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Abstract		

Sensorineural hearing loss (SNHL) can be caused by hair cell loss and 

spiral ganglion neurone (SGN) degeneration. Cochlear implants (CIs), the only 

means of restoring residual hearing to profoundly deaf people, stimulate 

possible preserved SGNs electrically. Thus, SGN degeneration dictates the 

efficacy of CIs. SGN degeneration reduces sensitivity and frequency 

selectivity. In addition, stimulation thresholds increase due to SGN 

degeneration consequently increasing power demands. The replacement of 

auditory neurones with proper functional spatial alignment is an important step 

in the attempt to restore auditory function.  

This study adopts a tissue-engineering approach. We examined the 

viability of polyvinylidene fluoride (PVDF) and polyvinylidene trifluoroethylene 

(P(VDF-TrFE)). P(VDF-TrFE) was chosen to add directional growth cues 

through electrospinning aligned microfibrous scaffolds. The effects of the 

scaffolds on the length and orientation of re-growing SGN neurites and glia 

were tested in vitro using primary murine cultures. Two methods of SGN 

preparation were compared; explants and dissociated cultures. Primary SGNs 

showed preferential affinity to P(VDF-TrFE) microfibres and the microfibrous 

scaffolds were found to promote aligned SGN neurite regrowth compared to 

glass coverslips.  

Subsequently, we doped the electrospun P(VDF-TrFE) microfibres with 

carbon nanotubes (CNT) to optimise the scaffold mechanically and electrically. 

The CNT addition was found to be biocompatible and promoted aligned SGN 
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neurite regrowth. The CNT doping enhanced the mechanical properties of the 

microfibres and improved scaffold handling. 

Moreover, the scaffolds could be biofunctionalized with neurone 

modulating drugs. Preliminary testing of gamma-secretase inhibitor 

(LY411575) showed promising regenerative effects on SGNs in vitro.  

In conclusion, electrospun aligned microfibrous P(VDF-TrFE)-CNT 

nanocomposite scaffolds can modulate glial and SGN neurite and axon 

organization in vitro. Combined with a specific protocol of electrical induction 

in the first weeks of implantation, the piezoelectric fibrous scaffold could 

significantly improve cochlear implantation results, frequency selectivity and 

minimize power demands. 
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Impact	Statement	

Over 300 million people across the globe, 60 million of whom are 

citizens in the EU, suffer from a disabling hearing loss. In severe cases, 

hearing can only be restored by surgically implanting a prosthesis called a 

cochlear implant (CI), which directly stimulates the auditory neurones. A 

bottleneck for optimal stimulation is the anatomical gap between the electrode 

array and the auditory neurones. This gap leads to overlapping of stimulating 

electrical fields from adjacent electrodes which results in several hundreds of 

neurones being stimulated simultaneously from one electrode. As a 

consequence, current CIs are limited in their frequency resolution, hence 

sound quality, and require signal amplification, hence high energy 

consumption. One of the main goals of this project is to determine ways to 

eliminate the anatomical gap between the intracochlear electrode array and 

the peripheral processes of the auditory neurones. 

The direct beneficiaries of this project are the auditory research field in 

academia and the cochlear implant industry beyond academia. The 

development of a gapless interface between the auditory nerve fibres and the 

electrode array will allow the development of the next generation auditory 

neuroprosthesis. After increasing the number of active channels and applying 

novel coding and signal shaping strategies a cost-efficient fully implantable 

neuroprosthesis with substantially increased sound quality becomes feasible 

for the first time. On the long term, the most important beneficiary will be the 

deaf patient and the public health sector.  
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Chapter	1:	Literature	Review		

1.1	Introduction		

The functionality of cochlear implants (CIs) and implantation outcomes 

depend on numerous factors. One of the most critical factors is the number 

and excitability of surviving spiral ganglion neurones (SGNs). The distance 

between the SGN peripheral endings (located in the bony axis of the inner ear) 

and the excitatory electrodes (inserted in the scala tympani) is a critical factor 

in determining implant performance. This gap may be decreased by attracting 

the SGN neurites towards the electrode contacts. Spatial separation and 

alignment of adjacent SGN peripheral neurites are key attributes to achieve 

functional SGN regeneration. The factors and challenges contributing to the 

neural regeneration process are addressed in this chapter, focusing 

specifically on auditory neural regeneration.  

This chapter begins by looking at basic auditory anatomy and physiology 

followed by the pathophysiology and impact of sensorineural hearing loss 

(SNHL) relevant to this study and how this body of work addresses this need. 

Consequently, factors affecting spiral ganglia development, degeneration and 

regeneration are discussed. The last section of the chapter examines neural 

tissue engineering. This includes a summary of scaffold fabrication 

techniques, with specific attention paid to electrospinning — the main 

fabrication technique that this thesis applies. 
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1.2	Hearing	loss:	Background		

1.2.1	Impact	and	clinical	need		

Hearing impairment is one of the most common and most influential 

disabilities worldwide [1, 2]. According to the World Health Organisation 

(WHO) estimates (2005), 278 million people live with disabling hearing 

impairment. Almost half are 60 years and above, therefore, these figures are 

expected to rise as a result of increasing life expectancy. Aging is not the only 

cause. Anywhere between 2 to 3 out of every 1000 are born deaf and 9 out of 

every 10 children of those are born to parents that hear normally [3]. 

The impact of hearing impairment in children is visible at both, individual 

and national level. It affects social life, psychological wellbeing and learning 

capabilities, dramatically. The specialised support services required for adults 

living with hearing impairment to function in the hearing world also comes at 

huge budgetary cost for which nationwide planning is required. Mohr et al 

conducted a study at John Hopkins to estimate the financial burden of severe 

to profound hearing impairment in America [4]. At the beginning of the new 

millennium, the societal cost of a patient suffering from severe hearing loss 

was estimated at $300,000 over his/her lifetime [5].  

1.2.2	Sensorineural	Hearing	Loss	(SNHL)		

Hearing loss is pathologically classified into four types; conductive, 

sensorineural, mixed and central hearing loss [6]. Each type is further 

classified into congenital or acquired depending on time of onset, or hereditary 

or environmental depending on causality [6]. The degree of hearing loss is 

classified into mild, moderate, severe and profound. Conductive loss arises 
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due to abnormalities in the outer and/or middle ear. SNHL occurs when there 

is damage to the auditory pathway at the level of the cochlea, spiral ganglion 

neurones (SGNs) and/or the auditory nerve (AN). Most cases of SNHL are 

thought to be due to loss of the mechanosensitive hair cells. Causes vary and 

can include but are not exclusive to: acoustic injury, trauma, drugs, infections, 

congenital origins and age-related degenerative changes known as 

presbycusis. In addition, many cases are idiopathic, i.e. where no cause can 

be identified. In mammals, mechanosensitive hair cell loss leads secondarily 

to irreversible SGN and AN degeneration [7, 8].  

Although hearing aids compensate well for conductive loss, they are of 

limited use in profound SNHL. Most cases of SNHL cannot be surgically nor 

medically corrected.   

Cochlear implantation is the current ‘golden standard’ for treating 

profound SNHL. CIs bypass the dysfunctional sensory hair cells and provide 

direct electrical stimulation to surviving SGNs. Hence, the efficacy of cochlear 

implant functionality is highly dependent on residual SGNs.  

Moreover, several diseases and lesions can affect SGNs and the AN 

primarily, causing profound to total deafness. Due to the retro-cochlear 

location of the defect, AN neuropathy is considered the first line of “central 

hearing loss”. Such conditions include surgery, trauma, tumours and auditory 

neuropathy [9]. Neurofibromatosis type II is the most common syndrome 

associated with primary AN neuropathy [9]. In contrast to cochlear SNHL, 

central hearing loss precludes the use of hearing aids and cochlear implants 

due to their dependency on a functional AN [10, 11]. Auditory brainstem 
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implants (ABI) are in some cases indicated for the treatment of central hearing 

loss. ABIs have a very strict patient profile due to the nature of the brain 

surgery required and result in variable outcomes [12, 13]. Therefore, there is 

a greater need for novel strategies to treat defective or lesioned SGNs and 

AN, especially of primary nature.  

1.2.3	Tonotopy		

Neurones at various levels in the auditory pathway are topographically 

arranged by their response to different frequencies. This organization, referred 

to as tonotopy, mirrors the distribution of receptors in the cochlea, with a 

gradient extending between neurones that preferentially respond to high 

frequencies and those that respond best to low frequencies. Many distinct 

functional areas in the auditory system show a tonotopic response gradient 

[14].  

This occurs at the level of the cochlea with exposure to sound causing 

graded changes along the basilar membrane (BM). Different regions of the 

basilar membrane in the organ of Corti (OoC), the sound-sensitive portion of 

the cochlea, vibrate at different sinusoidal frequencies due to variations in 

thickness and width along the length of the membrane. SGNs that transmit 

information from different regions of the basilar membrane therefore encode 

frequency tonotopically [15]. This tonotopy then projects through the 

vestibulocochlear nerve and associated midbrain structures to the primary 

auditory cortex via the auditory radiation pathway. Throughout this radiation, 

organisation is linear with relation to placement on the OoC, in accordance to 

the best frequency response of each neurone [16].  
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The topographic organisation of the auditory system reflects on the 

molecular level as well forming physiological gradients across sensory cells 

such as inner hair cells (IHCs), outer hair cells (OHCs) and SGNs isolated 

from different sections of the cochlea [14].  

SGNs display a gradient in morphology and physiology as one moves 

along the tonotopic axis of the cochlea. Firstly, SGNs vary in their size along 

the cochlea with neurones at the base displaying larger cell bodies and axon 

diameters, whilst those found in the apex are significantly smaller [17]. High 

frequency or basal SGNs are found to be positioned closer to their synapsing 

endings in the cochlear nucleus and apical neurones are found further away 

[17]. SGNs also show tonotopic differences in their electrophysiological 

properties. A comprehensive review on SGN morphology, membrane 

potentials, ionic channel composition, and function has been published by 

Rusznák et al (2009) [18]. Hearing requires that sound mediated activity, from 

either functional hair cells or a cochlear implant, is faithfully transmitted to the 

cochlear nucleus preserving its tonotopic fashion. This requires functional 

spatially organised connections represented by the SGNs. 

1.3	The	spiral	ganglion,	the	auditory	nerve	and	cochlear	glia	

	1.3.1	The	spiral	ganglion	(SG)	

SGNs are the primary sensory fibres of the auditory pathway. The 

auditory nerve refers to the collection of nerve fibres that carry afferent auditory 

input from the cochlea to the cochlear nucleus and efferent signalling back to 

the cochlea. SGNs are bipolar neurones with projections that run peripherally 
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towards the hair cells of the cochlea and centrally where they synapse onto 

the cochlear nucleus (Figure 1.1).  

SGN central processes form the majority of these auditory nerve fibres. 

The cell bodies exist as a bundle near the centre of the cochleae known as 

the spiral ganglion. SGNs comprise the afferent innervation in the AN carrying 

the signal to the cochlear nucleus. In humans the number of SGN present in 

the cochlea totals around 32,000 [19], but this number varies widely across 

species; for example the domestic cat possesses a mean of more than 50,000 

SGNs [19]. 

SGN cell soma are located in Rosenthal’s canal which also 

accommodates nerve fibres originating from the superior olivarly nucleus 

which provide the efferent innervation for the organ of Corti [20]. 
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Figure 1.1. The Peripheral Auditory System. A: Schematic of the gross 

anatomical features of the peripheral auditory system (adapted from 

Porter et al [21]. B: Schematic view of the cochlea and spiral ganglion 

cells. Upper panel shows a sagittal section of the cochlea with SGN 

bundles circled in grey. Lower panel shows the relationship between hair 

cells and SGNs. Inner hair cells (IHCs) are shown in grey, and are 

innervated by multiple type I SGN whilst conversely a single type II SGN 

may innervate many outer hair cells (OHCs), shown in white. (B) is 

adapted from Rusznák et al [18].  

Two populations of SGNs have been described; SGN type I and type II. 

The classification is informed by the somatic size, relative abundance, 

cytological traits and characteristics of central and peripheral processes (Table 

1.1)  [20, 22, 23]. SGN type I processes are relatively larger in diameters, are 

bipolar morphologically and are myelinated. They make up the majority of the 

afferent fibres, and account for 90% to 95% of the cochlear processes. SGN 

type II fibres that make up the remaining 5% to 10%, have smaller diameters 

and show a pseudo-monopolar morphology when cultured in vitro. 

Anatomically, SGN type I fibres form ribbon synapses with IHCs. Each single 

SGN type I innervates exclusively one IHC, however, each IHC is innervated 
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by multiple SGNs, up to thirty per cell. In contrast, single SGN type IIs 

innervate many OHCs [24]. 

Table 1.1 Comparison between type I and type II spiral ganglion 
neurone basic features. SGN: spiral ganglion neurone, IHC: inner hair 

cell, OHC: outer hair cell, AMPA: α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid, GABA: gamma-aminobutyric acid, EM: electron 

microscopy. 

A lot of uncertainty still remains regarding the full spectrum of SGN 

type II contribution to the hearing process in vivo. Upon robust characterisation 

of SGN type I, heterogeneity in physiological features and firing patterns are 

observed. It was speculated that tonotopy plays a major role, however the 

multifarious nature of the cell population suggested the existence of various 

distinct subtypes of type I afferent innervation.  

In a recent study, Petitpre and colleagues (2018) used single-cell RNA 

sequencing combined with RNAscope and immunostaining to characterise the 

Parameter Type I SGN Type II SGN Ref. 

Relative abundance/ 
Somatic size/ 
Morphology 

90-95% 
Large 
Bipolar 

5-10% 
Small 
Pseudomonopolar 

[25-29] 

 

Synapses/ main 
function 

One to two (at most 
five) IHCs (species 
dependant)/ 
IHC sensory innervation 

Three to twenty OHCs 
Contact supporting 
cells/ 
OHC afferent 
innervation 

[27-30] 

Neurotransmitters/ 
receptors 

Glutamate/ AMPA  Acetylcholine/ GABA [31-35] 

Nuclear features 
Pale nucleus (EM)/ 
Centrally located 

Dark lobulated 
nucleus (EM)/ 
Eccentrically located 

[36-38] 
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genetic profiles of both type I and type II SGNs. When the data were combined 

with the anatomical differential projection patterns at the inner hair cell level, 

three subtypes of type I SGNs were identified [39]. The genetic profiling data 

suggested that independent of sensory activity, the genetic determination of 

the different subgroups explains the large electrophysiological heterogeneity 

[39]. Determinable evidence for possible SGN type II subtypes is still lacking, 

largely due to the much lower yield and further work is needed. 

As CIs and ABIs are getting more advanced and their function depends 

on the function of the residual SGNs and AN fibres, the demand for residual 

hearing preservation and regeneration is paramount. In addition, proper robust 

pre-surgical assessment, including radiographic representation using 

magnetic resonance imaging (MRI), can improve the outcomes and guide the 

choice of proceeding with a CI or an ABI depending on the presence of 

auditory nerve aplasia or hypoplasia. This widens the patient profile for CIs 

while avoiding ABIs when possible to avoid the risks associated with 

craniotomy [19]. 

1.3.2	The	Auditory	Nerve	(AN)	and	Spiral	Ganglion	central	connections	

The SGN central fibres form the AN, also known as the cochlear nerve. 

The AN is one part of two that combine to form the VIIIth cranial nerve, the 

vestibulocochlear nerve. The VIIIth cranial nerve passes through the internal 

auditory canal to reach its destination at the cochlear nucleus ipsilateral to the 

brainstem medulla. 

The cochlear nuclear complex is comprised of two cranial nerve nuclei 

in the human brainstem, the ventral cochlear nucleus (VCN) and the dorsal 
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cochlear nucleus (DCN). The tonotopic organization is preserved in the 

cochlear nucleus (CN) after the branching of the nerve root; higher frequency 

regions of the cochlea synapse with the dorsal region of the VCN and the 

dorsal medial region of the DCN while lower frequency SGNs project to the 

ventrolateral regions of the VCN and lateral-ventral regions of the DCN (Figure 

1.2). All input received to the VCN comes from the cochlear nerve, while input 

into the DCN comes from both the AN and secondary projections from the 

VCN, hence the DCN is considered both a first and second order sensory 

nucleus in contrast to the VCN [40]. Auditory processing continues up route 

from the CN through the higher regions of the auditory brainstem to the 

auditory cortex. Jihyun Noh and colleagues’ review into tonotopic 

reorganisation of developing mammalian auditory brainstem circuits, is 

recommended for further reading [40]. 

The efferent innervation to the organ of Corti (OoC) originates in the 

olivary complex. Three major efferent fibre bundles exiting the CN has been 

identified; the ventral, the intermediate and dorsal acoustic stria [41]. Upon 

entering the cochlea, the efferent nerve fibres spiral along the length of the 

cochlea forming the intraganglionic spiral bundle (IGSB) [42]. These efferent 

neurones are divided into two main subgroups according to the locations of 

their cell bodies in the superior olivary complex [43]. 
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Figure 1.2 Schematic of afferent (A) and efferent (B) adult mammalian 
innervation patterns and SGN connections in the auditory brainstem. 
Cochlear tonotopic organisation is preserved in the auditory brainstem. In 

(A) Excitatory connections are shown in green and inhibitory connections 

are shown in red. (A) is adapted from [40] while (B) is adapted from [44]. 

AN, auditory nerve; CN, cochlear nucleus; HF, high frequency; LF, low 

frequency; IC, inferior colliculus; LOC, lateral olivocochlear bundle; MOC, 

medial olivocochlear bundle. 

1.3.3	Cochlear	glial	cells	

While glial cells were discovered in the mid 18th century, it was only in 

the last 3 decades that their crucial role in maintaining neural tissue 

homeostasis has been deciphered. Glial cells provide trophic and metabolic 

support to neurones, form and regulate synapses, and regulate neural firing 

through myelination [42]. In addition to their role in maintaining normal auditory 

function, cochlear glial cells influence pathological events such as 

inflammation, pain, neurodegeneration and glial scarring of the neural tissue 

[45-47].  

Every glial cell type is associated with different parts of the neurone or 

with different neuronal types [48]. In the central nervous system (CNS) the glial 

cell types are astrocytes, microglia, ependymal cells, and oligodendrocytes. In 

the peripheral nervous system (PNS), there are Schwann cells and satellite 

cells. In the cochlea, SGNs are tightly coupled to different types of glial cells 

that maintain the spiral ganglion structure (Figure 1.3). The SGNs are 

A B 
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considered unique since they lie on the crossline between the PNS and the 

CNS. Schwann cells (SCs) only myelinate the peripheral part of the auditory 

nerve while oligodendrocytes wrap up the central part [48]. 

1.3.3.1	Cochlear	Schwann	cells	

In the PNS, SCs myelinate both motor and sensory neurites. SCs 

originate from neural crest cells that migrate peripherally during development 

and give rise to SC precursors, that differentiate and mature embryonically 

[45, 47]. Postnatally, mature SCs wrap the neurites multiple times forming a 

myelin sheath and they cover almost their entire length. Myelin is essential for 

efficient and rapid propagation of action potentials. The nodes of Ranvier are 

gaps in the myelin sheath of a nerve, between adjacent SCs [45, 47].  

In the PNS, SCs are involved in neuronal survival, growth and 

regeneration both in vivo and in vitro. The neurite-growth promoting effect of 

SCs on nerve fibres is mediated by trophic factors and expression of 

extracellular matrix proteins. This effect is mainly mediated by immature 

mitotic cells that have not yet started the myelination process [49, 50]. After 

nerve damage, mature SCs can revert to a more de-differentiated state to 

support neurite growth and hence, have the potential for aiding neurite 

regeneration [50-53].  

In the adult cochlea, myelinating SCs wrap around type I SGN neurites 

(Figure 1.3, A). Non-myelinating SCs wrap type II neurites (Figure 1.3, B) [47, 

54]. Neuregulins (NRGs) are a family of growth factors that bind to ErbB2 

receptors, a family of ligand-activated tyrosine kinase receptors that are 

essential for the development of SCs and myelin formation in the cochlea. In 
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the cochlea, the primary source for NRGs are the SGNs and they have a 

mitogenic effect on SCs [55]. Conversely, SCs can produce NT3 and BDNF 

and provide trophic support to neurones along with neurotrophic support from 

hair cells and the cochlear nucleus [56, 57]. SCs and SGNs can provide trophic 

support to each other, indicating that their close association is essential for the 

normal function of the cochlea. SCs also have a guidance function in the 

cochlear innervation pattern. ErbB2 null mice do not have SCs in the PNS, 

and as a result there is aberrant migration of SGNs and aberrant projections 

of afferents into the organ of Corti; they also show a reduced number and 

disorganisation of efferent projections into the organ of Corti [58]. 

 

Figure 1.3 Schematic representation of peripheral glial cells in the 
cochlea. A) Myelinating SCs (purple) wrap around the entire length of type 

I SGNs (red) that innervate inner hair cells (IHCs). Type I SGN cell bodies 

are enveloped by satellite glial cells (green). B) Non-myelinating SCs (light 

blue) wrap around type II SGN neurites (yellow) that innervate outer hair 

cells (OHCs). The cell bodies of type II SGNs also are wrapped by satellite 

glial cells (green). Adapted from Locher and colleagues [47].  
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Any peripheral neural tissue engineering effort should focus and take 

special consideration of the SCs and the glia-neurone interactions [59]. The 

migration and formation of aligned SCs have to precede the infiltration of 

axons following nerve injuries.  

1.3.3.2	Spiral	ganglia	satellite	cells	(SGCs)	

Several satellite glial cells (SGCs) ensheath the neuronal cell bodies in 

the sensory ganglia therefore, they do not form contacts with one another. 

SGCs communicate between each other via a system involving purinergic 

receptors and gap junctions [60, 61]. The neuronal cell bodies and the SGCs, 

20 nm apart, form a functional unit. After the degeneration of type I SGN, 

SGCs respond by increasing their size (hypertrophy) and number 

(hyperplasia) [62].  

1.3.4	Spiral	ganglion	neurones	(SGNs)	degeneration		

SGN degeneration is an important component of SNHL. Acoustic and 

chemical insult along with a general age-related decline in the sensory hair 

cells in the inner ear are implicated as the main factors of SGN loss in humans. 

The mechanisms that contribute to the long-term survival of SGNs in the 

normal and the injured ear remain not fully understood. However, the 

prevailing view is that SGN survival depends on the on-going trophic support 

from the inner hair cells (IHCs) because observations on acquired SNHL 

animal models show that loss of IHCs after insult exposure occurs rapidly 

within the first two days of insult, whereas the effect on SGN survival is 

relatively delayed and follows within the first two weeks of IHC loss [63-65]. 

The fact that SGN loss locations correlate with IHC loss locations [66] and that 
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neurotrophic factor cochlear perfusion can prolong SGN survival for weeks to 

months after IHC loss [65] support the suggestion that much of this loss is a 

result of damage to hair cells [67]. Figure 1.4 shows the sources of trophic 

support SGNs require during development and maturation [57]. 

 

Figure 1.4 Sources of trophic support for spiral ganglion neurones. 
Inner hair cells (IHC) provide synaptic activity and stimulate membrane 

electrical activity. Neurotrophic factors (NTFs) are secreted by HCs, 

Schwann cells and the cochlear nucleus in addition to autocrine NTF 

production by SGNs. Taken from Hansen et al [57]. 

Recent work has shown that SGN numbers can be reduced significantly 

without loss of IHCs or OHCs and that SGNs can be maintained when IHC are 

selectively damaged, suggesting SGN loss is, or at least can be, an 

independent pathology in SNHL [68]. Another evidenced view is that the 

correlation between SGN loss and IHC loss arises because the cochlear 

insults typically affect the supporting cells, which provide trophic support to 

both HCs and SGNs [69].  

Furthermore, synaptic dysfunction is known to result in defects in SGN 

neural activity affecting their amplitudes and latencies causing hidden hearing 

loss (HLL), a variant of SNHL [70]. HLL is characterised by normal auditory 

thresholds but reduced auditory neuronal activation.  More recent work by 
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Corfas and colleagues (2017) sheds new light on the role of Schwann cells 

(SCs) in HHL. They investigated the consequences of SC ablation in the 

mature cochlea and found that transient SC loss resulted in a permanent 

auditory impairment characteristic of HHL even after robust SC regeneration 

and axonal remyelination [71]. 

In summary, SGN degeneration after cochlear insult proves to be 

multifactorial and involves; IHC injury and loss followed by SGN degeneration, 

[66, 72], organ of Corti supporting cell dysfunction followed by SGN loss [73, 

74], and/or the direct effects of the cochlear insult on SGNs [20, 75].  

1.4	Factors	that	regulate	SGN	development	and	function	

Embryonic studies showed that all inner ear sensory neurones are 

derived from the otocyst [76]. The peripheral auditory system, is a multi-level 

system that forms as a result of a coordinated package of neurotrophins and 

pre/post synaptic proteins acting in a reciprocal manner. Neurotrophins 

regulate SGN migration, survival, initial fibre growth to the organ of Corti, 

maintenance and modulation of synapses, and intrinsic firing features of SGNs 

therefore determining the input, transmission and output functions of a 

gradated SGN spiral.  

During development, this process is highly dependent on transcription 

factors such as Neurog1 [77], Neurod1[78, 79] and Prox1 among many others 

reviewed by Fritzsch et al [80]. Afferent innervation formation occurs between 

embryonic day 18 and birth with both SGN types innervating IHCs and OHCs. 

Up until P3, neurite refinement takes place and the spiral bundles become 

more evident. Neurite retraction and synapse pruning follow, and at P7 a more 
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adult-like innervation could start being observed with type I cells projecting to 

IHCs and type II to OHCs [81, 82]. SGN regulatory factors, during development 

through adulthood, have been reviewed by Campero et al, Fritzsch et al and 

Webber et al [80, 83, 84].  

The complexity of neurotrophin interactions in cochlear innervation 

pattern development is still not fully understood. However, two key ligands and 

high affinity neurotrophin receptors have been identified: brain derived 

neurotrophic factor (BDNF) and neurotrophin 3 (NT-3), and Ntrk2 and Ntrk3 

(formerly TrkB and TrkC) respectively [85, 86]. They are thought to play a 

major role in regulating molecular mechanisms of SGN function [85, 86]. 

Beyond the complexity in neurotrophin signalling lies another order of 

complexity of receptor intracellular signalling [87]. For example, Ntrk2 

activates at least two pathways, Shc and Plc-γ [88, 89]. The Shc pathway 

affects neuronal size and fibre out growth while the Plc-γ pathway affects 

neuronal guidance and pathfinding. Only combined blockage of both pathways 

causes neuronal loss [89].  

BDNF and NT-3 are both expressed in the mammalian inner ear and 

maintain a non- uniform distribution across the cochlear gradient. Both factors 

have a prominent effect on neural survival and general firing patterns of 

cultured SGNs [90]. The effects of both factors are dose dependent [91]. NT-

3 knockout mice lose their SGNs starting at P10 [92, 93]. NT-3 and BDNF 

seem to work in synergy and play important differential roles in fine-tuning the 

firing properties of SGNs [94]. When the effect of neurotrophins on SGN action 

potentials was investigated, BDNF reduced the action potential in SGNs from 
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the apical region, but had no effect on basal SGNs, while NT-3 increased the 

action potential duration of basal SGNs and had no effect on slowly adapting 

apical cells. It was suggested that BDNF and NT-3 gradients across the 

cochlear spiral are oppositely oriented because cultured neurones exposed to 

BDNF demonstrated typical characteristics of basal SGNs while cultures 

exposed to NT-3 displayed properties more representative of apical SGNs.  

Finally, experiments on double BDNF/NT-3 null mice showed that the 

effect of neurotrophin loss is not exclusive to the sensory neurones, but also 

affects the cochlear duct and hair cells. In the double knockouts, the SGNs do 

form, but never delaminate, and after two or more days of forming start to 

degenerate [95]. 

1.5	SGN	path-finding		

The bipolar SGNs delaminate from the developing cochlear duct and 

migrate to Rosenthal’s canal, from where they project peripheral fibres to 

innervate the organ of Corti and central axons to the cochlear nuclei preserving 

the tonotopical distribution on both sides. Overcoming the signal resolution 

barriers in neural prostheses, such as CIs, requires spatial control of the 

remaining and more over the regenerating neural elements. To rationally 

design materials that direct nerve growth, it is first necessary to determine 

pathfinding behaviour of de novo neurite growth from prosthesis-relevant cells, 

i.e. SGNs in the case of CIs.  

Understanding axonal pathfinding bases has been a research focus for 

many decades. The traditional understanding of axonal pathfinding was based 

mainly on chemical signalling and chemotactic factors. However, growing 
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neurones interact mechanically with their environments through the exertion 

of forces as well [96, 97]. Substrate stiffness, surface topography, patterning 

of mechanical cues, to mention a few non-chemical factors among many, 

regulate axonal pathfinding and sometimes trump chemical effects  [96, 97]. 

Other physical factors, such as electromagnetism and temperature, seem to 

play a lesser role.  

The multitude of variables involved in regulating neurite pathfinding 

demonstrate one of the many challenges in the field. An additional challenge 

manifests itself due to the fact that pathfinding and regulation of growth related 

genes can differ between development and regeneration [98]. Moreover, 

differences in pathfinding regulation is apparent when the peripheral and 

central neurones are compared.  SGN axonal pathfinding is especially poorly 

understood compared to other neural tissues as it possesses extra challenges; 

SGNs express both central and peripheral features, and their spatial 

architecture is highly organised which is directly linked to their function through 

their tonotopic distribution. 

In summary, the function of the mammalian auditory system depends 

on two neurosensory tissues adjacent to each other; the organ of Corti with 

two types of sensory hair cells and associated supporting cells that allow 

sound of a specific frequency to generate localized hair cell activity, and the 

sensory neurones of the SG that transmit this localized electrical activity from 

hair cells to the second order sensory neurons in the cochlear nucleus for 

sound processing. This study focuses on the controlled regrowth and 
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regeneration of SGN cultures to enhance neural prostheses’ functionality 

through a tissue engineering approach. 

1.6	Neural	tissue	engineering	

Tissue Engineering is “an interdisciplinary field that applies the 

principles of engineering and life sciences towards the development of 

biological substitutes that restore, maintain, or improve tissue function or 

a whole organ” as Langer and Vacanti first coined and defined the term [99]. 

Tissue engineering works towards delivering biomimetic conditions to 

regenerate tissue and organs using a blend of materials, cells, and suitable 

biological signals and cues.   

Classically, the first step in tissue engineering is to provide the bio-

reacting conditions in vitro, and stimulate the tissue intended recipient’s own 

regenerative processes to restore and heal previously irreparable damage, in 

contrast to directly implanting mature tissue [100, 101]. For neural tissue 

engineering, the ideal scaffold would mimic the cellular micro-environment of 

the specific damaged neuronal tissue to the greatest extent with particular 

focus on the neurone and its axon; the main functional unit of the nervous 

system. 

 Section 1.7 reviews general principles and concepts in neural tissue 

engineering, weighs up neural scaffold fabricating options and techniques with 

in-depth focus on electrospinning. Then a comparison of different biomaterials 

commonly used in neural tissue engineering is provided in addition to 

biofunctionalisation options to design the ideal neural scaffold. 
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1.6.1	General	principles	and	concepts	

Nervous system injury and degeneration due to trauma, disease and 

aging are among the most vexing problems in modern medicine due to their 

very serious complications in combination with the lack of natural self-

recovery. The PNS was found to possess functional self-recovery 

mechanisms after insult, only if the gap between the severed ends of the 

injured nerve is small. Nonetheless, this self-healing potential is highly likely 

to fail especially with the aging population due to intrinsically decreasing 

regenerative capabilities. Large injury gaps, more than 3 centimetres, require 

filing the gap. Previously, many materials have been used such as autologous 

grafts, bone, adipose sheets and metallic cylinders. Limitations such as donor 

site morbidity and autograft scarcity, complex surgical interventions, immune-

reactivity and rejection against new tissue or conduit material remained a 

challenge [102, 103]. Despite that, autologous nerve grafts are still the ‘golden 

standard’ of management. Thus, in the last couple of decades, tissue 

engineering offered a new approach, to fabricate scaffolds and neural conduits 

to fill in the gap while addressing the historical limitations specific for nerve 

tissue as an alternative to autografts [104].  

 After severe insult to peripheral nerves, within the first three days, the 

distal axonal segments collapse [105, 106]. Wallerian degeneration starts 

typically within few hours from injury. The process starts with the axons 

shedding the myelin sheaths which in turn degenerate while preserving the 

endoneurium [107]. The extracellular matrix (ECM) reacts by highly 

expressing fibronectins and several other ECM components, which induce 
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cellular responses [108]. Macrophages and local SC migrate to the injury site, 

clear the debris and proliferate to provide the injured site with the trophic 

support for the healing process [109, 110]. The migrating SCs exploit the 

topographical cues provided by the endoneurium and form tubular structures, 

bands of Büngner, that protect the endoneurium from late degeneration and 

guide the proximal axonal sprouts towards their target [111, 112]. For large 

gaps, SCs fall short in forming bands of Büngner and the endoneurium 

degenerates last [113]. Axonal re-growth can extend up to 5 mm/ 24h for large 

nerves and to about 1 mm/ 24h for small nerves [114].  

To faithfully mimic the in vivo neural environment, the ideal neural 

conduit should facilitate SC migration, colonization and proliferation [115, 116] 

in addition to the topographical guidance to form tubular structures similar to 

the bands of Büngner in the absence of the endoneurium [117]. Consequently, 

the SCs play their primary role through mechanical pulling on the neurones 

whilst migrating, providing the appropriate trophic support [118]. Brain derived 

neurotrophic factor (BDNF), cytokinins, insulin-like growth factor (ILF) and 

nerve growth factor (NGF) are mainly released by SCs to regulate the neuronal 

homeostasis during the regenerative healing process [119, 120]. SC support 

is integral to any proposed nerve conduit as previous studies on scaffolds that 

showed poor SC compatibility always resulted in poor neuronal regeneration 

[121]. 
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1.6.2	 The	 properties	 and	 design	 of	 the	 ideal	 nerve	 conduit	 for	 neural	

regeneration	

The ideal nerve conduit should be made from material compositions 

that provide the best biocompatibility to neurones and glia to promote 

adhesion, proliferation, differentiation, lowering the likelihood of degradation 

and compression and without inducing any inflammatory response [122]. 

Furthermore, the conduit should provide structural support to the cells and 

mimic the ECM by creating the appropriate microenvironment for the guidance 

of SC migration in a controlled directed manner to ultimately act as artificial 

bands of Büngner [123, 124]. Lastly, the repair materials should be easy to 

manufacture and store in accordance with surgical requirements [125, 126]. 

Recent studies focus on the combination of intricate material designs 

and desired biomolecules to create new composite constructs that can actively 

stimulate and guide neural regeneration. Cullen et al [127] and Hoffman-Kim 

et al [128] present an in depth review of development and implementation of 

tissue engineered three-dimensional neural constructs and bio-hybridized 

neural-electrical microsystems that represent the state of thenart neural 

regeneration and pathfinding bases.  

These materials with inherent guidance cues are fabricated in a number 

of ways, including magnetic polymer fibre alignment (electrospinning), 

injection moulding, phase separation, solid free-form fabrication, ink-jet 

polymer printing and more. Figure 1.5 describes the properties of the ideal 

nerve guidance construct for peripheral nerve regeneration. 
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Figure 1.5 Properties of an ideal nerve guidance channel. The desired 

physical properties of a nerve conduit include (clockwise from top left): a 

biodegradable and porous channel wall; the ability to deliver bioactive 

factors, such as growth factors; the in- corporation of support cells; an 

internal oriented matrix to support cell migration; intraluminal channels to 

mimic the structure of nerve fascicles; and electrical activity. Taken from 

Hudson et al (1999) [129].  

In order to fabricate and evaluate a biomaterial-based tissue 

engineered neural scaffold that possess the above mentioned ideal properties, 

a series of design decisions should be considered carefully. The starting point 

is the clear understanding of the aspired cellular response and how to evaluate 

it robustly. Then there needs to be a decision of the material choice that will 

promote the desired cellular response. The structure design comes next to 

cover all aspects of the desired response. In order to maximize the biomimicry 

of the native tissue ECM, the scaffolds should be functionalized with the 

necessary biomolecular cues specific to the regenerated tissue. Next, the in 

vitro bioreactor conditions to stimulate the regenerative process prior to 



 46 

implantation is closely considered. Ramakrishna and colleagues describe the 

design process for electrospun nano/microfibrous scaffolds in Figure 1.6. 

 

Figure 1.6 The schematic of the design of tissue engineered nerve 
scaffold using electrospinning. Taken from Ramakrishna et al (2016) 

[130]. 

Alignment of the re-growing axons in a controlled guided manner is of 

paramount importance in any attempt to regenerate peripheral nerve tissue, 

in contrast to the mimicking of the three dimensional neural structures any 

endeavour to tissue engineer central neural networks should employ [131]. In 

order to induce alignment, different chemical, biological and topographical 

cues have been proposed. Hoffman-Kim and colleagues summarise 

commonly used approaches to induce neural alignment in vitro in Figure 1.7.  

 Native neural tissue extracellular proteins form a network of fibres 50 to 

500 nm in diameter. The neural tissue cells are two orders of magnitude larger 

than the ECM fibres, so the cell interacts with multiple ECM fibres directly 

[132]. Among the alignment induction techniques, aligned fibrous scaffolds 

showed most consistent effects on aligning neurites. For neural regenerative 

purposes, two fibre fabrication methods have been investigated; 
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electrospinning and self-assembly. Electrospinning is much simpler and more 

versatile than self-assembly for fabricating fibres a few hundred nanometres 

to several micrometres in diameter resembling closely the native ECM 

dimensions and structure. On the other hand, self-assembly method limits the 

range of materials that could be used, is relatively very expensive, and 

produces fibres in the micro range [133]. 

 

 

 

Figure 1.7 Different topographies currently used in research to orient 
neuronal outgrowth in vitro. Some examples of anisotropic (left panel) 

and isotropic (right panel) topographies used as directional cues for neural 

path-finding research. Taken from Hoffman-Kim et al (2010) [128, 134].  
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1.7	Aims	and	objectives	

The aim of this translational PhD project is to engineer a piezoelectric 

scaffold to optimise the auditory neural-electrical interface. The scaffold is 

aspired to be biocompatible with the spiral ganglion and to promote SGN 

neurite outgrowth in a spatially organised fashion to form aligned channels. In 

order to achieve this aim, the following objectives were set: 

q Evaluate the biocompatibility of PVDF-based piezoelectric polymers with 

primary spiral ganglion cultures. 

q Fabricate, characterise and optimise piezoelectric microfibrous 

nanocomposite scaffolds with effective directional cues for SGN neurite 

outgrowth. 

q Optimise spiral ganglion in vitro culturing conditions including enzymatic 

dissociation protocols and coating reagents. 

q Development of automatic quantitative cell-counting and neurite tracing 

protocols for objective high-throughput analysis of immuno-stained spiral 

ganglion cultures. 

q Investigate the cellular response of SG primary cultures to the 

piezoelectric microfibrous nanocomposite scaffolds. 

q Screen for possible neural regenerative factors to serve as candidates to 

biofunctionalise the piezoelectric microfibrous nanocomposite scaffolds. 

This study is part of a bigger collaborative project that aims to design 

a fully implantable bionic cochlea. 
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Chapter	2:	General	methods	and	reagents		

2.1	Introduction	

 This chapter includes a description of the general methodologies 

common between experiments used throughout the thesis. Specific optimized 

experimental protocols are outlined in Chapter 4. 

2.1.1	Approaches	and	techniques	for	investigating	SGNs	in	vitro		

In vitro experiments, at best, provide only approximate indicators of the 

natural in vivo environment. Regarding SGN in vitro studies, caution is advised 

during interpretation of results across experimental conditions because of the 

large and rapid demise of ganglion cells. In vitro preparation is known to induce 

changes in electrophysiological properties, morphologies [135] and synaptic 

protein expression patterns [32] observed when compared to in vivo data.  

SGNs undergo a significant degree of differentiation before the onset 

of hearing. In terms of functional and morphological properties, SGNs show a 

clear age-dependence. Those alterations in size, numbers and myelination in 

turn have a significant impact on the applicability of various experimental 

techniques. Histological and in vitro techniques that have been used to 

investigate SGN cell biology, membrane properties, synaptic structure, nature 

of neural signalling and capacity for regeneration and plasticity are 

summarized in Table 2.1. 
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Table 2.1 Applications, advantages and limitations of histological and 
in vitro techniques used to investigate spiral ganglion neurones. 

Technique Application Advantages and Limitations Ref. 

Formaldehyde 
fixation 
followed by 
wax-
embedding 

Morphological 
studies 

• The bony nature of specimens makes 
desired thin section (�4 μm) rather difficult. 

• Specimens are less compliant to block. 
• Tend to hide epitopes of interest and needs 

epitope specific retrieval protocols. 
• Specimens prone to significant shrinkage 

distorting the tissue 

[17, 
136, 
137] 

Cochlear free 
floating 
preparation 

Morphological  
and Immuno-
histochemical 

studies 

• Better preserved morphology. 
• Shorter paraformaldehyde exposure. 
• 3D reconstruction of individual cells is 

possible. 

[137] 

Cochlear slice 
preparation 

Functional 
studies 

• Most accurate for functional studies without 
exposing the SGNs to mechanical or 
enzymatic treatment. 

[138] 

Molecular 
biology 
techniques 

Subunit 
composition of 
ionic channels 

• Most accurate for molecular investigation. 
[139, 
140] 

Organotypic 
and explant 
cultures 

Regenerative 
and plasticity 

studies 

• Specimens maintain the spiral architecture. 
• most comparable to the in vivo structure 

both in structure and function. 

[141, 

142] 

Dissociated 
culture: 
Mechanical & 
enzymatic 

Most 
commonly 
used for 

functional 
studies 

• Could be maintained for extended periods. 
• Myelin shredding makes it easier to conduct 

patch-clamp investigations. 
• Distorts morphology and shreds myelin 

significantly making discrimination of SGN 
types difficult. 

• Truncates both SGN processes resulting in 
lemon like appearance in fresh cultures. 

[27, 

137, 

143-

145] 
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2.2	Animals		

The present study was carried out on CD1 and C57BL6 mice of both 

sexes (postnatal day 4 to 6) reared at University College London. All 

procedures were carried out in accordance with the United Kingdom Animals 

(Scientific Procedures) Act of 1986, and were approved by the UCL Animal 

Ethics Committee. Animals were euthanized by cervical dislocation without 

anaesthesia. All cells and tissues used throughout the thesis were of primary 

origin.  

2.3	Media	and	Reagents		

Tissue explants and dissociated cells were routinely cultured for 72 

hours (unless specified otherwise) in Dulbecco’s modified eagle medium: 

nutrient-mixture F12 (DMEM/F12) supplemented with 10% foetal bovine 

serum (FBS), [2mM] L-Glutamine (Lifetech, UK), 1X N2 supplement (Lifetech, 

UK), 100 units/ml penicillin and 100μg/ml streptomycin (1% P/S) (Lifetech, 

UK). This media combination is referred to as Dissociation Media (DissM) 

throughout the thesis. DissM was stored at 4°C for 7 days maximum. On the 

same day of cellular culture, the pre-prepared DissM was further 

supplemented with 16 ng/ml Neurotrophin-3 (NT-3), 16 ng/ml Brain Derived 

Neurotrophic Factor (BDNF) and 100 ng/ml Leukaemia Inhibitory Factor (LIF). 

The factor supplemented DissM is referred to as Growth Factor Mix (GFM) 

throughout the thesis. Fresh GFM was made for each experiment and stored 

at 4°C for 3 days maximum, the typical culture time. Cultures were maintained 

at 37°C and 5% CO2/air. One media change was performed mid-culture 



 52 

typically after 36 hours. Table 2.2 describes the constituents of all media used 

throughout.  

 

Table 2.2 Media codes and their constituents used throughout the 
thesis 

The gamma-secretase inhibitor (GSI) LY411575 used in this study was 

obtained from Sigma, UK (Sigma SML0506). GFM was supplemented with 

either 10μM LY411575 in 0.1% DMSO or 0.1% DMSO alone for 48 hours with 

a single media change after 24 hours to replenish the drug. The proliferation 

assays in this study were run using the 647 EdU proliferation kit test (BD 

PharmingenTM, UK). The immune-labelling and click reaction were performed 
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according to the (BD PharmingenTM, 647 EdU proliferation kit protocol) and in 

the recommended doses. 

2.4	Dissection	procedure		

P5 mice were decapitated at the base of the foramen magnum using 

operating scissors (Figure 2.1). The heads were briefly rinsed in a dish 

containing 70% ethanol. After making a sagittal cut in the scalp all skin was 

removed. Using a clean pair of operating scissors, hemi-section of the cranium 

was performed through the foramen magnum. The brain was gently scooped 

out, dorsal to ventral, to expose and visualise the bullae. The temporal bone 

was detached carefully using operating scissors and placed in ice cold 

dissection media (DsecM), see table 2.2. Under a Zeiss stereoscopic 

microscope, using forceps, the bulla and surrounding tissue was removed 

from the petrous portion of the temporal bone. Then the cochleae were 

isolated and transferred to fresh ice cold DsecM. The body labyrinth was 

separated using forceps and removed from the basal end moving apically. The 

spiral ligament, stria vascularis and the organ of Corti were gently pulled off 

the modiolus starting at the hook region and unwinding it while moving apically 

and discarded. At that stage, using a micro sapphire blade, the modiolus was 

further dissected into apical, mid and basal portions. Each portion was further 

cut into 3-4 smaller mini- explants. Each mini-explant typically represented a 

quarter to a half turn. Mini-explants were transferred either for direct culture or 

dissociation prior to culture.  

Typically, 4 pups/ 8 cochleae were dissected collectively and the time 

taken for each part was as follows; from pup euthanasia to spiral ganglion 
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isolation was 60 minutes; sacrifice & hemi-section - 10 minutes, isolation of 6 

cochleae - 30 minutes, isolation of modiolus and spiral ganglion - 20 minutes. 

For the dissociated cultures; enzyme exposure was 40 minutes with additional 

5 minutes to terminate enzyme treatment. Gentle mechanical trituration with 

P1000 pipette was performed at 3 intervals during enzymatic treatment every 

10 minutes. Each interval consisted of 10 to 12 movements within 30-60 

seconds.  

 
Figure 2.1 Summary schematic of experimental methodology for 
primary spiral ganglion explant and dissociated culture preparations. 
After cochlear dissection and isolation (left panel), the modiolus is 

exposed and divided into mini explants (middle panel). Mini explants are 

transferred and cultured directly for the explant preparation. An extra step 

of enzymatic digestion is done prior to seeding the dissociated preparation 

(right panel). 

3.5	Dissociated	SGN	preparation		

Preparation of dissociated SGN cultures has been described previously 

and our method is partially adapted from Whitlon et al (2006) [29]. Cultures 

were prepared from P4-6 mice. Following the spiral ganglion dissection and 

isolation. Ganglia from opposite ears were divided equally and digested 

separately in the various enzymatic combinations used (refer to Media and 

Reagents) for 40 or 20 minutes at 37 ºC in 15 ml falcon tubes. Digestion was 
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ceased by addition of media containing 10% FBS. The digested tissue was 

mechanically dissociated using a P1000 pipette, triturating the cellular 

suspension 10-12 times every 10-15 minutes. The suspension was 

centrifuged at 2500 rpm for 5 minutes, the supernatant removed, and the cells 

re-suspended in GFM.  

The density of the cell suspension was measured for each falcon tube 

and the amount of cell suspension to be used was calculated to maintain a 

fixed seeding density of 5 to 7 X 104 cell/cm2, across experiments. 50 μl of the 

GFM was administered onto each sample. These were then incubated at 37 ºC 

and 5% CO2 levels for 2 hours to allow the cells to settle and adhere to the 

substrates. GFM was topped up to 200 μl and cultures were maintained at 

37 ºC and 5% CO2 levels for 3 days with GFM replaced after 36 hours.  

Trypan Blue TM and a glass haemocytometer were used to measure cell 

viability and density respectively. After resuspension of the cell pellet in GFM, 

the tube was flicked to ensure cells are evenly distributed.10 μl if cell 

suspension from the middle of the suspension was transferred to an 

Eppendorf tube containing 10 μl of Trypan Blue stain and mixed gently. The 

Trypan Blue TM treated cell suspension was applied to both chambers and 

allowed to be drawn by capillary action between the glass haemocytometer 

and the glass cover slip. Using a handy tally counter viable (unstained) and 

Trypan Blue TM stained cells were counted under a 10X objective lens of a light 

microscope. All sets of the 4 16-counter squares were counted. Cell viability 

estimates and viable cell density in suspension were calculated afterwards. 



 56 

2.6	Immunofluorescence	labelling	and	microscopic	imaging		

All samples were fixed in a solution of 4% paraformaldehyde in PBS for 

20-30 minutes at room temperature in a fume hood. Blocking and 

permeabilisation of samples was achieved by incubation with 10% goat serum 

and 0.1% Triton-X-100 in PBS for 40 minutes at room temperature. A range of 

primary antibodies were used to label samples: The mouse monoclonal 

neuronal class β III-Tubulin and mouse monoclonal anti-acetylated Tubulin 

antibodies were initially compared qualitatively as neuronal markers (Figure 

2.2). Rabbit polyclonal glial fibrillary acidic protein [GFAP] and rabbit anti-

S100B antibody were initially compared qualitatively as glial markers (Figure 

2.3). The mouse monoclonal neuronal class β III-Tubulin and Rabbit 

polyclonal [GFAP] were chosen to proceed with. Phalloidin was used as a 

morphology marker, and 4′,6- Diamidino-2-phenylindole dihydrochloride 

(DAPI) was used as a nuclear counterstain. All antibodies were obtained from 

Sigma and were used at a 1:1000 dilution overnight at 4 ºC.  

Primary antibody labelling was visualised using Alexa and Atto Fluor-

coupled secondary antibodies. Following three 5-minute washes in PBS, 

samples were incubated in secondary antibodies: goat-anti rabbit Alexa488 

(Invitrogen/UK) and goat anti-mouse Alexa555 (Invitrogen/UK) were used to 

visualise the primary antibodies and phalloidin-Alexa633 (Invitrogen/UK) was 

used to visualise actin. Secondary staining was carried at a 1:500 dilution for 

2 h at 28 ºC. The samples were then washed 3 times in PBS before being 

transferred and mounted on glass slides and sealed using coverslips and 

Fluoromount™. 
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Imaging was carried out using an inverted laser scanning confocal 

microscope (LSM510; Carl Zeiss Ltd.). Multichannel z-stacks were acquired 

for 3D scaffold cultures using sequential scanning with a frame average of 4 

and a z-step size of 2–2.3 μm (Plan-Apochromat 20x/0.8) for cellular counting 

and (Plan-Neofluar 10x/0.3) images for alignment assessment. Image 

processing and analysis were performed on images derived from each Z-stack 

series using either Zeiss LSM Image Browser, ImageJ or Volocity®. Images 

shown are maximum intensity projections of Z stacks unless stated otherwise.  

 
Figure 2.2 Anti-acetylated Tubulin (ActTub) and anti-βIII Tubulin 
staining of SGN cultures dissociated in 0.25% trypsin + 1mM 
collagenase A (left panel) and 0.25% trypsin alone (right panel). The 

mouse monoclonal neuronal class III β-Tubulin and mouse monoclonal 

anti-acetylated tubulin (ActTub) staining patterns were compared before 

choosing βIII Tubulin as the neural marker of choice to proceed with. 
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Figure 2.3 Glial fibrillary acidic protein (GFAP) and S100b staining 
SGN cultures dissociated in 0.25% trypsin + 1mM collagenase A. 
Rabbit polyclonal glial fibril lary acidic protein (GFAP) and rabbit anti-

S100b antibody (S100b) staining patterns were compared before choosing 

the GFAP as the glial marker of choice to proceed with. S100b is a majorly 

a nuclear marker. GFAP allows for good evaluation of cell morphology.  
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2.7	General	Analysis		

2.7.1	Measurement	of	SGN	survival	and	neurite	length	(manual	method)		

The βIII Tubulin positive cells with healthy nuclei were counted from the 

digital images to determine the SGN survival (Figure 2.4, A). The SGN survival 

on each polymer was expressed as relative survival to the number of SGNs 

on the different substrates. Neurite length was determined by measuring all 

processes from 5 randomly selected images from each slide using the “Simple 

Neurite Tracer” ImageJ plugin, an open-source Java-based image processing 

and analysis platform (Figure 2.4, B).  

2.7.2	Measurement	of	SGN	alignment	(manual	method)		

Neurite alignment was measured as a distribution of angles relative to 

reference plane of 10 μm neurite segments. All SGNs from 4 randomly 

selected images per sample were traced (minimum 70 segments/sample, 

maximum 450 segments/sample) and assessed in Volocity® software for each 

condition (Figure 2.4, C). The angle of each segment was calculated relative 

to the horizontal plane for glass coverslips and Alvetex® scaffolds and relative 

to top layer fibre alignment median for P(VDF-TrFE) films. All neurite angles 

were then binned in 10° segments from 10°- 90°.  

2.7.3	Statistical	analysis		

The experiments were conducted at least in triplicate. Each replication 

consisted of 4 independent samples of each material giving an n of 12 unless 

stated otherwise. The results were expressed as mean ± standard deviation 

unless stated otherwise. In vitro data were analysed using paired and unpaired 
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T-tests and one-way ANOVA with Tukey Pairwise Comparisons with 95% 

confidence using GraphPad™ Prism7. Polar histograms were generated using 

OriginPro V.8.51 ®. The results were considered statistically significant if 

p < 0.05.  

 

 

 

Figure 2.4 Representative images of data acquisition procedures. (A) 

DAPI counts were used for total cell counts (A, blue), while co-localisation 

of DAPI and βIII Tubulin (A, red) was used for SGN counts using ImageJ 

cell counter plugin (overlaid markings in (A): 2 represents the DAPI count 

and 8 represents the SGN count). (B) Neurite regrowth measurements 

were done by tracing all βIII Tubulin-positive projections using the ImageJ 

segmentation tool for neurite tracing (magenta lines in B). (C) Alignment 

measurements were assessed using Volocity® software. Each image was 

analysed layer by layer. Fibres and βIII Tubulin-positive projections were 

separated into 10 μm segments. The images used in (A) and (C) represent 

25% of one image size. Scale bars = 50 μm. 
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Chapter	3:	Material	development	and	characterisation	

3.1	Introduction	

Polymers are very versatile materials that can be electrospun into 

fibrous scaffolds which can mimic the extracellular matrix [146]. Depending 

upon the polymer solution mixture and the electrospinning parameters, fibre 

diameters in micro and nanofibrous meshes can range from a hundred 

nanometres up to several micrometres [147]. The micro and nanofibrous 

scaffolds’ large surface-to-volume and high aspect ratios provides necessary 

structural support for cellular adhesion and growth [148]. Earlier studies have 

shown that electrospun scaffolds can influence cell behaviour and 

morphology, in addition, electrically charged surfaces of such scaffolds 

influence growth of different cell types and enhancement of neural 

regeneration [149]. 

We have characterised polyvinylidene fluoride (PVDF) and 

polyvinylidene trifuoroethylene (P(VDF-TrFE)) based piezoelectric 

microfibrous scaffolds to evaluate their suitability as primary candidates. We 

started with optimizing the fabrication parameters and characterising the 

produced microfibrous scaffold electromechanically (chapter 2). In 

subsequent chapters, we evaluated the P(VDF-TrFE) nanocomposites 

scaffold’s neural affinity, biocompatibility and directional cues.  
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3.1.1	Electrospinning	for	neural	tissue	engineering	

3.1.1.1	The	electrospinning	setup	and	advantages	

The electrospinning setup varies depending on the level of complexity, 

however all electrospinning equipment consists mainly of a syringe pump, 

syringe, needle, a high-voltage power source and a collection apparatus 

(Figure 3.1) [150]. 

 

Figure 3.1 Schematic representation of the electrospinning setup 
basic components; syringe pump, syringe, needle, high-voltage power 

source and a collection plate for random fibre mesh (A) or a collection 

rotating drum for aligned fibre mesh (B). Taken from Yuan et al (2014) 

[151]. 

High-voltage electrospinning refers to the placing of a drop of liquid on 

the positive charge load while applying a negative charge at the other end of 

the device [152]. When the electric force applied on the droplet of liquid 

exceeds the surface tension, the droplet will get stretched and gets ejected 

towards the spray nozzle. The Taylor cone collects the charged droplets in the 

spray nozzle to form a conical structure [153]. Subsequently, the charged 

liquid begins to flow towards the negative charge applied on the collector plate 

forming fibres [154]. Compared to other microfibre techniques, electrospinning 

can successfully produce consistent fibres from a very wide range of materials 
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and composites and is able to form complex structures with relatively low costs 

to other fabrication techniques [155].  

Electrospinning is a simple and versatile technique for fabricating 

micro/nanofibres, single fibres, aligned meshes, and entangled 2D and 3D 

fibrillary structures. Electrospinning has been extensively used, and therefore 

improved, for various applications such as energy storage devices [156, 157], 

sensors [158] and biomedical applications [159-162]. To produce cellular 

culture platforms, electrospinning has been used extensively mainly due to its 

easy scalability in fabrication and the very high surface area-to-volume ratio of 

the fibres that are comparable to native ECM [163, 164]. In addition, the fibres 

exhibit mechanical stability with suitable porosity that limits scar infiltration 

while allowing for the diffusion of nutrients and waste in and out of the scaffold 

efficiently [165]. Those advantages are not straightforward to generate by 

other conventional bottom-up or top-down fabrication methods [131]. One 

additional advantage for electrospinning for producing scaffolds for neural 

regenerative purposes is that it allows for the incorporation of bioactive drugs 

such as nerve growth factor into the fibre structure [166, 167].  

By adjusting the electrical properties of the spinning process and 

collector device, it is possible to achieve a single fibre with multiple pores or a 

hollow fibre structure. This adds an extra layer of complexity, as it 

demonstrates the versatility electrospinning can offer [168]. Microporous fibres 

significantly increase the surface area-to-volume ratio and its advantages, 

however on the expense of mechanical stability [168]. 
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3.1.2	Biomaterials	for	neural	tissue	engineering	

The material choice is the first factor to consider. The material or 

composite must be biocompatible and have high enough mechanical strength 

and flexibility to comply with the nervous tissue and to be stable upon in vivo 

implantation [132, 169, 170]. 

3.1.2.1	Natural	versus	synthetic	biomaterials	

 Natural materials carry a specific appeal due to their innate capabilities 

and possession of biological recognition sites to react with cells for good 

adhesion and cellular infiltration and their resemblance to the native ECM 

[171]. One major drawback is their potential to induce unfavourable 

immunological reactions, especially if they were not purified and de-

immunized properly using enzymatic removal of the immunogenic non-helical 

telo-peptide loci on the materials [172-174]. The second drawback in using 

pure natural materials is their relatively weak mechanical robustness [130]. 

 The most common natural material found in neural fibrous scaffolds is 

collagen. Type I collagen-based nerve conduits such as Neuroflex™, 

NeuraGen®, NeuraWrap™, NeuroMatrix™ and NeuroMend™, have been 

approved by the US FDA for small gap, up to 3 cm, nerve injuries. Silk fibroin 

is a natural polymer that has been widely used for tissue engineering blood 

vessels, skin, bone, and ligaments [175-177]. For neural regeneration, studies 

showed that silk fibroin can promote neural attachment, proliferation and 

axonal sprouting and re-growth [178-180]. Other common natural materials 

used are fibrin/ fibronectin, chitosan and gelatine among others. 
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 A much broader span of synthetic biomaterials has also been explored 

to fabricate fibrous scaffolds for neural tissue engineering [181]. The range 

allows for robust tailoring in degradation profiles, control of mechanical 

strength, flexibility, porosity and microstructural properties to achieve optimal 

conditions for neural regeneration [182]. PLLA [183], PCL [184], poly(lactic-

co-glycolic acid) [133] and poly(3-hydroxybutyrate) [185, 186] are among the 

most commonly tested synthetic materials. In spite of the advantages that 

synthetic materials offer, the most significant limitation is the lack of biological 

cell recognition sites to enable and expedite native cellular interactions [132, 

169, 170]. The acidic degradation and potentially low solubility of synthetic 

metabolites remains a pivotal drawback [187-190].  Table 3.1 compares the 

most common natural and synthetic base materials used for neural 

regeneration [151, 191]. Fattahi and colleagues review is recommended for 

further reading into organic and inorganic biomaterials for neural interfaces 

[192]. 

In order to exploit the potential of synthetic materials, their limitations 

could be addressed through fabricating natural/synthetic composites [132], 

and/or surface modification and bio-functionalisation with adhesive proteins or 

growth factors incorporated in and/or on the fibres [112]. Gu and colleagues 

showed that the blending of PCL with chitosan reduced significantly the 

likelihood of inflammation induced by PCL [193]. Tang and colleagues 

combined multiple synthetic materials with silk fibroin and showed that the 

composite scaffolds accelerated axonal growth, upregulated the expression of 

N-caderin and achieved outcomes, in terms of functional nerve recovery, 
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similar to the gold standard of autografting. In another study, covalently 

coupling laminin to PLLA fibres enhanced attachment and neurite re-growth 

from PC12 cells [194]. Other research that mix the most common synthetic 

and natural materials, showed synergistic effects combining advantages of 

both materials [195, 196]. 

Table 3.1 The advantages and disadvantages of most common natural 
and synthetic biomaterials for electrospun fibrous scaffolds for 
neural tissue engineering. PCL: Poly(caprolactone), PEG: Poly(ethylene 

glycol), PGA: Poly(glycolic acid), PLA: Poly(lactic acid), PLGA: 

Poly(lactic-co-glycolic acid).Partially adapted and modified from Yuan et 

al 2014 [151]. 

3.1.2.2	The	role	of	electrical	conductivity	for	neural	tissue	engineering	

Other key characteristics in choosing the biomaterial for neural tissue 

engineering are the materials’ electrical properties and conductivity. This is in 

Biomaterial Advantages Disadvantages 

Collagen 
• Easy to obtain 
• Relatively nonimmunogenic 

• Easy to degrade 
• Weak mechanical strength 

Silk fibroin 
• High biocompatibility 
• Better mechanical strength than 

collagen 

• Conformation may change 
during processing 

Fibrin/ 
fibronectin 

• Promotes cell migration by forming 
pores in same direction 

• Weak mechanical strength 

Chitosan 
• Easy to obtain  
• pH-sensitive 

• Weak mechanical strength 

PLA, PGA,  
PLGA 

• Degradation product could be 
absorbed by the body 
• Excellent mechanical strength 
• Flexible degradation rate 

• Insoluble in many solvents 

PCL 
• Relatively good biocompatibility and 

mechanical strength 
• Very slow degradation rate in 

the body 

PEG 
• Resists protein adsorption and limits 

cell death after injury 
• Weaker mechanical strength 

than PLA/PLGA 
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order to mimic the anisotropic conduction of natural nerve tissue. In vivo, both 

CNS and PNS neurones are stimulated by the continuous application of 

bioelectricity. If the fibrous electrospun scaffold material is conductive, this can 

contribute to the neuronal functional regeneration [197]. Forciniti and 

colleagues demonstrated how bioelectrical stimulation of polypyrole (PPy), a 

conductive polymer, induced proliferation and attachment of Schwann cells 

[198].  

In another study, George and colleagues implanted conductive 

composite fibrous nerve conduits and demonstrated the significant effects of 

electrical cues to promote cell proliferation and axonal regeneration [199]. 

Additionally, the application of polyaniline (PANi)-incorporated 

nano/microfibrous scaffolds with the assistance of electrical stimulation, was 

found to support the nerve cell proliferation and neurite outgrowth – showing 

them to be suitable platforms for nerve tissue engineering [200, 201]. 

Biocompatible synthetic biomaterial polymers are generally non-

conductive and have poor electrical properties. Difficulties to improve 

conductivity of electrospinning polymer is a common and frustrating challenge 

[202]. Novel ideas are needed to face this issue. For example, the application 

of piezoelectric principles, such as adding zinc oxide in the rack nanowire 

scaffold, could lead to a greater generation of electricity due to the body-

bending twist it incorporates into the scaffold. This type of repair scaffold may 

not only stimulate Schwann cells and axonal orientation but also slow down 

the speed of target organ atrophy at the distal end of the target via electrical 

stimulation. This would additionally help to shorten recovery time after surgery. 
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Currently, the scaffolds used for nerve regeneration not only exert a supporting 

mechanical effect but also act as part of the existing tissue, which means that 

the repair material is an integral aspect of the patients and their recovery in 

terms of structure and function [130].  

3.2	Methods	

Initially in this work, poly(vinylidene fluoride–trifluoroethylene (PVDF) 

was used as the main polymer for pilot sterilization, coating and dissociation 

experiments. PVDF’s piezoelectric copolymer, poly(vinylidene fluoride–

trifluoroethylene) (P(VDF-TrFE)) (Figure 3.2) was then chosen to pursue all 

experiments represented in this thesis (unless specified elsewise) due to the 

more stable and permanent polarization of its dipole containing crystals 

without the prior processing through corona poling or mechanical stretching 

[203, 204]. 

 
Figure 3.2 Chemical structure of piezoelectric (A) PVDF and (B) co-
polymer P(VDF-TrFE) [205]. 

Chapter 3 describes the successful fabrication and characterization of 

aligned P(VDF-TrFE) fibres and scaffolds. Scaffold characterization 

represented in this chapter was conducted in collaboration with Dr. Mohamed 

Jomaa of the UCL Division of Surgery and Interventional Sciences. 
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3.2.1	 Electrospinning	 set	 up	 and	 P(VDF-TrFE)	 based	 nanocomposite	

scaffold	preparation		

Electrospinning was conducted using a custom-made setup similar to 

that previously described by Wang and colleagues [206, 207]. Polymer 

solution was prepared by dissolving 26 % (weight/volume) P(VDF-TrFE) 

powder in dimethylformamide (DMF)/acetone [60/40]. The polymer pumping 

speed was set at 1mL/hour. The 22-gauge needle-to-collector distance was 

fixed at 18 cm and the electrospinning box voltage was set at 15kV. Random 

electrospun fibres were collected on Superfrost™ glass slides placed on top 

of a grounded metal plate. Aligned fibres were collected using a fast-rotating 

drum and/or using two parallel metallic plates (Figure 3.3). All samples were 

kept in a chemical hood for 72 hours to ensure that solvents had evaporated 

before being used for cell culture or scaffold characterisation.   

For in vitro experiments, 9 mm circular glass coverslips were placed on 

top of the SuperfrostÔ glass slides prior to polymer electrospinning (Figure 

3.3. B and C). After sterilization by autoclave, the scaffolds were cut into 9 mm 

disks in a laminar flow hood, and transferred for cell culture. Alvetex® is a 

commercially available, highly porous polystyrene 3D scaffold engineered with 

a well-defined and uniform architecture into a 200-μm-thick porous membrane 

(Figure 3.4) [208, 209]. 
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Figure 3.3 Schematic of electrospinning process and alignment 
techniques. Using the electrospinning machine (A) aligned P(VDF-TrFE) 

scaffold fabrication was performed using fast-rotating drum method (B) 

and/or local electromagnetic field between two metallic plates upon 

deposition (C). Lower panel in (B) and (C) shows photos of alignment 

induction setups used in this study. 
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Figure 3.4 Electron microscopic images of substrates used in this 
study. Alvetex® (A), random mesh electrospun P(VDF-TrFE) mesh (B) 

and surface layer of aligned electrospun P(VDF-TrFE) film (C). Bar = 50 

μm. (A) was provided by ReproCELLTM owner of the Alvetex® brand. (B) 

and (C) were obtain on a SC500 (EMScope). 

Plasma functionalised multi-walled carbon nanotubes (MWCNT-

COOH-STD), batch number 8038) were provided by TaydaleTM with average 

diameters of 50 nm and average lengths of 10 to 20 µm. Two sonication steps 

were performed for dispersion of CNTs in the polymer solution prior to 

electrospinning the nanocomposite solution. First sonication using an 

ultrasonic processor (UP) for 5 minutes was performed in order to avoid 

breaking of the functionalized COOH layer and the CNT backbone. This was 

followed by sonication in an ultrasonic bath (UB) for 30 minutes in order to 

assure full dispersion of the f-MWCNT in the solvent before adding the polymer 

powder.  Subsequently, P(VDF-TrFE) was added to the dispersed MWCNT in 

DMF/ acetone [60/40 V/V] mixture solvent and mixed for 1 h using a 

mechanical agitator at 50 °C. To ensure reproducibility and avoid any 

sedimentation of the CNTs, polymer- nanocomposite solutions were 

electrospun within maximum 4 h of preparation.  
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3.2.2	Scaffold	characterisation	

3.2.2.1	P(VDF-TrFE)	fibre	morphology,	integrity,	topology	and	alignment	

The scanning electron microscope (SEM) enables the investigation of 

specimens with a resolution down to the nanometer scale. An electron beam 

is generated by an electron gun, accelerated at the desired energy. The 

electromagnetic lenses of the column permit to control the electron probe size, 

to focus it on the sample surface. The electron probe scans the sample surface 

using deflection coils. As a consequence, the magnification is simply defined 

as the ratio of the image width with the width of the scanned area. 

 Conventional SEM operates under vacuum and the specimen has to 

be electrically conductive. For insulators such as polymer-based materials, 

images may be distorted because of charge accumulation on the sample 

surface. The most classical solution is to coat the sample with a conductive 

layer. It is also possible to work on uncoated materials at low acceleration 

voltages – typically 1 kV – where there is naturally no charging effect. Using 

specific SEMs, it is also possible to use low vacuum conditions to eliminate 

the charges in excess. In that case, the gas molecules are ionized by the 

electron beams and compensate the charges at the sample surface [210].  

Electrospun piezoelectric fibres were deposited on a silicon substrate 

then the samples were mounted on aluminum stubs. Subsequently, samples 

were sputter-coated with gold using an SC500 (EMScope) for electrical 

conductance. Images of the gold-coated samples were obtained using a Supra 

35 Zeiss SEM (Figure 3.5). 
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Figure 3.5 Scanning electron microscopy (left panel) used to image 
gold-coated scaffold samples (right panel). The middle panel shows 

the gold sputter coating process. 

The fibre morphology and average fibre diameter were evaluated by 

scanning electron microscopy (SEM). The alignment of the microfibres and 

the average microfibre diameter were assessed and measured using 500X 

and 8KX magnified images respectively (Figure 3.6, A & B). For alignment 

assessment, 3 random images per sample, from 3 different scaffolds were 

measured using Volocity®. Using ImageJ software, the average fibre diameter 

was determined from the SEM images. The diameters of 100 fibres, chosen 

randomly from 4 random samples, were measured.  

3.2.2.2	Mechanical	testing	of	electrospun	piezoelectric	microfibrous	scaffolds	

The mechanical properties of microfibrous scaffolds can be 

characterised by conventional tensile mechanical testing [211, 212]. The 

macro-tensile properties of the aligned P(VDF-TrFE) scaffolds were assessed 

using an electromechanical tensile tester (Instron 5566, UK). The P(VDF-

TrFE) solution was electrospun for 45 minutes to achieve 100 μm thick 

scaffolds with fibres of average diameter of 1μm. Five scaffold sheets were 

fabricated. Next, 2 cm X 0.5 cm rectangles were cut from the middle of the 

scaffold sheets using scissors and a cardboard mask and the edges were 
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discarded. Sample thickness was confirmed using a mechanical thickness 

gauge. Samples were mounted between holders at a distance of 0.5 cm. 

Tensile testing was conducted at a rate of 5 mm per minute at room 

temperature (23°C). The Young’s modulus (in N/mm2) was measured by 

calculating the slope of each stress-strain curve in its elastic deformation zone.  

The Young’s modulus for 100 μm thick aligned P(VDF-TrFE) scaffolds, 

with an average diameter thickness of 1 μm mounted so the microfibres are 

parallel to the force applied, was 4.16 ± 0.2 N/mm2. 

3.2.2.3	Thermodynamic	stability	and	crystallinity	of	aligned	electrospun	P(VDF-TrFE)	

scaffolds	

Differential scanning calorimetry (Q2000 DSC TA instruments LLC) 

was used to characterise thermal properties of the fabricated scaffolds used 

in this thesis. The objective is to confirm thermodynamic stability of the 

scaffolds around body temperature and room temperature, to confirm the 

scaffold is thermally suitable for implantation and biological research 

respectively.  

The Curie melting temperature (Tm), melting temperature and their 

corresponding endothermic heat during heating and crystallisation 

temperature during cooling of aligned electrospun P(VDF-TrFE) scaffolds 

were determined. A heat-cool-heat temperature programming protocol was 

used in DSC experiments with a heating and cooling rate of 10 °C per minute 

in the range from 30 °C to +165 °C. 

Crystallinity of the scaffolds used in this project was characterised using 

Fourier Transform Infrared (FTIR) Spectroscopy and further confirmed using 
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X-ray Diffraction (XRD). Attenuated Total Reflectance (ATR) - FTIR 

spectroscopy was performed on PVDF and P(VDF-TrFE) scaffolds prepared 

by both casting and electrospinning fabricating methods. The spectra were 

obtained on a Jasco FT/IR 4200 Spectrometer equipped with a diamond 

attenuated total reflectance accessory (Diamond MIRacle ATR, Pike 

Technologies, US). Spectra were produced from an average of 32 scans at 4 

cm-1 resolution over a range of 700 cm−1 to 1500 cm−1 wave numbers. A 

background scan was performed prior to each sample measurement. 

X-ray diffraction (XRD) patterns of casted and fibrous electrospun 

P(VDF-TrFE) scaffolds were recorded on a Rigaku MiniFlex 600 (Rigaku, 

USA). As per the samples were irradiated with monochromatized Cu Kα 

(1.54056 Å) X-ray source. The operating voltage and current used were 40kV 

and 40mA, respectively. The samples were scanned in the 2-theta range 

between 3° - 40° with a scanning speed of 3° per minute. 

Based on the FTIR spectra, the β-phase content (F (β)) for the different 

P(VDF-TrFE) preparations, was calculated using the Equation 3.1.  
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Equation 3.1 β-phase content percentage calculation from ATR-FTIR 
spectra. F (β): relative mass fraction of the β –phase. Aα and A β: areas 

of peaks at 766 and 840 nm respectively. Kα and Kβ are the absorption 

coefficients at the respective wave number. cα and cβ reflect the degree 

of crystallinity of each phase. cβ=6.1x104 and cα=7.7x104 cm2/mol [213]. 
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3.2.2.4	Piezoelectric	characterisation	for	aligned	P(VDF-TrFE)	scaffolds	

Piezoresponse force microscopy (PFM) measurements of individual 

electrospun P(VDF-TrFE) nano/microfibres were performed on a gold-coated 

glass slide that was electrically grounded on the atomic force microscope’s 

stage, MFP3D-MFP AFM (Asylum Research, Santa Barbara, CA). A 

conductive AFM cantilever was used for the PFM measurements. First, a 

single nano/microfibre was scanned in the tapping mode. Consequently, 

single Frequency Piezo Force measurements were performed. Three random 

samples were chosen, and from those, three random fibres per sample were 

chosen for measurement. For each single fibre five different points were 

measured. 

3.3	Results	

3.3.1	Scaffold	characterisation	

3.3.1.1	P(VDF-TrFE)	fibre	morphology,	integrity,	topology	and	alignment		

The P(VDF-TrFE) fibres were uniform in morphology as observed by 

SEM (Figure 3.6, A & B). The average fibre diameter for aligned scaffolds was 

1.0 ± 0.2 μm and 1.1 ± 0.4 μm for random scaffolds. There was no statistical 

difference between 3 batches fabricated independently (Figure 3.11, D). 

Atomic force microscopy (AFM) imaging (Figure 3.6, C), using the tapping 

mode, confirmed the SEM results: good alignment of fibre with uniform 

diameter and the absence of defects and beads. A highly-magnified image of 

the fibres show the local topography of electrospun P(VDF-TrFE) fibres 

(Figure 3.6, D). 
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Figure 3.6 Representative SEM (A and B) and AFM (C and D) images 
of aligned P(VDF-TrFE) scaffolds. Low magnification SEM images (A) 

showed good alignment of fibre and uniform distribution of diameter. 

Absence of defects was clear from high magnification SEM images (B). 

Surface topography of single fibres was smooth as detected by AFM (D). 

Scale bars equals 20 μm in (A), 2 μm in (B) and shown on the AFM plot in 

(C & D). The pseudo colour scales represent the Z axis in (C & D). SEM: 

scanning electron microscopy, AFM: atomic force microscopy. 

3.3.1.2	P(VDF-TrFE)	scaffold	mechanical	testing		

To characterise the mechanical properties of the fibrous scaffolds, the 

mechanical properties of both the whole scaffold and the individual fibres 

should be precisely measured. For tissue engineering purposes, adequate 

mechanical properties of single fibres are important because the strength, 

integrity and surface properties of nano/microfibres are known to influence in 
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vitro cell behaviour affecting morphology, proliferation, cellular migration, 

adhesion and differentiation [214, 215]. The macro-tensile mechanical 

properties reflect the structural integrity, mechanical strength and stability of 

the scaffold; thus, it is very important to be matched to the intended application 

[215, 216].  

The Young’s modulus for 100 μm thick aligned P(VDF-TrFE) scaffolds, 

with an average diameter thickness of 1 μm mounted so the microfibres are 

parallel to the force applied, was 4.16 ± 0.2 N/mm2. 

Single nano/microfibre mechanical properties could be measured using 

an AFM-based nano-scale three-point bending technique and force 

spectroscopy analyses as described by Tan and colleagues [215], or AFM-

based nano-indentation [217]. The advantages and shortcomings of various 

mechanical characterisation methods for fibrous scaffolds are described by 

Ramakrishna and colleagues. Single nano/microfibre measurements were not 

obtained for the scaffolds and is planned for future work. 

3.3.1.3	 Differential	 Scanning	 Calorimetry	 (DSC)	 of	 aligned	 electrospun	 P(VDF-TrFE)	

scaffolds		

The electrospun microfibres exhibit an endothermic peak at 152.1 °C, 

and an exothermic peak at 112.6 °C, which correspond to the melting 

temperature and the crystallisation temperature, respectively (Figure 3.7).  
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Figure 3.7 Differential Scanning Calorimetry (DSC) thermograms for 
aligned electrospun P(VDF-TrFE) scaffolds. (A) Representative heating 

ramp, the Curie temperature at 121 °C and the melting temperature at 

152°C, (B) Representative cooling ramp, crystallisation temperature 

112°C. Scaffold thickness = 100 μm. n = 3. 

3.3.1.4	 Fourier	 Transform	 Infrared	 (FTIR)	 Spectroscopy	 and	 crystallinity	 testing	 for	

aligned	P(VDF-TrFE)	scaffolds		

The objective of the crystallinity testing is to confirm the existence and 

stability a percentage of the β-phase in the electrospun microfibres and to 

calculate the β-phase content as an indication on the number of polar dipoles 

in electrospun fibres. The α-phase–related bands in the spectra can be 

observed at 766, 1402, and 1432 cm-1 and the β-phase–related bands can 

be found at 840, and 1280 cm-1. The fraction of β-phase present in each 

sample was calculated from the absorption bands of α and β phases at 766 

and 840 cm-1, respectively [218] (Figure 3.8). 
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Figure 3.8 Fourier Transform Infrared (FTIR) Spectroscopy of PVDF 
and P(VDF-TrFE). (A) shows representative spectra for electrospun 

P(VDF-TrFE). (B) comparison of β-phase content percentage. Error bars 

= +(SD). n = 4. 

3.3.1.5	X-ray	Diffraction	(XRD)	crystallinity	testing	for	P(VDF-TrFE)	scaffolds		

The XRD spectra is related to the crystal structure of P(VDF-TrFE), and 

the peak intensity ratio indicates the relative α- and β-phase of the material. 

We found two obvious diffraction peaks at 2q = 18.5° and 2q = 19.6° 

corresponding to the reflections of the (020) plane of the α -phase and the 

(110) plane of the β -phase, respectively (Figure 2.9). The stability and 

dominance of the β-phase over the α-phase is evident in the results confirming 

the piezoelectric properties of the electrospun fibres. The slight shift between 

the casted and fibrous scaffolds shows the importance of electrospinning to 

improve this β- phase dominance. This data confirms the suitability of 

electrospinning as the chosen method of fabrication.  
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Figure 3.9 X-ray diffractograms of P(VDF-TrFE). Red: electrospun 

scaffold and Black: cast scaffold. n = 3. Graph shows representative 

sample samples. 

3.3.1.6	Piezoelectric	characterisation	for	aligned	P(VDF-TrFE)	scaffolds/	PFM		

The hysteresis loop is one of the most important tools to characterise 

piezoelectricity and ferroelectricity. The amplitude of the PFM vibration reflects 

the magnitude of the piezoelectric coefficient, while the PFM phase reflects 

the direction of the polar axis. The PFM phase responses reveal a clear 

hysteresis in the phase versus applied voltage. The phase of the PFM 

response signal is directly related to the direction of the electric polarization of 

the microscopic region of the surface monitored under the tip. Thus, the 

hysteretic switching of the response signal phase by 180° in response to a 

sweeping DC voltage is attributed to the switching of the direction of 

polarization of the P(VDF-TrFE) dipoles along the direction of the electric field. 
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Figure 3.10 Piezoresponse force microscopy (PFM) on single 
nanofibres. Amplitude-voltage butterfly loop (left panel) and phase-

voltage hysteresis loop (right panel) recorded for 200 nm P(VDF-TrFE) 

electrospun nanofibres. Representative of 45 points on 15 nanofibres from 

3 scaffolds. 

The observations of hysteretic phase switching and butterfly loops 

indicate that the P(VDF-TrFE) fibres possess ferroelectric and piezoelectric 

properties. The amplitude of the response signal in PFM is directly related to 

the local strain of the P(VDF-TrFE) fibre experienced by the PFM cantilever. 

The amplitude versus applied voltage curves are also hysteretic, and the 

shape of the loops strongly resemble the ‘‘butterfly loop’’ normally observed 

for piezoelectric materials (Figure 3.10).  

From the slope of the curves of piezoelectric amplitude we can 

calculate the real piezoelectric coefficient (d33) values for the measured fibre. 

The d33 value for 200 nm thick electrospun P(VDF-TrFE) fibre was calculated 

to be 52 ± 5 pm/V (Figure 3.10). The average fibre diameter used for in vitro 

studies throughout this thesis was ≈ 1 μm, with a calculated d33 value of 43 ± 

4 pm/V (Figures 3.11, D & 3.13, D).  

The PFM measurement of nano/microfibres has proven to be difficult in 

comparison to fixed cast sheets of materials due to the small scale and 
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possibility of movement of the fibre during measurement. The change in 

diameter is expected to affect the piezoelectric properties and d33 of the fibres, 

and the smaller the fibres are the bigger the effect. The improvement of d33 

with reducing the fibre diameter to an average of 200 nm can be explained by 

the effect of the substantial relative dimensional reduction which may lead to 

structural changes such as an increase in the electroactive phase, an 

improvement in crystallinity, reduction of possible defects in the surface, and 

the improvement of mechanical properties.  

3.3.2	 Using	 local	 electrical	 field	 between	 two	 metallic	 plates	 achieved	

better	alignment	and	more	consistent	nano/microfibres	

The parallel metallic plate method to induce alignment while 

electrospinning P(VDF- TrFE) (Figure 3.11, A) achieved better alignment and 

more consistent continuous fibres compared to using the fast rotating drum 

method (Figure 3.11, B). Moreover, the fast rotating drum method produced 

fibres with regular perpendicular angles to the alignment axis forming clusters 

and blobs when crossing fibres fused together (Figure 3.11, B, red arrows). 

This affected the overall alignment of the scaffolds compared to the parallel 

metallic plate method (Figure 3.11, C). The average diameter was more 

consistent with lower variance. Accordingly, the parallel metallic plate method 

was adopted to fabricate all scaffolds used for in vitro studies throughout this 

work.  
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Figure 3.11 The parallel metallic plate method to induce alignment 
while electrospinning P(VDF-TrFE) produced more consistent 
diameters and better alignment than the fast rotating drum method. 
(A) and (B) show representative bright field images of spun fibres. 

Perpendicular alignment to the main fibre axis was common using the fast 

rotating drum method (B) and fibres tended to fuse forming clusters (red 

arrows in B). Scale bars in (A) and (B) = 100 μm. (C) represents the 

histogram of fibre angle deviation from the median in 10-degree bins. (D) 

represents the histogram of average fibre diameters in 50 nm bins.  

3.3.3	 Doping	 P(VDF-TrFE)	 fibrous	 scaffolds	 with	 0.2%	 and	 0.4%	 CNT	

enhances	 tensile	 strength	 while	 preserving	 fibre	 alignment	 and	

piezoelectric	properties	

We sought to incorporate CNTs into the polymer to induce 

conformational changes and primarily to enhance mechanical stability of the 

electrospun scaffolds, improve piezoelectric properties of fibres and electrical 

properties for the composite fibres.  
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Due to the low weight/volume CNT concentrations used, and the 

difficulty in homogenously dispersing CNTs in the polymer solution, all fibres 

were electrospun within 4 hours on same day after mixing the polymer solution 

with CNT (Figure 3.12, A).  

CNT doped tensile measurements approached zero after the breaking 

point, but did not reach the zero level as a low percentage of fibres retained 

the elasticity of the original solution (Figure 3.13, B). 

Optical imaging showed that the doped fibres were intact at full length 

and continuous (Figure 3.12, B and C). Furthermore, AFM imaging of single 

fibres, showed more course features on the surface of the fibres, however they 

remained stable and did not break when the same electrospinning parameters 

were used.  

 

Figure 3.12 Aligned electrospun P(VDF-TrFE) fibrous scaffolds doped 
with 0.2% and 0.4% CNT are continuous and intact. A. CNT-P(VDF-

TrFE) nanocomposite polymer solution stable after 4 hours to mixing. B 

and C are representative bright field images for 0.2% and 0.4% CNT- 

P(VDF-TrFE) respectively. 

Doping the P(VDF-TrFE) electrospun fibrous scaffold with 0.2% and 

0.4% weight/ volume CNT, strengthened and stiffened the fibres. The tensile 

modulus increased from 240 ± 36 kPa for the pure scaffold to 411 ± 48 and 

565 ± 52 kPa for the 0.2% and 0.4% CNT-doped scaffolds respectively. The 
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increase in stiffness was evident from the representative stress-strain curves 

shown in (Figure 3.13, B). The measurements were conducted on 100 μm 

thick films.  

The effect of the CNT doping on alignment was minimal with more 

outliers due to the discrepancy between forces on P(VDF-TrFE) and dispersed 

CNTs during the electrospinning process. However, more than 80% of the 

fibres deviated a maximum of 20 degrees from the median in all three 

conditions compared (Figure 3.13, A).  

Having confirmed the anticipated improvement on tensile properties of 

the fibrous scaffold while preserving the alignment, the effects of CNT doping 

on the piezo and ferroelectric phase content were investigated using Fourier 

transform IR spectroscopy and further confirmed with x-ray diffraction. Three 

1000 nm fibres were chosen and measurements were conducted on 5 points 

along each fibre (Figure 3.13, D). 

As mentioned earlier, PVDF can crystalize in five different forms and is 

usually non-polar in its α phase. Its dipolar β phase is of our primary interest 

as it possesses the highest polarization per unit out of the five crystal types 

and collectively gives the polymer its piezoelectric characteristics. 
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Figure 3.13 Doping P(VDF-TrFE) fibrous scaffolds with 0.2% and 0.4% 
CNT preserves fibre alignment (A), enhances tensile strength (B), 
maintains β-phase content percentage (C) and improves the d33 
value. n = 4, ***: p < 0.001, values in (C) and (D) are means ± SEM.  

There are many ways to improve the β chain content in pure PVDF, 

one of which is doping the polymer with CNT. The β phase can also be 

obtained directly by synthesis of a co-polymer, as is the case with the P(VDF-

TrFE) co-polymer we used in this study. P(VDF-TrFE) has better crystallinity, 

higher remnant polarization and higher temperature stability to withstand the 

autoclaving process than PVDF. In addition, the electrification and stretching 

involved in the electrospinning process further induce the β phase content 

[219]. Accordingly, AFM measurements showed that doping with 0.2% and 

0.4% CNT, further improved the d33 and piezoelectric properties of the 

composite fibres. 
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3.4	Discussion	

3.4.1	The	advantages	of	P(PVDF-TrFE),	electrospinning,	and	CNT	doping	

Piezoelectric P(VDF-TrFE) nano/microfibres produced by 

electrospinning have been recently reported to have superior mechanical to 

electrical energy conversion ability for flexible self-powered devices, wearable 

sensors and transducers [158]. Electrospinning is advantageous to induce 

piezoelectric properties of the polymer solution by producing dipolar crystal 

structures without the need for secondary processing in comparison with other 

fabrication methods. 

Electrospinning uses high electrostatic voltage (15kV) to produce fibres 

with nanometre scale diameters. The high degree of extensional forces 

imparted on the nanocomposite-polymer jet during electrospinning risks the 

integrity and continuity of the fibres produced, especially that nanofibres are 

very fragile due to the small scale. If the molecular cohesion of the polymer 

solution was not sufficiently high, the liquid stream breaks up into droplets. 

This is process is called are electrospraying in contrast to electrospinning. 

Homogenous and stable dispersion of the CNTs in the polymer solution is 

crucial for avoiding differential exertional forces the solution jet stream to keep 

it intact. The dispersion state depends on the functionalization [220], type, 

solvent, sonication time [221], and volume fraction of nanoparticles [222]. We 

used functionalised MWCNT to improve the dispersion mechanism and 

reduce the risk of agglomeration which can ensures reproducibility of the 

electrospun fibres. In addition, functionalized CNTs have better 

biocompatibility and reduces CNT toxicity for biological applications. 
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Chapter	4:	Developed	and	adapted	methods	

4.1	Introduction	

In this chapter, the modified protocols for dissociating primary murine 

spiral ganglia are first presented.  The developed methods for coating the 

scaffolds is presented next. The automation of the total cell and neuronal 

counts and the automation of the neurite tracing protocol is followed by the 

validation of the automated protocols in comparison to the manual protocols 

described in chapter 3.  

4.2	Methods	

4.2.1	Dissociation	and	coating	protocols	optimization	

Three different enzymatic protocols were compared for dissociating 

primary spiral ganglia from P5 C57BL6 mice; 0.25% trypsin alone, 0.25% 

trypsin and 1mM Collagenase A, in addition to 0.25% trypsin, 1mM 

Collagenase A and 1mM Dispase (Table 4.1). Three enzymatic solution were 

tested at 20 and 40 minutes dissociation time. See section 3.5 for the 

dissociation method. 

Table 4.1 describes the constituents of the enzymatic solutions tested. 

All solutions were prepared according to protocol. All media, enzymes and 

reagents were purchased from Sigma/UK unless specified elsewise.  

Four experimental conditions were compared for coating optimisation: 

uncoated coverslips, PDL coated coverslips, uncoated and PDL coated 

electrospun P(VDF-TRFE) random fibrous mesh. Samples were qualitatively 

analysed for morphological preservation and quantitatively analysed for 
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cellular survival and adhesion. For morphological evaluation, all preparations 

were stained with phalloidin (for filamentous actin), βIII-Tubulin and DAPI. 

 

Table 4.1 Enzymatic combinations and their working concentration 
used throughout this work. 

4.2.2	Automation	of	total	and	neuronal	cell	count,	neurite	reconstruction	

and	tracing	protocols	

4.2.2.1	Automation	of	total	cell	count	protocol	

Counting cells is one corner-stone of high-throughput screens and 

quantitative cellular assays. Due to the manual counting procedure’s bias, 

subjectivity and time-consumption, we developed an automated method for 

quick and reliable counting of DAPI signal to reflect total cell count and βIII 

Tubulin-positive cell count to reflect SGN count. A series of pre-processing 
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steps were performed on the images to make them suitable for the automated 

method (Figure 4.1). The automated counts and two blind manual counts by 

two independent researchers using the ImageJ cell counter plugin were 

compared for validation. 

 First, a z-projection maximum intensity image was created from the 

DAPI channel. ImageJ’s smoothing filter was then applied 4 times prior to 

image thresholding. Without this step, the automatic method tended to 

overestimate the counts. Thresholding was performed on the image using the 

Huang filter on a dark background, creating an image mask. The mask is then 

processed using the Watershed binary tool. The latter step avoided 

underestimating the cell counts due to touching or overlapping DAPI signals. 

Lastly, the processed thresholded mask is run through the Analyse Particles 

plugin using the following predetermined parameters; size: 30 – 400, pixel unit: 

off, circularity: 0.20 – 1.00. The latter parameters were determined after a 

vigorous trial and error procedure. Figure 4.1 shows the flowchart for the pre-

processing and automatic counting of total cell counts. 
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Figure 4.1 Automated total cell counting protocol based on the DAPI 
channel. (A) shows a representative image of a pre-processed DAPI 

image. (B) shows the thresholded image using the Huang filter on a dark 

background. After applying the Watershed binary processing tool (C), the 

fused particles in (B) are detected and separated (red dotted boxes) to 

avoid underestimation. (D) shows the generated outlines from the 

automated process used for qualitative validation. The red arrow shows a 

nucleus that has not been counted due to size. (E) shows the summary of 

the data that is generated by the automated counting process. Scale bars 

in A through D = 100 μm. 
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4.2.2.2	 Automation	 of	 neuronal	 cell	 count	 and	 neurite	 tracing	 protocols	 using	

NeurphologyJ	software	package	

High-content screening methods capable of automatically quantifying 

neuronal morphologies such as soma number and size, neurite length, and 

neurite branching complexity are limited. Commercially available software 

capable of automatic quantification of neurite outgrowth has been used in 

recent high-content screening studies [223, 224], such tools are too expensive 

and are usually not openly available for user customization. 

A neurone typically consists of two main morphological structures, the 

round neuronal cell body (called soma) and the elongated neuronal 

protrusions (called neurites including the axon). To determine the efficacy of a 

particular neural tracing software package using high-content screening 

techniques, automatic quantification of several morphological features is 

necessary. These features include soma number, soma size, neurite length, 

and neurite branching. Manual methods are extremely time-consuming and 

are impractical for large datasets.  

For automating the SGN counts and neurite tracing in this study we 

used the NeurphologyJ software package. NeurphologyJ is implemented as a 

plugin to ImageJ. The algorithm of NeurphologyJ consists of five parts, one 

image enhancement part and four morphological quantification parts. The 

schematic flowchart of NeurphologyJ is shown in Figure 4.2, adapted from the 

developers of the plugin [225]. Shinn-Ying and colleagues developed and 

tested their plugin against the computer-aided manual tracing method 

NeuronJ and the ImageJ-based plugin method NeuriteTracer. Their results 
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reveal that the coefficient correlation between the estimated neurite lengths 

measured by NeurphologyJ and both standard methods was as high as 0.992 

[225]. NeurphologyJ can accurately measure neurite length, soma number, 

neurite attachment points, and neurite ending points from a single image. 

Table 4.2 presents a comparison between NeurphologyJ capabilities and 

other open-source neuronal tracing high-content screening software packages 

[225]. 

Table 4.2 Comparison between open-source neurite quantification 
software packages for quantifying large volume of 2D fluorescence 
images [225]. 

Image pre-processing was conducted in order to find the best fit 

parameters and to customise the use of NeurphologyJ plugin to be suitable 

and consistent with the data images acquired through-out this study. First a Z-

projection maximum intensity image was obtained for the βIII Tubulin channel 

image. Each image was de-speckled twice and then smoothed twice (Figure 

4.3, A). This pre-processing sequence was found to improve accuracy in 

Name Operation Mode 
Morphology 

Measurements 
Platform 

NeuronMetrics 
[226] 

Semi-automatic 
• Nerutie length 
• Soma number 
• Neurite complexity 

ImageJ 

NeuriteIQ [227] Automatic 
• Neurite length 
• Soma number and size 

Matlab 

Neurite Tracer 
[228] 

Automatic 
• Neurite length 
• Soma number and size 

ImageJ 

NeuronCtyo 
[229] 

Automatic 
• Neurite length and number 
• Soma number and size 
• Branching complexity 

Matlab 

NeurphologyJ 
[225] 

Automatic 

• Neurite length 
• Soma number and size 
• Neurite attachment points 
• Neurite ending points 

ImageJ 
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detecting the βIII Tubulin signal, because NeurphologyJ is very sensitive, and 

without this pre-processing, the software would consider fluctuations in the 

signal from one neurite as multiple neurites. Secondly, the NeurphologyJ 

interactive mode is launched, and the pre-processed imaged is selected. The 

interactive mode asks for the following four parameters from the user; 

(i) thresholding and contrast value including all neurites, (ii) thresholding and 

contrast value including all soma, (iii) the neurite width and (iv) the particle 

removal value. In order to avoid any subjectivity and bias while thresholding 

the data, all pre-processed images were further processed using the 

automated Huang filter for neurite thresholding (Figure 4.3, B) and using the 

automated Otsu filter for soma thresholding (Figure 4.3, C). The contrast 

settings generated by the NeurphologyJ plugin were used for each image. The 

value for the neurite width parameter used was fixed at 6 μm for consistency. 

Thirty images were chosen randomly, and the width of three random neurites 

per image were assessed. The mean width of the 90 neurites was calculated 

as 6.2 ± 0.5 μm. The particle remover value was fixed at 25. To obtain this 

value, the 30 random images were processed with particle values of 10,15, 

20, 25, 30. The setting of 25 showed the highest correlation between the 

manual and the automatic soma counts and therefore was fixed for all further 

data analysed. 
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Figure 4.2 The schematic flowchart of NeurphologyJ. NeurphologyJ 

consists of five parts, each part is highlighted by a specific colour. 

Arithmetic and logical operations are shown in <brackets> with logical 

operations capitalized. Adapted from Shinn-Ying Ho et al. 2011 [225]  
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Figure 4.3 Automation of SGN neurite-tracing using NeurphologyJ 
and soma counting using NeurphologyJ software package. (A) shows 

a representative processed βIII Tubulin channel data image run through 

NeurphologyJ interactive plugin. (B) shows the Huang filter thresholding 

for neurites while (C) shows the Otsu filter thresholding including all soma. 

After the plugin generates contrast levels from thresholded images, 

detected soma are counted and validated visually for confirmation (D). (E) 

and (F) shows results windows generated by the plugin showing somas 

and neurite tracing (black lines) respectively. Scale bars = 100 μm for all 

images. 
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4.3	Results	

4.3.1	Combination	of	 collagenase	A	and	Trypsin	 is	 required	 for	uniform	

enzymatic	digestion	of	primary	spiral	ganglia	from	C57BL6	mice	

Two different enzymatic protocols were initially compared for 

dissociating primary spiral ganglia from P5 C57BL6 mice; 0.25% trypsin alone 

or in combination with 1mM Collagenase A. The resulting cell populations 

were assessed by qualitative and quantitative evaluation of 

immunofluorescence images. Qualitatively, dissociating spiral ganglia in 

trypsin alone resulted areas of low, medium and high cell-density (Figure 4.4). 

Clumps of incompletely digested cells were observed in nearly all samples 

(Figure 4.4, C-D). GFAP-positive cells were observed across most of the 

sample while βIII Tubulin-positive cell bodies were found in clusters. βIII 

Tubulin-positive neurites projected out of the clusters (Figure 4.4, D). βIII 

Tubulin-positive cells were difficult to distinguish from each other. For the sake 

of simplicity, βIII Tubulin-positive cells will be referred to as SGNs and GFAP-

positive cells will be referred to as glia. 

The addition of collagenase A resulted in a more complete dissociation 

with cells more uniformly distributed across the samples. Rarely, small clusters 

of cells could still be observed. SGNs and glia were distributed evenly across 

all samples. Distances between SGN cell bodies were larger. In addition, the 

SGNs had a more obvious bipolar morphology in samples dissociated in 

trypsin and collagenase A (Figure 4.5, B).  Quantitatively, samples dissociated 

in trypsin alone resulted in significantly higher total cell counts after 3 days of 
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culture but with a greater standard deviation and variance across samples. 

However, no significant difference (p>0.05) was detected for SGN counts 

between both conditions (Figure 4.5, C-D). 

Sampling of the coverslips/ scaffolds was carried out in a random, blind, 

unbiased manner by collecting 5 images per coverslip/scaffold, starting with 

the centre, then north and moving clockwise in 90-degree increments. In the 

case of spiral ganglia that were dissociated in trypsin alone, atypical βIII 

Tubulin-positive cells were observed (Figure 4.6). Of these, three distinct 

morphologies were identified; multi-branched cells with enlarged cell bodies 

(Figure 4.6, A), multi-branched cells with a GFAP-positive mesh/web structure 

between branches (Figure 4.6, B) and neural-like cells, larger than adjacent 

SGNs. with multiple levels of branching (Figure 4.6, C). The latter only 

appeared very rarely in cultures dissociated in combination with 

collagenase A.  
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Figure 4.4 Signs of incomplete digestion when spiral ganglia are 
dissociated in 0.25% trypsin alone. Enzymatic digestion for 40 minutes 

at 37°C results in low (A), medium (B) and high (C) density areas. High 

density areas are seen around incompletely digested clumps of cells 

(white arrows). Non-dissociated βIII Tubulin positive cell bodies do not 

migrate, only neurites extend out of the clumps (dashed white circle). βIII 

Tubulin: neural-specific stain, S100b: glial-specific primarily nuclear stain, 

DAPI: 4',6-diamidino-2-phenylindole, nuclear counter-stain. Scale bars = 

100 μm.  
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Figure 4.5 The inclusion of collagenase A is required for achieving 
more and uniform digestion of murine primary SG. A. Confocal image 

of a medium-density region of primary SGN culture dissociated in 0.25% 

trypsin alone (Try only) B. Representative confocal image of primary SGN 

culture dissociated in 1mM collagenase A and 0.25% trypsin combined 

(Col/Try) C & D. Quantification of total cell and SGN number after 72 hours 

of culture on glass coverslips. Try only = 0.25% Trypsin, Col/Try = 

Collagenase A 1mM + 0.25% Trypsin, enzymatic digestion for 40 minutes 

at 37oC, **p < 0.01, n = 12 for each condition, values are means ± SD. 

βIII Tubulin: neural-specific stain, GFAP: Glial fibril lary acidic protein glial-

specific cytoplasmic stain, DAPI: nuclear counter-stain. Scale bars in A 

and B = 100 μm.  
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Figure 4.6 Large and extensively branched cells are more evident in 
primary SGN cultures dissociated in trypsin alone. Different 

morphologies are detected; multi-branched neurite-like structures 

extending from flat wide cytoplasmic cell soma (A, white arrows), giant 

neural-like cells with extensive GFAP positive mesh structure between the 

neurite-like branches (B), and large neural-like cells with up to 4 levels of 

branching. (C, white dashed square). Scale bars = 100 μm.  

4.3.2	Inclusion	of	dispase	reduces	the	time	needed	for	uniform	digestion	

of	primary	SG.		

In section 4.2.1 above, primary spiral ganglia cultures were dissociated 

in trypsin alone and in combination with collagenase A for 40 mins with 

mechanical trituration every 10 minutes (see Section 2.4). Six out of twenty 

experiments resulted in at least 20% to 50% trypan-blue positively stained 

cells indicating cells were compromised prior to cell seeding. The rest showed 

less than 10% trypan-blue positive cells. Those six experiments resulted in low 

counts and unhealthy-looking cell populations after 72 hours of culture due to 

the lengthy enzymatic process that is likely to be stressful on the cells. 

Reducing the dissociation time to 20 minutes, resulted in incomplete digestion 

and frequent clustering of cells using both of these protocols.  

Adding dispase to the combination, resulted in more effective 

dissociation and uniformly distributed cultures similar to those dissociated in 
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collagenase and trypsin but in 20 minutes rather than 40 minutes (Figure 4.7 

C, D). Accordingly, the reduction in the amount of mechanical trituration from 

4x to 2x (12 times repeats every 10 minutes) resulted in less than 5% of the 

cell population trypan-blue positive, which led to higher viability, therefore 

seeding more plates per cochlea, since the seeding density was fixed. The 

learning curve and repetition could have played a minor role in increased 

success rates that might have contributed to the percentage of failed 

experiments presented in Figure 4.5 in contrast to Figure 4.7. Accordingly, all 

further experiments were continued in combination with dispase. 
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Figure 4.7 The inclusion of dispase to collagenase A and trypsin 
reduces the dissociation time for primary SG cultures. A. Confocal 

image of incompletely dissociated spiral ganglia in 0.25% trypsin and 1mM 

collagenase A for 20 minutes. Epithelial membrane stil l intact holding the 

cells together in clusters. B. Representative confocal image of primary 

SGN culture dissociated in 1mM collagenase A and 0.25% trypsin in 

addition to dispase (Col/Try/Dis) C & D. Quantification of total cell and 

SGN number after 72 hours of culture on glass coverslips. n = 12 for each 

condition, values are mean ± SEM. E. Representative confocal image of a 

“stressed” culture of murine spiral ganglia dissociated in trypsin and 

collagenase A for 40 minutes. Many cells in the culture stained positively 

for both GFAP and βIII Tubulin showing in yellow (white arrows). βIII 

Tubulin: neural-specific stain, GFAP: Glial fibril lary acidic protein glial-

specific cytoplasmic stain, DAPI: nuclear counter-stain. Scale bars in A, 

B and E = 100 μm.  
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4.3.4	Coating	P(VDF-TrFE)	with	poly-D-Lysine	improves	cell	adhesion	and	

promotes	bi-polar	cellular	morphology	in	dissociated	SG	cultures.		

One of the aims of this project is to characterise and optimise a 

biocompatible material that can support and guide re-growing functional SGNs 

without affecting their survival and morphology. Polymers, like P(VDF-TrFE), 

possess a surface charge that makes the surface hydrophobic which in turn 

results in weak cell-surface adhesion and commonly provokes cell morphology 

alterations termed as ‘biofouling’. In an attempt to minimise and control 

biofouling of P(VDF-TrFE) surfaces, a coating agent poly-D-Lysine (PDL) was 

used.  

When cultured on uncoated coverslips, the supporting cells appeared 

smaller compared to those on PDL coated coverslips. On coated scaffolds, 

cells appeared to be more flattened (Figure 4.8, A-B). In both conditions, SGNs 

exhibited a bipolar morphology. On the coverslips with or without coating, 

there was no significant difference (p > 0.05) in total cell counts after 72 hours 

of culture (Figure 4.8, E).  

Uncoated P(VDF-TrFE) mesh provoked morphological changes in both 

βIII Tubulin-negative, and βIII Tubulin-positive cells. It appeared that in many 

cases βIII Tubulin-negative/ phalloidin-positive cells, representing the 

supporting cell population, were not able to flatten or spread and formed 

clumps (Figure 4.8, C, white arrows) surrounding multiple βIII Tubulin-positive 

cells. When P(VDF-TrFE) was coated with PDL, supporting cells flattened and 

SGNs retained their bipolar morphology. Total cell counts after 72 hours of 

culture were significantly higher on PDL coated P(VDF-TrFE) (p<0.05).  
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In these experiments, SGNs were found to extend regrown neurites for 

long distances over 72 hours of culture (Figure 4.9, dashed line). It appears 

that in some cases neurites connect with each other (Figure 4.9, arrow head). 

One possible explanation for this is that the neurites are growing along the 

P(VDF-TRFE) fibres.  

  
Figure 4.8 Coating P(VDF-TrFE) microfibres with poly-D-lysine (PDL) 
promotes spreading and flattening of primary SG cultures and reduce 
clumping of cells (white arrows). (A & B) Representative confocal 

images of primary SGN culture on uncoated and coated coverslips 

respectively. (C & D) Representative confocal images of primary SGN 

culture on uncoated and coated electrospun P(VDF-TrFE) microfibrous 

random mesh respectively. (E) Quantification of total cell number after 72 

hours of culture using the DAPI signal. (F) SEM image of electrospun 

P(VDF-TrFE) microfibrous random mesh. CS: Coverslip, PDL: poly-D-

lysine, w: with, w/o: without, n=3 for each condition, **p < 0.01, values are 

means ± SD. βIII Tubulin: neural-specific stain, phalloidin: F-actin stain, 

cytoplasmic, DAPI: nuclear counter-stain. Scale bars in A through D & F 

= 100 μm.  



 107 

  
 

Figure 4.9 Low magnification representative confocal image of 
primary SGN culture on PDL-coated electrospun P(VDF-TrFE) 
microfibrous random mesh. SGN axons (white arrows) re-grow and 

extend along P(VDF-TRFE) fibres and could reach continuous lengths in 

mill imetres (visual evaluation only) during 72 h of culture. White dashed 

line > 2mm. SGNs co-localize with P(VDF-TrFE) fibres and appear to 

connect with each other or show bifurcation (white arrow head). βIII 

Tubulin: neural-specific stain, phalloidin: F-actin stain, cytoplasmic, DAPI: 

nuclear counter-stain. Scale bar = 100 μm.  
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4.3.5	 Double-coating	with	 Cell-TAK™	 prior	 to	 SGN	 explant	 culture	 on	 a	

poly-D-Lysine	pre-coated	P(VDF-TrFE)	scaffolds	improves	adherence.		

In contrast to dissociated spiral ganglion cultures, PDL coating alone 

proved insufficient to adhere primary spiral ganglion explants from P5 C57BL6 

pups. The size and shape of the explant plays a role on the adhesion. After 

peeling off the basilar membrane and the organ of Corti from the spiral ganglia, 

each turn was further dissected into 4 quarters resulting in 8 to 10 mini-

explants per cochlea. The radial and central fibre endings were kept intact 

when possible. During media top up, after 1 to 2 hours of incubation in a small 

droplet (20 μl/explant), the slightest movement would cause shear pressure 

between the fibres causing the explant to float. Using larger explants and 

cutting off the fibres allowed them to settle down better. However, larger 

explants would result in excess need for more animal use and dissections. 

Another disadvantage would arise from increased crosslinking between 

regrown fibres which would make the later analysis more complicated. On the 

other hand, dissecting off the radial and central fibres from the roots increases 

the risk of damaging cell bodies in the intact spiral, which leads to excessive 

migration of glia and SGN cell bodies in culture and deforms the structure of 

the explant. This, in turn, would skew accurate measurement of neurite 

elongation.  

To overcome this issue while using quarter turn mini-explants, the 

addition of Cell-TAK™ as a supplementary adhesive agent was tested. Cell-

TAK™ is a natural adhesive formulated from polyphenolic proteins extracted 

from the marine mussel Mytilus edulis. It can be used in two methods; hand-
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spreading and adsorption. Depositing the mini-explant centre on a 5 μl droplet 

of Cell-TAK™, to prevent the explant from floating, on a pre-PDL coated 

surface, to aid the protruding fibres to adhere and grow to the surrounding of 

the droplet, resulted in most successful explant cultures on both glass 

coverslips (94.4%) and P(VDF-TrFE) microfibrous scaffolds (85.7%) (Figure 

4.10, D). Deposition of the explant on the 5 μl droplet of Cell-TAK™ was 

performed within 2 minutes before drying out. An explant culture was 

considered successful if the explant did not float, resisted 2 media changes 

and showed neurite outgrowth after 72 hours of culture. Experiments were 

considered to be failures if either found freely floating in media on the second 

day of culture and accordingly discarded during media change or after 72 

hours didn’t show any signs of neurite outgrowth. 
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Figure 4.10 Combined poly-D-lysine and Cell-TAK™ using the hand-
spreading method coating of glass coverslips and P(VDF-TrFE) 
electrospun scaffolds enhances adhesion of primary murine SGN 
explants. (A and B) Representative confocal images of successful SGN 

explants on glass coverslip and P(VDF-TrFE) respectively. Non-adhered 

explants were found floating in media. No neurite outgrowth was observed 

in non-adhered free floating explants as shown in (C). The combination of 

the two coating agents studied enhances adhesion and increases the 

success rate from (5-36.1%) to > (85.7-94.4%) as shown in (D). CS: 

Coverslip, PDL: poly-D-lysine, βIII Tubulin: neural-specific stain, GFAP: 

Glial fibril lary acidic protein, DAPI: nuclear counter-stain. Scale bars in A 

through C = 250 μm.  
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4.3.6	Validation	and	error	measurement	for	automatic	objective	total	and	

neuronal	 cell	 count	 protocols	 and	 neurite	 reconstruction	 and	 tracing	

protocols		

To evaluate the accuracy of the automated cell counting protocol, 

automated measurements were compared with the means of two independent 

blind manual counts using the cell counter plugin in ImageJ (refer to methods: 

section 2.6). The automated protocol produced cell counts that were highly 

correlated with manual counts (Pearson’s correlation coefficients R = 0.91, 

Figure 4.11, E) and the both automated and manual counts are not statistically 

different (p = 0.93). The maximum difference between the automated and 

manual counts was 17, with mean count of 342, i.e. a difference of less than 

5%.  

To evaluate the accuracy of NeurphologyJ, we compared manual 

neurite tracing results using the built-in ImageJ tool ‘Simple Neurite Tracer’ 

with those of NeurphologyJ. First, 30 random images were chosen across 

experiments and biological replicates. The random images were coded so that 

analysis could be performed ‘blind’.  The set of coded images were manually 

analysed by two researchers independently for total cell count, SGN count and 

neurite tracing using the ‘simple neurite tracer’ plugin in ImageJ. The data from 

the manual assessments were statistically compared with results generated 

automatically by NeurphologyJ using a paired two-tailed Student’s t-test. 
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Figure 4.11 Validation and error measurement for the cell counting 
protocol. (A) Example of thresholded image for the DAPI channel. (B) 

Representative image of manual counting procedure post- thresholding. 

The insert in (B) shows the Cell Counter window. (C) Automatically 

generated outlines of counted particles using the automated protocol. (D) 

Composite image of counted sample: Green channel: βIII Tubulin, 

Magenta channel: GFAP, Blue channel: DAPI, (E) Statistical analysis, 

n=30, Scale bar = 100 μm.  
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NeurphologyJ produced neurite tracings that were highly correlated 

with manual tracings (Pearson’s correlation coefficient R = 0.84, Figure 4.12, 

E) and the NeurphologyJ generated neurite tracings were not statistically 

different from manual tracings (p = 0.13).  

An extra advantage for using NeurphologyJ arose when neurite 

bundles were evident in the samples. Manually tracing bundles with neurites 

in close proximity to each other proved difficult using the ‘simple neurite tracer 

plugin’. The edge detection operation in the enhancement process allows 

NeurphologyJ to circumvent this issue.  

 One shortcoming was detected when using NeurphologyJ. When 

multiple soma were located in close proximity, the plugin tended to count them 

as one. This led to underestimation of soma counts which was evident in 

images that contained overlapping soma. When the lowest density images 

were selectively chosen, the automatic soma count was highly correlated with 

the manual count, however when the images were compared, the Pearson’s 

correlation coefficient dropped from R = 0.93 to R = 0.64 but was still 

statistically indistinguishable from counts manually obtained (p = 0.59) (Figure 

4.13, E). Accordingly, automated soma counts generated by NeurphologyJ 

were discarded, and the manual SGN counts were used across the study as 

they are more feasible to count and less time-consuming than total counts. In 

addition, the NeurphologyJ plugin generates quantitative data on the total 

soma area and the total signal (βIII Tubulin) area, which allows for more 

accurate comparisons of SGN quantification. This feature was used from 

section 5.7 onwards. 
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Figure 4.12 Validation and error measurement for SGN neurite tracing 
protocol using Interactive NeurphologyJ® Plugin. (A) NeurphologyJ 

generated neurite tracing image, (B) Image generated by manual neurite 

tracing procedure. (C) Image from automatic neurite tracing, soma and 

βIII Tubulin composite. (D) Composite image of measured sample: Green 

channel: βIII Tubulin, Magenta channel: GFAP, Blue channel: DAPI, (E) 

Statistical analysis, n=30, Scale bar = 100 	μm.	 
 



 115 

 
Figure 4.13 Validation and error measurement for SGN soma counting 
protocol using Interactive NeurphologyJ® plugin. (A) NeurphologyJ 

generated soma image, automated count gave a total of 116 soma. (B) 

Manual counting procedure, DAPI and βIII Tubulin composite used, 

manual count gave a total of 121 soma. The insert in (B) shows the manual 

cell counter window. (C) Soma and βIII Tubulin composite. (D) Composite 

image of counted sample: Green channel: βIII Tubulin, Magenta channel: 

GFAP, Blue channel: DAPI, (E) Statistical analysis, n=29, Scale bar = 100 

μm. 
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4.4	Discussion	

4.4.1	Optimisation	of	 enzymatic	digestion	protocols	 for	murine	primary	

spiral	ganglia	

 The initial work undertaken explored suitable SGN culturing techniques 

and coating reagents to develop a robust assay for evaluating the SGN 

response to and behaviour on P(VDF-TrFE). A review of the literature showed 

three distinct approaches for culturing SGNs; cochlear slice, 

organotypic/explant and dissociated cell culture preparations. Despite the fact 

that cochlear slice preparation provides the most physiologically 

representative in vitro model, it is not suitable for regenerative studies and the 

technical difficulties resulted in discarding this preparation method. Both 

explant/organotypic [230, 231] and dissociated preparations [50, 232] have 

been widely used. Investigating the molecular biology and physiology of 

auditory neurones customarily entails the examination of viable dissociated 

single cells. The dissociated cell culture model was adopted due to the wealth 

of research describing various conditions to optimize SGN survival and 

growth. In addition, it has the distinct technical advantage of allowing complete 

access to cell soma and full visualization of the neural and non-neural cells in 

culture allowing more complete analysis.  

Several methods are used to dissociate primary tissue into viable single 

cells. These include mechanical dissociation (e.g. meshing, trituration with a 

pipette/tip) [233, 234], enzymatic digestion [235], or a combination of both. 

Enzymes such as trypsin [236, 237], collagenase [238], dispase [238, 239], 
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hyaluronidase [235, 240], DNase [235, 240], and papain [238, 241], are 

commonly used for dissociation, either alone or in combination. The various 

dissociation methods largely differ in their yield of cells [242] and in the 

percentage of viable cells produced [243]. The produced cell mixtures (i.e. the 

cells and their surrounding solution) may differ in their dissociation quality i.e. 

the undissociated cell clumps, the extent of subcellular debris, and the amount 

of spilt nucleic acids [243]. To evaluate which enzyme or enzyme combination 

produces single cells of the highest dissociation quality from dissociated spiral 

ganglia, three different enzymatic combinations were tested. The standard 

trypan blue dye-exclusion method was used to evaluate cellular viability. 

Afterwards, the cell mixture was cultured for 3 days and the dissociation 

outcome was evaluated quantitatively and qualitatively for the presence of 

cellular clumps and debris, in addition to total cell numbers, neuronal survival, 

cellular morphology and density. 

The first step was to conclude on a suitable enzymatic combination for 

dissociating the spiral ganglia. Dissociation in trypsin, with and without 

collagenase were compared. We found that there was no statistical 

significance in SGN counts and viability when using either enzymatic 

solutions. Although the total cell counts, of all cell types, were significantly 

higher after ‘trypsin-only’ dissociation, the high standard deviation and 

variance across the samples could suggest that the increase in total cell 

numbers might be due to underestimation in calculating the seeding density 

as a result of incomplete dissociation which is consistent with other signs of 

incomplete digestion. For example, the plates dissociated using ‘trypsin-only’ 



 118 

solution contained numerous islands of relatively high cell-density as well as 

areas of relatively low cell-density. ‘Collagenase + trypsin’ dissociation 

solution provided a more homogenous cell-density. Consequently, the ‘trypsin-

only’ plates were divided into three categories: high, medium and low density. 

The images from these three areas were compared, however, it was difficult 

to distinguish and measure individual cells in the high-density plates of 

‘trypsin-only’ samples. The comparison demonstrated that SGN to total cell 

ratio increased in areas of low and medium densities. A possible explanation 

could be that in high-density areas, toxic metabolites concentrate quickly due 

to the cell aggregates formed. This highlights the importance of fixing the 

seeding density at the optimal level.  

Another undesirable finding in the ‘trypsin only’ samples was the growth 

of morphologically ambiguous ‘giant cells’. Those atypical cells stained 

positively for βIII Tubulin or GFAP or both. Trypsin has been shown to cleave 

surface proteins of cells and this can lead to histological and physiological 

alteration of cells [244]. However, when the same concentration and 

dissociation time was used in combination with collagenase A, those atypical 

cells were not detected. Proper characterisation of those atypical cells is 

needed to clarify their cellular origin. It could be that these are immune cells, 

such as macrophages that are reacting to the culture. Alternatively, they could 

be SGNs that are over reacting to the growth factor cocktail in the media. The 

cell clumps and cell debris were more common in cultures dissociated solely 

in trypsin, which increases the presence of damage-associated molecular 

patterns (DAMPs). DAMPs are host bio-molecules that alarm the innate 
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immune system and initiate a non-infectious inflammatory response, which 

might support the suggestion that those ‘giant’ cells might be of immune origin 

[245].  

Dispase possess mild proteolytic action and is especially useful for the 

isolation of primary cells. It dissociates fibroblast-like cells more efficiently than 

epithelial-like cells so it has also been used for differential isolation and culture 

applications [246].  

Adding dispase to the trypsin and collagenase A combination, resulted 

in complete dissociated and uniformly distributed cultures of primary spiral 

ganglia in 20 minutes. Decreasing the incubation time to the half, in addition 

to decreasing the mechanical trituration from 4 times to 2 times, once every 

10 minutes, resulted in higher cellular viability with less than 5% of the cells 

staining positive for trypan-blue. Consequently, more samples were cultured 

out of the same number of spiral ganglia digested with the addition of dispase. 

Subcellular debris and “giant-cells” were not evident in samples. In 

consistence with the 3Rs principle for animal use in research, the addition of 

dispase led to consistent cell dissociation and this led to more data generation 

from each animal used in all subsequent experiments.  

4.4.2	Optimisation	of	P(VDF-TrFE)	microfibrous	scaffolds	surface	coating	

for	murine	primary	spiral	ganglia	cultures	

The extracellular matrix provides support on which cell-to-cell and cell-

to-protein interaction can take place [247]. Appropriate cell-to-substrate 

adhesion is necessary in order for cells to secrete matrix proteins onto the 

growth surface. This layer of proteins acts as a connection between the cells 
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and the scaffold [248]. Although the type of material and the surface properties 

in general, such as coarseness and rigidity affect cell adhesion, adhesion 

molecules such as collagen, fibronectin, laminin, ornithine, and lysine among 

many others, aid and regulate cellular adhesion [249].  Polymer surfaces such 

as P(VDF-TrFE) possess a hydrophobic charge which results in cellular 

repulsion and weak adhesion in a process called “biofouling”. This makes it 

especially important to find a suitable coating agent for polymeric surfaces. 

Poly-D-lysine (PDL) forms a polycationic layer on surfaces to attract the 

polyanionic cell membranes [250]. We found that there was no significant 

difference in cell viability between PDL-coated and uncoated cover slips, 

however, a significant increase in cell density was detected after coating 

P(VDF-TrFE) with PDL. The effect of PDL-coating was most prominent when 

comparing uncoated and coated P(VDF-TrFE) samples from a qualitative 

standpoint. SGN cultures were able to adhere and spread on PDL-coated 

P(VDF-TrFE) while on the uncoated scaffolds, cells tended to aggregate 

distorting the SGN and glia morphologically. PDL-coated P(VDF-TrFE) 

preserved the desired bipolar SGN morphology and showed glial cells 

surrounding SGNs. This emphasizes that surface adhesion not only affects 

cell viability of SGNs but also neurite outgrowth. Accordingly, a conclusion is 

that coating P(VDF-TrFE) is of functional significance. 

In contrast to dissociated spiral ganglia cultures, PDL-coating alone 

proved insufficient to adhere primary spiral ganglia explants consistently. The 

size and shape of the explant might be playing a role on the adhesion. Since 

the radial and central fibres were kept intact when possible, the slightest 
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movement during media changes, would cause sheer pressure between the 

fibres resisting the adhesion. Using larger explants and cutting off the fibres 

allowed them to settle down better. However, larger explants would result in 

excess need for more animal use and dissections. Another disadvantage 

would arise from increased crosslinking between regrown fibres which would 

make the later analysis more complicated. On the other hand, dissecting off 

the radial and central fibres from the roots increases the risk of damaging cell 

bodies in the intact spiral, which leads to excessive migration of glia and SGN 

cell bodies in culture and deforms the structure of the explant. This in turn 

would skew accurate measurement of neurite elongation. To overcome this 

issue while using quarter turn mini-explants, the addition of Cell-TAK™ (see 

section 4.3.2) as an adjuvant or supplementary adhesive agent improved 

adhesion, and allowed neurite outgrowth from over 95% of explants.  

In addition, the adsorption method on the PDL pre-coated substrates, 

might disrupt the action of PDL. Using the hand-spreading method preserves 

the PDL function. In order to avoid the use of an extra adhesive agent, explants 

could be fixed to the surface of the substrate mechanically using a mesh or to 

be pinned down. The larger the explants are the easier to use mechanical 

stabilising methods.   
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Chapter	5:	Spiral	ganglion	in	vitro	primary	cell	culture	

5.1	Introduction		

In this chapter, the in vitro biocompatibility of P(VDF-TrFE) microfibrous 

scaffolds to support culture of primary spiral ganglia is investigated. The 

cellular responses to the scaffolds on neurite growth and alignment of regrown 

neurites is assessed next. The effects of doping the scaffolds with carbon 

nanotubes (CNTs) and treatment of primary SGN cultures with one of the 

gamma secretase inhibitor (GSI) family of drugs follows in the last section. 

5.1.1	Electrospun	fibrous	scaffolds	induce	cellular	responses	

Previous studies showed that the mechanical [251, 252], geometrical 

[253, 254], and chemical properties [255, 256] of electrospun fibre scaffolds 

can affect several different types of apparent cell behaviours and protein 

expression levels. The investigation of electrospun fibrous scaffolds for 

peripheral nerve regeneration and guidance became popular after it was 

reported that neuronal processes can follow the directionality of the underlying 

fibres [257-259]. 

The fibre diameter, morphology, compactness, porosity of the scaffold 

and orientation among many factors, induce specific cellular responses. The 

diameter and morphology of the fibres are affected by many parameters in the 

electrospinning set up such as, polymer concentration, solvent conductivity, 

viscosity, polymer molecular weight, flow rate through the Taylor cone, amino 

acid sequence, temperature, humidity, the applied voltage, the distance 

between the needle and the collector, among others [119]. For example, 



 123 

increasing the polymer flow rate and electric field, generates fibre diameter 

which increases up to a maximum of 2 μm. However, when the electric fields 

exceed 1.5 kVcm-1, the fibre’s diameter starts to decrease rather than increase 

[260]. Much work has been done on parameter research, however because 

each parameter effect is material and tissue/cell-specific, extra experiments 

should be carried out for the determination of the effects of any new polymer 

combination used, before incorporating drugs and proteins into the scaffolds 

[261]. 

 Cell proliferation, differentiation, migration and adhesion can be 

affected by the electrospun fibre’s diameter. Studies have shown that neural 

stem cell differentiation rate is higher on nanofibre mesh than on microfibres, 

and nano-aligned fibres provide cells the longest neurite extension, compared 

with micro-aligned fibres and random fibre meshes [260]. Many studies have 

been carried out to evaluate the effects of alignment of the fibres in comparison 

to random fibre meshes on cellular response [115, 262-264]. For example 

Schwann cell maturation was easier on aligned fibre sheets of 

poly(caprolactone) (PCL) than random meshes [117]. Also, dorsal root ganglia 

and primary motor neurones were able to grow and extend on aligned poly-L-

lactic acid (PLLA) nanofibre meshes in contrast to the random meshes [263, 

265]. In addition, the alignment has been found to affect the morphology of the 

re-growing neurones and neurite sprouting. Yang and colleagues cultured 

differentiated neural stem cells on PLLA aligned nanofibrous scaffolds which 

appeared to be bipolar and elongated with the fibre direction compared to 

much shorter and multiple neurite extension on the random meshes [266]. 
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The fibrous scaffolds can be used as platforms for studying the 

fundamental aspects of neurite outgrowth in both peripheral and central 

neurones. It is conceivable that, in principle, neurite directionality and synaptic 

connection could be designed de novo by the overall geometry of electrospun 

fibre scaffolds, especially that the cellular contact points are confined on the 

surface of a pseudo-one-dimensional (1D) structure which is the nanofibre 

[131]. 

5.1.2	 Bio-functionalisation	 of	 electrospun	 fibrous	 scaffolds	 for	 neural	

tissue	engineering	

 Bioactive agents, growth factors, adhesion anchoring biomolecules, 

can all be incorporated on or in the fibres. The simplest and most common 

method for incorporating molecular drugs into electrospun fibres is simple 

mixing with the polymer solution prior to electrospinning [194, 267-269]. The 

major disadvantage of this mixing procedure is that the blend formulation 

would usually result in severe burst release phenomenon [270, 271]. The other 

main disadvantage is the inability to mix the protein-based factors because the 

harsh solvent and electrospinning conditions denature the proteins and 

accordingly they lose their biological activity [272, 273]. For the delivery of 

proteins more complex methods are required.  

Other simple methods to incorporate molecular drugs, but not very 

suitable for delivering proteins include physical adsorption, emulsion 

electrospinning and plasma treatment among others. Physical adsorption is 

an easy method, were the fibrous scaffolds are dipped in aqueous solutions 

containing the proteins that attach by electrostatic forces [194, 274]. The 
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release of the active components cannot be controlled and the proteins are 

exposed on the surface which will interact undesirably and denature easily. 

On the other hand, emulsion electrospinning requires prior mixing and ultra-

sonication of the mixture which denatures the proteins [275]. Plasma treatment 

is a relatively cheap method used commonly to introduce functional groups at 

the surface of the fibres to improve adhesion and permeability of the scaffolds 

[130]. 

Several novel delivery technologies have been established in recent 

years to protect the bioactivity of drugs and proteins in and on fibrous scaffolds 

in addition to forming precise biomolecule gradients [132]. They include 

coaxial electrospinning, incorporation of nanoparticles or microspheres 

encapsulated drugs and proteins and covalent and affinity-based 

immobilization of drugs on fibres [151]. 

Coaxial spinning uses an improved electrospinning setup with a special 

needle including two small calibre tubes inside each other. Using two separate 

solutions, the entrapment of bioactive proteins in the core of the fibre, covered 

and protected with another co-polymer is possible [276, 277]. In addition, 

coaxial spinning allows for the formulation of a concentration gradient of 

neurotrophins and proteins to provide chemotactic cues for neurite growth. In 

a recent study, Handarmin and colleagues used coaxial electrospinning to 

fabricate a poly (ϵ-caprolactone)–poly (ethylene glycol) nanofibrous scaffold 

with an NGF concentration gradient, showing the effect of the chemotactic 

cues on neurones [278]. 
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Another method used to overcome the disadvantages of the burst effect 

associated with simple mixing and gain higher control over bioactive drug or 

protein release from the nanofibrous scaffolds is to incorporate the active 

components into nanoparticles and microspheres before electrospinning. In 

this method, drugs are first encapsulated into nanoparticles or microspheres 

which can protect proteins from direct contact with harsh environment, thus 

the bioactivity of proteins can be ensured. An addition advantage for this 

method is that it increases the half-life of the bioactive drugs which could be 

used in much lower concentrations because they cannot diffuse [279]. 

Neurotrophins play a crucial role in the development and maintenance 

of the nervous system, including promoting survival, proliferation, 

differentiation, axonal outgrowth and synaptogenesis as described in section 

1.5 [280]. In addition, neurotrophins play an important role in the tissue repair 

process and have been used extensively in the field of neural tissue 

engineering [281-284]. For example, NT-3 can help the differentiation of new 

neurones and the survival of motor neurones after injury [285]. In a recent 

study, NT-3 gradients were immobilized on poly-(2-hydroxyethyl-

methacrylate) scaffolds to promote the elongation of neurites from dorsal root 

ganglion (DRG) neurones, demonstrating its ability on the recovery of 

peripheral nerve injuries [286].  

Other growth factors used in the field of TE include ciliary neurotrophic 

factor (CNTF), fibroblast growth factor-2 (FGF-2), glial cell line-derived 

neurotrophic factor (GDNF), transforming growth factor-β (TGF-β) and 

leukemia inhibitory factor (LIF) [287]. ECM proteins, another choice for 
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biofunctionalisation, are regulated by the above factors. Common ECM 

proteins used consist of fibronectin (FN), laminin (LM), tenascin and 

thrombospondin.  

5.2	Methods	

See chapter 2 for scaffold preparation and chapter 3 for in vitro SGN 

culture methods. 

5.3	Results	

5.3.1	SGN	survival,	neurite	 length	and	branching	on	2D	glass	coverslips,	

aligned	electrospun	P(VDF-TrFE)	microfibrous	scaffolds	and	3D	Alvetex®	

scaffolds		

To compare differences in neurite behaviour on varied substrates with 

or without directional surface cues, dissociated spiral ganglia were cultured on 

2D glass coverslips, aligned electrospun P(VDF-TrFE) films and 3D Alvetex ® 

scaffolds (Figures 5.1 and 5.2, A-C). Standard glass coverslips were 

considered to be the control, while aligned electrospun films were considered 

to be the condition. For each experiment presented below, at least 12 samples 

across 4 biological replicates were included for each experimental condition 

(n =>12).  

Electrospun aligned P(VDF-TrFE) films and Alvetex® scaffolds showed 

significant increase in the total number of cells and the number of SGNs when 

compared to control glass coverslips. When microfibrous scaffolds and 

Alvetex® were compared, both total cell and SGN numbers on both substrates 

after 3 days of culture, no significant difference was evident. However, the ratio 
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of SGN to total cell numbers was significantly higher on electrospun P(VDF-

TrFE) films when compared with Alvetex® (p < 0.01) (Figure 5.1, F).  

Total neurite length measured in the sample area on P(VDF-TrFE) films 

was 5-fold (p < 0.01) and 2-fold (p < 0.05) longer than coverslips and Alvetex® 

scaffolds respectively (Figure 5.2, D). Moreover, when normalized to total 

SGN number per sample, the significance withholds with the average neurite 

length on the fibrous scaffolds and the average neurite length is more than 2-

fold longer than control coverslips (Figure 5.2, E). 

During processing, it was noted that some of the P(VDF-TrFE) films 

rolled over, became ruffled or were distorted forming cellular highly dense 

areas countered by cell and fibre-free areas (Figure 5.1, B’). Since under bright 

field imaging prior to fixation, P(VDF-TrFE) fibres fully covered the sample 

area with no fibre-free spaces, this indicates that most probably, the 

immunostaining procedure and handling of the thin fibrous films played a role 

in distorting the films. 

In addition to neurite length, SGN neurite branching is a crucial 

parameter for determining the neural response to the different substrates. On 

both coverslips and Alvetex® scaffolds, SGNs retained their bipolar 

morphology. Because of the distortion in the P(VDF-TrFE) films described 

above, when microfibres and neurites from adjacent cells did overlap, 

branching could not be confidently assessed with simple qualitative inspection 

on the scaffolds. SGN abundance and longer neurites on the microfibrous 

scaffold added to these difficulties.  
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Figure 5.1 Quantification of SGN and total cell density on the different 
substrates. Representative images of immunochemical staining of 

primary SGN dissociated cultures on (A) coverslips, (B) electrospun 

aligned P(VDF-TrFE) microfibrous scaffolds and (C) Alvetex®. The white 

double arrow indicates the median aligned fibre axis direction (B’). P(VDF-

TrFE) films occasionally ruffled forming high density regions (white arrows 

in B’). Alvetex® discs are engineered to a thickness of 200 μm with 

average pore sizes (white arrow heads) of 36-40 μm. (D & E) 

Quantification of total cell and SGN number after 72 hours of culture. **p 

< 0.01, n = 12 for each condition, values are means ± SEM. (F) represents 

the ratio of SGN to total cell numbers, whiskers represents min and max 

values. βIII Tubulin: neural-specific stain, GFAP: Glial fibril lary acidic 

protein, glial-specific cytoplasmic stain, DAPI: nuclear counter-stain. 

Scale bars in A through C = 100 μm. 
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Figure 5.2 Quantification of neurite length on the different substrates. 
Representative images of immunochemical staining of primary SGN 

dissociated cultures on (A) coverslips, (B) electrospun aligned P(VDF-

TrFE) microfibrous scaffolds and (C) Alvetex® discs. The white double 

arrow indicates the median aligned fibres axis direction in (B’). (D & E) 

Quantification of total and average neurite length of βIII Tubulin-positive 

cells after 72 hours of culture. The neurite length was measured by tracing 

the distance between the tip of the neurite and the cell junction. *p<0.05, 

**p < 0.01, n = 12 for each condition, values are means ± SEM. βIII 

Tubulin: neural-specific stain, GFAP: Glial fibril lary acidic protein, glial-

specific cytoplasmic stain, DAPI: nuclear counter-stain. Scale bars in all 

images = 100 μm. 
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The SGN survival, neurite length and branching results taken together 

illustrate that neural processes behave differently on the three different 

substrates under study when all other experimental conditions were held 

constant.  

5.3.2	 Evaluation	 of	 spiral	 ganglion	 cell	 alignment	 on	 glass	 coverslips,	

aligned	electrospun	P(VDF-TrFE)	microfibrous	scaffolds	and	3D	Alvetex®	

scaffolds		

After segmentation of all neurites into 10 μm segments, neurite 

alignment was measured as a distribution of angles relative to a reference 

plane. Any neurite shorter than 10 μm was discarded. For each condition, all 

SGNs were traced (range of 70–450 segments/image) and assessed in 

Volocity® software (section 2.7 methods for more details). The angle of each 

segment was calculated relative to the horizontal image plane (Figure 5.3, A’-

C’, double arrows,) for glass coverslips and Alvetex® scaffolds and relative to 

top layer fibre alignment median (Figure 5.3, B’, double arrow) for P(VDF-

TrFE) films. All neurite angles were then binned in 10° segments from 10° to 

90°. Random outgrowth was evidenced by a relatively equal distribution 

among all angle bins. Strong alignment to the reference plane in each 

condition would be evidenced by greater percentage of the population grouped 

in bins of maximum 20° deviation or less. For generating polar histograms of 

the deviation angles from the axis (Figure 5.4, A-C), the whole neurite length 

was used in contrast to the binning method used above (Figure 5.4, D) 

SGN neurite re-growth oriented randomly on glass coverslips and 

Alvetex® scaffolds as evidenced by a nearly equal distribution of neurite 
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segment angles relative to the horizontal plane. In contrast, neurites strongly 

aligned to P(VDF-TrFE) films with 75% of the neurite segment angles at or 

below 20 ̊ relative to the median axis of the microfibres in the scaffold (Figure 

5.4, B). The deviation of P(VDF- TrFE) microfibres from the fibre-axis median 

was comparable to the deviation of SGN neurites for each sample (Figure 5.4, 

D) and showed that about 75% of the microfibres deviate less than 20 ̊ away 

from the median axis.  

The extending neurites were often observed to align and elongate down 

the length of the microfibres. Occasionally, when fibres overlap, elongating 

neurites crossover between fibres (Figure 5.5). In addition to the co-

localization of βIII Tubulin-positive staining with the P(VDF-TrFE) fibres in the 

bright field images (Figure 5.5), the similarity in the angle deviations strongly 

suggests that the neurites adhere to the fibres which direct their growth. These 

qualitative and quantitative measures indicate significant adherence and 

alignment to the P(VDF-TrFE) electrospun films. 

Because glial cells are crucial to the proper function and survival of 

neuronal cells and because they support and direct neurite growth, their 

behaviour and alignment are also important. Qualitatively, GFAP-positive glial 

nuclei took on an ellipsoid shape on the microfibrous scaffolds compared to a 

more rounded nuclear morphology on coverslips and Alvetex® (Figure 5.1). 

The longer axes of adjacent nuclei of GFAP-positive cells on P(VDF-TrFE) 

tend to follow a straight line (Figure 5.1, B). Qualitatively, the glial cell 

alignment mirrors the SGN neurite segment alignment. However, robust 
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quantification of glial alignment proved difficult because of the disruption to the 

fragile thin scaffolds and further assessment could not be performed. 

 

Figure 5.3 Quantification of SGN alignment on the different 
substrates. Representative images of βIII Tubulin positive primary cells 

from spiral ganglia dissociated cultures on (A) coverslips, (B) electrospun 

aligned P(VDF-TrFE) microfibrous scaffolds and (C) Alvetex® discs. The 

white double arrow indicates the median aligned fibre axis direction (A’-

C’). n = 12 for each condition. βIII Tubulin: neural-specific stain, GFAP: 

Glial fibril lary acidic protein, glial-specific cytoplasmic stain, DAPI: 

nuclear counter-stain. Scale bars in A through C = 100 μm.  
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Figure 5.4 Polar histograms of dissociated regrown SGN neurite 
alignment on (A) glass coverslips, (B) electrospun aligned P(VDF-
TrFE) microfibrous scaffolds and (C) Alvetex® scaffolds. Radial values 

in (A) through (C) represent deviation angles of regrown SGN neurites 

relative to the median fibre axis. The Y axis represents the average length 

per angle per sample in μm. Neurite and microfibre alignment angle 

histograms (D) from corresponding immunofluorescence images of βIII 

Tubulin-positive cells cultured on the different scaffolds after 72 hours of 

culture and phase contrast bright field microfibre film surface layer (black 

columns in D) from corresponding images in 10-degree bins. The 

histograms in D represent the deviation angles of 10 μm neurite segments, 

hence length is not taken into consideration. Values in (D) are 

percentages. n = 12 for each condition. 
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Figure 5.5 SGN neurite growth follows P(VDF-TrFE) fibres. 
Representative examples of βIII Tubulin-positive regrown SGN axons on 

aligned P(VDF-TrFE) films (A - C), co-localise with P(VDF-TrFE) fibres in 

bright field imaging (magnified inserts in A’ and B’). Scale bars in A and B 

= 100 μm (D) a high magnification image of βIII Tubulin-positive growth 

cone on P(VDF-TrFE) fibres more than 2 mm from its corresponding neural 

soma.  

 



 136 

5.3.3	SGN	explant	cultures	on	glass	coverslips,	aligned	electrospun	P(VDF-	

TrFE)	microfibrous	scaffolds	and	3D	Alvetex®	scaffolds	

Spiral ganglia explants were prepared and cultured on poly-D-

lysine/CellTak™ double-coated glass coverslips, P(VDF-TrFE) aligned 

microfibrous scaffolds and Alvetex® scaffolds as described in sections 2.3 and 

4.3.2.  

After 72 hours in culture, re-grown neurites extend to longer distances 

on aligned electrospun P(VDF-TrFE) scaffolds than glass coverslips and 

Alvetex® (white dashed lines, Figure 5.6). It was noted that there was 

variability in the shape of the explants and also the regions that neurites exited 

from (Figures 4.10 and 5.6). For ease of comparison, only explants with a full 

circular shape were assessed. Further optimisation of an objective protocol is 

needed to include all explant data obtained in this study. 

Glial cell migration was found to be the fastest on glass coverslips (red 

channel, Figure 5.6, A). On coverslips, GFAP-positive glia reached the longest 

distances away from the centre of the explant and flattened out covering the 

widest area.  

The distance between the terminal end of the longest neurite and the 

circumference of the explant disk was always longest on aligned electrospun 

P(VDF-TrFE) (Figure 5.6, B). Neurites exited from the explant in all directions 

and then appear to reroute most likely as a response to the directional cues. 

Glia cell migration and maximal neurite extension away from the explant was 

minimal on Alvetex®. 
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Figure 5.6 Regrown neurites extend to long distances on aligned 
electrospun P(VDF- TrFE) scaffolds. (A), (B) and (C) represent images 

of immunochemical staining of primary SGN full disk explants for ease of 

comparison. The lower panel represents magnified inserts in (A – C). The 

white dashed lines in (A – C) represent the distance between the terminal 

end of the longest neurite and the circumference of the explant disk. Glia 

are found to be elongated (B’) along the scaffold fibre axis (double arrow 

in B). (B’’) represents the bright field image of microfibres and cells in (B’). 

βIII Tubulin: neural-specific stain, GFAP: Glial fibril lary acidic protein, 

glial-specific cytoplasmic stain, DAPI: nuclear counterstain. The white 

double arrow indicates the median aligned fibre axis direction in (B). Scale 

bars in A through C = 500 μm, in A’ through C’ = 100m. 

The 2D smooth surface in comparison to the roughness of the surface 

on both microfibrous and Alvetex® scaffolds hindered the glia migration in 

comparison to the control (Figure 5.6, B and C).  In addition, glia cultured on 

the microfibrous scaffolds were found to elongate along the scaffold fibre axis 

(Figure 5.6, B). 
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5.3.4	Dissociated	SG	culture	adhesion,	survival	and	neurite	length	on	glass	

coverslips,	 aligned	 electrospun	 P(VDF-TrFE)	 microfibrous	 scaffolds	 and	

two	concentrations	of	aligned	electrospun	P(VDF-TrFE)-carbon	nanotube	

nanocomposites		

Electrical coupling between neurones and fibres of the scaffold is very 

important for the electrodes to simulate the neurones in a controlled manner. 

P(VDF-TrFE) is piezoelectric but not conductive. One of the ways to make 

nonconductive polymers electrically conductive is to disperse conducting 

particles, like carbon nanotubes (CNTs), in the polymer solution. This method 

resulting in a nanocomposite was chosen because it allows for electrospinning 

of the solution. Electrospinning parameters where adjusted accordingly. And 

two concentrations, 0.2% and 0.4% w/v CNT were initially tested. Glass 

coverslips and pure P(VDF-TrFE) films where used as controls. Low 

concentrations below the percolation threshold of P(VDF-TrFE) were used to 

preserve the dielectric behaviour and piezoelectric properties of P(VDF-TrFE).  

To test the effect of the CNT addition on neural survival, neurite length 

and alignment, dissociated spiral ganglia were cultured on glass coverslips 

(control), aligned electrospun P(VDF-TrFE) (control), aligned electrospun 

0.2% and 0.4% P(VDF-TrFE)-CNT nanocomposite films. Four scaffolds per 

experiment were included for each experimental condition and the experiment 

was repeated three times (n=12). 

Firstly, βIII Tubulin-positive neuronal cells from primary spiral ganglia 

still adhered and were able to extend neurites on CNT-doped P(VDF-TrFE) 
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microfibres (Figure 5.7, A-D). Electrospun aligned P(VDF-TrFE) scaffolds 

(Figure 5.7, B) and both P(VDF-TrFE)-CNT nanocomposites (Figure 5.7, C & 

D) showed significant difference in total cell counts and SGN number when 

compared to glass coverslips after three days in culture. Total cell counts and 

SGN number on the 3D scaffolds were comparable and no significant 

difference was evident. However, the number of SGNs appeared to be 

somewhat negatively correlated with the CNT concentration used, but this 

suggestion is made with caution since only two concentrations of CNT 

nanocomposites were used. Replication with at least 3 concentrations is 

needed. A two-fold increase in SGN numbers and three-fold increase in total 

cell counts was observed between the electrospun films and coverslips, in 

contrast to the 5-fold increase observed in section (5.2) above. The addition 

of Dispase to the enzymatic protocol, dissociating the primary mini-explants 

for 20 minutes and optimisation of the handling with the cast ring to fortify the 

fibres were the only variables that might have led to the difference in both 

comparisons.  

Fibre/cell-free spaces were rarely observed compared to previous 

triplicate of experiments as well (Figure 5.7 B, dashed white line) and for 

smaller areas were probably due to disruption from the forceps tip rather than 

rolling and ruffling during media changes as observed in Figure 5.1 B’.  

Furthermore, neurite length after 72 hours of culture was compared 

across the three fibrous films (Figure 5.8). No difference could be detected in 

either total neurite length or average neurite length across the 3D scaffolds 

(Figure 5.8, D & E).  
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Figure 5.7 Quantification of SGN and total cell density on aligned 
electrospun P(VDF-TrFE) 0.2% and 0.4% CNT- P(VDF-TrFE) 
nanocomposite films. Representative images of immunochemical 

staining of primary SGN dissociated cultures on (A) coverslips, (B) 

electrospun aligned P(VDF-TrFE) microfibrous scaffolds, (C, D) 0.2% and 

0.4% P(VDF-TrFE)-CNT nanocomposites. The white double arrow 

indicates the median aligned fibre axis direction. Occasionally, areas of 

fibrous films were damaged resulting in fibre/cell-free areas (white dashed 

line in B’). βIII Tubulin-negative/GFAP-positive cells bipolar in morphology 

are detected on fibrous films (white arrow heads in D’). E & F 

Quantification of total cell and SGN number after 72 hours of culture. *p < 

0.05, **p < 0.01, n = 12 for each condition, values are means ± SEM. 

Images in B-D are maximum intensity z-projections. βIII Tubulin: neural-

specific stain, GFAP: Glial fibril lary acidic protein, glial-specific 

cytoplasmic stain, DAPI: nuclear counterstain. Scale bars for all images = 

100 μm.  
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Figure 5.8 Quantification of neurite length on aligned electrospun 
P(VDF-TrFE), 0.2% and 0.4% CNT nanocomposite films. Representative 

images of immunochemical staining of primary SGN dissociated cultures 

on (A) electrospun aligned P(VDF-TrFE) microfibrous scaffolds, (B and C) 

0.2% and 0.4% P(VDF-TrFE) CNT nanocomposites. (D & E) Quantification 

of total and average neurite length of βIII Tubulin positive cells after 72 

hours of culture. The neurite length was measured by tracing the distance 

between the tip of the neurite and the cell junction. n = 12 for each 

condition, values are means ± SEM. βIII Tubulin: neural- specific stain, 

GFAP: Glial fibril lary acidic protein, glial-specific cytoplasmic stain, DAPI: 

nuclear counter-stain. The white double arrow indicates the median 

aligned fibre axis direction (A’ – C’). Scale bars for all images= 100 μm.  
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5.3.5	 Evaluation	 of	 SGN	 neurite	 and	 glial	 cell	 alignment	 on	 aligned	

electrospun	P(VDF-TrFE)	and	nanotube	nanocomposites		

The stability of the surface layer and scaffolds with the addition of the 

cast ring and the use of CNTs improved the integrity through the process and 

fluid movement and improved the alignment of the regrown fibres (Figure 5.9 

and 5.10). 

 

Figure 5.9 SGN alignment on aligned electrospun P(VDF-TrFE), 0.2% 
and 0.4% CNT nanocomposite films. Representative βIII Tubulin 

staining images of primary SGN dissociated cultures grown for 72 hours 

on (A) coverslips, (B) electrospun aligned P(VDF-TrFE) microfibrous 

scaffolds, (C, D) 0.2% and 0.4% P(VDF-TrFE)-CNT nanocomposites 

respectively. Inserts in (A) through (D) represent βIII Tubulin (green) 

growing on the microfibres (white, phase contrast bright field). βIII Tubulin 

(green): neural-specific stain. Scale bars for all images = 100 μm.  
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Figure 5.10 Polar histograms of dissociated regrown SGN neurite 
alignment on (A) glass coverslips, (B) electrospun aligned P(VDF-
TrFE) microfibrous scaffolds, (C, D) 0.2% and 0.4% P(VDF-TrFE)-CNT 
nanocomposites respectively. Radial values represent deviation angles 

of regrown SGN neurites relative to median fibre axis. The left Y axis 

represents the average length per angle per sample in μm. (E) Neurite 

alignment angle histograms from corresponding immunofluorescence 

images of βIII Tubulin-positive cells cultured on the different scaffolds 

after 72 hours of culture in 10-degree bins. n = 12 for each condition. 

Values in (E) are percentages. 
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The decrease in uniformity of microfibre alignment with the addition of 

the CNT did not decrease the alignment of the regrown neurites (Figure 2.13, 

A and Figure 5.10).  

5.3.6	 Effect	 of	 gamma-secretase	 inhibitor	 treatment	 on	 dissociated	

primary	spiral	ganglia	cultures		

 Before further optimisation of the P(VDF-TrFE)-CNT microfibrous 

scaffolds through biofunctionalisation, prior screening of proposed candidates 

is a must. The gamma-secretase inhibitor (GSI) LY411575 was chosen as the 

first candidate to test. Dissociated spiral ganglia were cultured on glass 

coverslips as described for the control condition through-out this study (refer 

to section 2.4). After 24 hours of culture, 10μM γ-secretase inhibitor 

(LY411575) dissolved in dimethyl sulfoxide (DMSO) was added with a fresh 

media change for 48 hours prior to fixing. The control samples were treated 

with 0.1% DMSO only.  

 The GSI treatment clearly enhanced βIII Tubulin expression. 

The treated cultures showed a 2-fold increase in the total area with βIII Tubulin 

signal when compared to untreated samples (Figure 5.11, 5.13 D). The total 

cell counts were not affected by the treatment, however the βIII Tubulin-

positive cell/ SGN numbers increased by a factor of 1.55 in comparison to 

untreated cultures (Figure 5.12 D). The average size of the neural somas was 

not affected by the treatment, therefore did not contribute to the enhanced βIII 

Tubulin expression. 
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Figure 5.11 LY411575 enhances βIII Tubulin expression in dissociated 
primary SGN cultures. Representative low magnification (5X obj.) images 

of primary SGN dissociated cultures untreated (A) (DMSO/control) and 

treated (B) with 10μM LY411575 for 48 hours. βIII Tubulin-positive area% 

was analysed using higher magnification images for higher accuracy of 

NeurphologyJ plugin (Figure 5.13, D). βIII Tubulin: neural- specific stain, 

GFAP: Glial fibril lary acidic protein, glial-specific cytoplasmic stain, DAPI: 

nuclear counter-stain. Scale bars = 500 μm.  

The GSI treatment promoted neurite outgrowth as well. The average 

neurite length per SGN was found to be 1.3-fold longer in GSI treated cultures 

(Figure 5.13, C).  

Qualitatively, a high percentage of β-III Tubulin-positive cells in GSI 

treated cultures were also GFAP-positive (Figure 5.14). In all previous 

cultures, there was cross-labelling between both, however the GFAP signal 

was much weaker in SGNs than glia, and visa-versa. β-III Tubulin-positive 

cells frequently grew in bundles after treatment and in proximity to each other 

(Figure 5.11, B and Figure 5.14). 
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Figure 5.12 Quantification of SGN and total cell density after 10μM γ-
secretase inhibitor (LY411575) treatment for 48 hours of primary SGN 
dissociated cultures. Representative immunochemistry staining images 

of primary SGN dissociated cultures untreated (A) (DMSO/control) and 

treated (B) with 10μM LY411575 for 48 hours. The SGN counts and 

percentage of SGN (βIII Tubulin-positive cells) over total cells after 

treatment with LY411575 was significantly higher (D, E). The total cell 

counts were not affected (C). Line in box in (E) represents the median, 

whiskers represent Tukey confidence interval. **p < 0.01, ***p < 0.001, n 

= 20 for each condition, values in (C) and (D) are means ± SEM. βIII 

Tubulin: neural-specific stain, GFAP: Glial fibril lary acidic protein, glial-

specific cytoplasmic stain, DAPI: nuclear counter-stain. Scale bars for all 

images = 100 μm.  
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Figure 5.13 Quantification of neurite length and βIII Tubulin-positive 
area after 10μM LY411575 for 48 hours. Representative images of β-III 

Tubulin-positive expression in primary SGN dissociated cultures untreated 

(A) (DMSO/control) and treated (B) with 10μM LY411575 for 48 hours. The 

left panel in A and B represent the automatic neurite tracing by 

NeurphologyJ (white), while the right panel represents the automatic 

neural soma detection (white). Scale bars = 100 μm. Neurite growth was 

1.29-fold greater in LY411575 treated cultures than control (C). **p < 0.01, 

****p < 0.0001, n = 15 for each condition, values in (C) and (D) are means 

± SEM. βIII Tubulin (green): neural-specific stain. 
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Figure 5.14 βIII Tubulin-positive cells (A) co-labelled with GFAP (B) 
either for the whole cell (blue arrows) or the cell body. Not all cells 

with an enhanced GFAP bipolar morphology expressed βIII Tubulin (red 

arrow). Scale bars = 25 μm. 
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In order to determine whether cell proliferation could explain the 

increase in β-III Tubulin-positive cell numbers, we ran a proliferation assay 

using a 647 EdU proliferation kit test (BD PharmingenTM, UK). The immune-

labelling and click reaction were performed according to the (BD 

PharmingenTM, 647 EdU proliferation kit protocol) and in the recommended 

doses. 

The proliferation assay revealed that the total number of cells entering 

S phase in the last 48 hours of culture was not affected by the LY411575 

treatment. So, the GSI does not induce proliferation of primary SGN 

dissociated cultures (Figure 5.15). Interestingly, β-III Tubulin-positive cells 

double labelled for EdU were only observed in the LY411575-treated cultures. 

Around 25% of the total β-III Tubulin-positive cells had entered S phase over 

48 hours (Figure 5.15, F). Those 25% form most of the bundles 

(Figure 5.14, A). 
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Figure 5.15 Quantification of total proliferating cells and double 
labelled βIII Tubulin and EdU-positive cells. Representative images of 

EdU staining (red), DAPI (white) and βIII Tubulin (green) of primary SGN 

dissociated cultures untreated (A, C) and treated (B, D) with 10μM 

LY411575. Total EdU positive counts are not affected by the GSI treatment 

(E). Treatment induces proliferation of βIII Tubulin-positive cells (F). ****p 

< 0.0001, n = 15, values in (E) and (F) are means ± SEM. Scale bars in 

(A) through (D) = 100 μm. EdU: Ethynyl-deoxyuridine. 
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5.4	Discussion	

5.4.1	 Aligned	 P(VDF-TrFE)	 microfibrous	 scaffolds	 are	 biocompatible	 for	

primary	 spiral	 ganglia	 cultures	 and	 promote	 neurite	 re-growth	 on	

microfibres	in	a	controlled	manner	

SGN density and neurite length were comparable among various 

materials. Remarkably, there was no significant difference in SGN or glial 

densities between P(VDF-TrFE) films and Alvetex® disks (3D control). 

Although there was a significant difference between both materials and glass 

cover slips, this is most probably due to flattening and spreading of the cultured 

cells on the 2D surface of the coverslips, which decreases the density per fixed 

area rather than density per fixed volume. Accordingly, lower density on glass 

cover slips does not necessary reflect a decrease in survival. These results 

demonstrate the overall biocompatibility of P(VDF-TrFE) with primary cells 

derived from the spiral ganglia.  

In vivo, SGNs are bipolar cells that connect hair cells with the cochlear 

nucleus in the brainstem [27]. The cellular morphology of SGNs in vitro may 

vary between studies depending on the species of origin, the age of the 

animals and the cell culture protocol [18]. In vitro neurite-free, mono-, bi-, and 

multi- polar morphologies have been reported in other studies [288, 289]. In 

this study, the combination of trypsin and collagenase A in addition to PDL 

coating, seemed to enhance the preservation of the bipolar morphology. 

Preservation of the bipolar morphology is affected by both chemical and 

physical cues in culture. For example, in a study on new-born mice SGN 
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dissociated cultures, an increase in bipolar neurones compared to monopolar 

neurones was promoted by BMP4 and LIF  [289]. A study by Khalifa et al [290], 

reported a drastic increase of multipolar neurones from 5% on non-structured 

surfaces to about 85% on surfaces with alternating lines. Accordingly, 

microtopography of the substrate and biochemical signalling seem to work 

synergistically to influence SGN morphology in vitro, and both accounts should 

be integrated in the design of an optimal neural-electronic interface. The 

features of the P(VDF-TrFE) electrospun films and probably the use of LIF 

aided in preserving the desirable bipolar morphology in this study. 

SGN in vitro cultures also include an important presence of non-

neuronal cells, mostly glial cells, where the ratio to neurones can range from 

1:1 [288] to 20:1 [291]. Schwann cells and satellite cells are the most 

commonly SGN-associated cells in the ganglion or spiral lamina, and they are 

immune-reactive for the markers S100 and GFAP [50]. These glial cells play 

an important role in neuronal growth, survival, regeneration and axonal 

guidance in vivo and in vitro [50, 65, 292-296]. It has been shown that SGNs 

in culture prefer to grow close to glial cells, due to the adhesive molecules’ 

patterns, that these cells secrete [50, 293]. That being said, it is likely that the 

regeneration of functional auditory nerve fibres will require appropriate 

myelination.  

Remarkably, the topographic features that do direct SGN neurite 

growth also promote alignment of spiral ganglia Schwann cells even in the 

absence of neurites. Given the ability of Schwann cells to promote and direct 

axon regeneration, this influence on Schwann cell alignment could further 
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enhance the guidance cues for SGNs as seen in previous studies [117]. The 

tendency of neurites and glia to remain aligned to one another even when not 

conforming to the direction of the topographic features further highlights the 

significance of the mutual influence these cells exert on each other [297].  

The high precision alignment of axons with no branching achieved on 

P(VDF-TrFE) electrospun films could have been influenced by the glia as well, 

particularly since, from a qualitative point of view, glia were observed to align 

with the fibre orientation. However, in multiple samples, neurites elongated 

further than the glia on P(VDF-TrFE) fibres and seemed to follow the fibres 

independently of the glia. This suggests that the topographic cues presented 

by the microfibres can support direct neurite guidance without the mediating 

action of glial cells, which creates a permissive environment for neuronal 

growth and neurite sprouting.  

After neural injury, non-glial cells, mainly fibroblasts, migrate towards 

the injury site. They group uniformly into dense aggregates and secrete 

cytokines synergistically forming a scaffold that isolates the severed neurones 

[298]. The persistence of those cells, acting with the glia, eventually forms a 

physical barrier that limits axonal regeneration commonly referred to as a glial 

scar. This fibrous encapsulation is considered one of the main limiting factors 

for CI performance as it results in increased impedance and subsequently 

increased current and power demands [299-303]. The glial-neural growth 

should outpace the fibroblast growth across the polymer surface in order to 

limit the effects of fibrous encapsulation. The focus of this study has been the 

neural response to P(VDF-TrFE) electrospun scaffolds, however, further study 
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of the effect of P(VDF-TrFE) scaffolds on non-neural cells, glia and fibroblasts 

is warranted. In addition, the impact of the scaffolds on fibrous encapsulation 

is warranted through conducting in vivo experiments. 

Generally, the regenerative outgrowth of SGNs both in vitro and in situ 

is quite random as the axons tend to grow in loops or take U-turns. Importantly, 

this study shows that SGNs, which tend to grow randomly on a uniformly 

coated surface in vitro, can be prompted to adopt a linear growth pattern on 

aligned P(VDF-TrFE) fibres. The neurones can maintain this linear outgrowth 

over long distances up to several millimetres in 72 hours. In addition, the 

growth pattern closely mimicked the radial arrangements found in situ. Further 

work is needed to investigate if the outgrowth is from single neurones or 

multiple neurones, and in case of the latter, it is crucial to test whether the 

multiple neurones are functionally connected or not.  

In addition, the effects of the P(VDF-TrFE) microfibrous scaffold 

described above on the dissociated SG cultures persisted with SG explant 

cultures. Neurite outgrowth from the explant follows the direction cues of the 

microfibres and neurites grow in a directed manner along the microfibres, and 

reaches the longest distance away from the centre of the explant in 

comparison to coverslips and Alvetex® scaffolds, which reflects the promoting 

effects of the microfibres and the directionality. 

5.4.2	 The	 potential	 of	 biofunctionalising	 scaffolds	 with	 the	 gamma	

secretase	inhibitor	LY411575	for	SGN	regeneration	

The aim of this translational project is to engineer a scaffold that 

promotes SGN growth with directional cues to reform and connect the SGN 
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population to the electrodes of cochlear implants and/or novel artificial basilar 

membrane based devices. One of the critical challenges the scaffold should 

address is the variability of the preserved SGN population, if any, after long-

term deafness. SGN radial fibres are known to regress after deafness and 

SGN cell body density in the Rosenthal canal decreases due to inactivity.  

Gamma-secretase (GS) is a membrane protease complex that 

regulates several processes in cells. One major function of GS is to regulate 

cell differentiation whether during embryological development or in adulthood. 

GS consists of four protein subunits; presenilin-1 (PSEN1), nicastrin, anterior 

pharynx-defective 1 (APH-1) and presenilin enhancer 2 (PEN-2). The co-factor 

presenilin enhancer (PEN-2) plays a major role to induce maturation and 

activation of the GS complex [304, 305]. 

GS regulates the Notch signalling pathway, which governs multiple 

functions such as stem cell self-renewal, differentiation and cell polarity [306, 

307]. GS inhibitors (GSIs) block the notch pathway by preventing the 

proteolytic cleavage of the Notch intracellular domain (NICD) [308]. Signalling 

in the Notch canonical pathway requires direct cell to cell contact, because 

Notch is a receptor and most of the factors involved are embedded in the cell 

membrane [309]. 

Notch signalling plays a key role in designating the pro-sensory regions 

and in the differentiation of neuronal and epithelial precursors to neurones.  

However, the Notch pathway has different roles, creating boundaries of gene 

expression, mosaics of alternating cell types, or cyclic patterns of gene 

expression [310]. Within the same tissue, Notch can have different functions, 
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in different processes, and at different stages of development. These different 

roles are time-dependent and become apparent in a variety of developing and 

adult tissues [310]. This process is regulated by different Notch ligands, mainly 

Delta1 and Serrate1 [311, 312]. Serrate1-Notch signalling maintains and 

extends prosensory patches early in development, whereas Delta1-Notch 

signalling restricts the proportion of cells within them that are permitted to 

differentiate through lateral inhibition (Figure 5.16) [313].  

In early stages of development, Notch signalling maintains progenitors 

in a less differentiated or undifferentiated state [314]. Blocking Notch signalling 

during this stage, induces differentiation. In the presence of Atoh-1, 

progenitors are shifted to a sensory cell fate, while in its absence Notch retains 

them as supporting cells. In the nervous system, Notch signalling maintains 

the progenitors in a non-differentiated state but participates in specification of 

glial fate [315-318]. 

One pathway suggested by Lowell and colleagues, is that the 

transmembrane protein Delta is overexpressed in stem cells entering the 

neuronal lineage. This overexpression gives a signal through the Notch 

pathway to neighbouring cells to differentiate towards a glial fate [319]. 
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Figure 5.16 Schematic of the patterns of Notch ligand expression in 
a sensory patch (A) before, (B) during and after (C) hair-cell 
differentiation. One of the earliest genes to be expressed in prospective 

sensory patches codes for the Notch ligand Ser1. Within the Ser1 

domains, nascent hair cells expressing Delta1 can be detected from E3.5 

in vestibular regions, and from E5 in the cochlear duct. Delta1 expression 

foreshadows the differentiation of hair cells, which become identifiable by 

morphological and other molecular criteria about 24 hours later. Notch1 

itself is expressed in sensory as well as non-sensory regions of the 

developing otocyst. Ser: Serrate. Partially adapted from Daudet et al 2005 

[310].  
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Mizutari and colleagues compared the effects of various GSIs on 

cochlear cultures and found the LY411575 to be the most potent among the 

tested group, hence it was chosen to test on SGN cultures in this study [314]. 

After testing the effects of the GSI treatment on organ of Corti cultures in vitro 

and in vivo, Mizutari and colleagues suggest that supporting cells could be 

transdifferentiating into hair cells and resulted in some recovery of hearing 

(≈ 10-12 dB SPL) [314]. However, the possible effects of the GSIs on the 

residing SGN population were not taken into consideration.  

Here, treatment of primary SGN cultures from P5 C57BL6 pups with 

LY411575 for 48 hours, resulted in a 2-fold clear increase in the β-III Tubulin 

area in the cell population. The observed increase in the β-III Tubulin 

expression could be due to enhanced survival or proliferation of SGNs in 

culture, differentiation of progenitors forming new β-III Tubulin-positive cells, 

or trans-differentiation of glia to take a neuronal fate. These are not mutually 

exclusive and it is possible that more than one factor plays a role in the β-III 

Tubulin enhanced expression. Quantification of cell numbers revealed a 1.55-

fold increase in SGNs, which seem to be the main contributor to the 2-fold 

increase in the area of the β-III Tubulin signal. The average size of the neural 

somas was not affected by the treatment and therefore doesn’t contribute to 

the β-III Tubulin increase, however the average neurite length per SGN was 

found to be about 1.3-fold longer in treated cultures. The total cell counts were 

not affected by LY411575. A possible explanation is that the SGNs (β-III 
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Tubulin-positive cells) formed at the expense of glia or progenitors present in 

culture. 

Multipotent progenitor cells which have the ability to give rise to the 

differentiated cell types of the inner ear, including SGNs, have been isolated 

by neurosphere formation from the inner ear [320, 321]. These cells are 

positive for progenitor marker ABCG2 in dissociated cochlear cultures [322]. 

The adult population of these progenitor cells could be differentiated into 

cochlear specific neurones [323]. Another probable source, apart from the 

progenitors, could be the glia or supporting cells in the mixed cultures. The 

Delta-1 induced lateral inhibition, described above, is lost due to the 

dissociation process. The interruption of this negative feedback mechanism 

suggests that trans-differentiation could explain the newly formed β-III 

Tubulin/GFAP-double positive cells. 

To determine if proliferation could explain the increase in β-III Tubulin-

positive cell numbers and expression, we conducted a proliferation assay 

using the 5-ethynyl-2'-deoxyuridine (EdU) labelling. EdU is readily 

incorporated into cellular DNA during DNA replication, hence it labels the 

proliferating cells upon entering the S-phase.  

Qualitatively, a high percentage of β-III Tubulin-positive cells in treated 

cultures showed a very strong co-localized staining for GFAP which was not 

evident in untreated cultures. In previous cultures, there was some cross-

labelling between both, however the GFAP signal was much weaker in SGNs 

than glia, and visa-versa.  
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In untreated samples, β-III Tubulin-positive SGNs did not label with 

EdU, as predicted, since neurones are not expected to proliferate. However, 

more than 15% of β-III Tubulin-positive cells in GSI treated cultures co-

localised with strong EdU staining. This further confirms that β-III Tubulin-

positive cells with neuronal bipolar morphology have formed at the expense of 

other cells in the cultures, however this does not confirm the source to be glia 

or progenitors or both, but unlikely to be neurones. Robust specific immune 

labelling for both must be concurrent to the proliferation assay to be able to 

determine the mechanisms of this increase. The β-III Tubulin/EdU-double 

positive cells showed very strong co-labelling with GFAP in over 80% of the 

double positive cells. However, the total number of cells in LY411575 treated 

samples was the same as the untreated samples, which means if the GSI 

treatment was inducing proliferation, some cell death could have occurred for 

the total number to stay the same. On the other side, if the source of the new 

β-III Tubulin cells was exclusively trans-differentiation, this would not explain 

the increase in β-III Tubulin/EdU-double positive cells that represented over 

25% of the β-III Tubulin-positive cells in LY411575 treated cultures. These 

new insights challenged the earlier assumption that the neural-like bipolar β-

III Tubulin-positive cells were SGNs. 
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Chapter	6:	Discussion	

6.1	Introduction	

The field and development of neural regeneration techniques is 

relatively new [324]. The general rule for functional neural regeneration is 

developing sustained outcomes comprising alignment, elongation, 

polarization, pruning and finally end-to-end or neural-to-electrode integration 

in case of direct nerve injury or improving neural prosthesis functionality 

respectively. Auditory regeneration is particularly challenging due to the 

complex internal structure and exceedingly sophisticated micro architecture of 

the inner ear. As described in chapter 1, native auditory function depends on 

a highly precise topological organization which discriminates frequencies 

according to a ‘place principle’, where specific sound frequencies stimulate 

discrete groups of SGNs. Significant advances in the functional outcomes 

possible with CIs will feasibly require tissue-engineering approaches to 

improve the neural interface. CIs exploit the same principle, and for future 

hybrid therapies the controlled aligned regrowth of SGNs will be highly 

paramount to their spatial tonotopical distribution and therefore their function. 

Aligned SGN regrowth to the implant, in principle could boost the CI 

performance through “bridging the gap” between SGNs and the electrodes. 

Bridging the gap could increase sensitivity of frequency encoding and 

discrimination, which considerably encourages and accelerates hearing 

rehabilitation.   
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Here we assessed the ability of P(VDF-TrFE) electrospun microfibrous 

scaffolds to direct cultured primary murine SGN survival, neurite growth and 

alignment.  

6.2	The	advantages	of	carbon	nanotube	(CNT)	doping	of	P(VDF-

TrFE)	microfibrous	scaffolds	

 CNTs have a similar structure to a single layer graphene sheet rolled 

up in a tubular shape. Due to their unique set of structural, chemical, and 

electronic properties, the utilisation of CNTs in the field of neural tissue 

engineering has been suggested by several research groups, however their 

potential roles and risks have yet to be fully defined [325].  

 The three main attributes that led to the choice of doping the 

piezoelectric microfibrous scaffolds with CNTs are (i) their mechanical strength 

and stability, (ii) exceptional conducting properties and (iii) their topographical 

features that can be highly controlled [326]. Research into the surface 

chemistry of carbon nanotubes has led to the discovery of multiple methods to 

transform their very hydrophobic surface to a biocompatible hydrophilic 

structure that can be further functionalised in an application-specific manner 

[327]. Oprych and colleagues recently reviewed the state-of-the art use of 

CNTs and the scope of their potential in fabricating biomaterials for peripheral 

nerve regeneration [328]. Figure 6.1 gives a glimpse to the scope of CNT use 

for neuronal regeneration. 

 CNTs could be exploited to enhance SGN neurite growth rates and 

anisotropic organisation via electrical stimulation and contact guidance cues, 
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respectively. The utilisation of CNTs could be ideal for providing structural 

reinforcement, especially to biodegradable biomaterials. Any intended long 

term implantable nerve conduit must be, at least partially, biodegradable to 

avoid inevitable constriction of the regenerating nerve. The potential use of 

many materials has been limited by their undesirable mechanical stability. 

Thus, CNT-embedded composites have potential to solve the mechanical 

hurdles [328]. However, the possible systemic effects of exposure to the free 

moving CNT products of the degrading scaffold is highly risky [329]. 

We have doped the P(VDF-TrFE) with 0.2% and 0.4% multi walled 

CNTs (MWCNTs), and confirmed the biocompatibility of the composites with 

primary spiral ganglia cultures. The doped composites were able to support 

adhesion, survival and directed neurite growth similarly to the pure polymer 

fibrous scaffolds. The mechanical stability was substantially improved by the 

CNT doping process while preserving the piezoelectric properties and 

structure of the P(VDF-TrFE). The enhancement of the mechanical structure 

is of significant importance, since it improved handling of the scaffold. This 

was evident in the extreme rarity of fibre-free spaces observed after the media 

changes, fixation and immunostaining of the samples in contrast to frequently 

distorted pure polymer scaffolds. 
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Figure 6.1 Schematic illustration of CNT utilisation within peripheral 
nerve conduits. (A) schematic showing a CNT non-covalently 

functionalised with NGF for controlled drug delivery; B-H scanning 

electron micrographs of (B) CNT rope, scale bar 200 μm (C) CNT coated 

electrospun poly (L-lactic acid-co-caprolactone) nanofibres, scale bar 5 

μm (D) CNT yarns, scale bar 50 μm (E) CNT-collagen gel, black arrows 

indicate CNTs, scale bar 100 nm (F) strain induced alignment of a CNT-

collagen gel, white arrow indicates direction of strain (G) highly porous 

CNT – poly (L-lactide) nanocomposite scaffold, scale bar 200 μm (H) CNT 

reinforced collagen/poly(caprolactone) electrospun nerve repair conduit, 

left scale bar 2 μm, right scale bar 100 μm. Adapted from Oprych et al 

2016 [328]. 

In 2000, Mattson and colleagues were the first to grow neurones on a 

CNT substrate, as a platform to look into the workings that control and guide 

neurite outgrowth [330]. Since then, a wide assortment of neuronal cell types 

has been cultured on pure CNT or CNT embedded composites, which enabled 

the assessment of neuronal biocompatibility and led to the discovery of neurite 

growth promoting capabilities. Hippocampal, dorsal root ganglia, cortical, 

cerebellar, PC-12, NG108, Neuro2a and many other neurones and neural cell 
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lines have been grown on various CNT scaffolds [331-334]. The work in this 

thesis, represents the first attempt to grow SGNs on CNT-doped substrates, 

either piezoelectric or not. For an extensive list of over 100 studies that 

reported CNT scaffold capabilities to support neuronal survival, growth, 

maturation and differentiation, the reader is referred to the recent review by 

Oprych et al  [328].  

CNTs can be incorporated into electrospun fibrous scaffolds by two 

methods; simple blending within the polymer solution prior to spinning or by 

coating the surface of an already spun fibre [326]. We used the first method to 

exploit the piezoelectric properties of the P(VDF-TrFE) fibres, since the 

second method uses the main polymer backbone to decrease the amount of 

CNT needed to be used, and to minimise the non-biodegradable CNT 

component of any potential scaffold or conduit. It is worth noting, however, 

contrary to the extensive amount of research that proves the promising 

enhancements achieved by the addition of CNTs, conflicting reports of 

impaired neuronal survival and viability, and the demotion of axonal outgrowth 

after the addition of CNT have been reported as well [335-338]. 

Despite all the extensive in vitro work on CNT substrates for nerve 

repair, in vivo experiments are very limited, most likely due to the significant 

concerns regarding systemic safety. Ahn and colleagues implanted CNT 

interfaced glass fibre scaffolds in vivo to attempt sciatic nerve regeneration, 

which turned out to be substantially inferior to the current gold standard of 

autografting [339]. Nonetheless, their scaffold-properties showed promising in 

vitro results in promoting dorsal root ganglion neurone survival and neurite 
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elongation. This calls for extra caution and confirms the necessity to follow up 

with in vivo work to robustly assess the effects of CNT-based scaffolds. 

6.3	 The	 advantages	 of	 electrical	 stimulation	 and	 conductive	

microfibrous	scaffolds	for	auditory	neural	regeneration	

It has been widely known since the early 1900s that some patterns of 

exogenous electrical stimulation can indeed affect neuronal behaviour and 

growth in vitro [340-342]. Since then, many studies have followed and proved 

that steady direct current (DC) fields, magnetic fields, pulsed electromagnetic 

fields and DC currents passed through a conductive scaffold, can dramatically 

affect the speed and length of neurite out-growth from various neuronal cell 

types [343-345]. For an extensive review of the various forms of electrical 

stimulation investigated for their capability to direct and control neurite 

outgrowth, the reader is referred to the review by Ghasemi-Mobarakeh et al 

[346]. Despite the widely reported positive effects of in vitro electrical 

stimulation on neurite growth, very few in vivo studies have been reported 

[347]. 

Conductive pure polymers are rigid, hard to manipulate and non-

degradable. Polypyrrole (PPy) is the most commonly researched conductive 

polymer for purposes of neural regeneration due to its biocompatibility with 

neural and glial cells in vitro [348]. Electrical stimulation through PPy scaffolds 

promoted the growth and numbers of neurones and neurites compared to 

unstimulated controls [349-351]. Although promising, conductive materials 
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have many disadvantages in terms of biocompatibility and degradation 

profiles. For this reason, we avoided PPy as a candidate. 

Piezoelectric materials such as P(VDF-TrFE), are able to generate 

transient surface charges upon the mechanical deformation of the scaffold 

which can also promote the neurite outgrowth in vitro [352]. That could explain, 

at least in part, the promoting effects of the scaffolds on neurite outgrowth 

demonstrated in this study. In order for polymers like P(VDF-TrFE) to become 

conductive, it must be processed through doping in order to transfer the 

transient charge from the dopant particles to the conjugated polymer 

backbone [346].  

Several groups have demonstrated that dispersion of CNTs in 

hydrogels can enhance the electrical properties of the gels whilst retaining 

biological properties and supporting the viability of neuronal cells [353-355]. 

The challenge with the simple blending method fabrication technique to 

fabricate CNT composites, to ensure good dispersion and alignment of the 

CNTs within the bulk material. McDonald and colleagues reported that 

superior electrical percolation can be achieved through highly controlled 

alignment and dispersion of CNTs in hydrogels [356]. Coating or incorporating 

CNTs into polymer fibres can greatly enhance their electrical conductivity as 

well [357].  

The P(VDF-TrFE)-CNT nanocomposites showed promising results for 

supporting SGN neurite outgrowth. The addition of the CNT provides a wide 

window of electrical versatility in addition to the structural versatility 

electrospinning provides. We are currently working on optimising the CNT 
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doping procedure into the scaffolds to get the best of both worlds of 

conductivity and piezoelectricity; aligned CNTs render the core of the fibre 

conductive, without jeopardising the piezoelectric properties of the P(VDF-

TrFE) surface, and the dispersed CNTs in low concentrations would transfer 

the transient surface charge to the conductive core. One major challenge is, 

since CNTs usually form stabilized bundles due to van der Waals interactions, 

they are extremely difficult to disperse and align in a polymer matrix [326]. A 

recent review by Imtiaz and colleagues (2018) on the state-of-the art 

fabrication techniques and applications of CNT reinforced polymer and epoxy 

nanocomposites attempts to tackle these issues [326].  

Moreover, the electrical stimulation through CNT composite fibres has 

been demonstrated to enhance the differentiation of various stem cell lines 

and types towards a neuronal lineage and phenotype [358-360]. The 

piezoelectric microfibrous nanocomposite scaffolds we produced could further 

serve as vehicles to deliver stem cells and promote their neural differentiation 

to replace and repair deteriorating SGN populations.  

6.4	In	dissociated	SG	cultures,	β-III	Tubulin	expression	and	bipolar	

morphology	are	not	enough	to	consider	the	cells	spiral	ganglion	

neurones.	

β-III Tubulin is widely considered to be neuronal specific and has been 

used extensively as a marker for neurones in many systems including for 

SGNs [361]. The strong β-III Tubulin overexpression in the proliferating cells 

detected in this study, is consistent with a neural lineage. However, in vitro 
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culturing conditions and enzymatic exposure can affect the protein expression 

profiles of the mixed primary dissociated SGN cultures and determine their 

morphology [289]. β-III Tubulin expression could be enhanced due to the 

culturing conditions, and so does not necessarily confirm that the cells are 

SGNs or neurones. Thus, caution is advised in referring to the of β-III Tubulin-

positive cells as neurones, as they could be glia or a mixture of both. This 

hypothesis challenges the primary analysis of this study, and calls for more 

vigorous means to characterise and differentiate clearly between the neurones 

and glia in the mixed cultures and not counting on the subjective evaluation of 

the morphological features [289]. 

The treatment of cochlear cultures with GSIs blocking the Notch 

pathway increases the proliferation of sensory hair cells [362], specifically 

outer hair cells in mammalian cochlear cultures [314]. The GS complex, as 

discussed earlier, maintains progenitors and cells in an undifferentiated state. 

Accordingly, the GSI effect doesn’t necessarily enhance the differentiation 

towards neurones specifically. Since both neurones and glia are naturally 

derived from the same population of neural progenitor cells, it is easier to 

transdifferentiate one from the other [363].  

LY411575 treatment induced the formation of β-III Tubulin/GFAP-

double positive cells, morphologically ambiguous resembling both bipolar 

SGNs and auditory Schwann cells. The treatment could be inducing 

differentiation towards a glial fate rather than a neuronal one. Schwann cells 

proliferate after SGN injury [62]. It is possible that, as a result of the 

dissociation and culturing procedure the SGNs were injured and this triggered 
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glial reaction and induced Schwann cell proliferation. After injury, Schwann 

cells also upregulate Sox2, a transcription factor that has previously been used 

to induce neurones from astrocytes and Ng2 glia, and is also important in glial 

proliferation after injury [62, 364]. 

Labelling for a combination of Sox2, Sox10, GFAP and S100, increases 

the specificity of the staining to determine confidently their glial fate. In addition 

to applying a more robust immunostaining protocol, patch clamping and 

comparing the BIII Tubulin-positive cells, the bipolar GFAP-positive cells, and 

the BIII Tubulin/GFAP-double positive cells should be performed. The results 

will better determine the nature of the cells that (i) respond to LY411575 in the 

present experiments and (ii) the cells that interact with the P(VDF-TrFE) based 

microfibrous scaffolds. 

This conclusion does challenge the interpretation of the results so far, 

but it does not challenge the motivation and the aims of the project. Evidence 

from developmental and regeneration studies of the cochlea and other tissues 

confirm confidently the role of non-neural cells in the growth and regeneration 

of cochlear spiral ganglion nerve fibres, especially auditory Schwann cells. In 

case the ongoing characterisation revealed insight that the BIII Tubulin-

positive bipolar cells are indeed Schwann cells, extra steps would be needed 

in order to regenerate the SGNs with the aid of the piezoelectric microfibrous 

scaffolds.  

Four options could be considered; (i) using the scaffold to introduce an 

aligned culture of mature auditory Schwann cells forming bands of Büngner to 

induce controlled growth of endogenous SGNs, (ii) supplying exogenous 
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neurones grown in vitro on top of the maturing aligned Schwann cell 

population, (iii) introducing stem cell derived neurones to the Schwann cell 

layer, or (iv) using very recent emerging protocols to directly re-programme 

the Schwann cells into SGNs in vitro.  

Recent work by Teppei Noda and colleagues (2018) provides the first 

proof-of-principle study demonstrating that neurone-like cells could be induced 

from cells that naturally exist in the spiral ganglion along with primary auditory 

neurones [365]. They found that the combination of achaete-scute homolog 1 

(ASLC1) and neurogenic differentiation 1 (NEUROD1) induces the Schwann 

cells in the mixed cultures into becoming more glutamatergic SGN-like. There 

is a possibility that the cells in our experiments affected by the LY411575 

treatment are undergoing a similar process. Single-cell sequencing [366, 367] 

is one method that could offer a high-resolution look at the transcriptome 

during transitions in cellular reprograming [368]. Promising results indicated 

that neurones reprogrammed in vivo, mainly glutamatergic, can integrate into 

pre-existing circuits [369-371].  

Further experiments should be performed to clarify which of the four 

possible approaches would be most feasible in achieving the aim of this study 

to engineer a scaffold that promotes SGN growth with directional cues to 

reform and connect the SGN population to the electrodes of cochlear implants 

and/or novel artificial basilar membrane based devices. This will pave the path 

to achieving the ultimate aim of tissue engineering a functional auditory neural 

epithelium using piezoelectric composite microfibrous scaffolds.  
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Chapter	7:	Future	work	and	conclusions		

7.1	Future	work	

After vigorous characterisation of the cells in the SG primary cultures, 

discussed above, this project will continue to focus on optimising the polymer’s 

electrical and mechanical properties and investigating the response of SG 

cultures to the composite electrospun scaffolds. Concurrently, we will design 

an in vitro assay that mimics closely the degenerated SGNs in vivo using the 

explant preparation method, in particular investigating if regenerated neurones 

form functional connections (Aim 1). Furthermore, we could investigate the 

potential of neural stem cells (NSCs) and/or adipose derived stem cells 

(ADSCs) in generating functional neurones for the inner ear through SGN-like 

differentiation protocols on electrospun P(VDF-TrFE) scaffolds (Aim 2). 

Concurrently, we will investigate the mechanisms of primary regrown SGN 

electrical coupling with P(VDF-TrFE)-CNT microfibres, in particular looking at 

the SGN response to local electrical fields and direct neuronal electrical 

stimulation in vitro. 

Aim	1:	Design	an	in	vitro	paradigm	that	mimics	degenerated	SGNs	in	vivo	

using	the	explant	preparation	method.	

After deafening and the subsequent degeneration of SGNs, the 

peripheral fibres retract away from the damaged organ of Corti and the density 

of SGNs in the Rosenthal’s canal significantly decreases as shown in 

Figure 7.1. If in the future, a P(VDF-TrFE) scaffold is to be implanted in 



 173 

conjunction with the electrode array into the scala tympani, in that scenario, 

the SGN soma are from the scaffold. Hence, we will design an in vitro 

paradigm that mimics the in vivo environment of the deafened cochlea by 

separating the spiral ganglia and the corresponding organ of Corti, implanting 

them on either side, but not on, the electrospun P(VDF-TrFE) film as shown in 

Figure 7.2. Necessary adjustments will be taken in consideration to minimise 

the effect of the film boundaries between the two explants (Figure 7.3).  

 

Figure 7.1 Schematic diagram of a cross-section through a normal 
cochlea (A) and deafened cochlea (B). The sensory hair cells (HCs) are 

located in the organ of Corti (OoC) and the cell bodies of the spiral 

ganglion neurones (SGNs) are located centrally. The SGN peripheral 

processes (PP) innervate the sensory HCs. In a deafened cochlea (B), 

cells within the OC are severely damaged, and a CI electrode array can 

be implanted to electrically activate SGNs. The P(VDF-TrFE) scaffold 

shows the anticipated position of the scaffold upon implantation. Partially 

taken from Gillespie et al (2012) [372]. 
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Figure 7.2 Schematic diagram of SGN explant preparation (left panel) 
and culture methodology (right panel). Left panel adapted from 

Hahnewald et al (2015) [373]. 

 

 

Figure 7.3 Immuno-staining of primary SGN explant cultures on 
Alvetex® discs after 72 hours of culture showing neurite outgrowth 
from cell soma and outward migration of glia.  Green: βIII Tubulin: 

neural-specific stain, Red: GFAP: Glial fibril lary acidic protein, glial-

specific cytoplasmic stain, Blue: DAPI: nuclear counter-stain. 
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Aim2:	 Investigate	 the	 effects	 of	 P(VDF-TrFE)	 microfibrous	 scaffolds	 on	

generating	functional	bipolar	neural-like	cells	differentiated	from	human	

NSCs	or	ADSCs.	

Electrospun microfibrous scaffolds have been shown to support NSC 

adhesion, differentiation and neurite out-growth [374]. We are going to test the 

effects of our microfibrous scaffolds on NSCs. In addition, ADSCs are 

considered easier and safer to extract, isolate and potentially implant than 

other pluripotent stem cells such as embryonic or induced pluripotent stem 

cells (ESC and iPSCs respectively). Work in our lab has shown the neurogenic 

potential of human ADSCs. We could investigate the ability of neurogenically 

programmed ADSCs to adhere and grow on P(VDF-TrFE)-CNT microfibres in 

conjunction with previously published protocols to generate sensory neurones 

for the inner ear [375-377]. Using a number of different protocols, the 

expression of several neuronal markers, voltage-gated channels and otic 

progenitor markers such as Gata3, Sox2 and Nestin will be evaluated using 

mRNA expression and immunocytochemistry.  

If the NSCs or ADSCs show the appropriate characteristics, whole cell 

patch-clamp electrophysiology will be performed. These experiments will be 

carried out on an ADSC line (H13), which has been previously characterised 

in our lab. This ADSC line was kindly provided by Dr. Patrizia Ferretti from the 

UCL Institute of Child Health. 
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Aim3:	 Investigating	 the	mechanisms	 of	 primary	 regrown	 SGN	 electrical	

coupling	with	 P(VDF-TrFE)	microfibres,	 in	 particular	 looking	 at	 the	 SGN	

response	to	local	electrical	fields	and	direct	neuronal	electrical	stimulation	

in	vitro.	

Another potential area to develop the work will start with the design and 

fabrication of an electrical stimulation bio-chamber as previously described by 

Koppes et al (Figure 7.4 left panel) [378]. For direct electrical stimulation of 

regrown SGNs, we could to print the electrodes on the slide in a process 

summarized in the right panel of Figure 7.1. A number of different functional 

reporter mice (eg GCaMP for Ca2+) and calcium imaging techniques are to be 

used to visualise the live neural response in culture to electrical stimulation. In 

addition, visualisation techniques are going to be used for preliminary 

evaluation of neuronal connectivity and synapse formation by stimulating a 

single neurone at a time and tracing the signal propagation to adjacent 

neurones. Using patch-clamp and other electrophysiological techniques, we 

are going to attach the stimulating electrode to single P(VDF-TrFE)-CNT 

microfibres and record from the correspondent SGN neurone to each fibre. 
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Figure 7.4 Electrical stimulation chamber. (A) Nunc plate housing both 

the experimental and control chambers. (B) The experimental cell 

chamber (0–100 mV mm−1). (C) Control cell chamber (0 mV mm−1). (D) 

Internal salt bridges: protect the cells from ionic by-products. (E) 

Steinberg’s solution: allow electrical conduction. (F) An external salt 

bridge connects the positive electrode to the experimental chamber. (G) 

Reference platinum (Pt) electrodes: to monitor the voltage drop across the 

chambers. (H) Positive platinum electrode. (I) Negative platinum 

electrode. (J) Modified syringes house internal salt bridges and create a 

well to hold Steinberg’s solution (K). (L) Silicone tubing connects 

Steinberg’s wells with internal salt bridges and culture chambers. (M) A 

LabVIEW voltage pass-through and conditioning block: to monitor the 

voltage drop across the chambers. (N) LabVIEW is run on a PC. (O) 

Constant current dc power supply. (P) Glass microscope slides seal each 

chamber. Left panel was taken from Koppes et al [378]. The right panel 

shows a schematic of the slide preparation process. 

 

 

 

 

 



 178 

7.2	Conclusions	

q Electrospinning provides an inexpensive method to produce aligned 

P(VDF-TrFE) microfibres. 

q P(VDF-TrFE)-based fibrous nanocomposites are chemically, 

mechanically and thermally stable around room temperature and 37 °C, 

hence compatible for biological experiments and human implantation. 

q Doping P(VDF-TrFE) microfibres with CNTs enhances the tensile strength 

and piezoelectric properties of scaffolds while preserving fibre alignment. 

q The dissociation of primary murine spiral ganglia in trypsin, collagenase A 

and dispase achieve uniform digestion in 20 minutes.  

q P(VDF-TrFE)-CNT nanocomposites allow adhesion, survival and growth 

of primary SG explants and dissociated cultures in vitro.  

q Electrospun P(VDF-TrFE) microfibres provide effective directional cues 

and promote SGN neurite outgrowth. 

q Primary SGNs show preferential affinity to P(VDF-TrFE) and its 

composites compared to glass cover slips and Alvetex® scaffolds.  

q The gamma-secretase inhibitor (LY411575) promoted regenerative 

responses in SGN primary cultures and these data suggest it could serve 

as a candidate for biofunctionalising neural scaffolds.  

q β-III Tubulin is used generally as a neuronal specific marker, however data 

presented in this thesis indicate that, at least in spiral ganglia in vitro 

cultures, it may label other neural cell types, not just neurones.  

q P(VDF-TrFE) microfibre-based scaffolds show promise as a potential 

candidate for coating CI electrodes.
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