neurons, whereas NGF and NT-3 had no effect [158]. This adds to the findings in this 

thesis, that even though both NGF and BDNF stimulated neurite outgrowth, 

immobilised NGF encouraged the growth of longer neurites in comparison to neurites 

developed from immobilised BDNF. 

Moreover, Yang et al. encapsulated NGF within poly(lactide-co-glycolide) (PLG) 

nerve conduits (single and multi-lumen) and evaluated neurite outgrowth in DRG 

[129]. These conduits were fabricated by assembly and fusion of microspheres [129]. 

NGF was either mixed with the microsphere or it was encapsulated inside the 

microspheres [129]. The concentration of NGF released from the PLG conduit was   

14 ng/mL at 1 day, 7 days and 14 days, although, the authors failed to mention the 

initial load of NGF [129]. At day 7 and at day 14, average neurite length was ca. 350 

µm and ca. 450 µm, respectively,  for encapsulated NGF, in a single lumen conduit 

[129]. When NGF was mixed with the microspheres, in a single lumen conduit, 

average neurite length at day 7 and day 14 were similar, ca. 450 µm [129]. 

Furthermore, when NGF was encapsulated in a multi-lumen conduit, the average 

neurite length was ca. 400 µm on both day 7 and day 14 [129]. Even though no 

significant difference was obtained among the control and test groups, the authors 

suggested that the minimal difference among them was related to diffusion of NGF 

through the material  [129]. Comparably, the results in this thesis showed that by 

immobilising relatively low concentration of BDNF (1 ng/mL), similar neurite length 

was achieved. Moreover, when immobilising relatively low concentrations of NGF (1 

ng/mL), longer neurite length was developed. Furthermore, when co-immobilising 

NGF plus BDNF at        100 ng/mL, neurite outgrowth was similar to the values 

reported by Yang et al. when they delivered 14 ng/mL. This suggested that the effect 

of co-immobilising NGF and BDNF was not cumulative and, it needed a  higher 

concentration of growth factor to achieve a similar neurite length for when 14 ng/mL 

was delivered.   

Furthermore, research has been performed to evaluate higher concentrations of growth 

factors. For example, Pearson et al. evaluated neurite outgrowth of rat DRG using 
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glass micro-conduit filled with collagen hydrogel solution and 100 ng/mL of NGF 

[130]. At day 6, average neurite length was ca. 1000 µm, and average maximum 

neurite length was ca. 2700 µm [130]. At day 13, average neurite length was ca.       

1500 µm, and average maximum neurite length was ca. 3300 µm [130]. Nevertheless, 

the authors stated that, after 7 days, NGF from the conduit was not able to stimulate 

neurite outgrowth, hence, NGF had to be added to the culture medium (concentration 

not specified) [130]. The results from this thesis demonstrate that by immobilising 

NGF at 1 ng/mL onto the bioactive surface NH2
+ + Heparin, a greater response could 

be obtained regarding average neurite length as when 100 ng/mL of NGF was used in 

a collagen hydrogel. Even though Pearson et al. encouraged an average maximum 

neurite length of 2700 µm, which is longer than the one developed in this thesis      

(1357 ± 361 µm), it can be seen that their results were highly variable, as their average 

neurite length was 1000 µm. This would suggest that the delivery system of Pearson 

et al. might not be optimal, whereas the delivery system developed in this thesis NH2
+ 

+ Heparin + immobilised NGF 1 ng/mL would be more appropriate because it does 

not encouraged variability (average neurite length of 1075 ± 165 µm and average 

maximum neurite length of 1357 ± 361 µm).  

Studies have also been performed to evaluate the effect of neurite outgrowth while 

delivering 2 or 3 neurotrophins at the same time. For example, Deister and Schmidt  

evaluated average neurite length of rat DRG when NGF, GDNF and ciliary 

neurotrophic factor (CNTF) were in solution at 50, 10 and 10 ng/mL respectively 

[285].  When the 3 growth factors were present in solution in culture medium with 

DRG, the largest neurite length was 2031 ± 97 µm compared to 916 ± 64 µm for DRG 

with no growth factors [285].  The authors stated that the concentrations used of each 

growth factor were optimised individually, and that the concentrations that 

individually encouraged longer neurites were used in combination with the other 

growth factors [285]. Nevertheless, the authors did not describe how these 

concentrations performed individually, they only mentioned that those were the 

optimal values. Hence, a direct comparison of cumulative effect is difficult to do. 

However, neurite outgrowth was longer than the one presented in this thesis, 

suggesting that a combination of growth factors may encourage more neurite growth.  
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In addition, Kim et al. immobilised NGF and basic fibroblast growth factor (bFGF) on 

PCL/Pluronic F127 microspheres using heparin [320]. The co-immobilisation of NGF 

and bFGF on the microspheres encouraged more neurite development from muscle-

derived stem cells than microspheres immobilised with either NGF or bFGF alone 

[320]. The authors explained that the co-immobilisation of NGF and bFGF worked 

better due to a) the sustained release of growth factors, b) their suitable stimulation of 

cell migration, proliferation and survival, and c) cumulative effect of NGF and bFGF 

[320].    

The research from Deister and Schmidt [285], and Kim et al. [320] suggest that the 

optimal concentration of growth factors may be different when used individually as 

when used in combination depending on which growth factors are being used. 

Moreover, if the concentrations are well defined, a cumulative effect might be 

observed. In this thesis, NGF was used as it stimulates neurite outgrowth in DRG. 

BDNF was also used in this thesis as it aids nerve regeneration by promoting survival 

in neurite extension of DRG [84].   

After a biomaterial is implanted inside the body, water molecules start interacting with 

the surface of the biomaterial, creating an intimate layer [91]. Then, proteins are 

absorbed onto the surface of the biomaterial, and adherent cells expressing integrins 

arrive at the surface and start interacting with the protein layer [91]. Afterwards, cells 

adhere, migrate, and differentiate, which takes place from a few hours to a few days 

after the biomaterial is implanted [91]. As bioactive surfaces with immobilised NGF 

at 1 ng/mL did not exhibit any neurotrophin release between 1 and 48 hours (see 

Chapter 5 in this thesis), such a delivery platform would allow time for neuronal cells 

to adhere to a functionalized surface of a regenerating guidance scaffold before 

receiving stimuli from NGF at the surface to promote growth. Chick embryo DRG 

were seeded on bioactive surfaces containing immobilised growth factors. DRG were 

used because they are easy to access and are comparable with other model animal 

systems regarding neurite outgrowth and regeneration [321]–[323].  

Bioactive surfaces with immobilised NGF at 1 ng/mL promoted the longest growth of 

neurite in all groups, which was 18 times higher than negative TCP control. DRG 
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response on bioactive surfaces immobilised with BDNF showed a similar response, 

compared to immobilised NGF surfaces, with immobilised 1 ng/mL of BDNF 

supporting the longest neurite. Bioactive surfaces immobilised with NGF plus BDNF 

at 100 ng/mL encouraged the growth of neurites significantly longer than those on 

negative control TCP or TCP with NGF at 1 µg/mL in solution in culture medium. 

The difference in response of neurite outgrowth can be hypothesised as the activation 

of second messenger pathways, following neurotrophin binding to expressed cell 

membrane receptors. NGF and BDNF bind to tyrosine kinase receptors (Trk), 

specifically TrkA and TrkB respectively [158], [287], [309]. The NGF-TrkA complex 

is internalised at the neurite growth cone and transported to the neuron’s body, 

stimulating actin and microtubule polymerization, organelle recruitment and calcium 

influx [319]. When the NGF-TrkA complex is not internalized, the 

phosphatidylinositol 3-kinase and Akt/protein kinase B (PI3k/Akt) pathway is 

activated, regulating neurite outgrowth and cell survival [227], [287], [291].  

When BDNF binds to its specific receptor, TrkB, the PI3K/Akt pathway is also 

activated and microtubules rearranged to promote lamellipodial formation and 

filopodial elongation [137]. Therefore, Trk receptors trigger signaling pathways that 

stimulate neurite outgrowth in sensory and motor neurons. In DRG, TrkA and TrkB 

receptors are expressed in the cell membrane. The density of TrkA receptors is higher 

in comparison to TrkB receptors [324]. However, after nerve injury, the expression of 

TrkB receptors is upregulated [158]. Therefore, both NGF and BDNF are essential to 

encourage neurite outgrowth and to inhibit cell death.  

The data in this chapter, regarding neurite outgrowth from DRG, would suggest that 

the expression of TrkB receptors is low, as neurite outgrowth from immobilised BDNF 

bioactive surfaces was similar to immobilised NGF bioactive surfaces. When NGF 

and BDNF were co-immobilised, neurite outgrowth was not cumulative. This response 

might be related to the amount of BDNF released from the bioactive surface, because 

low doses of BDNF stimulate the upregulation of TrkB receptors, significantly 

improving the effect of BDNF. In comparison, high doses of BDNF would 

downregulate the expression of TrkB receptors. Furthermore, high doses of BDNF 

would impede neurite outgrowth [158], whereas low doses of BDNF promote neurite 
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elongation in DRG. Hence, when BDNF is delivered with NGF, an equilibrium should 

be achieved.     

So far, the work in this thesis has reported the fabrication, physico-chemical properties 

and the biological response, regarding neurite development, of bioactive surfaces 

NH2
+ + Heparin with immobilised NGF, BDNF and NGF plus BDNF, using 

commercially available amine coated plates and heparin. However, Schwann cell 

response to this bioactive surface had not yet been characterised. As Schwann cells 

migrate and form bands of Bünger to aid nerve regeneration after peripheral nerve 

injury [86], it was hypothesised that bioactive surfaces with immobilised NGF or 

immobilised BDNF would enhance Schwann cell migration.  

Bioactive surfaces with immobilised NGF at 1 and 10 ng/mL, and bioactive surfaces 

with immobilised BDNF at 1 and 10 ng/mL were fabricated and used to assess 

Schwann cell migration. The results in this thesis showed that neither immobilised 

NGF nor immobilised BDNF stimulated significantly Schwann cell migration among 

test groups, even though Schwann cells showed an elongated bipolar morphology, 

suggesting a migratory state [253].  However, when Schwann cells were cultured with 

tumor necrosis factor-alpha (TNF-α), significant migration was seen. TNF-α was used 

as a positive control because, after nerve injury, Schwann cells express TNF-α, a pro-

inflammatory cytokine [11], [15], [325], [326]. TNF-α encourages macrophage 

migration to the site of injury. Moreover, TNF-α encourages glial activation, survival, 

proliferation, migration and differentiation, especially from Schwann cells [312], 

[326], [327].   

Research has been done to study if Schwann cells migrate in the presence of different 

growth factors. Maniwa et al. studied the effects of NGF, BDNF and NT-3 on 

migration of Schwann cells in vitro [316]. NGF, BDNF and NT-3 were prepared at 

concentrations of 0.1, 1, 10 and 100 ng/mL. Migration of cells cultured with each 

growth factor was evaluated for 1 hour [316]. NGF, at a concentration of 10 ng/mL, 

encouraged and accelerated Schwann cell migration, whereas 1 ng/mL of NT-3 

slightly stimulated Schwann cell migration. Nevertheless, BDNF did not promote 

Schwann cell migration significantly [316]. The authors suggested that the difference 
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between NT-3 and NGF as neurotrophins that encourage migration might be due to 

the different distribution of receptors on the cell [316].  

The study from Maniwa et al. supports the findings from Min et al. who showed that 

NGF and GDNF encourage Schwann cell migration whereas BDNF did not [86]. 

Furthermore, Cornejo et al. studied the effect of neuregulin β-1 (NRG1), GDNF, 

epidermal growth factor (EGF) and NGF, at a concentration of 200 ng/mL, on 

Schwann cell (precursor line) migration [328]. The authors wanted to determine if 

GDF, EGF, NRG1 and NGF were chemokinetic or chemoattractant growth factors for 

a Schwann cell precursor line [328]. Cornejo et al showed that GDNF, and NRG1 

were chemoattractant and chemokinetic growth factors whereas NGF was only a 

chemokinetic growth factor [328]. The data obtained from EGF was inconclusive 

[328]. The results from this thesis showed that bioactive surfaces with and without 

immobilised NGF or BDNF and with or without neurotrophins in solution did not 

significantly encourage Schwann cell migration. It is interesting to see that studies 

have indicated that NGF stimulates significantly Schwann cell mobility. However, the 

work in this thesis did not reflect that. Nevertheless, the results obtained from BDNF 

were consistent with what other research shows.  

In addition, Anton et al. found that 10 ng/mL of NGF encouraged Schwann cell 

migration through activation of low affinity p75NRT receptor [329]. After 72 hours in 

culture, Schwann cells migrated more than 350 µm [329]. Moreover, Cao et al. found 

that Schwann cells migrated over an olfactory ensheathing cell monolayer due to 

secreted NGF [330]. Unfortunately, concentration of NGF was not specified [330]. 

Additionally, Yamauchi et al.  observed that NT-3 (10 ng/mL), by binding to TrkC, 

encouraged Schwann cell migration by activation of the Rho GTPases and     c-Jun N-

terminal kinase signalling pathways [318]. But, Schwann cell migration was not 

stimulated by NGF nor BDNF [318].  Yamauchi et al. also established that BDNF 

(100 ng/mL), by binding with the p75NRT receptor,  inhibited Schwann cell migration 

[313]. They showed that BDNF impeded Schwann cell migration by activating the 

RhoA signalling pathway [313]. 
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This data appears contradictory because other studies had demonstrated that BDNF 

stimulated Schwann cell migration. For example, Yi et al. and Hou et al. affirmed that 

BDNF stimulated Schwann cell migration [317], [331]. Moreover, Singh et al. studied 

how 10, 100 and 200 ng/mL of BDNF, EGF, stromal cell-derived factor (SDF-1), 

GDNF and CNTF encouraged non-myelinating Schwann cells  to migrate [311]. Non-

myelinating Schwann cells were seeded on a Boyden chamber, and left overnight at 

37℃ and 5% CO2 and then cells that migrated towards the lower chamber, where the 

growth factors in cultured medium were, were counted [311]. Their results showed 

that non-myelinating Schwann cells migrated in the presence of BDNF (200 ng/mL) 

up to 10 fold in comparison to the control [311]. Moreover, BDNF at 100 ng/mL also 

greatly stimulated non-myelinating Schwann cells [311]. EGF, SDF-1, GDNF and 

CNTF also promoted non-myelinating Schwann cell migration, however, the 

migration response was not as great as the migration response obtained from BDNF.  

Research has shown that there is a very complex mechanism behind Schwann cell 

migration, that might involve the coordinated expression and action of different 

neurotrophins, cytokines and cells. Up to a certain extent, the work from other authors 

might explain why BDNF did not encourage Schwann cell migration in this thesis. 

One main reason could be that the concentrations of BDNF used in this thesis were 

low, 1 ng/mL and 10 ng/mL, in comparison to the concentrations used in other studies, 

50-200 ng/mL [311], [317], [331]. Nevertheless, there are other studies that showed 

that BDNF at 100 ng/mL did not stimulate Schwann cell migration [313]. This 

suggests that there might be other factors to consider. After peripheral nerve injury, 

Schwann cells produce NGF, BDNF, NT-3 and neurotrophin-4/5 (NT-4/5). These 

neurotrophins modulate neurons and Schwann cells phenotype [317], [330]. However, 

NGF synthesis increases rapidly whereas the production of BDNF increases slowly 

[316]. This may suggest that NGF might be first to act on Schwann cell migration with 

BDNF stimulating migration afterwards [316]. Although NGF and BDNF bind to 

TrkA and TrkB receptors respectively, they also bind to p75NRT receptor. Hence, how 

these neurotrophins distribute themselves to stimulate different actions between 

growing neurites and Schwann cells is not clear [86], [315].  



 

 

297 

 

Schwann cells migrate after nerve injury and form band of Bünger to guide 

regenerating neurites [316], [318]. Schwann cell migration is stimulated and regulated 

by the Rho GTPases Rac1 and Cdc42 signalling pathway [313]. When this pathway is 

activated, through the p75NTR receptor, the cytoskeleton is reorganized, encouraging 

not only morphological changes but also migration [313], [328]. Moreover, as 

Schwann cells continue to migrate, they express high levels of p75NTR receptors, thus, 

migration is encouraged even more [329]. By activation of p75NTR receptors, Schwann 

cells migrate. Both NGF and BDNF bind to p75NTR receptor, however, it is not clear 

how an equilibrium between active and non-active p75NTR receptors should be 

achieved to encourage Schwann cell migration. More research needs to be done to 

elucidate this.  
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7.6  Conclusion 

In this chapter, average neurite length, average maximum neurite length and number 

of neurites developed from primary chick embryo DRG were assessed. DRG were 

seeded on bioactive surface NH2
+ + Heparin + Immobilised NGF, NH2

+ + Heparin + 

Immobilised BDNF and NH2
+ + Heparin + Immobilised NGF plus BDNF.  Results 

showed that longest average neurite length and average maximum neurite length were 

achieved when DRG were cultured on NH2
+ + Heparin + Immobilised NGF at                 

1 ng/mL. Moreover, a dose response curve was obtained, where the longest neurites 

were obtained at NGF 1ng/mL and then, neurite length decreased as immobilised NGF 

increased. Furthermore, DRG response when seeded on immobilised BDNF showed 

a similar trend to immobilised NGF, nevertheless, the response was not as significant. 

In addition, a cumulative effect was not observed when DRG were cultured on 

bioactive surfaces with immobilised NGF plus BDNF.  

Also, Schwann cell migration was studied when primary chick embryo Schwann cells 

were cultured on bioactive surfaces NH2
+ + Heparin + Immobilised NGF and NH2

+ + 

Heparin + Immobilised BDNF. No significant response was observed from test 

groups, suggesting that other factors should be considered. 

In summary, bioactive surfaces encouraged significant neurite outgrowth from DRG, 

specially, NH2
+ + Heparin + Immobilised NGF at 1 ng/mL. This supports the 

hypothesis that by using the bioactive surface with a relatively low concentration of 

NGF, neurite outgrowth was significantly obtained.  

The system reported herein is relatively simple to fabricate and scalable for direct 

applications. Up to this point in this thesis, bioactive surfaces were fabricated using 

commercially available NH2
+ coated culture plates. In the next chapter, plasma 

deposition will be used to add NH2
+ to polycaprolactone electrospun fibers. Moreover, 

DRG will be seeded on these scaffolds and their response evaluated.  
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Chapter 8 Scalability of the bioactive surface: 

adding the bioactive surface to polycaprolactone 

electrospun scaffolds and its effect on neurite 

outgrowth 

 

8.1  Introduction  

Peripheral nerve injury affects 2.8% of trauma patients [332], and the current treatment 

is the use of autografts [155]. However, the limitations of using autografts are donor 

site morbidity, size mismatch, and the need of at least two surgeries [155]. The use of 

hollow tubes called nerve guide conduits (NGCs) has been studied as an alternative to 

aid nerve repair [14], [16], [105]. Nevertheless, NGCs do not support sufficient nerve 

regeneration in gaps longer than 20 mm [2], [14], [63]. Therefore, the addition of 

topographical and chemical cues to the NGCs has been studied to improve their 

performance and, hence, nerve repair.  

Research using gradients, aligned multichannels, and aligned electrospun scaffolds 

have demonstrated that an oriented cue can enhance neurite outgrowth as well as 

Schwann cell migration [104], [314], [333]–[335]. For example, Hurtado et al. showed 

that aligned nanofibers stimulated neurite regrowth in a spinal cord injury model [336]. 

Furthermore, Kim et al. reported that aligned fibers encouraged neurite growth in a    

17 mm sciatic injury [337]. In addition, studies had stated that the use of aligned 

electrospun scaffolds would be more beneficial to use as these might resemble the 

extracellular matrix (ECM) [333], [336]. Therefore, if Schwann cells are stimulated to 

migrate [12], [316], these cells and the aligned electrospun scaffold would create a 

regenerative environment to aid nerve repair [104], [338]. Although studies using 

aligned fibrous scaffold have stimulated neurite outgrowth, the level of nerve 

regeneration produced is still not sufficient, as the critical nerve gap in humans is           

4 cm, and in rats is 1.5 cm [105], [107], [339],  An interesting route to further enable 
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nerve repair is to include chemical cues in the NGCs to provide a long term permissive 

environment [87], [334].   

Nerve growth factor (NGF) and brain derived neurotrophic factor (BDNF) are known 

to encourage neurite outgrowth and Schwann cell migration after nerve injury [61], 

[133], [158], [264], [285], [317], [338]. Nevertheless, their use in the clinic, and in 

different approaches, is limited by their half-life, loss of their biological activity and 

that they might not reach the injury site [73], [76], [282]. Hence, research has been 

conducted to design and fabricate systems for the delivery of growth factors, which 

would protect growth factors from degradation and denaturation [217]. Growth factors 

can be incorporated onto electrospun scaffolds by covalent binding, electrostatic 

interactions, coatings, encapsulation and addition of microspheres, emulsion and 

coaxial electrospinning [76], [164]. With the exception of surface functionalisation via 

either covalent binding or electrostatic interactions, all the aforementioned techniques 

compromise the integrity and functionality of the growth factors due to their use of 

organic solvents [79]. The effectivity of covalent binding of growth factors has been 

demonstrated before, for example, Guex et al. covalently immobilised vascular 

endothelial growth factor (VEGF) onto an oxygen plasma treated scaffold and 

promoted endothelial cell proliferation [165]. Nevertheless, covalent binding might 

result in the loss of bioactivity or denaturation of the growth factor [182], [228], [340].  

A second approach is to use electrostatic interactions to bind growth factors. Indeed, 

heparin has been used to immobilise growth factors by electrostatic interactions [182], 

[212]. For example, Robinson et al. bound osteoprotogerin or tissue inhibitor of 

metalloproteinases 3 to heparin and studied their release [212]. Heparin is highly 

negatively charged, so to bind heparin to a surface by electrostatic interactions, this 

surface needs to have a positive charge. Plasma treatment and deposition is commonly 

used to add charged functional groups to a surface, changing the properties of the 

surface [61], [212], [341]. For example, air and oxygen plasma treatment are used to 

make polymeric surfaces hydrophilic [341], and typically render these surfaces 

negatively charged [342]. To produce positively charged surfaces, amine based plasma 

deposition can be used, for example, by using allylamine to add positively changed 

amine NH2
+ functional groups to a surface [61], [212], [239]. Hence, the surfaces 
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functionalised by plasma-deposited NH2
+ groups bind heparin, which consequently 

binds growth factors such as NGF, BDNF or a mixture of NGF and BDNF.  

Chapter 5 of this thesis showed how a bioactive surface, which was used as a delivery 

system of growth factors, was fabricated by using electrostatic interactions. 

Furthermore, chapter 6 and 7 demonstrated that bioactive surfaces composed of NH2
+ 

+ Heparin + Immobilised NGF, NH2
+ + Heparin + Immobilised BDNF, and NH2

+ + 

Heparin + Immobilised NGF plus BDNF encouraged neurite outgrowth on 2-

dimensional (2D) surfaces.  

In this chapter, it was important to translate this bioactive surface to a 3-dimensional 

(3D) scaffold, as it would further encourage and enhance neurite outgrowth in 

comparison to 2D [91]. Moreover, it was critical to design and scale up this bioactive 

surface so it could be easily translated into clinical use.  

Therefore, electrospinning was used to fabricate polycaprolactone (PCL) fibrous 

scaffolds. Then, NH2
+ functional groups were added to the scaffold by plasma 

deposition. Thereafter, heparin was added by passive conjugation. Finally, NGF, 

BDNF or a combination of NGF plus BDNF were immobilised. Hence, PCL + NH2
+ 

+ Heparin + Immobilised NGF scaffolds, PCL + NH2
+ + Heparin + Immobilised 

BDNF scaffolds, and PCL + NH2
+ + Heparin + Immobilised NGF plus BDNF 

scaffolds were fabricated. The bioactive surfaces were characterised by XPS and 

ELISA to confirm the incorporation of NH2
+, heparin and growth factors. Moreover, 

to study the potential of the bioactive surface on the PCL electrospun scaffolds, chick 

embryo dorsal root ganglia (DRG) were seeded on the scaffolds, and neurite outgrowth 

and Schwann cell migration were assessed.  
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8.2  Aims and objectives 

The aims of this chapter were: 

1. Fabrication and characterisation of the bioactive surface NH2
+ + Heparin + 

immobilised NGF/BDNF/NGF plus BDNF when this was added onto 

polycaprolactone (PCL) electrospun scaffolds.  

2. Evaluate the effects of the bioactive surface NH2
+ + Heparin + immobilised 

NGF, when added onto PCL electrospun scaffolds, on DRG neurite outgrowth 

and primary Schwann cell migration. 

3. Assess the effects of the bioactive surface NH2
+ + Heparin + immobilised 

BDNF, when added onto PCL electrospun scaffolds, on DRG neurite 

outgrowth and primary Schwann cell migration.  

4. Study the effects of the bioactive surface NH2
+ + Heparin + immobilised with 

NGF plus BDNF, when added onto PCL electrospun scaffolds, on DRG 

neurite outgrowth and primary Schwann cell migration.  

The objectives of this chapter were: 

1. Determine the fibre diameter and alignment of PCL electrospun scaffolds. 

2. Add NH2
+ onto PCL electrospun scaffolds by plasma deposition.  

3. Evaluate the physical changes of PCL electrospun fibres before and after 

plasma treatment.  

4. Characterise the NH2
+ bioactive surface and NH2

+ + Heparin bioactive surface 

on the PCL electrospun scaffolds. 

5. Calculate the average neurite length of DRG when cultured on PCL 

electrospun scaffolds with bioactive surface NH2
+ + Heparin immobilised with 

NGF, BDNF or NGF plus BNDF. 

6. Quantify the average maximum neurite length of DRG when cultured on PCL 

electrospun scaffolds with bioactive surface NH2
+ + Heparin immobilised with 

NGF, BDNF or NGF plus BNDF. 
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7. Determine the migration length of Schwann cells when cultured on PCL 

electrospun scaffolds with bioactive surface NH2
+ + Heparin immobilised with 

NGF, BDNF or NGF plus BNDF. 
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8.3  Materials and Methods 

8.3.1 Fabrication of polycaprolactone electrospun scaffolds 

Fabrication of polycaprolactone (PCL) electrospun scaffolds was performed following 

the protocol described in Chapter 4, Section 4.4.1. Briefly, a 20% w/v solution of PCL 

was used for electrospinning. A flow rate of 6 mL/hr, voltage of   16-18 kV, distance 

of 20 cm, and speed of collector of 2,000 rpm were set to obtain an aligned electrospun 

PCL scaffold.  

8.3.2 Fabrication of PCL spin-coated films 

Fabrication of PCL spin-coated films was achieved by following the protocol 

described in Chapter 4, section 4.4.2. Briefly, a 10% w/v solution of PCL was prepared 

and loaded on a glass coverslip. The spin-coater was set to spin at 3000 rpm for             

35 sec. After the spin time, the PCL film with the coverslip was retrieved.  

8.3.3 Adding amine functional groups NH2
+, heparin and growth factors to PCL 

electrospun scaffolds, PCL films, and TCP well plates 

Plasma deposition was used to clean and add amine functional groups NH2
+ on PCL 

electrospun scaffolds, PCL films and TCP culture plates. Allylamine was the 

monomer used to obtain the NH2
+ groups. The detailed protocol is described in 

Chapter 4, section 4.4.3. Nevertheless, the protocol is briefly described in the 

following subsections.    

8.3.3.1 Air plasma cleaning protocol 

Air plasma cleaning was performed to clean the glass vessel and the PCL electrospun 

scaffold and PCL films from any contamination. The cleaning of the glass vessel was 

done before the cleaning of the PCL electrospun scaffolds. 

Firstly, the cold trap (Figure 101.B) was filled with liquid nitrogen. The vacuum pump 

was turned on (Figure 101.A) to evacuate the plasma rig glass vessel (Figure 101.G) 

to 7x10-2 mBar. The equalisation valve (Figure 101.I) was open and adjusted to reach 

a steady pressure of 1.8x10-1 mBar. The radio frequency generator (RF generator, 

Figure 101.F) was turned on and the output power adjusted to 50 W. The air plasma 

deposition process was left for 30 minutes (Figure 102.A). Then, the RF generator was 
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turned off. The equalization valve and the isolation valve (Figure 101.C) were closed, 

and the vacuum pump turned off.  

Then, the lid was opened and the PCL electrospun scaffolds or PCL films were placed 

inside the plasma rig glass vessel. The air plasma cleaning protocol was performed 

once to clean the PCL electrospun scaffolds or PCL films from any chemical 

contamination. After this, the allylamine plasma deposition was performed.  

8.3.3.2 Allylamine plasma deposition to add NH2
+ onto PCL electrospun 

scaffolds, PCL films and TCP well plates 

The cold trap was refilled with liquid nitrogen. Then, with the PCL electrospun 

scaffolds, PCL films or TCP well plates inside the glass vessel and the isolation valve 

open, the vacuum pump was turned on to evacuate the glass vessel. The monomer 

flask (Figure 101.J), was attached to the equalisation valve. Then, the equalisation 

valve was open and adjusted to reach a steady pressure of  2.2x10-2 mBar. Then, the 

RF generator was turned on and the output power adjusted to 10 W. The allylamine 

plasma polymerisation process was left for 10 minutes (Figure 102.B). Then, the RF 

generator was turned off. The equalization valve and the isolation valve were closed, 

and the vacuum pump turned off. The atmospheric valve was opened, and the 

monomer flask was detached from the equalisation valve. Then, the samples were 

retrieved (PCL + NH2
+ scaffolds, PCL + NH2

+ films or TCP + NH2
+ well plates).  

8.3.3.3 Air plasma deposition onto PCL electrospun scaffolds 

Air plasma deposition on PCL electrospun scaffolds was performed to add hydroxyl 

functional groups onto the surface of PCL electrospun scaffolds. These scaffolds were 

later used as a positive control.  

Similarly, to allylamine plasma deposition (Section 8.3.3.2), the cold trap was filled 

with liquid nitrogen. The glass vessel was evacuated to 7x10-2 mBar. Then, the 

equalisation valve was opened and adjusted to reach a steady pressure of               

1.8x10-1 mBar. The RF generator was turned on and the output power adjusted to        

25 W.  The air plasma deposition was left for 2 minutes. Then, the RF generator was 

turned off. The equalization valve and the isolation valve were closed, and the vacuum 
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pump turned off. The atmospheric valve was opened. The lid was opened, and the PCL 

Air scaffolds were removed.  

 

Figure 101. Plasma rig. The components are A) vacuum pump, B) cold trap, C) isolation valve, 

D) atmospheric valve, E) pressure monitor, F) radiofrequency generator, G) plasma rig 

chamber, H) lid of the chamber, I) equalisation valve, J) monomer flask. 

 

Figure 102. Difference in colour as seen in the plasma rig glass vessel during A) air plasma 

cleaning/deposition and B) allylamine plasma deposition.  
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8.3.3.4 Heparin conjugation 

Protocol described in Chapter 4, Section 4.4.3.3 was followed. Briefly, heparin 

solution was added to PCL electrospun scaffolds, PCL films and TCP well plates with 

amine groups (PCL + NH2
+ scaffolds, PCL + NH2

+ films, TCP + NH2
+) and left 

overnight at room temperature. Then, the heparin solution was discarded, and the 

surfaces washed one time with PBS.  

PCL films, PCL Air films, PCL + NH2
+ films and PCL + NH2

++ Heparin films were 

used for XPS analysis. Moreover, PCL films + NH2
++ Heparin were used to quantify 

bound heparin by toluidine blue assay as described in Section 8.3.8 of this chapter.   

TCP, TCP + NH2
+ and TCP + NH2

+ + Heparin were used for a storage study described 

in section 4.4.7 of Chapter 4.  

PCL + NH2
+ scaffolds and PCL + NH2

++ Heparin scaffolds were used for crystal violet 

assay. Moreover, they were used for immobilisation of NGF, BDNF or NGF plus 

BDNF as described in Section 4.4.3.3 of Chapter 4.  

8.3.3.5 Immobilisation of NGF, BDNF or NGF plus BDNF onto PCL + NH2
++ 

Heparin scaffolds, and TCP + NH2
+ + Heparin scaffolds  

After heparin conjugation, NGF, BDNF and NGF plus BDNF were immobilised to 

PCL + NH2
+ scaffolds and PCL + NH2

++ Heparin scaffolds. NGF plus BDNF were 

immobilised at a concentration of 1 ng/mL and 100 ng/mL only. NGF or BDNF was 

immobilised on TCP well plates at 1 ng/mL only. The immobilisation process 

followed the one described in section 4.1.1.2 of chapter 4. Briefly, NGF or BDNF 

solutions of concentrations of 1 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, and 1 µg/mL 

were prepared and added to the samples. The samples were incubated for  5 hours at 

room temperature. Then, scaffolds were washed one time with PBS.   

PCL electrospun scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL + NH2

+ + 

Heparin scaffolds, PCL + NH2
+ + Heparin + immobilised NGF/BDNF and were used 

to analyse neurite growth and Schwann cell migration from a seeded DRG.  

TCP + NH2
+ + Heparin + immobilised NGF/BDNF were used for a 21 day release 

profile, described in Section 4.4.8 of Chapter 4.  
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8.3.4 Scanning Electron Microscopy analysis of PCL electrospun scaffolds 

Scanning Electron Microscopy (SEM) was performed to obtain images of the PCL 

electrospun scaffold to measure fibre diameter and alignment. The methodologies 

used are described in Chapter 4, Sections 4.4.4 and 4.4.5.  

Briefly, samples were gold coated before imaging with a field emission SEM. The 

voltage used was 10 kV and a spot size of 3.5 nm.  

Image J 1.52a software was used to measure diameter and alignment of the fibres 

within the PCL electrospun scaffold [218]. To determine the averaged diameter of the 

fibres, the straight tool of Image J was used. A straight line was drawn across the fibre, 

and then the diameter measured using the scale bar of the SEM image. To determine 

if the PCL electrospun scaffold was aligned, the angular difference between the PCL 

fibres was measured. Similarly, to the procedure on how to determine the diameter of 

the fibre, the straight tool of Image J was used. A straight line was drawn along the 

PCL fibre, and the angle taken from the measurements panel. A 0° zero was defined 

to calculate the angular difference between the fibres. 

Furthermore, a width/length ratio of the pores present on the PCL electrospun 

scaffolds was measured to identify any changes in pore morphology before and after 

plasma treatment. Using the straight tool in Image J, the width, and the length of 40 

pores were measured. Then, the width was divided by the length to calculate the ratio. 

8.3.5 X-ray Photoelectron Spectroscopy analysis of PCL films 

X-ray Photoelectron Spectroscopy (XPS) analysis was performed at the Sheffield 

Surface Analysis Centre. Samples were analysed as described in Chapter 4, Section 

4.4.6. Briefly, samples were interrogated to determine surface elemental composition, 

carbon scans (C 1s), oxygen scans (O 1s), nitrogen scans (N 1s), and sulphur scans (S 

2p). Two points per sample were analysed. Data was processed and analysed using 

CasaXPS software (version 2.3.19 PR 1.0, Casa Software Ltd). 

8.3.6 Storage of bioactive surfaces at different temperatures  

Polystyrene (PS), TCP, TCP + NH2
+ and TCP + NH2

++ Heparin were stored at 4℃, 

room temperature (ca. 21℃) and 37℃ for 24 hours, 1 month and 3 months. After 
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storage periods, any changes in surface wettability were evaluated by water contact 

angle, as described in Section 4.1.2.1 of Chapter 4.  

8.3.7 Release profile of NGF or BDNF from bioactive surface for 21 days 

TCP + NH2
++ Heparin + immobilised NGF at 1 ng/mL and TCP + NH2

++ Heparin + 

immobilised BDNF at 1 ng/mL were used to observe how much NGF or BDNF was 

released within 21 days. 

After immobilisation of NGF or BDNF, bioactive surfaces were incubated at 37℃, 

with 1 mL of PBS for 21 days. Samples were taken at 1 hour, 24 hours, 48 hours, 168 

hours (7 days), 240 hours (10 days), 336 hours (14 days), 408 hours (17 days), and 

504 hours (21 days) and stored at -20℃ for later quantification by ELISA. ELISA was 

performed as described in Section 4.1.2.3 of Chapter 4.  

 

8.3.8 Toluidine blue assay 

To quantify the amount of heparin bound to PCL + NH2
++ Heparin films, toluidine 

blue (TBO) assay was performed. Firstly, a TBO working solution was prepared with 

0.04% wt TBO powder (Toluidine blue O, Sigma-Aldrich, United Kingdom) in        

0.01 M hydrochloric acid (HCL, Fisher Scientific, United Kingdom) / 0.2% wt sodium 

chloride (NaCl). Then, samples were incubated with 2 mL of TBO working solution 

for 4 hours at 37℃. After, samples were rinsed 3 times with dH2O. Then,  2 mL of an 

80% ethanol (Fisher Scientific, United Kingdom) / 0.1 M sodium hydroxide (NaOH) 

solution was added to elute the heparin-TBO complex. After,  150 µL of eluted 

solution was added to a 96-well plate (in triplicate), and the absorbance was read at 

530 nm using a Bio-Tek ELx 800 absorbance microplate reader and KC junior 

software 1.41.8 (Bio-Tek Instruments, USA). 

For the calibration curve, solutions of known concentrations of heparin were prepared 

in dH2O. Then, 2 mL of TBO working solution was added and the solutions were 

incubated for 4 hours at 37℃. Then, the samples were centrifuged for 10 minutes at 

3500 rpm. The supernatant was removed, and the pellet was rinsed 2 times with        
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0.01 M HCl / 0.2% wt NaCl. After, 2 mL of 80% ethanol / 0.1 M NaOH was added to 

dissolve the precipitate. The absorbance was read at 530 nm.  

 

8.3.9 Evaluation of bioactive surface on PCL electrospun scaffold on cancerous 

cell line and primary cells  

8.3.9.1 Crystal violet adhesion assay 

PCL scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds and PCL + NH2

++ Heparin 

scaffolds were tested to evaluate if NG108-15 neuronal cells adhered to them. The 

detailed protocol was described in Chapter 4, Section 4.5.1. Briefly, NG108-15 

neuronal cells were seeded on each scaffold with culture medium. The samples were 

incubated for 3 days at 37℃ and 5% CO2. Then, the samples were fixed with 3.7% 

formaldehyde (FA). A 0.2% crystal violet solution was added to each sample and 

incubated for 10 minutes at room temperature. Then, the samples were rinsed one time 

with PBS. After, a 10% acetic acid solution was added to each sample and used to 

elute the stain. The elute product was transferred to a 96-well plate and the absorbance 

read at 630 nm using a Bio-Tek ELx 800 absorbance microplate reader and KC junior 

software 1.41.8. 

8.3.9.2 Dorsal root ganglia seeding on PCL electrospun scaffolds 

Dorsal root ganglia (DRG) were isolated as described in Chapter 4, Section 4.3.1. 

Briefly, DRGs were seeded at a density of one DRG per PCL scaffold, PCL Air 

scaffold, PCL + NH2
+ scaffold, and PCL + NH2

++ Heparin scaffold. Then, culture 

medium and NGF, BDNF or NGF plus BDNF was added as described in Table 14. 

For the bioactive surface PCL + NH2
++ Heparin with immobilised NGF, BDNF or 

NGF plus BDNF, one DRG per scaffold was seeded and culture medium with no 

growth factors was added. The DRG were cultured for 7 days at 37℃ and 5% CO2. 

Three independent tests were performed. Each condition was tested in triplicate. 
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Table 14. Summary of the different bioactive surfaces that were prepared, highlighting the 

delivery method of growth factor of each surface. NGF, BDNF and NGF plus BDNF solutions 

for immobilisation were prepared in sterile PBS. 

Surface 

Growth 

factor 

delivery 

method 

NGF BDNF 
NGF plus 

BDNF 

Electrospun PCL 

scaffold (PCL) 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

Air plasma 

electrospun PCL 

scaffolds 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

PCL + NH2
+ 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

PCL + NH2
++ 

Heparin 

In solution 

with culture 

medium 

0 pg/mL 0 pg/mL 0 pg/mL 

1 µg/mL 1 µg/mL 1 µg/mL 

PCL + NH2
++ 

Heparin 

Immobilised 

on surface 

0 pg/mL 0 pg/mL 0 pg/mL 

1 pg/mL 1 pg/mL 1 ng/mL 

1 ng/mL 1 ng/mL 100 ng/mL 

10 ng/mL 10 ng/mL -- 

100 ng/mL 100 ng/mL -- 

1 µg/mL 1 µg/mL -- 
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8.3.9.3 Fixing and immunolabelling of DRG  

Immunolabelling was performed for β-III tubulin protein, to identify neurons and 

measure neurite outgrowth and S100-β protein to identify Schwann cells. This was 

performed following the protocol described in Section 4.3.4 of Chapter 4. Briefly, the 

samples were fixed using 3.7% FA. Then, 0.1% Triton X-100 with 3% BSA solution 

was added to the samples and incubated for 1 hour at room temperature. Primary 

antibodies (anti-β-III tubulin and anti-S100-β) in 1% BSA solution were added to the 

samples and incubated overnight at 4℃ (Table 15).  Then, the solution was discarded 

and secondary antibodies in 1% BSA solution were added and incubated for 3 hours 

at 4℃. The samples were rinsed one time with PBS and then stored at 4℃ with PBS.  

 

 

Table 15. Primary (1°) and secondary (2°) antibodies used for immunolabeling of DRG, for 

β-III tubulin protein, and Schwann cells S100-β.  

Structure 1° antibody Dilution 

factor of 1° 

antibody 

2° antibody Dilution 

factor of 2° 

antibody  

β-III tubulin 

protein 

(neurons and 

neurites) 

Mouse Anti-

β-III tubulin 

(Abcam, 

United 

Kingdom) 

1:1000 Alexa Fluor 

488 goat anti-

mouse (Life 

technologies, 

USA) 

1:400 

S100-β protein 

(Schwann 

cells) 

Rabbit Anti-

S100-β 

(Dako, USA) 

1:400 Alexa Fluor 

546 goat anti-

rabbit (Life 

technologies, 

USA) 

1:400 



 

 

313 

 

8.3.9.4 Lightsheet microscopy    

Lightsheet microscopy was used to obtain images of the DRG seeded on PCL + NH2
++ 

Heparin+ Immobilised NGF scaffolds, PCL + NH2
++ Heparin+ Immobilised BDNF 

scaffolds, and PCL + NH2
++ Heparin+ Immobilised NGF plus BDNF scaffolds. The 

protocol to perform this was described in Chapter 4, Section 4.5.4. Briefly, Z.1 

lightsheet microscope and ZEN imaging software were used to obtain the images. 

Samples were mounted in 1% agarose solution inside glass capillaries. A plunger with 

Teflon tip was used to insert the sample inside the glass capillaries. Then, capillaries 

were mounted inside a sample holder and placed inside the sample chamber. Samples 

were localised and positioned in front of the objective. Alexa Fluor-488 and Alexa 

Fluor-546 were imaged using excitation and emission wavelengths of λex = 488 nm / 

λem = 550 nm (short band filter), and λex = 561 nm / λem = 545-590 nm (band pass 

filter) respectively. For each sample, various fields of view (longitudinally) were taken 

to capture all neurite outgrowth and Schwann cell migration. Each field of view was 

imaged in z-stack.  

The z-stack was combined to maximum projection intensity using ZEN lite software 

(Carl Zeiss, Germany). Then, the maximum projection intensity images were put 

together using the stitching tool in Image J [221]. Neurites were measured from the 

DRG body to the tip of the neurite. Schwann cells were measured from the DRG.  Two 

images were taken per sample (upper and lower DRG, see Chapter 4, Section 4.5.4). 

Three independent tests were performed. Each condition was tested in triplicate.  

  

8.3.10 Statistical analysis 

Analysis of variance (ANOVA) with Tukey multiple comparison test was performed 

to analyse statistical difference among the different conditions using GraphPad Prism 

8.2.0 software (USA).  A p value of < 0.05 was used to indicate if differences in data 

were significant.  
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8.4  Results 

8.4.1 Determination of fibre diameter and alignment of PCL electrospun 

scaffolds 

After electrospinning, an aligned scaffold (Figure 103) was obtained (according to the 

parameters described earlier in section 8.3.1 of this chapter). Scanning Electron 

Microscopy (SEM) analysis was performed, as described in Section 8.3.4 of this 

Chapter, to measure the diameter of the PCL fibres, and to see if the fibres of the PCL 

electrospun scaffold were aligned.    

 

Figure 103. PCL electrospun scaffold after the electrospinning process. The scaffold was 

collected on aluminium foil.  Scale bar = 1 cm. 

 

An appropriate fibre diameter is important to achieve to further encourage neurite 

outgrowth. In Figure 104.A and Figure 104.B the PCL fibres are highlighted at 

magnifications of 6,000x and 10,000x, respectively. The average diameter of the PCL 

fibres in the electrospun scaffold was 8 ± 0.7 µm, as seen in the graph in  Figure 104.C.  
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Figure 104. PCL electrospun scaffold. A) PCL fibre from the electrospun scaffold observed 

at a magnification of 6,000x B). PCL fibre from the electrospun scaffold observed at a 

magnification of 10,000x. C) Average PCL fibre diameter of 8 ± 0.7 µm. Mean ± SD. N=3, 

n=10. 

 

An aligned scaffold will provide physical cues to neurites to orientate and grow in one 

direction. Figure 105.A shows an SEM image, at 94x magnification highlighting the 

alignment of the PCL electrospun scaffold. However, a deeper analysis was performed 

to investigate whether fibres in the PCL electrospun scaffold were truly aligned. Three 

tests were run independently, two PCL electrospun scaffolds chosen as samples to 

image. Three images were taken, and 10 PCL fibres (per image) were used to 

determine the angular difference between them. Using the straight tool in Image J, a 

straight line was drawn along the PCL fibre. Then, the angle was taken from the 

measurements panel. The measurements were averaged. The angular difference of the 

PCL fibres was 1.5°, as shown in Figure 105.B.  
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Figure 105. Align PCL electrospun scaffold. A) Aligned PCL electrospun scaffold 

(magnification of 94x). B) Angular difference of PCL electrospun fibres was 1.5° ± 0.38. 

Mean ± SD. N=3, n=10. 

 

8.4.2 Evaluation of physical changes on PCL electrospun scaffolds before and 

after plasma treatment 

The fibre diameter and pore width/length ratio of the non-treated PCL scaffold were 

measured and compared to the plasma treated scaffolds, either after air plasma 

treatment or allylamine plasma treatment or deposition. This was mainly to identify if 

PCL fibres had undergone significant changes after plasma deposition. Figure 106 

presents representative SEM figures of the fibres before and after treatment. The PCL 

fibres showed a wavy surface micro-texture both before and after surface treatment, 

at a 0.5 to 1 µm length scale. This texture is likely due to solvent evaporation during 

the electrospinning process [108], [343]. Additionally, the diameter of PCL fibres 

(Figure 106.A), PCL air plasma treated fibres (Figure 106.B) and PCL NH2
+ fibres 

(Figure 106.C) were measured to be 8 ± 0.7 µm, 7.7 ± 0.9 µm and 8.1 ± 0.9 µm, 

respectively. There was no significant difference between these values, as shown in 

Figure 106.D.  

Furthermore, after obtaining SEM images from PCL fibres, PCL Air fibres and PCL 

NH2
+ fibres, it was observed that the pore morphology was different among the 
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samples, more evidently in PCL NH2
+ fibres, as shown in Figure 106.A, Figure 106.B 

and Figure 106.C. The width and the length of the pores was measured, and a ratio 

calculated. If this ratio was closer to 1, it meant that the pore shape was similar to a 

perfect circle. The pore ratio of PCL fibres, PCL Air fibres and PCL NH2
+ fibres was 

0.3 ± 0.1, 0.4 ± 0.1, and 0.6 ± 0.2, respectively. As observed in Figure 106.E, 

significant differences existed among the samples, suggesting that, even though 

plasma treatment did not affect fibre diameter, it indeed changed the pore morphology. 

This change in pore morphology may indicate a difference in roughness among the 

different surfaces.  

 

Figure 106. Physical changes in PCL electrospun fibres after plasma treatment. A) PCL fibre; 

B) PCL fibre after air plasma treatment; C) PCL fibre after allylamine plasma treatment; D) 

bar graph showing fibre diameter of PCL fibres, which were no significant different from each 

other; E) histogram of width/length ratio of pores of PCL fibres before and after plasma 

treatment. Significant difference was found using One-way ANOVA  * p < 0.05, **** p < 

0.0001. Mean ± SD.  n=40. Scale bar = 10 µm. 
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8.4.3 Characterisation of NH2+ bioactive surface and NH2+ + Heparin bioactive 

surface on PCL electrospun fibres, PCL films or TCP well-plates  

X-ray Photoelectron Spectroscopy (XPS) analysis, contact angle, ELISA and crystal 

violet protocols were performed to characterise the bioactive surface at different 

conditions.  

8.4.3.1 XPS analysis of bioactive surface on PCL films 

XPS analysis was performed to confirm the presence of amine NH2
+ functional groups 

and heparin (through sulphur detection) in PCL films. Table 16 shows the percentage 

of atomic concentration of PCL film, PCL Air film, PCL NH2
+ film and PCL NH2

+ + 

Heparin film. It can be observed that PCL film had silicon contamination, which was 

higher in comparison to PCL Air film, PCL NH2
+ film and PCL NH2

+ + Heparin film. 

Furthermore, survey scans of the samples showed that nitrogen was introduced after 

allylamine plasma treatment and that sulphur was detected in PCL NH2
+ + Heparin 

film, confirming the successful adsorption of heparin on this film (Figure 107.C and 

Figure 107.D respectively). 
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Table 16. Percentage of atomic concentration of PCL film, PCL Air film, PCL NH2
+ film and 

PCL NH2
++ Heparin film obtained from XPS analysis survey scans.  

Sample 

Survey scan: percentage atomic concentration % 

O N C S Si 

PCL film 23.4 ± 0.7 0 ± 0 70.2 ± 2.4 0 ± 0 5.0 ± 4.4 

PCL Air film  26.9 ± 0.4 0 ± 0 72.4 ± 0.4 0 ± 0 0.8 ± 0 

PCL NH2
+ film 23.1 ± 2.7 21.2 ± 11.7 54.2 ± 8.3 0 ± 0 1.9 ± 0.9 

PCL NH2
+ + 

Heparin film 
26.0 ± 1.2  7.5 ± 1.1 64.7 ± 2.0 0.2 ± 0 1.7 ± 0.8 

 

PCL is a polymer with a chemical formula of C6H10O2. The peaks for this chemical 

structure are shown on Figure 107.A, where oxygen and carbon peaks are observed at 

532 eV and 285 eV. Furthermore, PCL Air film showed these peaks as well, Figure 

107.B, with a small increment in oxygen content, from 23.4 to 26.9%. After allylamine 

plasma treatment, a nitrogen peak at 400 eV was expected to appear on the PCL NH2
+ 

film, which XPS analysis confirmed (Figure 107.C). In addition, a sulphur peak was 

detected at 168 eV in the PCL NH2
+ + Heparin film, Figure 107.D, confirming the 

presence of heparin on the film.      



 

 

320 

 

 

Figure 107. XPS survey scans of A) PCL film; B) PCL Air film; C) PCL NH2
+ film; D) PCL 

NH2
+ + Heparin film. Carbon was detected at 285 eV, oxygen at 532 eV, nitrogen at 400 eV 

and sulphur at 168 eV. N=3, n=3.  
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The C 1s high resolution scan of PCL film, PCL Air film, PCL NH2
+ film and PCL 

NH2
+ + Heparin film are shown in Figure 108. The characteristic peaks of PCL film, 

Figure 108.A, that were identified were 66% C-C/C-H at 258 eV, 17% C-O at         

286.5 eV, and 17% O-C=O at 289 eV. These peaks are consistent with the ones found 

in the literature [344], [345]. These peaks were also identified for PCL Air films. 

However, a new peak at 288 eV attributed to C-C=O was also identified (Figure 

108.B). This new peak of C-C=O reveals that oxygen was added to the surface of the 

PCL film. Moreover, this suggestion is supported by the increase of  C-O, from 17% 

in PCL film to 23% in PCL Air film; and the decrease of C-C from 66% in PCL film 

to 38% in PCL Air film. This data was supported by Jacobs et al. and Recek et al. 

[345], [346].    

The C 1s of PCL NH2
+ film, Figure 108.C, revealed that C-C increased from 38% to 

42% in comparison to PCL Air film. Furthermore, C-C=O and O-C=O also increased, 

from 18% to 26%, and 14% to 20% respectively in comparison to PCL Air film. 

However, C-O/C-N decreased from 23% to 18% in comparison to PCL Air film. This 

might suggest the incorporation of allylamine into the film, by the increase of C-C. 

Moreover, it may also indicate that the allylamine surface was oxidised.  

In addition, the C 1s of PCL NH2
+ + Heparin film revealed that C-C increased from 

42% to 59% in comparison to PCL NH2
+ film, as observed in Figure 108.D. This might 

suggest that heparin was incorporated onto the film as the carbon content was 

increased. Furthermore, C-C=O and O-C=O decreased, from 26% to 8%, and 20% to 

15% respectively, in comparison to PCL NH2
+ film.   
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Figure 108. C 1s high resolution scans of A) PCL film; B) PCL Air film; C) PCL NH2
+ film; 

D) PCL NH2
+ + Heparin film. N=3, n=3.  
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Figure 109 shows the O 1s high resolution scans of PCL film, PCL Air film, PCL 

NH2
+ film and PCL NH2

+ + Heparin film. For PCL film, C=O at 532.3 eV and C-O at 

533.7 eV were revealed, as seen in Figure 109.A. These components are consistent 

with the ones found in the literature [344], [347]. Furthermore, for PCL Air films, an 

increase at 533.7 eV was observed (Figure 109.B), suggesting that oxygen was further 

added into the film as C-O.  

In addition, the O 1s scan of PCL NH2
+ film, Figure 109.C, revealed an increased C=O 

peak, consistent with the increased C-C=O in the C 1s scan. This may also suggest the 

oxidation of allylamine on the film. Moreover, the O 1s scan of PCL NH2
+ + Heparin 

film showed peaks of C=O and C-O, Figure 109.D, where C-O was increased, from 

24% to 31% in comparison to PCL NH2
+ film. This may also support the addition of 

heparin onto the film [250].   

 

 

Figure 109. O 1s high resolution scans of A) PCL film; B) PCL Air film; C) PCL NH2
+ film; 

D) PCL NH2
+ + Heparin film. N=3, n=3.  
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N 1s high resolution scans of PCL NH2
+ film and PCL NH2

+ + Heparin film, shown 

in Figure 110.A and Figure 110.B respectively, revealed that nitrogen was 

incorporated into the films. Moreover, two peaks were identified, one at 399 eV, 

indicating C-N, and a peak at 401 eV, which was attributed to NH2
+ [246]. However, 

overall nitrogen content decreased from 21.2% to 7.5%, after heparin attachment, this 

could indicate that nitrogen might have been lost after the incubation step of heparin 

or after rinsing step [241]. [241]. On the other hand, the drop in percentage of nitrogen 

content can also be attributed to strong binding of heparin to the plasma polymerised 

allylamine coating. Heparin (with atomic formula C12H19NO20S3) contains only 3 at. 

% N (excluding H), and a concentration of heparin within the analysis depth of XPS 

(typically 10 nm) decrease the nitrogen content. 

 

Figure 110. N 1s high resolution scans of A) PCL NH2
+ film; B) PCL NH2

+ + Heparin film. 

The peak at 399 eV was attributed to C-N. The peak at 401 eV was attributed to NH2
+.  N=3, 

n=3.  
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Additionally, S 2p high resolution scan of PCL NH2
+ + Heparin film is seen in Figure 

111. Two peaks were identified, which were consistent with sulphur present in heparin 

(OSO3 and NSO3) [234], [251], [252]. These two peaks correspond to the spin orbit 

split of S 2p, S 2p3/2 (168.2 eV) and S 2p1/2 (169.3 eV). Interestingly, the amount of 

sulphur detected by the survey scan was 0.2 at. %, this confirms the electrostatic 

binding of heparin to the surface. The amount of sulphur on the surface is in line with 

our previously reported surface concentration of allylamine-heparin coating in tissue 

culture plastic [203]. Additionally, this is also in line with the figure reported of          

0.5 at. % S on the surface by layer-by-layer deposition of polyethylene-heparin on a 

polylactic acid surface [267]. Hence, heparin was adsorbed successfully to the PCL 

NH2
+ + Heparin film.  

 

 

Figure 111. S 2p high resolution scan of PCL NH2
+ + Heparin film. The S 2p peak shows a 

doublet in a 2:1 proportion of S 2p3/2 and S 2p1/2 (66.6% and 33.3% respectively) 

corresponding to sulphur present in heparin. N=3, n=3.  
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8.4.3.2 Storage of bioactive surface  

PS, TCP, TCP + NH2
+ and TCP + NH2

++ Heparin were stored at 4℃, 21℃ and 37℃ 

for 24 hours, 1 month and 3 months. After storage periods, any changes in surface 

wettability were evaluated by water contact angle. The aim of this evaluation was to 

find if the bioactive surfaces had the potential to be stored, and what the ideal condition 

would be.   

Firstly, a 24 hours control was performed to evaluate any immediate changes in water 

contact angle due to temperature exposure. Contact angle analysis revealed no 

significant change in wettability in the surfaces after exposing them to 4℃, 21℃ and 

37℃ for 24 hours, as seen in Figure 112. 
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Figure 112. Contact angle of PS, TCP, TCP + NH2
+ and TCP + NH2

+ + Heparin after being 

incubated for 24 hours at 4℃, 21℃ and 37℃. Two-way ANOVA was performed to analyse 

any significant difference among test and control groups. Mean ± SD. N=2, n=4.    
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The bioactive surfaces were incubated for 1 month at 4℃, 21℃ and 37℃. Slight 

changes were obtained from water contact angle, after being exposed to different 

temperatures, as seen in Figure 113. However, no significant difference was found in 

the contact angle of the bioactive surfaces among the 3 temperatures. 
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Figure 113. Contact angle of PS, TCP, TCP + NH2+ and TCP + NH2+ + Heparin after being 

incubated for 1 month at 4℃, 21℃ and 37℃. Two-way ANOVA was performed to analyse 

any significant difference among test and control groups. Mean ± SD. N=2, n=4.    
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After 3 months of incubation at 4℃, 21℃ and 37℃, the contact angle of the bioactive 

surface showed no significant difference in PS and TCP conditions. Moreover, the 

contact angle of TCP + NH2
+ did not reveal any changes in wettability when incubated 

at 4℃, 21℃ and 37℃. However, contact angle results from TCP + NH2
++ Heparin 

showed that hydrophobicity changed regarding incubation temperature. When TCP + 

NH2
++ Heparin was incubated at 4℃, Figure 114,  its contact angles was 35°, which 

was significantly different from when TCP + NH2
++ Heparin was incubated at 21℃ 

and 37℃, contact angle of 55° and 63° respectively.  
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Figure 114. Contact angle of PS, TCP, TCP + NH2
+ and TCP + NH2

+ + Heparin after being 

incubated for 3 months at 4℃, 21℃ and 37℃. Two-way ANOVA was performed to analyse 

any significant difference among test and control groups. * p < 0.05, ** p < 0.01, * p < 0.001, 

* p < 0.0001. Mean ± SD. N=2, n=4.    
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A separate statistical comparison of bioactive surface TCP + NH2
++ Heparin was 

performed to determine any significant changes within the surface, at different time 

points. This analysis, as shown in Figure 115, showed significant differences when 

TCP + NH2
++ Heparin surface was incubated at 4℃, for 24 hours, 1 month and               

3 months, where a low average contact angle of 35° was registered when the surface 

was incubated for 3 months. Furthermore, when the TCP + NH2
++ Heparin was 

incubated at 37℃, a slightly increased contact angle was found, which, even though 

it was not significant, would suggest some level of degradation of the bioactive 

surface.  

It is interesting to notice that contact angle decreased from 51° and 54° (24 hours and 

1 month respectively) to 35°. This could be because, either the surface gained 

environmental moisture and heparin was not lost while being at 4℃ for 3 months or 

just because of environmental moisture. To investigate further, XPS analysis was 

performed. 
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Figure 115. Contact angle TCP + NH2
+ + Heparin after being incubated for 24 hours, 1 month 

and 3 months at 4℃, 21℃ and 37℃. Two-way ANOVA was performed to analyse any 

significant difference within the surface at different time points. * p < 0.05, ** p < 0.01. Mean 

± SD. N=2, n=4.    
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XPS analysis revealed that heparin was present on NH2
++ Heparin after being 

incubated for 3 months at 4℃, 21℃ and 37℃ (Table 17). Nevertheless, S 2p scans 

showed 4 peaks (168 eV, 169 eV, 164 eV and 165 eV), instead of the characteristic  2 

peaks of sulphur (168 eV and 169 eV), for NH2
++ Heparin incubated at 37℃. This 

information suggested that either the conformation of heparin changed (which may 

not bind NGF or BDNF), or some contaminant populated the bioactive surface while 

being incubated at 37℃ for 3 months. Overall, 4℃ and 21℃ could be ideal storage 

temperatures for the bioactive surface NH2
++ Heparin.  

Table 17.Percentage of atomic concentration of NH2
++ Heparin, stored at 4℃, 21℃ and 37℃ 

for 3 months from XPS analysis survey scans. Mean ± SD. N=1, n=2.    

Sample 

Survey scan: percentage atomic concentration % 

O N C S Si 

NH2
++ Heparin 4℃  24.0 ± 0.7 5.6 ± 0.2 69.7 ± 0.5  0.1 ± 0 0.5 ± 0.1 

NH2
++ Heparin 21℃ 23.6 ± 0.1 3.8 ± 0.2 72.1 ± 0.1 0.1 ± 0 0.3 ± 0.1 

NH2
++ Heparin 37℃ 23.6 ± 0.3 6.1 ± 0.1 68.9 ± 0.6 0.3 ± 0 1.1 ± 0.2 

 

 

8.4.3.3 Release profile of NGF or BDNF from bioactive surface for 21 days  

TCP + NH2
+ + Heparin + Immobilised NGF 1 ng/mL and TCP + NH2

+ + Heparin + 

Immobilised BDNF 1 ng/mL were used to evaluate, using ELISA, the release of NGF 

and BDNF, respectively, for 21 days.  NGF at 1 ng/mL was added to TCP + NH2
+ 

surface, to study how, without heparin, the release of NGF would be. The same was 

done for BDNF. Incubation temperature was 37°C.   

NGF was released from TCP + NH2
+ + Heparin + Immobilised NGF 1 ng/mL surface 

for 21 days, where a stable release can be seen in Figure 116. NGF was released from 
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TCP + NH2
+ surface at 1 h, 24 h, 48 h and 168 h. After the 168 h time point, no release 

of NGF was observed. Furthermore, from the control, active NGF was not detected at 

and after 48 h. Quantities of NGF detected at the different time points can be found in 

Table 18.  

These results suggested that TCP + NH2
+ + Heparin + Immobilised NGF 1 ng/mL can 

maintain a stable release of NGF for 21 days, whereas TCP + NH2
+ surface would 

only release NGF for 7 days. The difference between these two surfaces was the 

presence of heparin. This indicates that the immobilisation strategy via binding of 

NGF to heparin allows for a sustained release of active neurotrophins over an extended 

time period. 
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Figure 116. NGF release from TCP + NH2
++ Heparin + Immobilised NGF 1 ng/mL (blue 

circles), and TCP + NH2
+ (red squares) at different time points, from 1 h to 504 h (21 days). 

NGF at 1 ng/mL in solution was used as a control (green triangles). Mean ± SD. N=2, n=4.    
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Table 18. NGF released from TCP + NH2
+ + Heparin + Immobilised NGF 1 ng/mL, TCP + 

NH2
+ surface and NGF 1 ng/mL control at different time points, for 21 days (504 h). Mean ± 

SD. N=2, n=4.     

 TCP + NH2
+ + Heparin + 

Immobilised NGF 1 ng/mL  

TCP + NH2
+ + NGF 

1 ng/mL  

NGF 1 ng/mL 

control  

1 h 6.5 ± 3.5 pg/mL 1.2 ± 1.7 pg/mL 10.5 ± 0 pg/mL 

24 h 7.2 ± 1.8 pg/mL 4.9 ± 6.9 pg/mL 5.9 ± 0 pg/mL 

48 h 8.0 ± 2.5 pg/mL 3.3 ± 4.7 pg/mL 0 ± 0 pg/mL 

168 h  6.7 ± 2.4 pg/mL 1.1 ± 1.5 pg/mL 0 ± 0 pg/mL 

240 h 5.5 ± 2.8 pg/mL 0 ± 0 pg/mL 0 ± 0 pg/mL 

336 h 5.1 ± 2.7 pg/mL 0 ± 0 pg/mL 0 ± 0 pg/mL 

408 h 5.8 ± 3.5 pg/mL 0 ± 0 pg/mL 0 ± 0 pg/mL 

504 h 4.1 ± 1.8 pg/mL 0 ± 0 pg/mL 0 ± 0 pg/mL 

 

BDNF was released from TCP + NH2
+ + Heparin + Immobilised BDNF 1 ng/mL 

surface for 21 days, where a stable release can be seen in Figure 117. BDNF was 

released from TCP + NH2
+ surface at 1 h, 24 h and 48 h. After the 48 h time point, no 

release of BDNF was observed. Furthermore, from the control, active BDNF was not 

detected at and after 168 h. Quantities of BDNF detected at the different time points 

can be found in Table 19.   

These results suggested that TCP + NH2
+ + Heparin + Immobilised BDNF 1 ng/mL 

could maintain a stable release of BDNF for 21 days, whereas TCP + NH2
+ surface 

would only release BDNF for 2 days. The difference between these two surfaces was 

the presence of heparin. This indicates that the immobilisation strategy via binding of 

BDNF to heparin allows for a sustained release of active neurotrophins over an 

extended time period. 
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Figure 117. BDNF release from TCP + NH2
++ Heparin + Immobilised BDNF 1 ng/mL (blue 

circles), and TCP + NH2
+ (red squares) at different time points, from 1 h to 504 h (21 days). 

BDNF at 1 ng/mL in solution was used as a control (green triangles). Mean ± SD. N=2, n=4.    
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Table 19. BDNF released from TCP + NH2
+ + Heparin + Immobilised BDNF 1 ng/mL, TCP 

+ NH2
+ surface and BDNF 1 ng/mL control at different time points, for 21 days (504 h). Mean 

± SD. N=2, n=4.    

 TCP + NH2
+ + Heparin + 

Immobilised BDNF 1 

ng/mL  

TCP + NH2
+ + 

BDNF 1 ng/mL  

BDNF 1 ng/mL 

control  

1 h 0.9 ± 0.9 pg/mL 2.1 ± 2.4 pg/mL 6.8 ± 0 pg/mL 

24 h 1.7 ± 0.9 pg/mL 0.8 ± 0.9 pg/mL 7.3 ± 0 pg/mL 

48 h 1.7 ± 0.7 pg/mL 1.5 ± 1.6 pg/mL 7.1 ± 0 pg/mL 

168 h  1.8 ± 1.1 pg/mL 0 ± 0 pg/mL 0 ± 0 pg/mL 

240 h 1.0 ± 1.1 pg/mL 0 ± 0 pg/mL 0 ± 0 pg/mL 

336 h 1.4 ± 1.4 pg/mL 0 ± 0 pg/mL 0 ± 0 pg/mL 

408 h 0.6 ± 0.5 pg/mL 0 ± 0 pg/mL 0 ± 0 pg/mL 

504 h 3.2 ± 1.6 pg/mL 0 ± 0 pg/mL 0 ± 0 pg/mL 

8.4.3.4 Crystal violet adhesion assay 

PCL scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds and PCL + NH2

++ Heparin 

scaffolds were used to assess cell adhesion by crystal violet assay, as observed in 

Figure 118. Assuming that all the NG108-15 neuronal cells adhere to TCP (100%), 

the adhesion of PCL scaffolds decreased by 18%, however, it was not significantly 

different with respect to TCP.  

Furthermore, PCL Air scaffolds increased their adhesion properties by 47% in 

comparison to TCP. This may be due to the incorporation of oxygen in the scaffold, 

which would increase its wettability, and hence, increase cell adhesion [346]. 

Moreover, PCL + NH2
+ scaffolds and PCL + NH2

++ Heparin scaffolds had an 

increased percentage of cell adhesion, 76% and 121% respectively, in comparison to 

TCP. Both scaffolds had been previously modified with functional groups, which 

would increase the hydrophilicity of the scaffold, enabling cells to better adhere onto 

the surfaces. In addition, as the fibres of the scaffold have pores, which changed after 
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plasma treatment, it might be a combined effect as to why cell adhesion highly 

increased in comparison to TCP and even PCL scaffolds.    
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Figure 118. Crystal Violet assay to evaluate NG108-15 neuronal cell adhesion to bioactive 

surface on electrospun PCL scaffold. One-way ANOVA with Tukey’s multiple comparison 

test. *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Mean ± SD. N=3, n=3.    
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8.4.3.5 Heparin quantification: TBO assay 

Heparin was quantified by TBO assay. PCL + NH2
++ Heparin films were incubated 

with TBO working solution and the TBO-heparin complex was eluted with     ethanol 

/ NaOH solution. Then this eluted solution was read at an absorbance of   530 nm. 

TBO assay revealed that 1.2 ± 0.5 µg of heparin were adsorbed in 1 cm2 of the film.   

 

8.4.4 Effects of bioactive surfaces on PCL electrospun scaffolds on primary cells 

DRG were cultured on PCL scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL 

+ NH2
++ Heparin scaffolds and PCL + NH2

++ Heparin + Immobilised NGF/BDNF 

scaffolds for 7 days. Then, they were immunolabeled against β-III tubulin and S100, 

so the average neurite length, average maximum neurite length and Schwann cell 

migration length could be quantified. Controls of secondary antibodies were done, 

showing no fluorescence signal (refer to Figure 135 in appendix). 

The following figures show representative light-sheet images of DRG grown on PCL, 

PCL Air, PCL + NH2
+, PCL + NH2

++ Heparin, with and without NGF, BDNF, NGF 

plus BDNF in solution in culture medium; PCL + NH2
+ + Heparin + Immobilised 

NGF, PCL + NH2
+ + Heparin + Immobilised BDNF and PCL + NH2

+ + Heparin + 

Immobilised NGF plus BDNF. Neurites were stained against β-III tubulin (green), and 

Schwann cells were stained against S100β (red). Growing neurites are usually 

accompanied by migrating Schwann cells, hence, co-localisation of both β-III tubulin 

and S100β was expected. This co-localisation is observed in yellow.  Control surfaces 

are shown in Figure 119. NGF surfaces are shown in Figure 120. BDNF surfaces are 

shown in Figure 121. And NGF plus BDNF surfaces are shown in Figure 122.  
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Figure 119. DRG seeded onto PCL control surfaces: PCL scaffold, PCL Air scaffold, PCL + 

NH2
+ scaffold and PCL + NH2

+ + Heparin scaffold. β-III tubulin protein in neurites stained in 

green. S100β of Schwann cells stained in red. Merged channels are yellow, representing the 

co-localisation of growing neurites and Schwann cells. Scale bar = 500 µm.  
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Figure 120. DRG seeded on control PCL bioactive surfaces: PCL scaffold, PCL Air scaffold, 

PCL + NH2
+ scaffold and PCL + NH2

+ + Heparin scaffold, where NGF was in solution with 

culture medium at a concentration of 1 µg/mL. Also, DRG seeded on bioactive surfaces PCL 

+ NH2
+ + Heparin + immobilised NGF at concentrations of 1 pg/mL, 1 ng/mL, 10 ng/mL, 100 

ng/mL and 1 µg/mL β-III tubulin protein in neurites stained in green. S100β of Schwann cells 

stained in red. Merged channels are yellow, representing the co-localisation of growing 

neurites and Schwann cells. Scale bar = 500 µm.  
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Figure 121. DRG seeded on control PCL bioactive surfaces: PCL scaffold, PCL Air scaffold, 

PCL + NH2
+ scaffold and PCL + NH2

+ + Heparin scaffold, where BDNF was in solution with 

culture medium at a concentration of 1 µg/mL. Also, DRG seeded on bioactive surfaces PCL 

+ NH2
+ + Heparin + immobilised BDNF at concentrations of 1 pg/mL, 1 ng/mL, 10 ng/mL, 

100 ng/mL and 1 µg/mL β-III tubulin protein in neurites stained in green. S100β of Schwann 

cells stained in red. Merged channels are yellow representing the co-localisation of growing 

neurites and Schwann cells. Scale bar = 500 µm.  
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Figure 122. DRG seeded on control PCL bioactive surfaces: PCL scaffold, PCL Air scaffold, 

PCL + NH2
+ scaffold and PCL + NH2

+ + Heparin scaffold, where NGF plus BDNF were in 

solution with culture medium at a concentration of 1 µg/mL. Also, DRG seeded on bioactive 

surfaces PCL + NH2
+ + Heparin + immobilised NGF plus BDNF at concentrations of 1 ng/mL 

and 100 ng/mL.  β-III tubulin protein in neurites stained in green. S100β of Schwann cells 

stained in red. Merged channels are yellow representing the co-localisation of growing 

neurites and Schwann cells. Scale bar = 500 µm. 
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8.4.4.1 Effects in neurite outgrowth of Dorsal Root Ganglia  

8.4.4.1.1 Effects of Nerve Growth Factor 

Neurite outgrowth of DRG was measured and averaged to obtain average neurite 

length of DRG cultured on PCL scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds, 

PCL + NH2
++ Heparin scaffolds and PCL + NH2

++ Heparin + Immobilised NGF 

scaffolds (immobilised NGF). The longest average neurite length was  3041 ± 843 µm 

for DRG seeded on immobilised NGF at 1 ng/mL. The shortest average neurite length 

was 226 ± 177 µm for DRG cultured on PCL scaffolds. Average neurite outgrowth of 

DRG seeded on immobilised NGF 1 ng/mL was significantly longer in comparison to 

average neurite length developed by DRG when cultured on any other scaffold, as 

observed in Figure 123.  

In addition, the immobilisation of 1 pg/mL, 10 ng/mL, 100 ng/mL and 1 µg/mL did 

not stimulate the growth of larger neurites in comparison to PCL Air scaffolds, PCL 

+ NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds, with and without NGF in solution 

in culture medium. Nevertheless, neurite outgrowth was longer in comparison to PCL 

scaffolds, with and without NGF in solution in culture medium.  

These results suggested that the delivery of NGF at a relative low concentration of        

1 ng/mL as an immobilised neurotrophin from PCL + NH2
++ Heparin + Immobilised 

NGF scaffolds, encouraged the growth of longer neurites, in comparison to the other 

control and test scaffolds. This delivery system, using NGF at 1 ng/mL would be an 

appropriate candidate for further studies regarding nerve repair.  
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Figure 123. Average neurite length of dorsal root ganglia when cultured on PCL scaffolds, 

PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds and PCL + NH2
++ 

Heparin + Immobilised NGF for 7 days. NGF was immobilised on the bioactive surfaces at 1 

pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, and 1 µg/mL. NGF was added in solution at 1 µg/mL 

with control surfaces. One-way ANOVA statistical analysis was performed with Tukey 

procedure of multiple comparisons **** p < 0.0001. Mean ± SD. N=3, n=3.    
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Average maximum neurite outgrowth of DRG was measured and averaged to obtain 

average maximum neurite length of DRG seeded on PCL scaffolds, PCL Air scaffolds, 

PCL + NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds and PCL + NH2
++ Heparin + 

Immobilised NGF scaffolds (immobilised NGF).  The shortest average maximum 

neurite length was 731 ± 179 µm for DRG cultured on PCL scaffolds. The longest 

average maximum neurite length was 3869 ± 1092 µm for DRG seeded on 

immobilised NGF at 1 ng/mL.  

As observed in Figure 124, immobilised NGF 1 ng/mL was significantly different 

from PCL scaffold, PCL scaffold with NGF 1µg/mL in solution, PCL Air scaffold 

with NGF 1µg/mL in solution, PCL + NH2
+ scaffold with NGF 1µg/mL in solution, 

PCL + NH2
++ Heparin scaffold with NGF 1µg/mL in solution, immobilised 1 pg/mL, 

immobilised 10 ng/mL and immobilised 100 ng/mL. Even though immobilised NGF 

1 ng/mL was not significantly different from PCL Air scaffold, PCL + NH2
+ scaffold, 

PCL + NH2
++ Heparin scaffold and immobilised NGF 1 µg/mL, the average maximum 

neurite length of these groups, 2367 ± 30 µm, 2566 ± 20 µm, 2817 ± 218 µm and   

2193 ± 806 µm, respectively, was lower than immobilised NGF 1 ng/mL.  

These results suggested that immobilised NGF 1 ng/mL may have the potential to 

stimulate the growth of longer neurites using this bioactive surface on PCL electrospun 

scaffolds.   
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Figure 124. Average maximum neurite length of dorsal root ganglia when cultured on PCL 

scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds and PCL 

+ NH2
++ Heparin + Immobilised NGF for 7 days. NGF was immobilised on the bioactive 

surfaces at 1 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, and 1 µg/mL. NGF was added in solution 

at 1 µg/mL with control surfaces. One-way ANOVA statistical analysis was performed with 

Tukey procedure of multiple comparisons * p < 0.05, ** p < 0.01,  *** p < 0.001. Mean ± SD. 

N=3, n=3.     

 



 

 

345 

 

8.4.4.1.2 Effects of Brain Derived Neurotrophic Factor 

Neurite outgrowth of DRG was measured and averaged to obtain average neurite 

length of DRG cultured on PCL scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds, 

PCL + NH2
++ Heparin scaffolds and PCL + NH2

++ Heparin + Immobilised BDNF 

scaffolds (immobilised BDNF). The longest average neurite length was                      

1536 ± 762 µm for when DRG were cultured on immobilised BDNF 1 ng/mL. The 

shortest average neurite length was 226 ± 177 µm for DRG culture on PCL scaffolds.  

Moreover, as seen in Figure 125, immobilised BDNF at 1 ng/mL encouraged the 

growth of neurites significantly different in comparison to PCL scaffold,  PCL scaffold 

with BDNF 1µg/mL in solution, PCL Air scaffold, PCL + NH2
++ Heparin scaffold, 

PCL + NH2
++ Heparin scaffold with BDNF 1µg/mL in solution, immobilised 1 pg/mL 

and immobilised 100 ng/mL. Nevertheless, immobilised BDNF 1 ng/mL was not 

significantly different from either immobilised BDNF 10 ng/mL and immobilised 

BDNF 1 µg/mL. In addition, immobilised BDNF 1 ng/mL was not significant different 

from PCL Air scaffold with BDNF 1 µg/mL in solution nor PCL + NH2
++ Heparin 

scaffold with BDNF 1 µg/mL in solution. These results suggest that with a relative 

low concentration of immobilised BDNF at 1 ng/mL, longer neurites could be 

developed in similar length as when BDNF at 1 µg/mL in solution was used in culture 

medium, which would make the delivery system of immobilised BDNF at 1 ng/mL an 

adequate candidate for further studies regarding nerve repair.  
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Figure 125. Average neurite length of dorsal root ganglia when cultured on PCL scaffolds, 

PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds and PCL + NH2
++ 

Heparin + Immobilised BDNF for 7 days. BDNF was immobilised on the bioactive surfaces 

at 1 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, and 1 µg/mL. BDNF was added in solution at 1 

µg/mL with control surfaces. One-way ANOVA statistical analysis was performed with 

Tukey procedure of multiple comparisons * p < 0.05, ** p < 0.01,  *** p < 0.001, **** p < 

0.0001. Mean ± SD. N=3, n=3.     
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Average maximum neurite outgrowth of DRG was measured and averaged to obtain 

average maximum neurite length of DRG seeded on PCL scaffolds, PCL Air scaffolds, 

PCL + NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds and PCL + NH2
++ Heparin + 

Immobilised BDNF scaffolds (immobilised BDNF).  The shortest average maximum 

neurite length was 731 ± 179 µm for DRG cultured on PCL scaffolds. The longest 

average maximum neurite length was 2817 ± 218 µm for DRG seeded on PCL + 

NH2
++ Heparin scaffolds.  

Even though PCL + NH2
++ Heparin scaffolds developed neurites significantly larger 

in comparison to PCL scaffold and PCL scaffolds with BDNF at 1 µg/mL, they did 

not have any significant difference in comparison to the other groups, as observed in 

Figure 126. Immobilised BDNF at 1 ng/mL encouraged the growth on maximum 

neurite length of 2498 ± 1130 µm, which would suggest that by using immobilised 

BNDF 1 ng/mL surface, the potential of stimulating the growth of longer neurites 

exists.    
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Figure 126. Average maximum neurite length of dorsal root ganglia when cultured on PCL 

scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds and PCL 

+ NH2
++ Heparin + Immobilised BDNF for 7 days. BDNF was immobilised on the bioactive 

surfaces at 1 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, and 1 µg/mL. BDNF was added in 

solution at 1 µg/mL with control surfaces. One-way ANOVA statistical analysis was 

performed with Tukey procedure of multiple comparisons * p < 0.05, ** p < 0.01. Mean ± 

SD. N=3, n=3.    
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8.4.4.1.3 Effect of Nerve Growth Factor plus Brain Derived Neurotrophic Factor 

Neurite outgrowth of DRG was measured and averaged to obtain average neurite 

length of DRG cultured on PCL scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds, 

PCL + NH2
++ Heparin scaffolds and PCL + NH2

++ Heparin + Immobilised NGF plus 

BDNF scaffolds (immobilised NGF plus BDNF). The longest average neurite length 

was 1816 ± 583 µm when DRG were cultured on PCL Air scaffold with NGF plus 

BDNF in solution in culture medium. The shortest average neurite length was            

226 ± 177 µm when DRG were cultured on PCL scaffolds.  

PCL Air scaffolds with NGF plus BDNF in solution in culture medium developed 

neurites significantly longer, as seen in Figure 127, in comparison to PCL scaffold, 

PCL scaffold with NGF plus BDNF at 1 µg/mL in solution, PCL Air scaffold, PCL + 

NH2
+ scaffold, PCL + NH2

++ Heparin scaffold, PCL + NH2
++ Heparin scaffold with 

NGF plus BDNF at 1 µg/mL in solution, and most importantly, immobilised NGF plus 

BDNF 1 ng/mL and immobilised NGF plus BDNF 100 ng/mL. These results might 

indicate that immobilisation of both NGF and BDNF would not encourage the growth 

of longer neurites.  
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Figure 127. Average neurite length of dorsal root ganglia when cultured on PCL scaffolds, 

PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds and PCL + NH2
++ 

Heparin + Immobilised NGF plus BDNF for 7 days. NGF plus BDNF were immobilised on 

the bioactive surfaces at 1 ng/mL and 100 ng/mL. NGF plus BDNF were added in solution at 

1 µg/mL with control surfaces. One-way ANOVA statistical analysis was performed with 

Tukey procedure of multiple comparisons * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001.  Mean ± SD. N=3, n=3.    
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Average maximum neurite outgrowth of DRG was measured and averaged to obtain 

average maximum neurite length of DRG seeded on PCL scaffolds, PCL Air scaffolds, 

PCL + NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds and PCL + NH2
++ Heparin + 

Immobilised NGF plus BDNF scaffolds (immobilised NGF plus BDNF).  The shortest 

average maximum neurite length was 731 ± 179 µm for DRG cultured on PCL 

scaffolds. The longest average maximum neurite length was 2861 ± 43 µm for DRG 

seeded on PCL Air scaffolds with NGF plus BDNF at 1 µg/mL in solution in culture 

medium.  

PCL Air scaffolds with NGF plus BDNF at 1 µg/mL in solution encouraged the growth 

of longer neurites, which length were significantly different to the ones developed 

from PCL scaffolds, PCL scaffolds with NGF plus BDNF at 1 µg/mL in solution and 

immobilised NGF plus BDNF 100 ng/mL, as observed in Figure 128. However, even 

though average maximum neurite length of PCL Air scaffolds with NGF plus BDNF 

at 1 µg/mL in solution was not significantly different from immobilised NGF plus 

BDNF 1 ng/mL, the average maximum neurite length of the latter was                         

1826 ± 360 µm, which was almost 1000 µm shorter. Hence, immobilised NGF plus 

BDNF 1 ng/mL would not be an appropriate delivery system to use to encourage 

neurite outgrowth.   
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Figure 128. Average maximum neurite length of dorsal root ganglia when cultured on PCL 

scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds and PCL 

+ NH2
++ Heparin + Immobilised NGF plus BDNF for 7 days. NGF plus BDNF were 

immobilised on the bioactive surfaces at 1 ng/mL and 100 ng/mL. NGF plus BDNF were 

added in solution at 1 µg/mL with control surfaces. One-way ANOVA statistical analysis was 

performed with Tukey procedure of multiple comparisons * p < 0.05, *** p < 0.001. Mean ± 

SD. N=3, n=3.    
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8.4.4.2 Effect in migration length of Schwann cells 

8.4.4.2.1 Effects of Nerve Growth Factor 

Migration length of Schwann cells from DRG was measured for DRG cultured on 

PCL scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL + NH2

++ Heparin 

scaffolds and PCL + NH2
++ Heparin + Immobilised NGF scaffolds (immobilised 

NGF). The longest migration length of Schwann cells was 2718 ± 911 µm when DRG 

were seeded on immobilised NGF at 1 ng/mL. The shortest migration length of 

Schwann cells was 270 ± 185 µm when DRG were cultured on PCL scaffolds.  

Moreover, the migration length of Schwann cells when they were cultured on 

immobilised NGF at 1 ng/mL was significantly longer in comparison to other control 

and test groups, as seen in Figure 129. These results showed that Schwann cells 

migrate farther when cultured on immobilised NGF 1 ng/mL, which would suggest 

this would aid the growth of longer neurites.   
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Figure 129. Schwann cell migration when cultured on PCL scaffolds, PCL Air scaffolds, PCL 

+ NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds and PCL + NH2
++ Heparin + Immobilised 

NGF for 7 days. NGF was immobilised on the bioactive surfaces at 1 pg/mL, 1 ng/mL, 10 

ng/mL, 100 ng/mL, and 1 µg/mL. NGF was added in solution at 1 µg/mL with control 

surfaces. One-way ANOVA statistical analysis was performed with Tukey procedure of 

multiple comparisons **** p < 0.0001. Mean ± SD. N=3, n=3.    
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8.4.4.2.2 Effects of Brain Derived Neurotrophic Factor 

Migration length of Schwann cells from DRG was measured for DRG cultured on 

PCL scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL + NH2

++ Heparin 

scaffolds and PCL + NH2
++ Heparin + Immobilised BDNF scaffolds (immobilised 

BDNF). The longest migration length of Schwann cells was 1614 ± 543 µm when 

DRG were seeded on immobilised BDNF at 10 ng/mL. The shortest migration length 

of Schwann cells was 270 ± 185 µm when DRG were cultured on PCL scaffolds.  

Migration length of Schwann cells cultured on immobilised BDNF at 10 ng/mL was 

not significantly different from migration length of Schwann cells cultured on PCL 

Air scaffolds with BDNF 1 µg/mL in solution, PCL + NH2
+ scaffolds with BDNF         

1 µg/mL in solution, immobilised BDNF 1 pg/mL, immobilised BDNF 1 ng/mL, 

immobilised BDNF 100 ng/mL and immobilised BDNF 1 µg/mL, as observed in 

Figure 130. Nevertheless, it is important to notice that with a low concentration of 

immobilised BDNF, in this case 10 ng/mL, Schwann cells were stimulated to migrate 

as further as when BDNF was at a concentration of 1 µg/mL in solution in culture 

media. Furthermore, immobilised BDNF at 1 ng/mL encouraged Schwann cells to 

migrate 1571 ± 828 µm, which was not significantly different from migration length 

of Schwann cells from immobilised 10 ng/mL (1614 ± 543 µm).  

These results showed that with a relatively low concentration of BDNF, Schwann cells 

migrated farther, which would suggest further support during nerve repair, as these 

conditions encouraged the growth of longer neurites.   
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Figure 130. Schwann cell migration when cultured on PCL scaffolds, PCL Air scaffolds, PCL 

+ NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds and PCL + NH2
++ Heparin + Immobilised 

BDNF for 7 days. BDNF was immobilised on the bioactive surfaces at 1 pg/mL, 1 ng/mL, 10 

ng/mL, 100 ng/mL, and 1 µg/mL. BDNF was added in solution at 1 µg/mL with control 

surfaces. One-way ANOVA statistical analysis was performed with Tukey procedure of 

multiple comparisons * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Mean ± SD. 

N=3, n=3.     
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8.4.4.2.3 Effect of Nerve Growth Factor plus Brain Derived Neurotrophic Factor 

Migration length of Schwann cells from DRG was measured for DRG cultured on 

PCL scaffolds, PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL + NH2

++ Heparin 

scaffolds and PCL + NH2
++ Heparin + Immobilised NGF plus BDNF scaffolds 

(immobilised NGF plus BDNF). The longest migration length of Schwann cells was 

1974 ± 708 µm when DRG were seeded on PCL Air scaffolds with NGF plus BDNF 

at 1 µg/mL in solution in culture medium. The shortest migration length of Schwann 

cells was 270 ± 185 µm when DRG were cultured on PCL scaffolds.  

Figure 131 shows a bar chart of Schwann cell migration length, where PCL Air 

scaffolds with NGF plus BDNF at 1 µg/mL in solution encouraged a migration length 

significantly further in comparison to PCL scaffolds, PCL scaffolds with NGF plus 

BDNF at 1 µg/mL in solution, PCL Air scaffolds, PCL + NH2
+ scaffolds, PCL + 

NH2
++ Heparin scaffolds, PCL + NH2

++ Heparin scaffolds with NGF plus BDNF at   

1 µg/mL in solution, immobilised NGF plus BDNF at 1 ng/mL and immobilised NGF 

plus BDNF at 100 ng/mL. These results showed that immobilised NGF plus BDNF 

surfaces did not stimulate Schwann cells to migrate further in comparison to Schwann 

cell migration length from scaffold control PCL Air scaffolds with NGF plus BDNF 

at 1 µg/mL in solution. This suggested that NGF co-immobilised with BDNF may not 

encourage sufficient neurite outgrowth to promote nerve repair.   
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Figure 131. Schwann cell migration when cultured on PCL scaffolds, PCL Air scaffolds, PCL 

+ NH2
+ scaffolds, PCL + NH2

++ Heparin scaffolds and PCL + NH2
++ Heparin + Immobilised 

NGF plus BDNF for 7 days. NGF plus BDNF was immobilised on the bioactive surfaces at 1 

ng/mL, and 100 ng/mL. NGF plus BDNF was added in solution at 1 µg/mL with control 

surfaces. One-way ANOVA statistical analysis was performed with Tukey procedure of 

multiple comparisons *** p < 0.001, **** p < 0.0001. Mean ± SD. N=3, n=3.    
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8.5  Discussion 

Bioactive surfaces for the delivery of NGF, BDNF or NGF plus BDNF were 

successfully fabricated on PCL scaffolds. PCL fibrous scaffolds were fabricated by 

electrospinning, and fibre diameter and alignment were measured using SEM. NH2
+ 

functional groups were added by plasma deposition onto the PCL electrospun scaffold. 

Furthermore, NGF and BDNF were successfully immobilised onto the surface via 

binding to the electrostatically immobilised heparin. The addition of NH2
+ and heparin 

was confirmed by XPS. Moreover, the addition of NGF or BDNF was confirmed by 

ELISA. Culture of primary chick embryo DRG was used to assess the effects of the 

bioactive scaffolds. 

The diameter of PCL fibres and pore ratio were measured before and after plasma 

deposition, revealing that, even though fibre diameter was not significantly different, 

pore morphology was significantly different. In addition, crystal violet assay was 

performed to observe if the quantity of adhered NG108-15 neuronal cells onto the 

bioactive surfaces was different. Interestingly, it was found that adhesion of   NG108-

15 neuronal cells increased when PCL scaffolds were plasma treated. Moreover, the 

adhesion of NG108-15 neuronal cells increased when heparin was added to the 

surface.  

Differences in wettability were characterised by contact angle, when the bioactive 

surface was stored for 24 hours, 1 month and 3 months at 4°C, 21°C and 37°C. The 

results showed that, for the NH2
+ + Heparin, contact angle changed during the storage 

period when this bioactive surface was incubated at 4°C.  Furthermore, XPS analysis 

showed that heparin was present on the bioactive surfaces when incubated at 4°C and 

21°C after 3 months of storage. Even though heparin was also present on the bioactive 

surface when incubated at 37°C, S 2p scan revealed 4 peaks instead of 2, suggesting 

that the conformation of heparin might have changed. Therefore, it is unknown if NGF 

or BDNF would bind to the bioactive surface after being stored at 37°C.  

Average neurite length, average maximum neurite length, and migration length of 

Schwann cells were evaluated when DRG were cultured on bioactive surfaces PCL 

NH2
+ scaffold, PCL NH2

+ + Heparin scaffold, PCL NH2
+ + Heparin + Immobilised 
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NGF scaffold, PCL NH2
+ + Heparin + Immobilised BDNF scaffold and, PCL NH2

+ + 

Heparin + Immobilised NGF plus BDNF scaffold. Neurites were grown and developed 

successfully when cultured on bioactive surfaces with immobilised growth factors. 

The longest average neurite length was 3041 ± 843 µm when DRG were seeded on 

PCL NH2
+ + Heparin + Immobilised NGF 1ng/mL scaffold. Furthermore, longest 

average maximum neurite length and longest migration length of Schwann cells were 

3869 ± 1092 µm and 2718 ± 911 µm for DRG cultured on PCL NH2
+ + Heparin + 

Immobilised NGF 1ng/mL scaffold.  

PCL NH2
+ + Heparin + Immobilised BDNF scaffold also encouraged neurite 

outgrowth and Schwann cell migration, but the response was lower as when DRG 

were cultured on immobilised NGF scaffolds. Longest average neurite length and 

longest average maximum neurite lengths were 1536 ± 762 µm and 2817 ± 218 µm 

when DRG were seeded on PCL NH2
+ + Heparin + Immobilised BDNF 1 ng/mL 

scaffold and PCL NH2
+ + Heparin scaffold with BDNF 1 µg/mL in solution in culture 

medium, respectively. The longest Schwann cell migration length was 1614 ± 543 µm 

when DRG were cultured on PCL NH2
+ + Heparin + Immobilised BDNF 10 ng/mL 

scaffold.  

It was concluded, from Chapter 7 of this thesis, that the co-immobilisation of NGF 

and BDNF did not result in a cumulative effect. Nevertheless, NGF and BDNF were 

co-immobilised at 1 ng/mL and 100 ng/mL to see if, by adding this surface to PCL 

fibres, the outcome could be improved. Longest average neurite length and longest 

average maximum neurite length were 1816 ± 583 µm and 2861 ± 43 µm respectively, 

for DRG cultured on PCL Air with NGF plus BDNF at a concentration of 1 µg/mL in 

solution in culture medium. Furthermore, Schwann cells migrated 1974 ± 708 µm for 

DRG cultured on PCL Air with NGF plus BDNF at a concentration of 1 µg/mL in 

solution in culture medium. These results support the conclusion of chapter 7, which 

stated that the co-immobilisation of NGF with BDNF would not result in an 

accumulative effect.  

A significantly higher response was observed when NGF was immobilised alone on 

PCL NH2
+ + Heparin scaffold, but not for BDNF. The co-immobilisation of NGF and 
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BDNF promoted the growth of neurites longer than those grown with BDNF alone, 

but shorter than those grown with NGF alone. Moreover, the relatively low 

concentration of immobilised NGF of 1 ng/mL encouraged the development of the 

longest neurite among all control and test groups.  

Interestingly, neurite response was improved from when the surface was fabricated on 

flat surfaces in comparison to when the bioactive surface was on PCL fibres. This may 

indicate that a topographical cue, in this case PCL micro fibres, plus the bioactive 

surface NH2
+ + Heparin + Immobilised NGF or BDNF enhanced neurite length.  

Research has been conducted to study how scaffolds with aligned structures can 

improve neurite outgrowth to aid nerve repair. Daud et al. studied how PCL fibre 

diameter impacted neurite formation and growth [104]. They found that, among 1, 5 

and 8 µm diameter PCL fibres, 8 µm fibres encouraged the development of longer 

neurites in NG108-15 neuronal cells. Moreover, Schwann cells migrated on these         

8 µm PCL fibres [104]. Furthermore, when they cultures DRG on 8 µm PCL fibres 

for 10 days, neurite growth was 1.6 mm and Schwann cell migration was 1.9 mm 

[104]. Furthermore, Behbehani et al. compared neuronal orientation when cells were 

cultured on TCP and on aligned PCL fibres (5 µm diameter) [105]. The authors 

observed that the orientation of NG108-15 neuronal cells changed, growing, and 

migrating along the PCL fibre. Moreover, when NG108-15 neuronal cells were 

cultured on TCP, their attachment and growth were random [105]. In addition, 

Chwalek et al. evaluated neurite outgrowth of DRG on polylactic acid (PLA) fibres 

(20.5 ± 1.8 µm diameter), and also observed that neurite outgrowth was oriented along 

the fibres [334].     

Fibre diameter, when used to study neurite outgrowth and Schwann cell migration, 

ranges from micro to nanometres. However, research has reported that fibre diameter 

below 200 nm and higher than 30 µm inhibit neurite outgrowth and Schwann cell 

migration [104], [348], [349]. Moreover, features on the fibres such as grooves and 

porosity, might also affect cell adhesion, morphology, differentiation, orientation and 

migration [91]. However, fibre porosity is difficult to optimise, and it has been 

reported that depending on the materials used for fabrication, cell behaviour could 
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change [91], [350]. In addition, regarding fibre alignment, it was found that a 5° 

angular difference still oriented neurite outgrowth and Schwann cell migration [164]. 

These are desirable characteristics to consider when designing a fibrous scaffold for 

nerve regeneration, as cells behave differently in a 3D scaffold, in comparison to a 2D 

environment. Additionally, cells distribute in the whole surface area of the 3D 

scaffold, depositing extracellular matrix proteins and neurotrophic factors [91], [104].   

Daud et al. fabricated PCL electrospun scaffold, 8 µm fibre diameter, and seeded DRG 

on them to evaluate neurite outgrowth and Schwann cell migration. This study showed 

that Schwann cells migrated 1.9 mm and that neurite outgrowth was 1.6 mm [104]. 

Additionally, Bozkurt et al. fabricated a parallel-oriented porous scaffold using 

collagen and evaluated neurite outgrowth from DRG. This study revealed that, after 

21 days in culture,  maximum and average neurite outgrowth was 1496 µm, and        

756 µm respectively [155]. Moreover, Behbehani et al. fabricated PCL fibres and 

introduced them (6000-7000 PCL fibres) inside a polyethylene glycol conduit. Neurite 

outgrowth and Schwann cell migration from DRG seeded on this construct was          

2.1 mm, and 2.2 mm respectively, after 21 days in culture [105]. Furthermore, Hurtado 

et al. fabricated random and aligned poly-L-lactic acid (PLLA) fibres and measured 

neurite length developed by DRG after 5 days in culture. This study showed that 

random PLLA fibres encouraged neurite growth of ca. 900 µm and 800 µm (maximum 

and average neurite length respectively), whereas aligned PLLA fibres promoted 

neurite growth of ca. 1700 µm and 1500 µm (maximum and average neurite length 

respectively) [336].  

Nevertheless, even if different materials can be used as guidance, and the alignment 

and fibre diameter and density can be controlled, these features alone are not sufficient 

to induce rapid cell attachment, which is needed for nerve repair [74], [351], [352]. 

Therefore, it is important to improve these strategies to encourage the growth of longer 

neurites.     

The surface properties of a material have been modified to change how cells interact 

with the material. Proteins, such as laminin, fibronectin, collagen, and functional 

groups, such as hydroxyl, carboxyl and amino have been introduced to enhance cell 
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adhesion and proliferation [91], [239], [334], [341], [346], [353]. Moreover, these 

proteins and functional groups have been used to bind proteins and other molecules to 

encourage cell migration, proliferation and differentiation [130], [182], [212], [239], 

[333].  

For example, a study performed by Chwalek et al. fabricated PLA fibres, of 20.5 µm 

in diameter, and coated them either with laminin, fibronectin, or collagen I. Then, they 

seeded DRG and cultured them for 2 days with culture medium supplemented with 

100 ng/mL of NGF [334]. Neurite outgrowth was ca. 1500 µm, 1000 µm and 800 µm 

when DRG were seeded on PLA fibres coated with fibronectin, laminin and collagen 

I respectively [334]. Moreover, Xie et al. produced PCL fibres and coated them with 

poly-L lysine and laminin. Thereafter, they cultured DRG on the fibres with 30 ng/mL 

of NGF in culture medium [333]. Their results showed that PCL fibres coated with 

poly-L-lysine and laminin stimulated neurite growth of ca. 1-1.5 mm [333]. 

Furthermore, Armstrong et al. demonstrated that Schwann cell proliferation increased 

when these cells were cultured on poly-3-hydroxubutyrate (PHB) coated with poly-D-

lysine [50]. In addition, Lee et al. grafted amine groups and carboxyl groups onto 

polyethylene sheets and showed that cell adhesion, proliferation and growth was 

further stimulated when cells were cultured on the amine surface [239]. Rangappa et 

al. coated PLLA filaments with laminin and reported that oriented neurite outgrowth 

was stimulated [353].  

Plasma deposition technique is usually used to add functional groups onto surfaces of 

materials to modify surface properties, such as surface energy and wettability  [187], 

[341]. For example, oxygen containing plasmas can be added to the surface to make it 

hydrophilic. In contrast, fluorine-containing plasmas are added to the surface to make 

it hydrophobic [187], [341]. This technique has been used to improve cell adhesion, 

proliferation, and to add functional groups to further modify the surface of a material. 

For example, Recek et al. modified PCL electrospun scaffolds with oxygen, ammonia, 

and sulphur dioxide plasma treatments. Moreover, they also modified polyethylene 

terephthalate (PET) with oxygen plasma treatment. [341], [346]. These studies showed 

that cell adhesion and proliferation were improved in surfaces plasma treated with 

oxygen and ammonia [341], [346].  
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Furthermore, functional groups have been introduced by plasma deposition on the 

surface of a material to bind growth factors. Thus, allowing the delivery of the growth 

factor in a sustained manner to encourage a specific cell response. Bhang et al. plasma 

treated coverslips firstly with oxygen and then allylamine. Then, covalently bound 

heparin to the allylamine surface. Finally, NGF was bound to heparin [292]. This 

NGF-heparin-allylamine-oxygen surface encouraged the development of neurites in 

PC12 neuronal cells [292]. In addition, Guex et al. functionalised PCL fibrous 

scaffolds via plasma deposition of carbon dioxide, ethene and argon. Then, vascular 

endothelial growth factor (VEGF) was covalently immobilised onto the activated PCL 

scaffold [165]. This study showed that proliferation of endothelial cells was improved 

when VEGF was immobilised on the surface [165]. Moreover, Shen et al. evaluated 

that adhesion and proliferation of fibroblast was improved by the immobilisation of 

basic fibroblast growth factor (bFGF) on carbon dioxide plasma treated poly(lactide-

co-glycolide) (PLGA) films [354]. Moreover, Charbonneau et al. functionalised PET 

with plasma deposition of anhydrous ammonia [355]. Then, chondroitin sulphate was 

covalently bonded to the amine groups. Thereafter, endothelial growth factor (EGF) 

was covalently bonded to chondroitin sulphate [355]. Smooth muscle cells were 

seeded on the functionalised PET scaffold and results showed increased growth of 

muscle cells as well as apoptosis resistance [355].  

The studies described above suggested that surfaces can be modified to obtain a 

specific cell response, such as adhesion, proliferation, and differentiation. Moreover, 

the results from Chapters 5, 6 and 7 of this thesis also supported that by modifying a 

surface, neurite outgrowth can be stimulated and enhanced. Therefore, allylamine 

plasma deposition was performed to fabricate the bioactive surface NH2
+ + Heparin + 

Immobilised NGF/ BDNF/ NGF plus BDNF on PCL electrospun scaffolds, in order 

to translate this technology for future applications into medical devices to aid nerve 

repair.  

Allylamine monomer was used during plasma deposition to add amine functional 

groups onto PCL fibres. As amine functional groups, NH2
+, have a positive charge 

[212], heparin, a negatively charged molecule, will be bound to amine by electrostatic 

interactions [212]. This passive binding is advantageous because covalent binding 
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may modify the functionality of the bonded molecule [182]. Therefore, heparin would 

not lose its functionality because it will be bound to amine by electrostatic interactions 

[182]. The successful addition of NH2
+ and heparin was confirmed with XPS analysis.  

A storage study was performed to see if NH2
+ and heparin would still be present on 

the surface when this bioactive surface was exposed to 4°C, 21°C and 37°C for 24 

hours, 1 month and 3 months. Contact angle revealed that wettability of the NH2
+ + 

Heparin changed when stored at 4°C. Moreover, XPS analysis revealed that heparin 

was present on the surface after it was stored at 4°C, 21°C and 37°C for 3 months. 

Nevertheless, S 2p scans showed two additional peaks of sulphur when NH2
+ + 

Heparin was incubated at 37°C for 3 months. Interestingly, these additional peaks were 

found at lower binding energies (164 eV and 165 eV), suggesting that heparin was not 

oxidised. Moreover, this analysis may indicate that the conformation of heparin 

changed, or that some contaminant populated the bioactive surface. Regardless, this 

information may suggest that heparin will not bind NGF or BDNF when the surface 

was stored for 3 months at 37°C. Furthermore, when the NH2
+ + Heparin surfaces 

were stored at 4°C and 21°C, the S 2p scans revealed the two characteristic peaks of 

sulphur, suggesting that heparin was present on the surface with no conformational 

changes. This may indicate the heparin on this surface could bind NGF and BNDF. 

Nevertheless, further tests need to be performed to evaluate the biological response of 

the bioactive surfaces after being stored at 4°C and 21°C.  

Even though there are multiple applications that use plasma deposition, only a few 

studies have attempted to characterise the changes in surface chemical composition 

after months of storage. For example, Gengenbach studied how surfaces modified with 

nitrogen containing plasmas were modified by being stored at room temperature 

within 4 months [356]–[358]. Gengenbach and his colleagues showed that oxygen 

content increased, by direct contact with air or moisture, and nitrogen content 

decreased [356]–[358]. This may explain the results obtained from XPS analysis, 

where nitrogen content decreased in all samples. However, oxygen content remained 

similar. Further tests need to be done to understand how storage temperatures and time 

affect the performance (neurotrophin release, average neurite length, Schwann cell 

migration) of the bioactive surface fabricated in this thesis.   
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ELISA was performed to confirm the presence of NGF and BDNF on the fabricated 

NH2
+ + Heparin scaffold. Moreover, ELISA was also performed to assess the release 

of NGF and BDNF from the bioactive surface within 21 days. This was important to 

evaluate as the bioactive surface was fabricated completely in the laboratory and 

changes on the release of NGF and BDNF were expected. The results from ELISA 

revealed the presence of NGF and BDNF in the surface. Moreover, it showed that a 

sustained delivery of both neurotrophins, with no burst released, was achieved. 

Furthermore, the quantity released from NH2
+ + Heparin scaffold of NGF and BDNF 

was different (see Chapter 5, Section 5.5), which is supported by the findings by 

Robinson et al. who bound osteoprotogerin and tissue inhibitor of metalloproteinases 

3 to heparin, and their release was different from each other [212].   

The NH2
+ + Heparin scaffold stabilised and delivered NGF and BDNF for 21 days. 

When NGF and BDNF were bound to NH2
+ scaffold, NGF and BDNF release was 

seen within 7 days and 48 hours respectively. After that, no growth factor release was 

observed. This could be due to a very low quantity of growth factors bound to the 

surface by weak interactions, and the degradation of NGF and BDNF because they 

were not stabilised [281]. These findings are supported by Kim et al. who found that 

microspheres loaded with heparin  bound significantly more bFGF and NGF than 

microspheres without heparin [320]. Moreover, Johnson et al. also incorporated 

heparin into hydrogels to stabilise both NGF and BDNF [359]. This suggests that NH2
+ 

+ Heparin bioactive scaffold is an appropriate delivery system for the release of NGF 

and BDNF for 21 days, as it can bind higher quantities of growth factor and stabilise 

them.  

The release of growth factors, or other molecules, will depend on how these were 

incorporated into a delivery system. Moreover, their release will impact the intended 

biological response. For example, Shen et al. plasma treated PLGA films with carbon 

dioxide and immobilised 500 ng/mL of bFGF on the surface [354]. Binding efficiency 

was 66.3%, which meant that of the original 500 ng/mL bFGF amount, 331.5 ng/mL 

were bound to the surface [354]. The PLGA-bFGF film showed a sustained release of 

bFGF for 7 days, after a slight burst release [354]. Furthermore, Liu et al. encapsulated 

NGF in poly(D, L-lactic acid) (PDLLA) nanofibers, and glial-cell derived 
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neurotrophic factor (GDNF) in PLGA nanofibers by emulsion electrospinning [162]. 

Encapsulation efficiency was 80.7 ± 1.6% and 86.6 ± 1.0% for GDNF and NGF, 

respectively (5 µg initial load). Moreover, the release at day 1 was 12.4% and 20.3% 

for NGF and GDNF, respectively. The release, after 42 days, increased to 26.5% and 

62.5% for NGF and GDNF respectively [162]. PLGA degrades faster than PDLLA, 

therefore, this would explain why GDNF was released faster than NGF [162]. PC12 

neuronal cells were cultured with these scaffolds, and neurite length, at day 7, was 

59.4 µm and 67.2 µm for NGF-PDLLA scaffolds and GDNF-PLGA scaffolds, 

respectively [162]. The authors explained that, even though bioactivity of released 

NGF and GNDF from the scaffolds was maintained, this bioactivity was lower when 

compared to when NGF and GNDF were added in culture medium, as neurite length 

was higher in these control groups (68.2 µm and 76 µm, respectively) [162].   

Additionally, Madduri et al. crosslinked collagen NGCs by dehydro-thermal 

treatment. Then, loaded GDNF (80 ng) or GDNF and NGF (40 ng and 40 ng). 

Afterwards, they coated the NGCs with PLGA [75]. This study revealed that, within 

30 days, GDNF and GDNF and NGF were released at 68% and 56% respectively. 

Furthermore, the control group, which consisted of non-cross-linked collagen, 

released 78% and 83% of GDNF and GNDF and NGF, respectively [75].  Also, 

Whitehead et al. electrospun methacrylated hyaluronic acid with PLGA microspheres, 

which contained NGF (0 to 100 µg/mL) [79]. NGF was incorporated into the PLGA 

microspheres by a water-oil-water emulsion technique, which consisted of adding 

NGF to a solution of BSA in PBS and polyvinyl alcohol (PVA). Afterwards, this 

solution was introduced in a PLGA solution in DCM. Then, the emulsion was added 

to a PVA solution [79]. For electrospinning of aligned fibres, 30 mg of PLGA 

microspheres were added per mL of methacrylated hyaluronic acid solution [79]. 

ELISA revealed that 85% of the initial load of NGF was found in the PLGA 

microspheres. Furthermore, ELISA test showed that by day 5, 40% to 80% of NGF 

was released from the microspheres, and, by day 10, 80% to 100% of NGF was 

released from the microspheres [79].   

Moreover, Chang fabricated a porous PCL conduit, to which gelatin was injected and 

then genipin (0, 0.1, 0.5, 1.0, and 1.5% w/w), after which the conduit was left for 7 
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days to crosslink [154]. After, the conduit was freeze-dried for 24 hours and then, it 

was submerged in a solution of 5 µg/mL of NGF for 24 hours [154]. ELISA showed 

an initial burst release of NGF, nevertheless, after 10 days, the release of NGF was 

decreased. For the conduits where genipin was injected at 0.1% w/w, a sustained 

release of between 2 ng/mL and 4 ng/mL was observed from day 10 to day 60. This 

conduit also exhibited the highest activity in PC12 neuronal cells [154]. Other groups 

with different genipin concentrations, showed low NGF release, close to zero [154]. 

Chang explained that this behaviour might be due to the degradation of the treated 

conduits and quantity of used genipin, highlighting that the conduit that was injected 

with genipin 1.0% w/w, bound more NGF as its release was not observed after 10 days 

[154]. This conclusion is misleading, as it suggested that because there was no release 

of NGF, the delivery system was accomplishing its purpose.  However, the PCL 

conduit where genipin was injected at 0.1% w/w encouraged a higher metabolic 

activity of PC12 neuronal cells. Moreover, this same conduit stimulated the growth of 

larger neurites in a rat sciatic model [154]. Therefore, the results suggest that the PCL 

conduit with genipin 0.1% achieved a better outcome in comparison to other test PCL 

conduits.  

Hsieh et al. immobilised NGF (5 µg/mL) inside of a poly(DL-lactic acid-co-glycolic 

acid) conduit by genipin (GP) and 1-ethyl-3-(3-dimethylamino-propyl) carbodiimide 

(EDC) / N-hydroxysuccinimide (NHS)/ 2-morpholinoethane sulfonicacid (MES) 

system [230]. ELISA revealed an initial burst release during the first 5 days; then, 

from day 6 to 10, the burst release decreased, until a sustained release was observed 

from day 10 to 40 [230].  Moreover, Fujimaki et al. immobilised 2.5 µg/mL, 5 µg/mL 

and 10 µg/mL of bFGF in oriented collagen tubes [360]. ELISA showed that 48.8%, 

49.6% and 36.8% of the original load was adsorbed onto the collagen tubes when       

2.5 µg/mL, 5 µg/mL and 10 µg/mL were immobilised respectively [360]. These results 

demonstrated that adding more growth factor to a delivery system may not always 

increase the amount of immobilised growth factor in the system.  Furthermore, Horne 

et al. immobilised BDNF on PCL nanofibers to enhance proliferation and 

differentiation of cortical neural stem cells [338].  PCL nanofibers were aminolysed 

in ethylenediamine. Then, PCL nanofibers were incubated in succinimidyl 4-(N-
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maleimidomethyl)-cyclohexane-1-carboxylate (SMCC). Then, the PCL nanofibers 

were incubated with 10 µg/mL of BDNF for 10 hours at 4°C [338]. ELISA showed 

that BDNF was bound to the PCL nanofibers [338]. Nevertheless, the amount of 

BDNF bound to the nanofibers was not quantified and a release study of BDNF from 

PCL nanofibers was not performed.  

Currently, there is not a defined standard release profile of growth factors to obtain a 

desired cellular response. This cellular response should be evaluated for each delivery 

system. After this, the delivery system and its response are assessed as a whole to 

determine if it can be translated to the clinic. For nerve repair, there are two desirable 

outcomes: encouraging neurite growth and Schwann cell migration. Schwann cells 

create an environment to stimulate neurite growth and formation. Moreover, 

neurotrophic factors are produced, by neurite outgrowth and Schwann cell stimulation, 

to aid both neurite outgrowth and Schwann cell migration [88], [104], [133], [158], 

[314], [317], [361]. Hence, both neurite outgrowth and Schwann cell migration were 

assessed herein.  

As NGF and BDNF are known to encourage neurite outgrowth in DRG [264], both 

growth factors were immobilised, alone and in combination, on the bioactive surface 

NH2
+ + heparin described in this thesis. This bioactive surface was added to PCL 

electrospun scaffolds, as the fibres would direct neurite growth and Schwann cell 

migration. The results in this thesis showed that PCL + NH2
+ + Heparin + Immobilised 

NGF 1 ng/mL encouraged the longest average neurite length and furthest Schwan cell 

migration (3041 ± 843 µm and 2718 ± 911 µm respectively). PCL + NH2
+ + Heparin 

+ Immobilised BDNF 1 ng/mL also stimulated neurite outgrowth and Schwann cell 

migration (1536 ± 762 µm, 1571 ± 828 µm respectively), but not as long as the ones 

encouraged by immobilised NGF. Interestingly, PCL + NH2
+ + Heparin + 

Immobilised NGF plus BDNF did not promote comparable neurite outgrowth       

(1107 ± 456 µm) and Schwann cell migration (1169 ± 538 µm) when compared to 

immobilised NGF 1 ng/mL and immobilised BDNF 1 ng/mL.  

Research has been performed to stimulate neurite outgrowth and Schwann cell 

migration that could compete with the regeneration capabilities of an autograft. For 
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example, Deister and Schmidt cultured DRG with NGF, GDNF and ciliary 

neurotrophic factor (CNTF) at concentrations of 50 ng/mL, 10 ng/mL and 10 ng/mL, 

respectively, developing an average neurite length of 2031 ± 97 µm [285]. Kim et al. 

cultured DRG on electrospun poly(acrylonitrile-co-methyl acrylate) fibers for 1 week. 

NGF at 50 ng/mL was dissolved in culture medium, which was changed every two 

days [337]. This study showed that neurite outgrowth was ca. 2 mm and Schwann cell 

migration was ca. 3 mm [337].  

The use of growth factors to stimulate Schwann cell migration is controversial, as 

some studies showed that certain neurotrophins encourage Schwann cell migration 

whereas others show the opposite response. Maniwa et al. studied the effects of NGF, 

BDNF and neurotrophin-3 (NT-3) on Schwann cell migration [316]. This study 

showed that NGF and NT-3 did promote Schwann cell migration, whereas BDNF did 

not stimulate Schwann cell migration [316]. Cornejo et al, showed that NGF induced 

Schwann cell motility [328], whereas Anton et al. demonstrated the NGF stimulated 

Schwann cell migration [329]. Yamauchi et al. studied that NT-3 and BDNF 

encouraged and inhibited Schwann cell migration, respectively [313], [318]. 

Nevertheless, Yi et al. inhibited the expression of microRNA-1 to encourage BDNF 

production, which promoted Schwann cell proliferation and migration [317]. 

Additionally, Gisbert Roca et al. transfected Schwann cell to increase BDNF 

production. Then, DRG were co-cultured with transfected Schwann cells on 

polypyrrole-PLA fibres, showing that neurite length, after 5 days in culture, was ca.    

5 mm [362].  

These studies demonstrated that neurotrophins were crucial to enhance neurite 

outgrowth and Schwann cell migration. However, due to the half-life of the growth 

factors, it is essential to design a system which stabilises and delivers growth factors 

with the purpose of extending the half-life of growth factors, and hence reducing the 

amount required, and to maintain a sustained delivery of these during the healing 

process. Liu et al. fabricated  micropatterned channels scaffold with polydimethyl-

siloxane (PDMS) [87]. Then, DRG were co-cultured with Schwann cells for 21 days 

to study neurite outgrowth. Moreover, Liu et al. encapsulated NGF (50 µg/mL) in a 

collagen gel, which then was incorporated into one of the sides of the PDMS channels. 



 

 

371 

 

They also studied neurite outgrowth of DRG when these were cultured for 21 days in 

the collagen gel-PDMS scaffold [87]. Neurite outgrowth was ca. 2000 - 2500 µm for 

both DRG seeded with Schwann cells and collagen-loaded NGF [87]. This study 

showed that both NGF and Schwann cells encouraged the oriented growth of axon 

bundles, with no significant difference between each other. The results presented in 

this experimental Chapter, showed a longer neurite outgrowth (3041 µm) using a 

relatively low concentration of immobilised NGF (1 ng/mL), when DRG were 

cultured on PCL + NH2
+ + Heparin + Immobilised NGF 1 ng/mL.   

Additionally, Dinis et al. added NGF and/or CNTF (1 µg/mL and 100 ng/mL 

respectively, in 0.1% BSA) into a 9% silk fibroin in polyethylene oxide to produce 

electrospun aligned fibres. Then, either primary neurons from DRG, or the whole 

DRG, were cultured on these scaffolds for 5 days and 12 days, respectively [164]. 

Neurite length was 192.5 ± 80.3 µm, 78.9 ± 39.5 µm, and 124.4 ± 45.9 µm of primary 

cells when cultured on NGF, CNTF, and NGF and CNTF silk fibres, respectively 

[164]. Furthermore, when whole DRG were cultured, for 5 days, on NGF and CNTF 

silk fibres, neurite outgrowth was of ca. 1000-1500 µm [164]. This study partially 

supported the findings on this thesis, where the use of two growth factors did not have 

a cumulative effect in neurite outgrowth. Nevertheless, its effect was better than when 

one of the growth factors was used, in this case, CNTF alone. However, the results 

presented in this Chapter showed longer neurite length, in DRG (3041 ± 843 µm), 

using a relatively lower concentration of immobilised NGF (1 ng/mL).  

Whitehead et al. electrospun aligned methacrylated hyaluronic acid with PLGA 

microspheres, which contained NGF (0 to 100 µg/mL) [79]. NGF was incorporated 

into the PLGA microspheres by a water-oil-water emulsion technique, which 

consisted of adding NGF to a solution of BSA in PBS and polyvinyl alcohol (PVA). 

Afterwards, this solution was introduced in a PLGA solution in DCM. Then, the 

emulsion was added to a PVA solution [79]. For electrospinning of aligned fibres,      

30 mg of PLGA microspheres were added per mL of methacrylated hyaluronic acid 

solution. Optimisations studies were performed, where 100 µg/mL of encapsulated 

NGF was further used. Therefore, DRG were seeded on this electrospun scaffold for 

5 days [79]. This study revealed that, after 5 days in culture, 40% - 80% of NGF was 
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released from the microspheres, encouraging neurite outgrowth of ca. 1.5-2 mm [79].  

The results presented in this Chapter showed longer neurite length, in DRG             

(3041 ± 843 µm), using a relatively lower concentration of immobilised NGF                 

(1 ng/mL).  

Furthermore, Liu et al. designed a tissue-engineered nerve graft (TENG) with an 

injectable drug delivery system, which consisted of a chitosan scaffold and a methoxy-

poly(ethylene glycol)-b-poly(γ-ethyl-L-glutamate) (mPEG-PELG) hydrogel inside 

the lumen of the chitosan scaffold, which forms a gel at body temperature [76]. NGF 

was loaded to the mPEG-PELG hydrogel to a concentration of 1 µg/mL. This NGF- 

mPEG-PELG hydrogel released 13.87 ng/mL at day 1, and released 1.5 ng/mL of NGF 

for 28 days [76]. These devices were tested in a rat sciatic nerve model for 14 days. 

Neurites, neither in the control nor test groups, were able to regenerate across the 10 

mm nerve gap. NGF- mPEG-PELG hydrogel scaffold showed neurite outgrowth of 

0.72 ± 0.02 mm and intramuscular injection of NGF (2 µg/ kg) showed                          

0.37 ± 0.02 mm of neurite outgrowth [76].  

In contrast, the bioactive surface described in this thesis chapter PCL + NH2
+ + 

Heparin + Immobilised NGF 1 ng/mL encouraged 3041 ± 843 µm neurite growth and 

2718 ± 911 µm Schwann cell migration from DRG after 7 days in culture. This 

outcome showed that this bioactive surface used as a delivery system optimised the 

use of NGF and achieved a greater outcome than the ones reported in current literature. 

PCL + NH2
+ + Heparin + Immobilised BDNF also stimulated neurite outgrowth, but 

its growth was not as long as the neurite outgrowth reached immobilising NGF. 

Moreover, the results in this chapter showed that PCL + NH2
+ + Heparin + 

Immobilised NGF plus BDNF, although it also promoted neurite outgrowth, it might 

not be the best combination of growth factors to co-immobilise to obtain a significant 

neurite outgrowth and Schwann cell migration.  

NGF and BDNF immobilised alone are promising approaches to encourage neurite 

growth and Schwann cell migration after injury. The reason why DRG were stimulated 

significantly by immobilised NGF more than BDNF might be related to the number 

of high affinity receptors present in the DRG [316], [363]. It is known that in an adult 
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DRG, 40% to 50% of the receptors are tyrosine kinase receptor (Trk) A, 5% - 30% are 

TrkB, and 10% - 20% are TrkC [363]. As NGF binds to TrkA and BDNF binds to 

TrkB, the possibility to stimulate a response with NGF was higher. Moreover, NGF 

and BDNF also bind to the low affinity receptor p75NTR, therefore, NGF and BDNF 

would be also competing for this receptor, suggesting that an equilibrium of 

interactions between TrkA and p75NTR or TrkB and p75NTR  [363] should be achieved 

to maximise neurite length and Schwann cell migration. Furthermore, as mentioned 

before, sensory neurons (DRG) express more TrkA receptors, whereas motor neurons 

express more TrkB receptors [86], [133]. Hence, PCL + NH2
+ + Heparin + 

Immobilised BDNF should be tested with motor neurons or with a model that 

combines both sensory neurons and motor neurons to study if this bioactive study is 

able to encourage neurite outgrowth and Schwann cell migration.  

In comparison to the results obtained from Chapter 7, adding the bioactive surface 

NH2
+ + Heparin + Immobilised NGF/BDNF onto PCL electrospun scaffolds 

significantly stimulated neurite outgrowth and Schwann cell migration. This might be 

due to the combination of two elements: 1) topographical cues (PCL electrospun 

scaffold) as these encourage enhanced neurite outgrowth [337]; and 2) chemical cues 

(bioactive surface) as it is known that by adjusting the surface properties of the 

scaffold, cell behaviour, such as adhesion, proliferation and migration, is enhanced 

[86], [314]. Therefore, combining PCL electrospun scaffold with the bioactive surface 

NH2
+ + Heparin + Immobilised NGF/BDNF could create a permissive environment, 

which would mimic up to a certain extent the ECM, to further improve neurite growth 

and guidance, as well as Schwann cell migration to aid nerve repair.  
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8.6  Conclusion  

The bioactive surfaces NH2
+ + Heparin + Immobilised NGF, NH2

+ + Heparin + 

Immobilised BDNF and NH2
+ + Heparin + Immobilised NGF plus BDNF were 

successfully added onto PCL electrospun scaffolds. XPS analysis confirmed that NH2
+ 

and heparin were added to the scaffolds. Moreover, ELISA revealed that NGF and 

BDNF were immobilised on the surface and that a sustained release of both NGF and 

BDNF was maintained for 21 days. This was a major step, as the bioactive surfaces 

were successfully added onto PCL electrospun scaffold, representing a step closer to 

translating this technology into an NGC for future clinical use.  

Furthermore, PCL + NH2
+ + Heparin + Immobilised NGF scaffolds and PCL + NH2

+ 

+ Heparin + Immobilised BDNF enhanced neurite outgrowth and Schwann cell 

migration. However, PCL + NH2
+ + Heparin + Immobilised NGF plus BDNF showed 

insufficient neurite outgrowth and Schwann cell migration.  

Most importantly, PCL + NH2
+ + Heparin + Immobilised NGF at 1 ng/mL encouraged 

the average neurite outgrowth 3041 ± 843 µm, average maximum neurite length      

3869 ± 1092 µm, and Schwann cell migration length 2718 ± 911 µm. These outcomes 

were the highest achieved among control and test groups and, to the best of this 

author’s knowledge, these outcomes have the highest neurite length to NGF ratio 

found in the literature.   

This suggests that by immobilising a relatively low concentration of NGF, 1 ng/mL, 

onto the bioactive surface NH2
+ + Heparin on PCL electrospun scaffolds, the growth 

of longer neurites and the further migration of Schwann cells can be achieved. 

Therefore, these scaffolds PCL + NH2
+ + Heparin + Immobilised NGF at 1 ng/mL are 

a promising approach to improve current NGC to aid nerve repair.  
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Chapter 9 General discussion  

This thesis reported on the fabrication and characterisation of the novel bioactive 

surfaces NH2
+ + Heparin + Immobilised NGF, NH2

+ + Heparin + Immobilised BDNF, 

and NH2
+ + Heparin + Immobilised NGF plus BDNF. The biological effects of the 

surfaces were studied in vitro (PC12 adh neuronal cells and NG108-15 neuronal cells), 

and ex vivo (embryonic chick DRG) in terms of neurite outgrowth and Schwann cell 

migration. The bioactive surfaces were successfully fabricated on commercially 

available amine-96 well plates (Chapter 5, Chapter 6 and Chapter 7) and on PCL 

electrospun fibres (Chapter 8). It was found that these bioactive surfaces encouraged 

neurite outgrowth and Schwann cell migration by the sustained delivery of NGF and 

BDNF. Furthermore, the bioactive surfaces may have stabilised the growth factors, 

prolonging their half-lives.  

The use of growth factors, specifically neurotrophins, to promote neurite outgrowth 

has been studied and tested before as a promising approach to enhance nerve 

regeneration. It has been highlighted that extending the half-life of the neurotrophins, 

maintaining their bioactivity, and their local and sustained delivery are important 

strategies to follow to improve neurite outgrowth, Schwann cell migration and, hence, 

nerve regeneration [163]. Nevertheless, it is unknown what is the optimal quantity to 

use of neurotrophins, as this would mainly depend on the characteristic of the delivery 

system.  

Covalent binding techniques have been used to incorporate neurotrophins to delivery 

systems. Nevertheless, the high amount of neurotrophin to use, and their interactions 

with solvents, makes this approach undesirable as it hinders the bioactivity of the 

molecule.  High quantities of neurotrophins, ranging from 10 mg to 100 ng, have been 

used with covalent-based delivery systems [61], [227], [258]. Nevertheless, only 

between 5% and 80% of the initial load was retained in the delivery system [227], 

[258], because different fabrication methods can modify the structure and decrease the 

function of the neurotrophin [162], [258]. Furthermore, using high amounts of 

neurotrophins would increase the cost of the device, and it can cause undesirable 
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effects, such as excessive branching and neuroma formation [76], [163]. Therefore, 

fabrication of a delivery system using electrostatic interactions is fundamental.  

Strong binding of neurotrophins is possible by electrostatic interactions, as the 

optimization of repulsive and attractive forces leads to a sustained binding and 

delivery of neurotrophins [166]. This was demonstrated when NGF and BDNF were 

immobilised to NH2
+ + Heparin surfaces and NH2

+ surfaces. ELISA showed that NGF 

and BDNF were released from NH2
+ + Heparin for 21 days, in a sustained manner. In 

contrast, without heparin, NGF and BDNF were released from the NH2
+ surfaces 

within 24 hours and 48 hours. After those time points, no neurotrophins release was 

observed. These results suggested that firstly, electrostatic forces from NH2
+ surfaces 

bound small quantities of the original load of neurotrophins, and released them within 

48 hours, whereas NH2
+ + Heparin surfaces bound a high quantity of the original load 

of NGF or BDNF, which were then released for 21 days. Therefore, NH2
+ + Heparin 

surfaces are a promising bioactive surface to which immobilise NGF and BDNF for 

their further support during nerve repair.  

Most of the research has tested growth factors delivery on neuronal cell lines and 

reported if there was any effect on neuronal differentiation. After that, the delivery 

system was directly tested in a rat sciatic nerve injury model. For in vitro studies, 

neurite length is rarely reported, while number of neurites or percentage of neurons 

bearing neurites are reported. It is difficult to understand why neurite length would not 

be an important parameter, as the aim of nerve repair, amongst other parameters, is to 

bridge a long injury gap. Then, it is of no surprise when current research failed to 

bridge long gaps in in vivo studies. Hence, the work in this thesis focuses primarily on 

measuring neurite length to assess the potential of the bioactive surface to bridge nerve 

gaps.  

Bioactive surfaces NH2
+ + Heparin + Immobilised NGF, NH2

+ + Heparin + 

Immobilised BDNF, NH2
+ + Heparin + Immobilised NGF plus BDNF were firstly 

tested using NG108-15 neuronal cells and PC12 adh neuronal cells. Even though 

neurite outgrowth assessment of NG108-15 neuronal cell did not reveal any significant 

result, neurite outgrowth evaluation of PC12 adh neuronal cells showed that by using 
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relatively low concentrations of immobilised NGF, immobilised BDNF, and 

immobilised NGF plus BDNF, the growth of long neurites was stimulated. Previous 

research showed that using higher quantities of growth factors does not necessarily 

mean that the outcome would be longer neurites [64], [229]. Therefore, bioactive 

surfaces NH2
+ + Heparin + Immobilised NGF, NH2

+ + Heparin + Immobilised BDNF, 

NH2
+ + Heparin + Immobilised NGF plus BDNF were promising approaches to keep 

testing.  

Bioactive surfaces were then tested using DRG, a more relevant biological model. 

Neurite outgrowth and Schwann cell migration were evaluated. Schwann cells were 

isolated from chick embryo DRG. Then, Schwann cells were seeded on the bioactive 

surfaces, showing no significant differences among the test and control groups. DRG 

were cultured on the bioactive surfaces for 7 days. Neurite outgrowth assessment 

revealed that NH2
+ + heparin + immobilised NGF 1 ng/mL encouraged the growth of 

the longest neurite (1075 µm) in comparison to other test and control groups. Although 

NH2
+ + Heparin + Immobilised BDNF 1 ng/mL stimulated the growth of the longest 

neurite within its growth factor group, this surface did not promote neurite length 

similar to the ones developed by NH2
+ + Heparin + Immobilised NGF 1 ng/mL. 

Furthermore, NH2
+ + Heparin + Immobilised NGF plus BDNF did not show an 

accumulative neurite outgrowth. Nevertheless, neurite outgrowth was longer than 

immobilised BDNF but shorter than immobilised NGF. Other research has found that 

using other strategies to deliver neurotrophins also encouraged the growth of long 

neurites [61], [129], [130], [291], however, they were not as long as the ones promoted 

by NH2
+ + Heparin + Immobilised NGF 1 ng/mL within 7 days. This analysis gave 

confidence to scale up this bioactive surface onto PCL electrospun fibres. 

PCL electrospun fibres have shown to support guided neurite outgrowth and Schwann 

cell migration as they function as a topographical cue [105].  PCL is a biodegradable 

polyester, with good biocompatibility which has been used for numerous medical 

applications [108], [214]. Moreover, PCL nanofibers are commercially available for 

biomedical applications [108].  Therefore, PCL electrospun scaffolds were an ideal 

candidate to scale up the bioactive surface.  
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To scale up the bioactive surface, plasma deposition was the technique chosen to add 

NH2
+ onto the PCL electrospun scaffolds. Plasma deposition is a solvent free, waste 

free and fast reaction technique that functionalises a surface without altering the bulk 

properties of the material [187]. Allylamine plasma deposition was performed to add 

NH2
+ on the PCL electrospun scaffolds. Then, heparin was bound by electrostatic 

interactions to NH2
+. After, NGF, BDNF and a combination of NGF plus BDNF were 

immobilised to the surface. Interestingly, pore width/ratio changed significantly after 

allylamine plasma deposition. Hence, it was hypothesised that surface roughness and 

the chemical cue (NH2
+ and heparin) on the PCL fibres would change cell adherence. 

Crystal violet assay confirmed that significantly more cells adhered to PCL + NH2
+ 

and PCL + NH2
+ + Heparin in comparison to PCL. Therefore, a question was risen, 

whether the combination in roughness and chemical modification would elicit a 

different biological response regarding neurite outgrowth and Schwann cell migration.  

Additionally, the bioactive surface NH2
+ + Heparin was stored for 3 months at 4°C, 

21°C and 37°C. XPS analysis revealed that heparin was still present at the surface after 

3 months, which suggested that this bioactive surface might have a shelf life for future 

applications. To the best of this author’s knowledge there is no research regarding the 

shelf life of a delivery system and how it may impact its biological effects. It would 

be interesting to further explore this approach.  

Neurite outgrowth and Schwann cell migration were evaluated when DRG were 

cultured on PCL + NH2
+ + Heparin + Immobilised NGF, PCL + NH2

+ + Heparin + 

Immobilised BDNF and PCL + NH2
+ + Heparin + Immobilised NGF plus BDNF 

scaffolds. This study showed that PCL + NH2
+ + Heparin + Immobilised NGF 1 ng/mL 

encouraged the growth of the largest neurites (3041 µm) and longest Schwann cell 

migration (2718 µm). Moreover, PCL + NH2
+ + Heparin + Immobilised BDNF              

1 ng/mL stimulated neurite outgrowth of 1536 µm. Even though this value was not as 

high as the one from immobilised NGF 1 ng/mL, it was still an improvement because 

NH2
+ + Heparin + Immobilised BDNF 1 ng/mL on TCP promoted neurite outgrowth 

of 310 µm. Therefore, the bioactive surface with immobilised BDNF is a promising 

candidate for further testing and characterisation using other neuronal cells, such as 

motor neurons. In addition, PCL + NH2
+ + Heparin + Immobilised NGF plus BDNF 
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did not encourage sufficient neurite outgrowth. The reason for this might be that the 

combination of NGF with BDNF is not adequate, or that the concentrations used need 

to be different from each other, for example NGF 1 ng/mL and BDNF 10 ng/mL. 

However, it might be interesting to test this bioactive surface (with immobilised 

BDNF or immobilised NGF plus BDNF) using motor neurons due to the presence of 

more TrkB receptors on motor neurons as opposed to DRG sensory neurons. 

Moreover, a co-culture of sensory and motor neurons will be interesting to use to 

evaluate the effects of NGF and BDNF delivered simultaneously. Furthermore, these 

results also suggest that pore width/ratio changes might not have affected neurite 

outgrowth.   

There is a clear advantage when using the delivery system reported in this thesis when 

analysing the relationship between the amount of NGF loaded and neurite outgrowth. 

For the PCL + NH2
+ + Heparin + Immobilised NGF 1 ng/mL scaffold, neurite 

outgrowth was longer than results reported by other research groups [76], [79], [87], 

[275]. Hence, by immobilising relatively low concentrations of NGF on the bioactive 

surface, and by adding this bioactive surface onto PCL electrospun scaffolds, longer 

neurite outgrowth was achieved.  

Therefore, PCL + NH2
+ + Heparin + Immobilised NGF 1 ng/mL scaffold and PCL + 

NH2
+ + Heparin + Immobilised BDNF scaffold are promising approaches to improve 

the performance of current NGCs to assist nerve repair.  
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Chapter 10 Conclusion and future work  

 

This thesis aimed to develop a scalable bioactive surface that encouraged neurite 

outgrowth using NH2
+, heparin and NGF, BDNF or a combination of NGF plus 

BDNF; and to identify the optimal concentration of NGF, BDNF or NGF plus BDNF 

to use to maximise neurite outgrowth. To accomplish these aims, four objectives were 

defined: (i) to fabricate and characterise the bioactive surface on tissue culture plastic; 

(ii) to evaluate the effects of the bioactive surface on neurite outgrowth of NG108-15 

neuronal cell and PC12 adh neuronal cells; (iii) to evaluate the effects of the bioactive 

surface on TCP on DRG outgrowth; and (iv) to fabricate and characterise the bioactive 

surface on PCL electrospun fibres; and to evaluate the effect of the bioactive surface 

on PCL on DRG outgrowth.   

The bioactive surface was firstly fabricated onto commercially available amine 

(NH2
+)-coated TCP 96 well plates, where heparin was bound to NH2

+, then, NGF, 

BDNF or NGF plus BDNF were immobilised to heparin by electrostatic interactions. 

XPS analysis and ELISA confirmed the successful fabrication of the bioactive surface, 

as they detected the presence of heparin, and NGF and BDNF respectively, on the 

surface. Afterward, NG108-15 neuronal cells and PC12 adh neuronal cells were 

seeded on the bioactive surfaces. Metabolic assay showed that the surfaces were not 

cytotoxic to the cells. Moreover, the potential of the bioactive surfaces to encourage 

neurite outgrowth was confirmed, as PC12 adh neuronal cells developed longer 

neurites when relatively low concentrations of growth factors were immobilised.  

The bioactive surfaces were then evaluated using DRG, as they are more biologically 

relevant model. Results from this experiment showed that DRG developed long 

neurites at relatively low concentrations of immobilised NGF or BDNF, suggesting 

that the use of bioactive surface immobilised with low concentration of NGF or BDNF 

were suitable candidates to scale up this approach to enhance NGCs.  
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The bioactive surface was incorporated onto PCL electrospun fibres. Allylamine 

plasma deposition was the technique used to add NH2
+ to the surface of the PCL 

electrospun fibres. Heparin was then bound to NH2
+ by electrostatic interactions. 

Furthermore, NGF, BDNF and NGF plus BDNF were immobilised on the surface by 

binding to heparin. XPS analysis and ELISA confirmed the successful fabrication of 

the bioactive surface on the PCL electrospun fibres. Furthermore, ELISA revealed the 

sustained delivery of NGF and BDNF for 21 days from the bioactive surface on the 

PCL fibres.  In addition, XPS analysis confirmed the presence of heparin on the 

bioactive surface after being stored for 3 months at 4°C and 21°C, suggesting that the 

bioactive surface has a storage life, which is encouraging for the translation of this 

bioactive surface to an NGC.  

Most importantly, DRG were cultured on the bioactive surface on PCL electrospun 

fibres. Neurite outgrowth and Schwann cell evaluation revealed that the bioactive 

surface PCL + NH2
+ + Heparin + Immobilised NGF 1 ng/mL stimulated the growth 

of longest neurites, as well as the longest Schwann cell migration length. Moreover, 

even if bioactive surfaces with immobilised BDNF did not encourage the growth of 

the longest neurites in this thesis, they are a promising approach to test with motor 

neurons. Nevertheless, the bioactive surfaces with immobilised NGF plus BDNF need 

to be investigated further, as these bioactive surfaces did not promote any significant 

neurite outgrowth.  

Future work could explore the use of the bioactive surface NH2
+ + Heparin + 

Immobilised NGF 1 ng/mL on PCL electrospun fibres, where these fibres would go 

inside the lumen of the NGC. This device could be tested on a rat sciatic nerve model 

and neurite formation, neurite length and myelination could be evaluated at the 

proximal, middle and distal stump. Furthermore, NH2
+ + Heparin + Immobilised 

BDNF on PCL electrospun fibres could be assessed using primary motor neurons, to 

observe if BDNF promotes significant neurite outgrowth. Also, a mixed model of 

motor and sensory neurons could be used to better assess the effects of immobilised 

NGF plus BDNF when delivered simultaneously. Moreover, the addition of other 

growth factors, such as GDNF and VEGF in combination with NGF, could be studied 

to assess further neurite outgrowth and angiogenesis.  Additionally, the bioactive 
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surface could be stored for 3 months at 4°C and 21°C, and then, evaluate any 

significant differences in neurite outgrowth from DRG compared to when the 

bioactive surface was not stored.   

Overall, the work presented in this thesis showed that bioactive surfaces, especially 

PCL+ NH2
+ + Heparin + Immobilised NGF 1 ng/mL, encouraged neurite outgrowth 

on DRG using a relatively low concentration of neurotrophin, making this approach 

directly applicable and scalable for enhancing the performance of current NGCs.  
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Appendix 

 

Table 20. List of reagents used with information about supplier and catalogue number. 

Reagent/Product Abbreviation Brand/Supplier Catalogue no. 

Dulbecco’s Modified 

Eagle’s Medium 

DMEM Sigma, United Kingdom 6546 

Foetal bovine serum FBS Pan, Biotech P30-3033 

L-glutamine -- Sigma, United Kingdom G5792 

Penicillin-streptomycin P/S Sigma, United Kingdom P0781 

Amphotericin B -- Sigma, United Kingdom A2942 

MEM Eagle D-Valine -- USBiological Life 

Sciences, USA 

38210000 

N2 supplement N2 Invitrogen, United 

Kingdom 

17502001 

Bovine pituitary extract -- Invitrogen, United 

Kingdom 

02-104 

Forskolin -- Sigma, United Kingdom F3917 

Heparin sodium salt from 

porcine intestinal mucosa 

Heparin Sigma, United Kingdom H3393 

Phosphate buffered saline PBS Oxoid, United Kingdom BR0014G 

0.2 µm pore size filter 

(Filtropur S) 

-- Sarstedt AG & Co. KG, 

Germany 

83.1826.001 

Recombinant rat β-Nerve 

growth factor 

NGF R&D systems, United 

Kingdom 

556-NG/CF 

https://www.sigmaaldrich.com/GB/en/product/sigma/g5792?context=product
https://www.thermofisher.com/order/catalog/product/17502001
https://www.sigmaaldrich.com/GB/en/product/mm/02104?context=product
https://www.sigmaaldrich.com/GB/en/product/sigma/f3917?context=product
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Recombinant 

human/mouse/rat Brain 

derived neurotrophic factor 

BDNF R&D systems, United 

Kingdom 

248-BD/CF 

1 mL syringe -- Beckton Dickinson, United 

Kingdom 

309628 

20-gauge needle, 1 inch long -- Fisnar, USA 8001098 

NGF ELISA Kit (DuoSet 

Rat βNGF ) 

-- R&D systems, United 

Kingdom 

DY556 

BDNF ELISA Kit (DuoSet 

Human/Mouse BDNF) 

-- R&D systems, United 

Kingdom 

DY248 

DuoSet Ancillary reagent kit 

2 for ELISA 

-- R&D systems, United 

Kingdom 

DY008 

NG108-15 neuronal cell line -- ECACC, United Kingdom 88112302 

PC12 adh neuronal cell line -- ATCC, USA CRL-1721.1 

Trypsin/EDTA -- Sigma, United Kingdom T3924 

Dimethylsulfoxide DMSO Alfa Aesar, United 

Kingdom 

36480 

CellTiter 96® AQueous One 

Solution Cell Proliferation 

Assay 

-- Promega, United Kingdom G3580 

Formaldehyde FA Sigma-Aldrich, United 

Kingdom 

F8775 

Triton X-100 -- Fisher Scientific, United 

Kingdom 

BP151 

4′,6-diamidino-2-

phenylindole 

DAPI Sigma, United Kingdom D8417 
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Phalloidin–Tetramethyl 

rhodamine B isothiocyanate 

Phalloidin 

TRITC 

Sigma-Aldrich, United 

Kingdom 

P1951 

Human recombinant Tumor 

Necrosis Factor-α 

TNF- α Sigma, United Kingdom T6674 

Mouse anti-βIII tubulin 

monoclonal antibody 

-- Abcam, United Kingdom Ab7751 

Rabbit anti- S100-β 

polyclonal antibody 

-- Dako, USA Z5116 

Alexa Fluor 488 goat anti-

mouse 

-- Life technologies, USA A11001 

Alexa Fluor 546 goat anti-

rabbit 

- Life technologies, USA A11010 

Bovine serum albumin BSA Sigma, United Kingdom A7030 

Polycaprolactone PCL Aldrich, United Kingdom 440744 

Dichloromethane DCM Fisher Scientific, United 

Kingdom 

10127611 

Allylamine Aam Aldrich, United Kingdom 145831 

Crystal violet -- Sigma, United Kingdom C6158 

Ethanol -- Fisher Scientific, United 

Kingdom 

E/0600DF/17 

Acetic acid -- Fisher Scientific, United 

Kingdom 

A/0360/PB17 

Toluidine blue powder TBO Sigma-Aldrich, United 

Kingdom 

T3260 

Hydrochloric acid HCl Fisher Scientific, United 

Kingdom 

A481-2112 
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Sodium hydroxide NaOH Sigma-Aldrich, United 

Kingdom 

221455 

 

 

 

Figure 132. ELISA NGF calibration curve for the quantification of NGF. 
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Figure 133. ELISA BDNF calibration curve for the quantification of BDNF.  

 

 

 

Figure 134. Secondary antibody control groups A) DRG without secondary antibody, and B) 

DRG with secondary antibody. Scalebar= 200 μm.  
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Figure 135. Secondary antibody control groups A) PCL + NH2+ scaffold, and B) PCL + NH2+ 

+ Heparin + Immobilised BDNF scaffold. Scalebar= 500 μm. 

 

 


