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Abstract 

Following peripheral nerve injury, the axons in the distal nerve between the injury 

site and the muscle degenerate. When the injured site is very proximal, functional 

recovery from nerve repair is a clinical challenge since neuronal regeneration rate is 

limited, resulting in muscle atrophy due to the delay in reinnervation, even where the 

‘gold standard’ autograft is used. Much research focuses on developing biomaterial 

scaffolds that mimic the autograft and promote host neurite regeneration from proximal 

to distal stump, whereas here, we aim to improve long distance repair by populating 

constructs with functional neurons and glial cells. With an engineered living scaffold 

populated with neurons exhibiting long neurite extensions supported by glial cells, the 

gap between proximal stump and muscle could potentially be reconnected promptly once 

the challenge of integration is overcome.  

To test the concept, a method was developed using tethered aligned engineered 

neural tissue (TaeNT) formed from simultaneous self-alignment of Schwann cells and 

collagen fibrils in a fully-hydrated tethered gel resulting in an anisotropic tissue-like 

structure. The in vitro results showed neurite elongation and alignment in the co-culture 

of neurons and Schwann cells in TaeNT, indicating that TaeNT could be an appropriate 

substrate for growing long neurites with a view to generating therapeutic constructs 

containing long functional neurons. The implantation of TaeNT containing neurons and 

Schwann cells in a 10mm-gap rat sciatic nerve for 3 weeks provided information about 

host-transplant cell interaction including Schwann cell migration and alignment inside the 

conduit, and neurite elongation across the conduit interface. Furthermore, in an attempt 

to induce longer neurite growth, TaeNT was proposed as a substrate that could be 

combined with mechanical tension application using a 3D-printed mould developed to 

stretch the cellular gels in a controlled manner. A series of newly designed protocols for 

mechanical tension application to induce growth response for enhanced neural 

regeneration was developed and discussed correspondingly. 
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In summary, the findings represent the development and investigation of the 

regenerative potential for engineered living scaffolds containing neurons and Schwann 

cells suitable for stretch-growth to provide an elongated functional nerve graft. With a 

view to translation for clinical use, investigating the source of therapeutic cells in the 

conduit and the functional integration of host and transplanted cells is an important step 

towards optimising the regenerative potential of the engineered living scaffold. 

 

Figure 1 Summary of key findings on Tethered Aligned Engineered Neural Tissue 

(TaeNT) in the project.  
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Impact Statement 

Traumatic peripheral nerve injury occurs when the injured site is very proximal, 

leaving a long distance from proximal stump to muscle to regenerate, resulting in muscle 

atrophy due to the delay in reinnervation, even where the ‘gold standard’ autograft is 

used. According to NHS England, traumatic peripheral nerve injury can lead to long-term 

disability, subsequent sick leave, and permanent disability pension. It also collectively 

affects the Gross Domestic Product (GDP) as the patients are often young adults at the 

peak of their employment productivity. The transplantation of nerve guidance conduit in 

patients would be an alternative treatment to improve the regeneration by reducing time 

for functional recovery and risk of muscle atrophy. Consequently, it would improve the 

quality of life for patients in the long term.  

This research project was mainly focused on proposing a tethered aligned 

engineered neural tissue (TaeNT) as an alternative therapeutic strategy to improve 

functional recovery after long-distance peripheral nerve injury. The construct is intended 

to be an “off-the-shelf” transplanted construct populated with glial cells and neurons with 

elongated neurites. The initial development and investigation of TaeNT in this project 

reflect its potential in supporting nerve regeneration. Further research, including protocol 

optimisation, construct preservation, and functional integration analysis, are expected to 

push the TaeNT toward clinical use.  

The study on TaeNT utilised multidisciplinary approaches from various fields, 

including cell biology, mechanical engineering, 3D material fabrication, biomaterials, and 

tissue engineering. The research brought about benefits inside academia by providing a 

better understanding of the transplantation of engineered neural tissue in peripheral 

nerves. TaeNT was used as a substrate to examine cell behaviour and interface 

integration. The results from this project filled the gap in previous literature both in vivo 

and in vitro about the interaction between host and transplanted cells during nerve 

regeneration. Understanding the interaction of host cells and transplanted cells is 
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essential for tissue engineering as it can guide us toward designing potential therapeutic 

options to improve peripheral nerve regeneration. 

Besides, TaeNT with aligned Schwann cells and neurons was proposed as a 3D 

cellular hydrogel-based substrate to support mechanical tension application. The use of 

the fully-hydrated hydrogel system is beneficial in cell stretching approaches, providing 

a more natural tissue-like environment than monolayer systems and helping to retain 

cells and support cell viability. The stretching protocols for neurite elongation developed 

in this project were easy to set up and cost-reducing by minimising manufactured 

components. All aspects of the protocols are available in a typical cell culture laboratory 

enabling adoption and reproduction by other research groups, and suitable for future 

scale-up in a commercial or healthcare environment.  
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CHAPTER 1  

Introduction 

       

1.1 Peripheral Nervous System 

The nervous system is a highly complex part of an animal that coordinates to 

control, regulate, and communicate with all the parts of the body. In vertebrates, it can 

be functionally divided into two connecting systems: the central nervous system (CNS) 

and the peripheral nervous system (PNS). While the CNS, consisting of the brain and 

spinal cord, is mainly responsible for integrating and processing information, the PNS 

refers to parts of the nervous system outside the brain and spinal cord that communicate 

with the CNS by relaying signals back and forth from external stimuli and all parts of the 

body.  

           The peripheral nervous system can be divided into a sensory (afferent) division 

and a motor (efferent) division corresponding to the main function of each division. The 

sensory division connects sensory organs to the CNS, while the motor division connects 

the CNS to muscles and glands. The motor division is responsible for both the voluntary 

responses for the somatic nervous system, and the involuntary (visceral) responses for 

sympathetic and parasympathetic nervous systems.  

In the human body, 12 pairs of cranial nerves from the brain and 31 pairs of spinal 

nerves from spinal cord segments connect the nervous system with other parts of the 

body (Figure 1.1). The longest nerve in the human body is the sciatic nerve which 

elongates from the lumbar region of the spine with branches leading to the tip of the toes. 

The length of the sciatic nerve and its branches in an average adult can be more than a 

metre. 
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Figure 1.1 Nerves in the human body coordinating to communicate with all parts 

of the body. It consists of cranial nerves from the brain and spinal nerves from the spinal 

cord (VectorMine/Depositphotos.com, 2018). 
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Anatomically, the peripheral nerve structure is a bundle of fascicles consisting of 

many nerve fibres surrounded by connective tissue (Figure 1.2). An individual nerve fibre 

is covered with the layer of connective tissue called Endoneurium, and bundled together 

into a fascicle. The fascicle is wrapped with Perineurium. In the outermost layer, many 

fascicles are bundled and entirely coated with Epineurium which provides mechanical 

protection to nerve fibres. The area between fascicles and Epineurium layers has some 

blood vessels penetrating longitudinally along the nerve. 

 

Figure 1.2 Peripheral nerve anatomy. Fascicle bundle structure consists of many nerve 

fibres coated with connective tissue sheath: Endoneurium, Perineurium, and Epineurium 

(Thompson, 2016). 

 

 

 

 

 

 

Endoneurium 
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1.1.1 Neurons  

Neurons are the fundamental units of the nervous system which receive and 

transmit chemical and electrical signals between the system and the body. The signal 

transmission allows the brain to receive information from the external world and send 

signals to the target cells for the desired function (e.g., muscle movement). The electrical 

signals in neurons are regulated by the concentration balance of Sodium ions (Na+) and 

Potassium ions (K+) across the cell membrane. When the stimuli depolarise the ion 

concentrations and the signal reaches the threshold, an action potential occurs as the 

signal can pass along the nerve fibre, allowing cell communication.  

 The individual nerve fibres can be myelinated or unmyelinated. In PNS, myelin 

sheath is an extended and modified double-bilayer plasma membrane wrapping around 

the outer surface of some axons in a spiral fashion with periodic gaps called nodes of 

Ranvier (Liu et al., 2019). The myelin sheath functions as an insulation to minimise the 

dissipation of the electrical signal travelling along the axon. The transmitting electrical 

signal can travel along the axon by jumping from node to node resulting in the increasing 

speed of the signal conduction. In PNS, approximately 80% of motor axons are 

myelinated to accelerate signal transmission, enabling long-distance communication 

(Mackinnon, 1989).  

There are 2 types of neurons in PNS with distinct functions: sensory neurons and 

motor neurons (Figure 1.3). The typical structure of sensory neurons is pseudo unipolar, 

as most of them have one axon that branches into two extensions. The sensory neurons 

receive information from internal organs or external stimuli through the receptor ending 

and convert it into an action potential which is then transmitted to the CNS. The cell body 

of motor neurons is located in the CNS with the neurites elongating into the PNS. Motor 

neurons are associated with the somatic nervous system controlling skeletal muscles, or 

the autonomic nervous system controlling involuntary muscles (e.g., smooth muscle and 

cardiac muscle). The typical structure of motor neurons is multipolar. 
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Figure 1.3 Sensory and motor neurons.  A sensory neuron receives the signal from 

external stimuli via receptor endings while a motor neuron sends the signal from CNS to 

target cells via axon terminals. Approximately 80% of motor axons are myelinated. 

 

 

 

 

 

 

 

Sensory neuron 

Motor neuron 

receptor endings 

axon terminals 

axon 

dendrites 

cell body 

myelinated nerve fibre 

Schwann cell Myelin sheath 

Node of Ranvier 

axon 



 

28 
 

1.1.2 Schwann cells  

 The Schwann cell is a type of glial cell in the PNS that plays an important role in 

neuronal survival and axon maintenance. Physical contact and communication between 

Schwann cells and adjacent axons influence each other in regulating development, 

function, and maintenance. For example, Schwann cells secrete several essential 

neurotrophins, such as brain-derived neural growth factor (BDGF), neurotrophins 3 and 

4 (NT-3, NT-4), to support the survival of axotomised neurons (Birling and Price, 1995, 

Fu and Gordon, 1997, Raivich and Kreutzberg, 1993) and axon elongation (Davies, 

2000). Furthermore, defects in Schwann cell development lead to sensory and motor 

neuron degeneration and neuromuscular junction defects (Kramer et al., 1996, Meyer 

et al., 1997, Wolpowitz et al., 2000). 

           There are four classes of Schwann cells found in different sites in the mature 

nervous system: myelinating Schwann cells, non-myelinating Schwann cells, 

perisynaptic or terminal Schwann cells, and satellite cells of peripheral ganglia (Corfas 

et al., 2004). Myelinating Schwann cells produce the myelin sheaths that surround axons 

of both sensory and motor neurons to increase electrical insulation and consequently 

accelerate neuronal signal transmission. Non-myelinating Schwann cells are involved in 

non-myelinated axon maintenance and wrap around axons to form Remak bundles. The 

other classes of Schwann cells are perisynaptic Schwann cells which cover the pre-

synaptic terminal of motor axons at the neuromuscular junctions, and satellite cells 

which cover neurons in the sensory, sympathetic and parasympathetic ganglia. In 

peripheral nerve regeneration, myelinating Schwann cells and non-myelinating 

Schwann cells play an important role in responding to peripheral nerve injury by 

facilitating the inflammatory response and guiding axon elongation (Bhatheja and Field, 

2006). The role of Schwann cells in peripheral nerve regeneration will be explained more 

extensively in Section 1.3.1. 
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1.1.3 Interconnection between neurons and muscle 

Axons from motor neurons are structurally and functionally connected with 

skeletal muscle fibres through chemical synapses, called neuromuscular junctions. The 

neuron sending the signal and the stimulated muscle fibres are referred to as a pre-

synaptic cell and post-synaptic cell, respectively. In synaptic transmission, 

neurotransmitter molecules are released from the pre-synaptic cell into the synapse and 

subsequently bind to specific receptors at post-synaptic cell membrane to stimulate 

muscle contraction for voluntary movement. The release of neurotransmitter molecules 

from pre-synaptic cells is triggered by the increase of local calcium ion concentration at 

the pre-synaptic active zone after the opening of voltage-gated calcium ion channels 

caused by the arrival of an action potential (Glitsch, 2008, Sudhof, 2012). Without signal 

transmission through neuromuscular junctions, there is no communication between the 

motor neuron and muscle; thus, the muscle loses its function. 

 

Figure 1.4 The neuromuscular junction (NMJ) connecting the axon terminal of a 

motor neuron and a muscle fibre. (ClinicalGate, 2015). Perisynaptic Schwann cells 

(not shown in the figure) are also found at NMJ, playing roles in synaptogenesis, NMJ 

maintenance, and transmission. 
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1.2 Peripheral nerve injury  

Peripheral nerve injury causes damage to peripheral nerves preventing signal 

transmission between target organs and the CNS. The nerve damage can result from 

trauma nerve injuries or diseases that degenerate nerve cells such as viral infection and 

chronic diabetes. According to Operational Information for Commissioning NHS 

England, a total number of 136,335 diagnostic tests were undertaken for peripheral 

neurophysiology from October 2019 to October 2020, and 35.1% of patients with a nerve 

injury in October 2020 had to wait for more than 6 weeks to have the test during the 

COVID-19 pandemic (NHS England, 2020). The MarketScan Commercial Claims and 

Encounters Database from the MEDSTAT Group also reported that more than 5% of 

patients admitted to a level one trauma centre have a concurrent traumatic peripheral 

nerve injury (Taylor et al., 2008). These patients are often young adults at the peak of 

their employment productivity, and functional decline associated with nerve lesions is 

particularly significant (di Summa et al., 2011). Besides high healthcare costs 

corresponding to the lesion, nerve injury can lead to long-term disability, subsequent 

sick leave, and 30% of cases lead to permanent disability pension (Bergmeister et al., 

2020). These statistical reports on the economic impact of nerve injury reflect the 

importance of efficient treatment for functional recovery following nerve injury. 

Peripheral nerve injury is categorised into three major types: neurapraxia, 

axonotmesis, and neurotmesis (Seddon, 1942). Neurapraxia is a transient block caused 

by myelin sheath degeneration where axon continuity is preserved. Axonotmesis is a 

complete interruption of the axon where supporting structures and connective tissue 

elements are preserved. In this research, Neurotmesis condition, the most severe injury, 

has been studied since both nerves and all essential parts are disrupted and undergo 

distal degeneration subsequently. Without operative repairs, patients cannot recover 

spontaneously.  
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When the axon gets injured by crush or transection, the injured site has traumatic 

degeneration, and the distal part of the axon separated from the cell body undergoes 

Wallerian degeneration. The traumatic degeneration or axonal breakdown is mediated 

by calcium influx and involves the activation of axonal proteases (George and Griffin, 

1994). The start of Wallerian degeneration is usually detectable within a day after nerve 

injury, and includes morphological and biochemical changes in axons, Schwann cells, 

and macrophages at the distal end of the axon resulting in a supportive environment for 

the subsequent nerve regeneration (Yi et al., 2017). 

Yi et al. has suggested that Wallerian degeneration can be divided into 3 phases 

corresponding to transcriptional changes at different time points. Phase I begins when 

neurofilament and myelin disintegrate into fragments within an hour after the injury. 

Phase II occurs at around 6-24 hours afterwards as a pre-formation of Wallerian 

degeneration. Defence response, inflammatory response, immune response, apoptosis 

regulation, and cell death regulation were stimulated, resulting in the elevated 

expression of cytokine, growth factor, chemokines, and hormones. Wallerian 

degeneration finishes in phase III as the biological processes activated gradually decline 

to a homeostatic state. This phase takes 4 days to 3 weeks post-injury. Infiltrating 

macrophages remove myelin debris and clear the axon, while Schwann cells undergo 

proliferation. 
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Figure 1.5 Phase changes during Wallerian degeneration. Phase I is an acute 

response to injury with cellular fraction which referred to a disintegration of neurofilament 

and myelin into fragments. Phase II is a pre-formation of Wallerian degeneration with 

activation of stimulus response-associated biological processes. Phase III is a 

comprehensive execution of Wallerian degeneration (Yi et al., 2017). 
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1.3 Peripheral nerve regeneration  

 While nerve regeneration in CNS is limited by the inhibitory influences of glial 

cells and the extracellular environment, the peripheral nerve has the ability to regenerate 

in a limited extent determined by the regeneration rate, plasticity, and degree of injury 

(Mokarram and Bellamkonda, 2011). After Wallerian degeneration, most cellular debris 

is removed from the site by Schwann cells and macrophages. Neurons change function 

from cell-cell signaling to a regenerative state (Blesch et al., 2012, Doron-Mandel et al., 

2015), forming axon sprouts to elongate from the proximal stump toward the original 

targets at the distal site. After nerve transection, peripheral regeneration occurs when 

the regenerating axons cross the nerve gap and grow through the distal nerve segment. 

When the regenerating axons reach the target, reinnervation consequently occurs to 

obtain a functional recovery. The direction of regenerating axon outgrowth is guided by 

the remaining endoneurium of the original nerve and aligned Schwann cells. Schwann 

cells align to form bands of Büngner along the endoneurial tube to protect and preserve 

the longitudinal column structure. Several neurotrophic factors are also released to 

enhance axon regeneration. For example, nerve growth factor (NGF), neurotrophin-3 

(NT-3), and BDNF are essential for the survival, differentiation, and maintenance of both 

neuronal and non-neuronal cells during regeneration. 

Since the more distal part of an injured axon is entirely degenerated, leaving a 

distance between proximal stumps and muscles after nerve injury, there is a limitation 

in nerve regeneration when the injured site is very proximal. Since the spontaneous rate 

of axonal regeneration in humans is approximately up to 1 mm per day in small nerves 

and 5 mm per day in large nerves across the site of injury (Burnett and Zager, 2004), 

complete long-distance nerve repair takes months or even years. Due to the delay, 

chronic denervation of the distal nerve leads to a decline of Schwann cell repair-ability, 

and the loss of axonal communication results in muscle atrophy. Improving functional 

recovery following proximal injuries with a large regeneration distance is, therefore, a 

clinical challenge. In contrast, more distal injuries take less time for regeneration to reach 
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target organs and, therefore, have a higher chance of recovering muscle function 

successfully.  

 

1.3.1 Role of Schwann cells in nerve regeneration 

Following axonal damage, myelinating Schwann cells and non-myelinating 

Schwann cells lose contact with the axon and are triggered to reprogram 

morphologically and functionally to adopt a new repair-supportive phenotype which is 

different to their developmental phenotype (Jessen and Mirsky, 2016) (Figure 1.7A). The 

repair Schwann cells exhibit more branching and elongate to 2-3 folds longer than the 

original phenotype (Figure 1.6) and can transition back to remyelinating Schwann cells 

after the regeneration (Gomez-Sanchez et al., 2017). The adaptive cellular 

reprogramming is mainly controlled by the up-regulation of the transcription factor c-Jun 

whose pathway regulation is highly dependent on the physical conditions in the 

microenvironment surrounding Schwann cells (Arthur-Farraj et al., 2012, Fazal et al., 

2017). Pro-myelin factor Krox20 and cholesterol synthesis are down-regulated, while 

the transcription factors associated with immature Schwann cells (e.g., Sox-2, Pax-3, 

Notch, L1, NCAM, and GFAP) are up-regulated (Jessen and Mirsky, 2008, Leblanc et 

al., 2005). In non-myelinating Schwann cells, N-cadherin and integrin a1b1 are also up-

regulated in the cell reprogramming (Stewart et al., 1997, Thornton et al., 2005). 
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Figure 1.6 Morphological change of Schwann cells to repair-supportive 

phenotype. The repair Schwann cell phenotype is relatively long and branching and can 

align to form a band of Büngner along the endoneurial tube (Gomez-Sanchez et al., 

2017). 

 

Repair Schwann cells proliferate, migrate, and elongate at the lesion site and 

this supports nerve regeneration. Firstly, myelin fragments are cleared by Schwann cell 

phagocytosis, autophagy, and the action of infiltrating macrophages. Several 

neurotrophic factors and angiogenic factors are released into the extracellular matrix 

(ECM) to prepare a new environment that promotes axon regeneration (Fornaro et al., 

2021). Highly aligned tubular structures, called Bands of Büngner, are formed from the 

Schwann cells and the basal lamina structures in the nerves, where growth cones of 

regenerating neurons elongate along the guidance track toward the muscle (Arthur-

Farraj et al., 2012, Jessen et al., 2015). The efficiency of nerve regeneration is highly 

dependent on Schwann cell migration and alignment to provide directional guidance for 

regenerating axons.  

As the regenerating axons elongate along the Bands of Büngner, the physical 

contact between Schwann cells and regenerating axons induces a morphological 
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change in the repair Schwann cells to initiate remyelination, and the size of Schwann 

cells is shortened to about 1/7 (Gomez-Sanchez et al., 2017). Repair Schwann cells 

reorganise their cytoskeleton and produce a thin myelin sheath at the interface with the 

axon. The remyelination can promote functional recovery once the regenerating nerve 

reaches the target organ. 

Besides, perisynaptic Schwann cells (PSCs), located at the neuromuscular 

junction, also take part in the remodeling and regeneration of damaged neuromuscular 

junctions. After peripheral nerve transection, PSCs extend and temporarily maintain 

processes in the absence of innervation. The PSC processes align with nerve terminal 

branches and become substrates for axon outgrowth (O'Malley et al., 1999). During 

reinnervation, axons continue to grow along the aligned Schwann cell bridge and cross 

the boundary of a denervated neuromuscular junction (Kang et al., 2003).  
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Figure 1.7 Role of Schwann cells and other relevant cells in peripheral nerve 

regeneration. (A) Schwann cells lose contact with the axon and reprogram to repair-

supportive phenotype. Several signaling pathways are regulated. (B) Following myelin 

fragment clearance by Schwann cells and infiltrating macrophages, repair Schwann cells 

align to form Bands of Büngner that directionally guide the regenerating axon from the 

proximal site (Fornaro et al., 2021). 
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1.3.2  Current therapeutic strategies for peripheral nerve regeneration 

Treatment for Neurotmesis, a peripheral nerve transection, is mainly determined 

by the length of the damaged gap and proximity to the distal muscle. The direct end-to-

end suture of separated nerve ends back to healthy-appearing fascicles, so-called a 

primary repair, is suitable in the absence of tension. Alternative methods are required 

for a longer nerve gaps where tension would result from an attempt at direct primary 

repair (Siemionow and Brzezicki, 2009). The current gold standard for long gap nerve 

injury is a nerve autograft. A nerve section from another part of the body, such as the 

sural nerve is transferred to fill the nerve gap. The autografts contain pro-regenerative 

trophic support with haptotactic and chemotaxic cues to accelerate axon regeneration 

across the graft. However, autografts have several limitations due to mismatches in the 

size of nerves, donor site morbidity, and neuroma formation (M et al., 2014). Also, the 

autograft is commonly taken from sensory nerves to repair motor nerve damage, so the 

result is not optimal (Ali et al., 2019). 

Nerve guidance conduits are biomaterial tubes connecting the two injured nerve 

stumps to confine regenerating axons and protect them from scar tissue and trauma. 

Several studies have illustrated that scaffolds that are similar to the natural extracellular 

environment can be used to support and improve neural regeneration (Balgude et al., 

2001, Bhang et al., 2007, Dillon et al., 1998, Yang et al., 2004, Yannas et al., 2010). 

Available nerve guidance conduit can be categorized into 3 generations. The first 

generation of nerve guidance conduit is a non-resorbable, synthetic tube made of 

silicone or polytetrafluoroethylene with the length up to 4 cm for transplantation in 

humans. The non-resorbable conduit has a disadvantage in its requirements for 

additional surgery for conduit removal, so the second generation of nerve guidance 

conduit was developed to be resorbable and made of various types of biocompatible 

materials. Most commercially available hollow nerve conduits are made of polyglycolic 

acid (PGA), collagen, or polycaprolactone (PCL) (Arslantunali et al., 2014, Isaacs and 

Browne, 2014). Although the resorbable conduit does not require a second surgery, it 
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has the key limitation in the degradability of the conduits which might result in an instable 

barrier for surrounding tissue. The third generation of conduit includes a surface or 

luminal modification or an addition of neurotrophic factors, electroconductive material, 

stem cells or supportive cells (e.g., Schwann cells), and extracellular matrix proteins. 

For instance, NeuraGen® is the first nerve guidance conduit comprising a 3D luminal 

filler that was approved by FDA. The conduit contains collagen type I and 

glycosaminoglycan chondroitin-6-sulfate, and has been reported with the potential to 

support regeneration as much as autograft (Lee et al., 2012a). However, the modified 

conduits have a regenerative limitation as they were reported to be comparable to the 

gold standard only in a limited defect size range. The longest nerve guidance conduits 

which are commercially available and FDA-approved was Salutunnel (Salumedica LLC, 

US) with the length of 6.35 cm (Pedrosa et al., 2017). Further development of nerve 

guidance conduits is still required for a long-distance nerve regeneration. 

A similar concept is applied to decellularised nerve allografts which have the 

advantages of being a natural scaffold from the remaining ECM and provide an instantly 

available source of graft material (Cheng et al., 2014). Nevertheless, nerve conduits and 

decellularised allografts have limited ability to support effective regeneration for nerve 

gaps longer than 3 cm (Karabekmez et al., 2009). In the transplantation of acellular 

nerve guidance conduits, endogenous trophic support is reduced compared with 

autografts due to the absence of transplanted cells (Maggiore et al., 2020). Simple 

tubular guidance conduits also lack directional guidance cues (e.g., alignment pattern 

inside the conduit), so axonal outgrowth can be disorganised, reducing regenerative 

capacity.  

Neural tissue engineering arises from the difficulty of promoting neural 

regeneration after severe damage in the nervous system. It combines approaches from 

the fields of biomaterials and neuroscience, considering material selection, scaffold 

fabrication, cellular composition, and mechanisms for nerve regeneration. 

Bioengineered scaffolds containing living cells are a relatively new approach to use for 
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nerve regeneration, often developed by adding living cells to conventional biomaterial 

guidance conduits. Similar to an autograft, the presence of transplanted cells provides 

pro-regenerative and trophic support to the regenerating axons to improve neuron 

behaviour and overall capacity for regeneration. Principles and examples of using living 

scaffolds in nerve repair will be discussed in the following section. 

 

Figure 1.8 Current therapeutic strategies for peripheral nerve regeneration. 

Primary repair is a direct end-to-end suture of separated nerve ends in the absence of 

tension. Natural living scaffold or autograft is the current gold standard for long gap nerve 

injury. Acellular scaffolds utilise biomaterial technologies to synthesise a physical barrier 

to surround the repair site. Bioengineered living scaffolds containing living cells are a 

relatively new approach to use for nerve regeneration, often developed by adding living 

cells to conventional biomaterial guidance conduits.  

 

 

Acellular Scaffold

• Nerve guidance conduit

• Decellularised allograft

Bioengineered Living Scaffold

• Schwann cells

• Neurons

• Other therapeutic cells

Autograft
Natural living scaffold

Primary Repair

End-to-end suture



 

41 
 

1.4 Engineered living scaffold for peripheral nerve regeneration 

As briefly mentioned in the previous section, a bioengineered living scaffold is a 

cell-based therapy to improve functional recovery after nerve injury. The living scaffold 

can be fabricated through various processes depending on the types of biomaterials and 

cells inside. The cells can be a single population or a combination of Schwann cells, 

neurons, and other supportive cells such as endothelial cells (Georgiou et al., 2013, Li 

et al., 2018, May et al., 2016, Muangsanit et al., 2021, Muangsanit et al., 2020).  

The most widely established approach to make living scaffolds for peripheral 

nerve regeneration is a biomaterial conduit containing Schwann cells. The presence of 

Schwann cells is critically supportive to regenerating neurites, as described in Section 

1.3.1. It was also considered that Schwann cell transplantation is the gold standard of 

cellular-based therapies for peripheral nerve repair because it mimics the key cellular 

component of the nerve autograft (Pearse et al., 2018). Schwann cells can align and 

provide a cellular guidance substrate and trophic support to axonal regeneration and 

myelination. The alignment of Schwann cells can be spontaneous or induced by various 

engineering techniques. For example, engineered neural tissue (EngNT) formed from 

simultaneous self-alignment of Schwann cells and collagen fibrils in a tethered gel, 

followed by stabilisation with plastic compression resulting in an anisotropic tissue-like 

structure (Figure 1.9), and gel aspiration-ejection (GAE) using a cannula to fabricate a 

dense, injectable, anisotropic cellular collagen gel scaffold with controllable fibrillar 

densities. The transplantation of these tissue engineered constructs into the rat sciatic 

nerve model showed their feasibility in supporting neuronal regeneration comparable to 

an autograft, (Georgiou et al., 2013, Marelli et al., 2015, Muangsanit et al., 2020). 

For clinical translation, a suitable source of therapeutic cells must be identified 

for nerve tissue engineering because autologous Schwann cells can only be obtained 

by damaging nerves and therefore carries the same limitations associated with the 

autograft. One approach is to convert a more accessible cell type such as stem cells to 
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become Schwann cells, with approaches reported using embryonic stem cells, induced 

pluripotent stem cells, bone marrow stem cells, adipose-derived stem cells, human 

umbilical-cord stem cells, skin-derived precursors, and dental pulp stem cells (Cui et al., 

2008, Uemura et al., 2014, Mohammadi et al., 2012, Matsushita et al., 2012, Georgiou 

et al., 2015, Matsuse et al., 2010, Park et al., 2012)  

 

Figure 1.9 Production of Engineered Neural Tissue (EngNT). Highly aligned 

Schwann cells in EngNT provides a cellular guidance substrate and trophic support to 

axonal regeneration and myelination (Georgiou et al., 2013). 
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 Despite these tissue engineering approaches to mimic the autograft in bridging 

the nerve gap, when nerve injury occurs at a more proximal location, leaving a long 

distance of neural degeneration with insufficient guidance and inhibitory factors between 

the injury site and the target muscle, axonal regeneration takes a long time and 

functional recovery is reduced. In order to address this issue, an alternative approach 

for tissue engineered living scaffolds can be developed which involves populating 

constructs with living neurons as well as supporting Schwann cells. The concept is partly 

based on the axon elongation along pioneer axons that takes place during embryonic 

development (Figure 1.10). The pioneer axon is the first developing axon that reaches 

the end target, and this subsequently guides other following axons in the right direction. 

Similarly, engineered living axons can mimic the guiding ability of the pioneer axon to 

guide host axons to regenerate successfully (Struzyna et al., 2015a).   

There are examples of living neuronal scaffold constructs applied in both the 

PNS and CNS. In the CNS, implantable micro-tissue engineered neural networks (Micro-

TENNs) consisting of cerebral cortical neurons with long axonal tracts in biocompatible 

micro-columns have been developed to reconstruct neuronal circuits and modulate 

activities and connectivity in the brain (Struzyna et al., 2015a). Similarly, tissue 

engineered nerve grafts (TENGs), consisting of dorsal root ganglia and axonal tracts, 

were shown to repair sciatic nerve lesions in rats effectively. Neurons in TENGs was 

found to have anatomic integration with the host nerve tissue and axon myelination after 

16 weeks post-transplantation in rat sciatic nerve (Huang et al., 2009). 

Additionally, previous research has reported the transplantation of living cells to 

induce the formation of neuromuscular junctions following peripheral nerve injury. 

Myoblasts were cultured in a scaffold to provide a regenerative peripheral nerve 

interface (RPNI) implanted on a divided peroneal nerve end in rats (Urbanchek et al., 

2016). Electrophysiological tests showed electromyographic activity and stimulated 

compound muscle action potentials from the RPNIs, and there was axonal regeneration 

with synaptogenesis after RPNI transplantation. Embryonic spinal cord neurons were 
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transplanted on the tibial nerve in rats and subsequently resulted in neuromuscular 

junction formation, as well as motor neuron regeneration and axon elongation (Zhang et 

al., 2017). 

 

Figure 1.10 Principle of axon elongation from the cell body to the end target. (A) 

During development, a pioneer axon forms a pioneer tract to reach the target firstly, and 

following axons are subsequently guided in the right direction. (B) Living scaffolds (e.g. 

TENG) mimic the guiding ability of the pioneer axon to guide host axons to regenerate 

successfully. The guidance tracts can be multiple to facilitate functional recovery 

(Struzyna et al., 2015a). 
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1.5 Tethered aligned engineered neural tissue (TaeNT) 

This project has investigated the combination of the tethered aligned collagen 

gel technique and the living neuronal scaffold concept, which can potentially be a 

promising solution to improve regeneration in long nerve gaps. The term "Tethered 

Aligned Engineered Neural Tissue (TaeNT)" will be used to describe this new combined 

approach: an anisotropic cellular construct formed from a 3D co-culture of highly aligned 

Schwann cells and neurons in fully-hydrated tethered collagen gels. Neurons derived 

from therapeutically suitable cells will be cultured in the TaeNT, where aligned Schwann 

cells are present to guide axon elongation. The intention is that TaeNT can be prepared 

in advance in the laboratory to become an off-the-shelf construct populated with glial 

cells supporting neurons with elongated neurites. As well as providing a suitable 

microenvironment to guide regenerating host axons from the proximal stump, axons 

from transplanted neurons in TaeNT could functionally reconnect the proximal nerve 

stump and downstream muscle, and potentially interact positively with the muscle as the 

regeneration progresses.  

The transplantation of TaeNT was aimed to bypass the distal stump and connect 

proximal stump directly to muscle. The method could potentially reduce the delay in 

muscle reinnervation following nerve repair. 2 possible mechanisms are hypothesised 

to occur at the long nerve distance between a proximal nerve stump and distal muscle 

after TaeNT transplantation (Figure 1.11). In the first hypothesis, the neurites in TaeNT 

could permanently replace the injured neurons. The elongated neurites inside the 

transplanted conduit would promptly interact with cells at proximal stump of the nerve 

gap and the muscle, forming functional networks for signal transmission. Muscle cells 

would be reinnervated via this bridge, without requiring regenerating axons from host 

tissue. Alternatively, the neurites in TaeNT could be hypothesised to temporarily 

reinnervate the muscle during the period when host neuronal regeneration from the 

proximal stump is progressing. The signal transmission through the temporary route 

might be sufficient to maintain the cellular interaction to muscle cells, so that the muscle 
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atrophy would delay while the actual regenerating axons are elongating from the 

proximal stump. The temporary relay could also behave like a pioneer route for cellular 

directional guidance.  

This project included both in vitro and in vivo models to investigate aspects of 

using the TaeNT approach. For in vitro models cellular constructs were generated in 

tethering moulds (Phillips and Brown, 2011) whereas for in vivo studies cellular gels 

were tethered within medical-grade silicone tubing with perforations to facilitate collagen 

tethering (Muangsanit et al., 2021, Phillips et al., 2005).  

The important attributes of neurons in TaeNT are long-term survival, long neurite 

elongation, and the ability to functionally connect with the proximal nerve stump and to 

form neuromuscular junctions with the distal muscle. The neurites from neurons in 

TaeNT should form a tract long enough to bridge the distance from injury site to muscle 

and effectively transmit signals from the proximal stump to the muscle. Thus, previous 

research on generating long and aligned axon tracts has utilised mechanical stimulation 

or ‘stretch-growth’ in bioreactors, with a recent study providing evidence that the 

resulting constructs can be effective in animal models of nerve repair (Katiyar et al., 

2020). 
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Figure 1.11 Possible mechanisms hypothesised to occur in the long nerve 

distance between a proximal nerve stump and distal muscle after TaeNT 

transplantation. Schwann cells align longitudinally and form bands of Büngner to guide 

regenerative neurites elongating from the proximal to distal stump. The presence of living 

neurons with elongated neurites in TaeNT could potentially reduce the time required for 

muscle reinnervation following nerve injury. The neurites in TaeNT could become either 

(A) a permanent nerve replacing the injured one as soon as the cellular network is 

completely formed at the interface between the conduit and the nerve stump, or (B) a 

pioneer route to temporarily restore and maintain muscle reinnervation while the 

regenerating host axons are elongating from the proximal stump and entering the conduit 

to follow the pioneer route formed by the transplanted neurites. 
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1.6 Mechanical tension application for stretch growth in neural cells 

The common use of mechanical tension application in neuronal cells can be 

generally categorised into two main aims: (1) to create neurodegenerative disease or 

neuronal injury models for biochemical and physiological investigations of nerve 

damage, and (2) to induce growth response for nerve regeneration and therapeutic 

study. Here, the concept of using mechanical tension to gradually stretch processes of 

cells was studied as it replicates some aspects of axon growth during animal 

development, where axons respond to mechanical tension both before and after 

synaptogenesis. The stretch growth begins during embryogenesis after axons sprouting 

from neurons form synapses with their target cells. As the size of an animal's body 

expands, neuronal cell bodies and their target cells move further from each other, 

exerting tensile forces on the axons (Weiss, 1934).  

Paul Weiss suggested that stretching a plasma clot; a sponge of fibrin fibres 

containing embedded neurons, eventually guides the direction of the outgrowing axon 

grown in the stretched plasma (Weiss, 1941). The later observation in the lateral line 

organ of zebrafish showed that the migration of post-synaptic cells generates towing 

force to the axon during synaptogenesis (Gilmour et al., 2004). This result was 

consistent to Bray's in vitro experiment in sympathetic neuron cultures, concluding that 

growth cones of neurons pull out the neurite while migrating away from the neuron cell 

body (Bray, 1979).  
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Figure 1.12 Stretch growth of neurons in a biological system. In early development, 

pioneering axons use their growth cones to navigate to the right target. After the growth 

cones reach the target and form synapses, mature axons are under mechanical tension 

as the size of an animal's body expands, so their axon length gradually increases. The 

spontaneous tension can stretch the nerve to grow in length with an average rate of 3 

cm per day in the blue whale, whose average length of the whole body is 25 m (Pfister 

et al., 2007). 
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 With a suitable strain range, it has been shown that axons can respond positively 

to mechanical tension, but how neurons regulate the strain after the mechanical 

perturbation remains unclear. Experiments in Drosophila embryos revealed that the 

behaviour of neurons follows viscoelastic solid principles, exhibiting both viscous and 

elastic characteristics under deformation (Rajagopalan et al., 2010). According to the 

study, neurons maintain a resting tension in the absence of external force and elongate 

in linear response to external force during rapid perturbation. When the applied force is 

withdrawn, reducing the mechanical tension, neurons restore resting tension by 

contracting axons. This finding is consistent with the in vitro stretch of individual CNS 

glial cells and neurons, where viscoelasticity properties were observed (Lu et al., 2006).  

           The mechanical tension can also induce axon initiation and stabilisation. 

Generally, neuronal cells extend several immature neurites out of the cell bodies and 

selectively polarise the neurites to become axons and dendrites. When the orientation 

of elongating neurites loses symmetry, a single immature neurite becomes an axon, and 

the other neurites retract or turn to be dendrites (Axon-dendrite polarisation), then the 

axon grows longer rapidly while dendrites branch out (Polleux and Snider, 2010). With 

suitable tension magnitude above some threshold, externally-applied strain stimulates 

axon initiation, inducing the neurons to emit new axons (Bray, 1984, Chada et al., 1997, 

Zheng et al., 1991). The mechanical tension caused by the attachment of the growth 

cone to target cells also influences neuron branching dynamics by promoting 

stabilisation of selective axons and eliminating the other neurites (Anava et al., 2009). 

In a unipolar neuron with only one extending axon, mechanical stimulation can 

eventually induce the formation of multiple axons (Lamoureux et al., 2002).  

           Mechanical tension application to growth cones of axons has been observed to 

increase axon length and volume of neurite cytoplasm in culture (Bray, 1984, Chada et 

al., 1997, Dennerll et al., 1989, Zheng et al., 1991). In regenerating neurons, the rate of 

axonal elongation is approximately 1 mm per day or slower across the site of injury 

(Burnett and Zager, 2004). Previous research demonstrated that dorsal root ganglion 



 

51 
 

(DRG) neurons with an original axon length of 100 μm could respond to tensile 

elongation by growing to a remarkable 10 cm in length in 28 days without disconnection 

(Pfister et al., 2004). Moreover, transplantation of stretched DRG neurons in PGA 

NeurotubeTM to a 1 cm excised segment of the sciatic nerve in adult male transgenic 

rats for 10 days showed survival and integration of transplanted engineered nervous 

tissue constructs with host tissue (Katiyar et al., 2020).   

Even when axons are stretched to increase the length by 35% of the original 

length, the morphology and density of cytoskeleton constituents are maintained (Pfister 

et al., 2004). It is hypothesised that the cytoskeleton is regulated to facilitate axon 

elongation, so that the length of the axon is extended without any loss of function. 

Heidemann and Bray suggested a mechanism of tension-driven axon assembly 

describing microtubule rearrangement as a response to the pulling force on axons 

(Figure 1.13). In summary, in a stable condition without external mechanical force, axons 

align in the longitudinal direction parallel to several segments of microtubules with 

various lengths. The short microtubule segment is mobile and rapidly transported in the 

retrograde and anterograde direction along the axon region. When the nerve is stretched 

by pulling proximal and distal ends away from each other, the nerve is adjusted by 

decreasing its thickness and restricting the microtubule transport. The thinner nerve 

physically pulls the long segment of the microtubule to move apart toward both ends 

longitudinally and simultaneously induces the short segment to aggregate at the middle 

instead. In order to restore normal transport of the short microtubule segment after the 

stretch, the short microtubule segments rearrange to fill occurring gaps, and then the 

new transport route is stabilised by associated proteins, and the nerve returns to the 

normal thickness and regular transport. Therefore, the axon becomes longer as its 

cytoskeleton elements are rearranged, with transport being maintained (Heidemann and 

Bray, 2015).  

The model proposed by Heidemann and Bray is consistent with other models 

claiming that microtubule arrangement is related to axon elongation (Athamneh et al., 
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2017, de Rooij et al., 2017, Suter and Miller, 2011), and it is considered to be a 

fundamental of mechanobiology for neurite stretching. Likewise, neurite retraction is 

also regulated by microtubules but in a different manner. The orderly retrograde 

shortening of the microtubule coordinated with the surface area of plasma membrane 

retrieval by submembrane actin dynamics is proposed to be a mechanism for neurite 

shortening (Prager-Khoutorsky and Spira, 2009). Hence, the dynamics of microtubules 

directly modulate the cytoarchitecture of neuronal cells and neurites and consequently 

play a critical role in determining the strain range in which neurites can still maintain a 

normal function. 

 

Figure 1.13 Possible mechanism of tension-driven axon growth. (A) The 

arrangement of long microtubules and short mobile segments in axon before mechanical 

tension application. (B) The separation of long microtubules and aggregation of short 

segments when the nerve is pulled apart at both ends. (C) The rearrangement of 

microtubules resulting in axon elongation with normal transport. (D) The passive 

crosslink reattachment. The illustrating figure was adapted from Heidemann and Bray’s 

suggestion (Heidemann and Bray, 2015). 
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Research Objectives of this PhD Project 

 

The overall aim of the research project is to develop and investigate tethered 

aligned engineered neural tissue (TaeNT) containing neurons and Schwann cells for 

long-gap peripheral nerve regeneration. The living neurons in TaeNT are hypothesised 

to improve functional recovery by restoring muscle innervation more rapidly than 

treatments that simply provide a bridge for host neuron regeneration (e.g., autograft, 

conduit, previous EngNT).  

The TaeNT approach requires different types of cellular interactions as it 

contains both transplanted neurons and Schwann cells and also interfaces with 

Schwann cells and elongating neurites and other components in the host tissue. The 

cellular interactions between the different cell populations will underpin the regenerative 

properties of TaeNT. Here, important attributes to determine an effective cellular 

engineered construct for peripheral nerve repair include: (1) the ability to resemble the 

structure of Bands of Büngner containing aligned Schwann cells to support axon 

elongation, (2) biocompatibility with host tissue such that the interaction of host and 

transplanted cells leads to a supportive environment for regeneration, (3) the feasibility 

to further develop the construct for mechanical tension application to induce longer 

neurites in the construct. Therefore, the main hypotheses to be tested in the project were 

whether the TaeNT has the 3 attributes stated above which reflect its potential as an 

alternative transplanted construct to improve peripheral nerve regeneration. 

Quantifying host and transplanted neurons and Schwann cell interaction, neurite 

elongation, and interface integration of host and transplanted cells could provide 

experimental evidence to determine whether the TaeNT has the required attributes 

mentioned above (Figure 1.14). In this project, experimental approaches were divided 

into three chapters, each of which tacked a specific objective corresponding to particular 

components in the TaeNT, as follows: 
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Objective 1: To investigate the elongation of neurons within TaeNT and at 

the interface with host tissue. 

The regenerative potential of TaeNT containing neurons and Schwann cells was 

investigated in terms of supporting neurite elongation within the transplant and across 

the host/graft interface. To test the hypothesis whether the neurite elongation of neurons 

was supported by the co-culture of Schwann cells in TaeNT, both in vitro and in vivo 

experiments were carried out. The length, alignment, and interface-crossing of neurites 

were quantified to provide preliminary experimental evidence about TaeNT containing 

neurons and Schwann cells in peripheral nerve regeneration.  

Objective 2: To understand the nature and consequences of the interaction 

between host and transplanted glial cells in nerve repair.  

In the transplantation scenario, Schwann cells from host tissue migrated into the 

conduit, and interacted with cells in the conduit. The interactions between two cell 

populations were hypothesised to be supportive to the regeneration by their mobility to 

cross the interface and alignment pattern. TaeNT was used to study the interaction 

between host and transplanted glial cells when the TaeNT was transplanted into a rat 

sciatic nerve injury model. The distribution, migration, and alignment of both glial cell 

populations were examined to understand whether glial cells from within and outside the 

engineered tissue influence each other in a supportive or disruptive way.  

Objective 3: To develop a protocol for mechanical tension application to 

induce stretch growth of neurons in engineered tissue.  

TaeNT with aligned Schwann cells and neurons was proposed as a 3D cellular 

hydrogel-based substrate that can be modified and combined with a stretching system 

to induce longer neurites in the construct prior to transplantation. This chapter mainly 

contained engineering development of stretching protocol on TaeNT with preliminary 

tests on cell morphology to test the hypothesis that the TaeNT has a feasibility to provide 

an alternative platform to apply mechanical tension to neural cells for growth response. 
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Figure 1.14 Overview of the key topics related to the use of TaeNT for long-gap 

nerve regeneration. When TaeNT containing elongated neurons and Schwann cells is 

transplanted into the nerve gap, many cell populations are included in the regenerative 

scenario, therefore various cell behaviours and interactions were investigated. 

Regenerative neurites from host neurons are elongating into the proximal end of the 

conduit toward the distal end while host Schwann cells are migrating into the conduit. 

The investigation of each particular topic contributes to the main objectives of 

experimental chapters in this project.  
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CHAPTER 2  

Materials and Methodology 

 

2.1 Materials 

Cell lines Origin Supplier 
Catalogue 

number 

NG108-15  
Mouse neuroblastoma x Rat 

glioma hybrid 
ATCC, US HB-12317TM 

SCL4.1/F7 Rat Schwann cells ECACC 93031204 

Table 2.1 Cell line used in the experiments. 

 

Primary 
antibody 

Target Species Dilution Supplier 
Catalogue 
Number 

Secondary 
antibody 

Polyclonal  
anti-β-Tubulin 

III  
Neurons Rabbit 1:400 

Sigma-
Aldrich, 

UK  
T3952  

Anti-
Rabbit 

488 

Monoclonal  
anti- β-

Tubulin III  
Neurons Mouse 1:400 

Sigma-
Aldrich, 

UK  
T8660  

Anti-
mouse 

488 

Polyclonal  
anti-S100 

Glial 
cells 

Rabbit 1:400 Dako Z0311 
Anti-rabbit 

549 

Neurofilament
-H 

Axons Mouse 1:1000 
Euroge-

ntec 
SMI-35-

050 

Anti-
mouse 

488 

Table 2.2 Primary antibodies used in the experiments. 
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Secondary 
antiboy 

Species Dilution Supplier 
Catalogu
e number 

DyLight 488, 
anti-rabbit IgG 

(H+L) 
goat 1:300 

Vector Laboratories, 
US  

DI-1488  

DyLight 549, 
anti-rabbit IgG 

(H+L) 
goat 1:300 

Vector Laboratories, 
US  

DI-1549  

DyLight 488, 
anti-mouse IgG 

(H+L) 
horse 1:300 

Vector Laboratories, 
US  

DI-2488 

DyLight 549, 
anti-mouse IgG 

(H+L) 
horse 1:300 

Vector Laboratories, 
US  

DI-2549  

Table 2.3 Secondary antibodies used in the experiments. 

 

Reagent/solution/material/other  Supplier  
Catalogue 
number  

Dulbecco’s modified Eagle’s 
medium (DMEM)  

Sigma-Aldrich, UK  D6429  

Foetal Bovine Serum (FBS)  Sigma-Aldrich, UK  26140079  

Penicillin-streptomycin (P/S)  Sigma-Aldrich, UK  P0781  

Trypsin-EDTA solution (TE)  Fisher-Scientific, UK  R001100  

Poly-L-lysine  Sigma-Aldrich, UK  P6282  

Collagen type I from rat tail First Link, UK  60-30-810  

Phosphate buffered saline (PBS)  Sigma-Aldrich, UK  P4417  

Paraformaldehyde (PFA)  Fisher-Scientific, UK  P/0840/53  

Dimethyl Sulfoxide (DMSO)  Sigma-Aldrich, UK  D5879  

Hoechst 33342 (Bisbenzimide)  Sigma-Aldrich, UK  B2261 

Triton X-100  Sigma-Aldrich, UK  T9284  

Normal goat serum  Dako, Denmark  X0907  
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Reagent/solution/material/other  Supplier  
Catalogue 
number  

Normal horse serum  Vector Laboratories, UK  S-2000  

Isoflurane anaesthetic  Minrad Inc, UK  
From the 
pharmacist  

Rimadyl analgesic  Pfizer, US  
From the 
pharmacist  

Lacri-lube  Allergan, UK  
From the 
pharmacist  

Battles veterinary wound powder  Fearing, UK  AH07045  

10-0 sutures  eSutures  2830G  

Sucrose  Fisher-Scientific, UK  S/8600/60  

Medical-grade stainless steel wire 
0.25 mm 

KC Smith Ortho Ltd 
R600H00.250P
C7 

Medical-grade stainless steel wire 
0.9 mm 

KC Smith Ortho Ltd 
R600H00.900L
30 

Polysiloxane filler R&S Dental Product 16-120 

Medical-grade silicone tube Syndev, US 228-0235 

Glass slide for frozen sections 
Superfrost™ Plus, Thermo 
Fisher Scientific 

12-550-15 

Parafilm® M sealing film Sigma-Aldrich, UK  BR701611 

4-0 sutures  Ethicon 1667G 

PLA filament for 3D printing 
(2.85mm) 

PolyMaxTM - 

Table 2.4 Materials used in the experiment. 
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2.2 Methods 

2.2.1 Cell culture and preparation   

NG108-15 is a somatic hybrid cell line originally formed from rat C6-BU-1 glioma 

cells and mouse N18TG2 neuroblastoma. The immortalized cell line exhibits 

characteristics of motor neurons with neurite outgrowth and has been widely used in 

various in vitro neuronal studies including the mechanisms of neuronal development and 

differentiation.  

SCL4.1/F7 rat Schwann cell line is an immortalised Schwann cell line derived 

from neonatal Wistar rat Schwann cells being cultured from long periods and cloned by 

limiting dilution to establish its proliferation without mitogens. The cell line displays an 

identity and molecular markers similar to Schwann cells, such as calcium-binding 

cytosolic protein S100, differentiation-related p75, and GFAP in non-myelinating 

phenotype in vitro, so it has been widely used as a tool to study biochemical and cellular 

basis of Schwann cells in peripheral nerve. 

NG108-15 rat glioma cells and SCL4.1/F7 rat Schwann cells were maintained in 

a DMEM-complete medium which was made of high glucose Dulbecco's Modified 

Eagle's Medium culture medium (DMEM) supplemented with 10% v/v fetal bovine serum, 

penicillin, and streptomycin (100 U/ml and 100 mg/ml, respectively) in standard cell 

culture flasks. The sub-confluent cultures were split when reaching 70-80% confluence. 

F7 cells were detached by incubation with 0.25% trypsin-EDTA solution for 7-10 minutes 

at 37°C, 5% CO2, while NG108-15 were detached from the flask surface by gently 

knocking the flask without adding trypsin since the cells are lightly attached. Then, cells 

were centrifuged with a round bucket rotor at 400 G for 5 minutes and then resuspended 

in a DMEM-complete medium for use in experimental studies. 

Dorsal root ganglion (DRG) is one of the most widely used sources of primary 

neural cells as it contains pseudo-unipolar neurons, glial cells (a mixture of Schwann 

cells and satellite glial cells), and other cells such as fibroblasts and endothelial cells. It 
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is located in a dorsal root of a spinal cord and can be purified and prepared to obtain 

each particular cell type. The DRG culture can be used to study molecular mechanisms, 

cellular survival and physiology, electrophysiology, signal transduction, or neural 

development. 

Dorsal root ganglion (DRG) neurons were obtained from postnatal 2 (P2) day-old 

Sprague Dawley rats as a source of primary neurons. To obtain the DRGs, the spinal 

column was excised from P2 Sprague-Dawley rats that were culled using decapitation. 

The spinal column was divided in half in the sagittal plane to expose the spinal cord, and 

the cord tissue was removed to expose the DRGs and roots in the intervertebral foramen. 

Using the Olympus SZ40 dissecting microscope with Volpi, Intralux® 6000 optical fibre 

light source, the DRGs were removed and placed in a universal tube containing DMEM 

supplemented with penicillin and streptomycin. Approximately twenty DRGs were 

collected from each animal's thoracic and lumbar regions. The DRGs were transferred 

to a petri dish and incubated in 2.5 ml 0.125% collagenase type IV – prepared in serum-

free DMEM media supplemented with 100μg/ml penicillin and streptomycin solution – at 

37°C, 5% CO2 for 90 minutes. The collagenase-treated explants were mechanically 

dissociated by trituration with a 1ml Gilson pipette. Collagenase was removed by two 

20ml spin washes in DMEM-complete at 400 G for 5 minutes. For experimental studies, 

cells were resuspended in a DMEM-complete medium as 'crude' DRG preparations.  

To obtain enriched cultures of DRG neurons by depletion of satellite glial cells 

and any fibroblasts, the crude cell pellet was resuspended in 10 ml DMEM-complete 

supplemented with 0.01mM cytosine arabinoside and plated in a poly-D-lysine coated 

flask (cells from 2-3 pups per flask) and incubated at 37°C, 5% CO2 for 24 hours before 

use. DRG neurons were detached by incubation with 0.25% trypsin-EDTA solution for 7-

10 minutes at 37°C, 5% CO2. Cells were recovered by centrifugation at 400 x g for 5 

minutes and then resuspended in a DMEM-complete medium for experimental studies.  
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Primary glial cell cultures were prepared by subculturing the crude DRG culture 

in a DMEM-complete medium for extended days to increase the proportion of 

proliferating glial cells in the culture. The duration of subculturing that optimised glial cell 

culture preparation was investigated in Section 4.2.1.   

 

2.2.2 Media testing for the co-culture of NG108-15 and F7 Schwann cells 

Three media solutions were investigated: DMEM-complete medium, serum-free 

DMEM medium, and conditioned medium taken from F7 culture at 70-80% confluence. 

Each medium was added on top of two different substrates: glass surface coated with 

poly-D-lysine and collagen gels in 24-well plates. The collagen gels were prepared from 

80% v/v type I rat tail collagen, 10% v/v 10 x minimum essential medium, and 10% v/v 

DMEM with FBS. Before adding the cell suspension, drops of sodium hydroxide diluted 

1:10 in PBS were slowly added to the gel mixture to adjust pH for gel neutralisation. 400 

μl of the collagen gel mixture was added to each well and allowed to set at 37°C, 5% 

CO2 for 10 minutes. 10,000 NG108-15 cells were seeded on top of each collagen gel or 

glass surface, and subsequently, 800 μl of one medium was added into each well. 

Therefore, in each experiment, there were 6 culture conditions: three different media and 

two different surfaces. NG108-15 were incubated at 37°C, 5% CO2 for 72 hours. The 

number of cells per field and neurite length of each cell in each condition was measured. 

 

2.2.3 Contraction profile to identify cell contractibility   

Contraction Profile is a cell-matrix interaction assay system for determining the 

ability of cells to contract free-floating collagen gels, providing information about the 

optimal number of cells and ratio of neurons and Schwann cells required to create 

alignment in self-organising guidance conduit. NG108-15 and F7 Schwann cells were 

co-cultured in 6 conditions: 3 different NG108-15/F7 ratios (1/2, 1/4, and 1/8), and 2 
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different F7 densities: 4 x 106, 2 x 106 cells/ ml collagen gel. The collagen gels were 

prepared from 80% v/v type I rat tail collagen (2 mg/ml in 0.6% acetic acid), 10% v/v 10x 

minimum essential medium, and 10% v/v cell suspension containing cells in FBS-

supplemented DMEM. Before adding the cell suspension, drops of sodium hydroxide 

diluted 1:10 in PBS were slowly added to the gel mixture to adjust pH for gel 

neutralisation. 75 μl of the collagen gel mixture was added to each well in a 96-well plate 

and allowed to set at 37°C, 5% CO2 for 10 minutes before 200 μl media was added. The 

gels were incubated at 37°C, 5% CO2 for 15 minutes and detached from well plates using 

a needle. The free-floating gels were then incubated at 37°C, 5% CO2 for up to 24 hours. 

Then, the media was removed, and the gels photographed. The contraction (% change 

in gel size compared to initial dimensions) was measured using ImageJ software.               

   

2.2.4 Fabrication of collagen gels in tethered aligned system  

Collagen gel mixture was prepared from 80% v/v type I rat tail collagen (2 mg/ml 

in 0.6% acetic acid), 10% v/v 10x minimum essential medium, and 10% v/v cell 

suspension containing neurons and Schwann cells at a required density. Before adding 

the cell suspension, drops of sodium hydroxide diluted 1:10 in PBS were slowly added 

to the gel mixture to adjust pH for gel neutralisation. An approximate amount of 43 μl per 

1 ml of gel mixture was sufficient to neutralise the gel mixture at 4 °C as the yellow colour 

of the phenol red indicator in the gel mixture was observed to change to a faint pink. The 

cell suspension was added to the neutralised gel mixture and slowly resuspended for 

cell distribution. The complete cellular gel mixture at a required volume was gently added 

to a specific mould (described in 2.2.5 and 2.2.6) at 4 °C. In order to obtain consistent 

gel contraction, tethering meshes or holes were thoroughly soaked in the gel for optimal 

gel integration. The cellular gel in the mould was then incubated at 37 °C in a humidified 

chamber with 5% CO2 and 95% air for 15 minutes to allow gel setting before adding 

DMEM-complete medium to the mould. After incubating for at least 24 hours, gel 
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contraction was observed consistent with formation of a self-aligned cellular hydrogel 

system as demonstrated previously (Sanen et al., 2017, Georgiou et al., 2013). 

 

2.2.5 Tethered Aligned Engineered Neural Tissue (TaeNT)  

An in vitro fully-hydrated cellular hydrogel system mainly consists of a rectangular 

nylon culture mould with the dimension of 3 x 3.8 x 0.5 cm and 4 pieces of tethering 

mesh with the dimension of 6 x 17 x 0.3 mm (Figure 2.1). The mould has an H-shape 

cavity cut through the middle to accommodate the gel and tethering meshes. To prepare 

the materials, the culture mould, tethering meshes, and pieces of parafilm were sterilised 

by soaking in 70% ethanol for at least an hour and leaving to completely dry inside the 

tissue culture hood. A piece of sterile parafilm was used to seal the mould base before it 

was placed in a petri dish. 2 pieces of tethering mesh were placed at each end of the 

mould cavity. 

1 ml of the gel mixture containing F7 Schwann cells at the density of 4 x 106 

cells/ml prepared by methods in Section 2.2.4 was added to the assembled mould at 4 

°C and integrated with tethering mesh at both ends. To optimise the gel integration, 

approximately 100 μl of the gel mixture was firstly added to the tethering mesh to soak it 

thoroughly before adding the remaining gel mixture into the mould. After setting for 15 

min at 37°C, tethered gels were incubated in DMEM with FBS at 37°C with 5% CO2 and 

95% air for 24 hours to allow Schwann cell contraction and alignment to take place, then 

0.1 x 106 NG108-15 in 50 μl DMEM supplemented with 10% FBS was seeded on top of 

the gels and incubated to promote cell attachment on gels at 37°C, 5% CO2 for 1 hour. 

Then, the TaeNT was topped up with FBS-supplemented DMEM and maintained for 3 

days.  
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Figure 2.1 Fabrication of tethered aligned engineered neural tissue (TaeNT) 
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2.2.6 Fabrication of self-organising collagen guidance conduit for 

transplantation  

The self-organising collagen guidance conduit is an implantable engineered living 

scaffold which was used here for in vivo studies. It is like a tethered aligned collagen-

based culture system containing living cells for nerve regeneration similar to TaeNT, but 

modified to be in a conduit shape compatible with the nerve geometry (Figure 2.2). 

Medical-grade silicone tubes with an internal diameter 1.98 mm and an external diameter 

3.17 mm were cut into 10 mm in length. 16 square holes were made at both ends of the 

silicone tube with a side length of approximately 0.9 mm each. At each end of the tube, 

2 rings of 8 holes were made, using a 19-gauge hypodermic needle under a dissection 

microscope (Figure 2.2). The holes were analogous to the tethering mesh in TaeNT, 

which allowed collagen gels to become tethered at the end of the tubes during the 

contraction. 

50 μl of collagen gel mixture containing DRG neurons and F7 Schwann cells 

prepared by methods in Section 2.2.4 was injected into the perforated silicone tube. Two 

densities of F7 Schwann cells (2 and 4 x 106 cells per ml) and 3 different ratios of neurons 

to Schwann cells (1:2, 1:4, and 1:8) were examined prior to the transplantation to 

optimise by contraction profile the optimal ratio considered to provide reliable contraction. 

To maximise gel integration, another 50 μl of the cellular collagen gel mixture was added 

to the perforated holes on the external surface of the tube to bridge the gel between each 

tethering hole. After incubating in DMEM with FBS at 37°C with 5% CO2 and 95% air for 

24 hours, gel contraction can be clearly observed with the gel under tension between the 

attachment points, leaving an approximately 1 mm gap at each end of the conduit to 

accommodate insertion of the nerve stumps. 
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Figure 2.2 Size and dimension of a medical-grade silicone conduit for 

transplantation 

 

2.2.7 Freeze-and-thaw process  

The freeze-and-thaw process was selected to kill neural cells within TaeNT to 

examine exogenous cell behaviours when cultured with TaeNT in the absence of 

endogenous cell in the construct. Previous experiments using this method with stabilised 

tethered collagen gel containing F7 Schwann cells reported that approximately 96% of 

cells were dead (Georgiou et al., 2013). For fully-hydrated collagen-based tissue, 60% 

of fibroblasts were dead right after being frozen at a cooling rate of 40°C/min without 

cryoprotective agents, and the percentage of dead cells continued increasing to 90% at 

24 hours after the freeze-and-thaw process (Devireddy et al., 2003, Jain et al., 2014). 

TaeNT was made with the procedure explained previously. After incubating in a 

DMEM-complete medium for 24 hours, the medium was removed. TaeNT was detached 

from the mould using a surgical blade to cut both ends of the gel from the tethering 

meshes. The detached TaeNT was placed longitudinally inside a 1.5 ml conical cryotube. 

The tube containing TaeNT was rapidly frozen in liquid nitrogen at -196 °C without 

cryoprotective agents for 5 minutes and subsequently thawed in a water bath at 37°C for 

10 minutes.  
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To investigate glial cell behaviour, the frozen-and-thawed TaeNT was placed in 

the petridish. 100 μl of DMEM-complete medium containing DRG glial cells with the 

density of approximately 100,000 cells was seeded on top of the frozen-and-thawed 

TaeNT and incubated for 1 hour to allow cell attachment to the hydrogel. The petridish 

with the frozen-and-thawed TaeNT was filled with DMEM-complete medium, and then 

fixed and immunostained for quantitative analysis after incubated for 3 days. 

 

2.2.8 3D culture interface model  

The 3D interface cultures were prepared by casting in a stainless steel mould 

with dimensions of 3 x 3.5 x 0.4 cm3 (Figure 2.3). The mould has a rectangular cavity 

divided into 4 adjacent channels by inserting 0.1 mm-thick stainless steel dividers into 

the frame. The casting mould, stainless steel dividers, and a piece of parafilm were 

sterilised by soaking in 70% ethanol for at least an hour and leaving to completely dry 

inside the tissue culture hood. The sterile parafilm was used to seal the mould base 

which was then placed in a 60 mm diameter petridish. Since the experiment aimed to 

examine 2 cell populations and an acellular hydrogel, a total of 3 channels were used to 

cast the gel, and 2 sterile dividers were inserted into the frame. Each divided channel 

was filled with 400 μl of collagen gel mixture prepared with the method explained in 

Section 2.2.4 (80% v/v type I rat tail collagen, 10% v/v 10x minimum essential medium, 

and 10% v/v cell suspension or culture media without cells, neutralised with sodium 

hydroxide diluted 1:10 in PBS). F7 Schwann cells and primary glial cells from DRG 

cultures with a density of 2 million cells per ml were mixed into the collagen mixture in 

different channels. The mixture was filled into each channel promptly and maintained at 

4°C until the dividers were removed. After removal of dividers to let the gels integrate, 

the collagen gel in the mould was incubated at room temperature for 10 minutes to allow 

setting before adding medium and being maintained at 37 °C for 3 days. 
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Figure 2.3 Materials for 3D interface model. 4 cavities in the mould where different 

cultures were divided using dividers while making the gel. Each cavity can contain 

approximately 400 μl of collagen. By controlling the rate of setting, gels in adjacent 

compartments can integrate mechanically without the cell populations mixing at the start 

of the experiment.  
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2.2.9 Transplantation of self-organising collagen guidance conduit 

containing neurons and Schwann cells in rat sciatic nerve model  

All surgical procedures were performed in accordance with the UK Animals 

(Scientific Procedures) Act (1986), the European Communities Council Directives 

(86/609/EEC) and approved by the UCL Animal Welfare and Ethics Review Board. Adult 

Wister rats (250-300 g) were housed randomly into groups in plastic cages with soft 

bedding and free access to food and water. After being deeply anaesthetised with 

isoflurane inhalation, each rat was placed under the microscope (Zeiss CL 1500 ECO), 

then using aseptic procedures the left sciatic nerve was exposed by making a 3-cm 

incision parallel to the femur between the knee and hip, where muscle layers were then 

separated. The sciatic nerve was released from the surrounding tissue to prepare it for 

a nerve transection. Neurotmesis was conducted using sharp scissors to transect the 

sciatic nerve at approximately 1.5 cm distal to the hip. 

A self-organising collagen guidance conduit containing living cells was 

transplanted by placing it between the transected nerve stumps (Figure 2.4). The 

proximal and distal nerve stump was inserted into each end of the conduit and two 10-0 

epineurial sutures were used to secure each nerve stump. The overlying muscle layers, 

and the skin were then closed using two 4-0 sutures and stainless steel wound clips, 

respectively. The rats were allowed to recover and maintained for 3 weeks post-

transplantation. 

 



 

70 
 

 

Figure 2.4 Transplantation of self-organising collagen guidance conduit in rat 

sciatic nerve. (A) The nerve was exposed after release from surrounding tissue. (B) 

Following nerve transection, the transplanted conduit physically connected the nerve gap 

by suturing proximal and distal stump to each end of the conduit. 

 

2.2.10 Nerve tissue preparation for analysis   

To harvest nerve tissue, each rat was culled by CO2 asphyxiation (as guided by 

local regulations). The left sciatic nerve with transplanted conduit was immersion-fixed 

in 4% (w/v) PFA in PBS at 4 ºC overnight. The silicone tube was carefully removed from 

the tissue inside, along with approximately 3-5 mm of nerve tissue at both ends. 

For cryo-sectioning preparation, the fixed nerve was dissected using a surgical 

blade to divide it into 5 different areas: PN (proximal nerve), PD (proximal device), 

middle, DD (distal device), DN (distal nerve), from proximal to distal, respectively (Figure 

2.5). The length of nerve tissue in the middle was approximately 4 mm, leaving 3-mm 

tissue at both ends to be PD and DD. The 3-mm tissue outside the conduit next to PD 

and DD were PN and DN, respectively. Note that the interface between nerve and 

conduit was identified by the suture site, as shown in Figure 2.5C. The tissue division 

was subjected to different sectioning for two different analyses: PN, PD, DD, and DN 

was subjected to cross-sectioning for neurite distribution and interface investigation in 

Chapter 3, and the middle tissue was for longitudinally sectioned for cell interaction 

analysis in Chapter 4. 
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Following the harvesting and fixation, the tissue segment was incubated in 30% 

sucrose overnight before undergoing snap freezing in 1:1 of FSC 22 Frozen Section 

Media (Leica) and 30% sucrose. Either longitudinal or cross-section at 15 μm thickness 

was prepared by a cryostat (Leica CM1860) and then adhered to glass slides for 

histological analysis. 

 

 

Figure 2.5 Tissue harvesting and division for different analyses. (A) Area 

identification of self-organising collagen guidance conduit in rat sciatic nerve after 

transplanting in rat sciatic nerve for 3 weeks. Both 3-mm ends of the conduit were cross-

sectioned, while the tissue in the middle part inside the conduit was for longitudinal 

sectioning. (B) Rat sciatic nerve with transplanted conduit harvested after 4 weeks post-

transplantation. (C) Nerve tissue after conduit removal. The white arrow indicates a 

suture site at both ends of the conduit. 
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2.2.11 Immunocytochemical labelling 

For in vitro experiments in the monolayer cell culture, after incubating cells for a 

specific time, media was removed, and the culture substrate was gently washed with 

PBS and fixed with 4% paraformaldehyde in PBS overnight. Each well was incubated 

with 0.5% (v/v) Triton-X at room temperature for 15 minutes to permeabilise the cells, 

and blocked with 5% goat or horse serum at room temperature for 15 minutes before 

washing and primary antibody addition. For collagen gels, fixing, permeabilising, and 

blocking protocol were similar with double incubating time (30 minutes), and the gels 

were released from the mould and placed in a well plate after fixation.  

Monoclonal anti-βIII-tubulin antibody and anti-S100 antibody were used to 

immunostain neurites and F7 Schwann cells, respectively. These primary antibodies 

were diluted to 1/400 in PBS and added to each well to incubate overnight. Then, the 

samples were washed for 6 times (15 minutes each) and incubated in corresponding 

anti-mouse or anti-rabbit (secondary antibody) diluted to 1/300 in PBS at room 

temperature for 45 minutes in the 2D substrate and 90 minutes in the 3D substrate. To 

stain nucleic acid, Hoechst 33342 was added and incubated at room temperature for 15 

minutes.  

           For the tissue sections from in vivo experiments (Section 2.2.9), nerve sections 

mounted on glass slides were washed with PBS and then permeabilised and blocked 

with 10% goat or horse serum and 0.3% Triton-X diluted in PBS at room temperature for 

2 hours. The tissue sections were gently washed and incubated with the primary antibody 

in 10% goat or horse serum in PBS inside a humidified box at 4 ⁰C overnight. Anti-

neurofilament and anti-S100 antibodies were used to immunostain neurites and F7 

Schwann cells, respectively. After incubating with primary antibodies, the sections were 

washed with PBS before incubating with corresponding secondary antibodies in 10% 

goat or horse serum in PBS at room temperature for 2 hours. The sections were washed 

with PBS and mounted using Vectashield HardSet mounting medium. 
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2.2.12 Dynamic mechanical analysis (DMA) 

 Although tensile testing can also provide similar mechanical measurement to 

determine viscoelasticity properties of the specimen (i.e., storage modulus, loss 

modulus, tan delta), there is a difficulty in gripping both end of the gel as the gel is very 

soft and easy to break. In this project, uniaxial mechanical compression test was more 

suitable to analyse the mechanical properties of the whole fully-hydrated collagen gel. 

The DMA compression test was performed using a Bose Electroforce (3200 

Series II, TA Instruments) and WinTest 7 software. TaeNT and frozen-and-thawed 

TaeNT were prepared and measured their dimensions using a vernier caliper (Figure 

2.6). The gel was placed between two metal platens where the load and displacement 

values were zeroed. To ensure the gel-platen contact, platens were adjusted to slowly 

brought together until a small initial deflection in platen displacement was observed in 

the WinTest 7 software. An initial ramp of 15% pre-strain was applied with a 1 Hz pre-

conditioning cycle. DMA cycle was then measured by setting 2% dynamic amplitude and 

1-70 Hz ascending frequency sweep. Storage modulus (E’) and loss modulus (E’’) at 

frequency from 1 to 70 Hz were plotted into the graphs. Tan delta was calculated from 

the ratio of loss modulus to storage modulus. The gel was considered to be in a 

rectangular shape with the dimension of L 16.6 x W 3.6 x H 1.3 mm3 for the calculation. 

All specimens were tested at room temperature and fully hydrated in DMEM. 

 

Figure 2.6 Dimensions of TaeNT in fully-hydrated condition after removing from 

the mould. The measurement was done using a vernier caliper, and each dimension 

was an average value of 3 samples prepared independently. 
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2.3 Image analysis and quantification 

2.3.1 Scanning electron microscopy (SEM)  

The alignment of the collagen matrix in Chapter 4 was visualised using scanning 

electron microscopy (Philips XL30 FEG or FEI Quanta 200F) operating at 5 kV. Prior to 

the imaging, the sample was fixed with PFA and dehydrated in a series of graded ethyl 

alcohols at room temperature. The sample was immersed in 70% and 90% ethyl alcohol 

for 15 minutes each, respectively, and then soaked 3 times in 100% ethyl alcohol for 10 

minutes each. The sample preparation was completed with a further drying process by 

immersing the sample in Hexamethyldisilazane (HMDS) in a metal foil container for 5 

minutes and placing on filter paper to dry in the fume hood for at least an hour. The 3D 

collagen gel was mounted onto metal specimen stubs with double-sided adhesive tape, 

then vacuum coated with a platinum film. Images at various resolutions were taken for 

quantification analysis by VolocityTM 6.4 (PerkinElmer) software. 

 

2.3.2 Fluorescence microscopy 

The immunostained samples were soaked in PBS and visualised under Leica DM 

IRB fluorescence microscope starting with 4X objective lens for scanning and then 10X 

objective lens for imaging. The number of cells, neurite length and angle between neurite 

and aligned cells in Chapter 3 were measured by ImageJ software (Schneider et al., 

2012). The angle of deviation was calculated from the angle between the alignment of 

each individual neurite and the main longitudinal axis of the construct.  

 

2.3.3 Confocal microscopy 

           LSM confocal microscopy (Zeiss LSM 710) was used to visualise immunostained 

cells in 3D collagen scaffolds after longitudinal or transverse sectioning. The images 
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were then analysed using VolocityTM 6.4 (PerkinElmer) software with automated image 

analysis protocols. 

Cells immunostained for S-100 and GFP were automatically detected in different 

channels and then characterised as either host glial cells or transplanted glial cells by an 

intersecting or subtracting protocol. Host glial cells were positive in both S-100 and GFP 

channels, while transplanted glial cells were positive only in the S-100 channel and not 

the GFP channel (Figure 2.7). Likewise, cells immunostained for neurofilament and GFP 

were characterised as either host neurites or transplanted neurites by the similar method. 

Host neurites were positive in both neurofilament and GFP channels, while transplanted 

neurites were positive only in the neurofilament channel and not the GFP channel. 

 

Figure 2.7 Example of localisation analysis protocol from VolocityTM software. 

Cells immunostained for S-100 and GFP were detected in different channels and then 

characterised as either host glial cells or transplanted glial cells by an intersecting or 

subtracting protocol. 
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2.3.4 Statistical analysis 

For the statistical tests to determine differences between groups, either analysis 

of variance (ANOVA) or t-tests were performed as appropriate. A one-way ANOVA was 

followed by Tukey's multiple comparison post hoc test to compare every mean to every 

other means where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 were considered to 

be significant. Retrospective power and sample size analysis were also computed to 

determine whether group sizes in particular in vivo experiments had enough power. 

Box-and-whisker plots were used to display descriptive statistics, depicting 

groups of numerical data through their quartiles. These represent data with 5 values as 

a summary of a data set: minimum, first quartile, median, third quartile, and maximum. 

A box was plotted from the first quartile to the third quartile, with a median value in 

between. The whiskers at both sides of the box go from the first and third quartile to the 

minimum and maximum value, respectively. 
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CHAPTER 3  

Tethered Aligned Engineered Neural Tissue (TaeNT) containing 

neurons and Schwann cells as a substrate for neurite 

elongation 

 

3.1 Introduction 

3.1.1 Motor neurons in nerve regeneration 

The preliminary experiments of the research were focused on identifying the 

appropriate source of neurons to be used in the engineered construct. Many previous 

PNS studies have been done with sensory neurons from dorsal root ganglia (DRGs) as 

a conventional model in peripheral neuropathies because it is easy to culture and purify. 

However, sensory neurons from DRGs might not be the most suitable source of neuron 

to be used for peripheral nerve interface because of the lack of ability to form 

neuromuscular junctions in the body, while motor neurons can innervate skeletal muscle 

fibres and form neuromuscular junctions (Gutmann, 1945, Langley and Anderson, 1904, 

Weiss, 1945, Zalewski, 1970). Since this project is aimed to develop engineered neuron-

containing tissue for peripheral nerve regeneration, motor neurons would be one of the 

better sources for functional recovery of muscle.  

Motor neurons carry signals from the CNS to control effector parts of the body by 

projecting axons from their cell body in the spinal cord to the target muscle cells. The 

morphological features of motor neurons are varied in size, branching patterns, and axon 

length. In humans, some motor neurons have projecting axons which can be as long as 

1 metre elongating from spinal cord to the lower limb. For in vitro studies, there are 3 

main sources of motor neuron used in cell culture studies: primary cells, immortalised 

cell lines, and stem cell-derived cells. 
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Primary cells are purified populations of cells isolated from specific organs or 

tissues, thus are expected to be more representative of natural motor neurons in 

biological systems. Compared to the use of immortalised cell lines, aspects such as 

neuronal morphology, neurotoxicity, disease modelling, and various neuronal activities 

can sometimes be more reliably explored in primary cultures as they are derived directly 

from in vivo tissue. A number of protocols have been developed to overcome difficulties 

in culture and purification of motor neurons (Beaudet et al., 2015, Gingras et al., 2007, 

Graber and Harris, 2013) enabling us to use primary motor neurons in peripheral nerve 

research.  However, primary cells have limited expansion capacity, and it is difficult to 

obtain purified populations due to contamination with other cell types (Gordon et al., 

2013). To obtain healthy cultures and good morphology, isolation and purification of 

primary neurons requires various additional media and supplements which are 

specifically customised for each cell type. The use of primary cells can increase the cost, 

time, and complexity of research. Hence, many researchers only use primary cells to 

verify and refine experimental results following investigations with model cell lines.  

An immortalised cell line is a population of mutant cells which can be passaged 

under certain conditions for a long period of time in vitro. When a population of cells 

mutate either spontaneously in nature or experimentally induced in the laboratory, cells 

can undergo indefinite division due to the absence of cellular senescence. The prolonged 

proliferating cells are commonly used in preliminary in vitro research due to their 

reproducibility and similar characteristics to primary cells. NG108-15 cell line is a somatic 

cell hybrid of mouse neuroblastoma clone N18TG-2 and rat glioma clone C6 Bv-1, and 

has been widely used for in vitro studies as it has similar characteristics to motor neurons; 

it is cholinergic in nature and can form neuromuscular junctions when co-cultured with 

muscle cells (Busis et al., 1984). It also responds to electrical stimulation by accelerating 

its neuromuscular junction formation (Fukazawa et al., 2013). However, since 

immortalised cell lines are produced from mutation, some genetic and phenotypic 

characteristics are different from cells in the body, so they do not maintain important 
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functions and markers that are normally seen in vivo (Pan et al., 2009). Many 

investigations have also reported a frequent occurrence of misidentification and 

contamination in cell lines leading to unreliable results. At least 15 percent of cell lines 

sent from laboratories in United states, Europe, and Asia have been found to be 

misidentified or contaminated (Lorsch et al., 2014). Cultured cell lines can be 

contaminated by other microorganisms or phenotypically altered by chromosomal 

duplications, mutation, and epigenetic changes after a large number of passages. 

Moreover, functional motor neurons can also be derived from embryonic and 

induced pluripotent stem cells by reprogramming and direct differentiation. Under 

suitable culture conditions, stem cells are self-renewing progenitors that can form either 

expanded stem cells or differentiated cells for specific functions. Several researchers 

have previously reported the successful motor neuron differentiation from stem cells by 

adding or withdrawing growth factors such as fibroblast growth factor (bFGF), epidermal 

growth factor (EGF), retinoic acid (RA), and Sonic hedgehog (Shh) (Goncalves et al., 

2005, Lee et al., 2007, MacDonald et al., 2003, Thonhoff et al., 2009). Although the 

derived motor neurons could be less physiologic compared to primary cells, it is 

expandable and provides better purity of motor neurons in the culture. In the translational 

stage, the use of stem cell-derived motor neurons enables personalised transplantation 

to patients with a low risk of immune rejection. However, the culturing and differentiation 

method of stem cell-derived motor neurons involves a number of parameters, such as 

media composition, and requires optimisation for co-culture in specific biomaterials. 

Therefore, to simplify the protocol for a proof-of-concept study on transplanted conduits, 

the use of stem cells with complex culture conditions was eliminated and will be included 

in further research. 

 

 

 



 

80 
 

3.1.2 Source of cells for neurite elongation study 

For preliminary in vitro modelling in this chapter, a simple, reliable, and cheap 

cell line would allow the engineered tissue experiments to be conducted easily. Here, 

NG108-15 was chosen to be an in vitro model cell line as it exhibits characteristics of 

motor neurons with neurite outgrowth (Smalheiser, 1989). Many previous studies have 

reported methods to optimise neurite length of NG108-15 in vitro. Table 3.1 presents the 

results of a systematic literature review of NG108-15 culture protocols, providing average 

neurite length at particular time points. The longest neurite lengths of NG108-15 in the 

review were from co-culture with Schwann cells (Armstrong et al., 2008, Kingham et al., 

2007). 

According to ATCC (American type culture collection), the base medium for 

NG108-15 cell line is Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal 

bovine serum (FBS). FBS is a standard supplement of cell culture medium containing a 

number of growth factors and other necessary ingredients to facilitate sustained cell 

growth and activities (Gstraunthaler, 2003). However, many studies also used defined 

medium or serum-free DMEM to culture NG108-15 for neurite elongation as the removal 

of FBS from DMEM was reported to induce differentiation and neurite outgrowth of 

neuroblastoma cells (Ghahary et al., 1989, Harkins et al., 1972, Krystosek, 1989). It was 

established that NG108-15 cultured in a defined medium exhibited morphology, 

proliferation, and viability similar to those of cells cultured in medium supplemented with 

5% fetal calf serum (Griffin et al., 1985). For electrophysiological studies, serum-free 

medium is suggested to be suitable as excitability of NG108-15 depends on the amount 

of serum supplement in the medium, and regenerative action potentials spontaneously 

occur more frequently when cells are cultured in serum-free medium (Kowtha et al., 

1996, Kowtha et al., 1993).  

However, the in vitro experiment in this chapter included co-culture of NG108-15 

with F7 Schwann cells whose culture medium was FBS-supplemented DMEM. Also, 



 

81 
 

previous experiments have commonly used FBS-supplemented DMEM to co-culture F7 

Schwann cells and neurons (Georgiou et al., 2013, Muangsanit et al., 2020, Rayner et 

al., 2018, Santiago-Toledo et al., 2019). Therefore, different co-culture conditions for 

NG108-15 were tested at the beginning of this chapter to verify a suitable condition to 

support both cell populations in term of proliferation and neurite outgrowth, compared to 

other culture conditions. 
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Reference Culture Method 
Duration 

(day) 

Neurite length 
(μm) 

Control Induced 

(Kraus et al., 
2015) 

3D-Schwann cell-neuron 
spheroid model (embedded in 

collagen) 
10 65 176 

(Palazzolo et al., 
2012) 

incubated in C3 transferase 
and flavonoid isoquercitrin 

2 30 210 

(Paviolo et al., 
2013) 

Laser exposure of gold 
nanorods  

3 70 90 

(Tomita et al., 
2013) 

co-cultured with human 
dADSCs 

1 10 33 

(Tong et al., 
2010) 

co-cultured with differentiated 
NSCs 

1 n/a 

242.3 

co-cultured with 
undifferentiated NSCs 

78.9 

co-cultured with SCs 

260.8 

(Kingham et al., 
2007) 

1 67.5 309.8 

(Kingham et al., 
2009) 

co-cultured with dADSCs 

1 41 147.72 

(Kingham et al., 
2007) 

1 67.5 205.2 

(Kingham et al., 
2009) 

co-cultured with ADSCs + 
DAPT 

1 41 133.48 

(Armstrong et al., 
2008) 

co-cultured with SCs seeded 
on laminin 

1 

n/a 

238.74 

3 321.89 

co-cultured with SCs seeded 
on PDL 

1 157.57 

(Armstrong et al., 
2007) 

co-cultured with SCs seeded 
on fibronectin 

1 40.5 283.8 

co-cultured with SCs seeded 
on collagen 

1  111.9 

(Wu et al., 2007) 
cross-linking of GM1 

ganglioside with multivalent 
ligands 

2 199 292 
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Reference Culture Method 
Duration 

(day) 

Neurite length 
(μm) 

Control Induced 

(Ehrlicher et al., 
2007) 

Valproic acid 6 75 150 

(Kim et al., 2003) 

Dexamethasone 1 

20 

100 

cAMP 1 135 

Dexamethasone+ 
indomethacin+ PGE2 

1 100 

(Kadoyama et al., 
2001) 

cyclooxygenase-2 (COX) 
enzyme 

- 40 85 

(Tohda and 
Jacobowitz, 

1999) 

Sproutin (neurite growth factor) 
by transfection 

7 25 47.7 

(Zhong et al., 
1999) 

Overexpression of Adhesion 
Molecule L1 and cAMP by 

transfection 
4 94.2 142.5 

(Lozano et al., 
1995) 

plated on Poly-L-Lysine (PLL) 1 n/a 78 

(Krystosek, 1989) 
1-β-d-Arabinofuranosylcytosine 

in N2 Medium (Ara-C) after 
serum-free 

3 183 198 

Table 3.1 Systematic literature review of NG108-15 neurite length with various in 

vitro induction for neurite elongation from 1989-2016. A literature search was 

performed on PubMed database in September 2016 with the keywords “NG108-15” and 

“neurite”. This initial literature search identified 149 articles for further review and 

analysis. In the elimination process, the search was limited to articles with quantification 

of NG108-15 neurite length in vitro culture. The average neurite length incubated in the 

controlled and induced condition from each literature was reviewed. The controlled and 

induced neurite length refers to an average length of neurites measured without and with 

the specific induction in the culture at a similar duration, respectively. 
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3.1.3 Interface between host tissue and transplanted neurons 

Several studies using a hollow or acellular biomaterial conduit for peripheral 

nerve transplantation aimed to focus on behaviour and interaction of cells inside the 

transplanted conduit. Following conduit transplantation into the nerve gap, the biological 

system responds to the transplant by various cells and cellular components entering the 

transplanted conduit. The infiltration of Schwann cells, fibroblasts, mast cells, and 

macrophages to the site have been previously studied, as well as the morphology of 

regenerating neurites across the conduit (Fogli et al., 2019, Fornasari et al., 2020, 

Mokarram et al., 2012, Quigley et al., 2013, Suzuki et al., 2000).  

Nevertheless, when a conduit containing neurons is transplanted into the injured 

site, focusing only on cells from host tissue entering the conduit is not enough to 

understand the regeneration scenario, because the presence of transplanted cells inside 

the conduit might affect the organisation and interaction of cells and consequently 

influence the regeneration. The interface between host tissue and transplanted conduit 

is an important region to investigate as it is the first area where host and transplanted 

cells are spatially colocalised with each other. Understanding how the presence of other 

cell populations influences the interface-crossing behaviour, cell distribution and 

integration of host and transplanted cells will help to determine the potential of cellular 

transplanted conduits in peripheral nerve regeneration.  

Some previous studies have reported the interaction of host and transplanted 

cells at the interface after transplantation. In CNS research, micro-tissue engineered 

neural networks (micro-TENNs) containing primary cerebral cortical neurons with long-

distance axonal tracts designed to rebuild disrupted axonal pathways by directly 

replacing and modulating neural circuitry have been investigated. The 4 mm micro-

TENNs was injected into rats to bridge the deep thalamus to the cerebral cortex. The 

transplanted neurites survived for at least 1 month, and penetrated into the host cortex 

with synapse formation. The axons from transplanted micro-TENNs elongated into host 
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cortex and became part of a long-distance axonal pathway in the brain (Struzyna et al., 

2015b). In the PNS, Huang et al. found that DRG neurons transplanted inside a 12 mm 

conduit survived and integrated with host tissue by penetrating neurites into the host 

sciatic nerve despite the absence of immunosuppressive therapy (Huang et al., 2009). 

After 16 weeks, the transplanted axons mediated host axonal regeneration across the 

injured site and formed intimate contacts by intertwining with each other. Tightly packed 

tracts of both host and transplanted neurites were observed inside the transplanted 

conduits indicating that host neurites also elongated into the transplanted area. 

It is noticeable that previous studies on the neurites at the interface have tended 

to use longitudinal sections of nerve tissue (Figure 3.1) to observe neurite elongation 

throughout the transplanted conduit. That approach provides a number of 

immunostained images that can be arranged into a continuous image of the whole nerve 

segment from proximal to distal stump. Although the advantage of this approach is that 

intertwined neurites can be followed through the repair site, it is difficult to quantify 

neurites that grow through different planes, so precise distribution of host and 

transplanted neurite at the interface and in other parts of the conduit remains unknown. 
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Figure 3.1 Longitudinal sections of nerve tissue at a transplanted region from 

previous studies. Host and transplanted neurites elongated across the interface to 

another region indicating the spatial integration of neurite after cellular conduit 

transplantation. White lines represent an interface between host tissue and transplanted 

conduit. (A) micro-TENNs in cerebral cortex (MAP-2 [red]; β-tubulin III [green]; Hoechst 

[blue]). The dense cluster of neurons were found the both end of the conduit extending 

neurites across the interface. (B, C) Engineered nervous tissue construct consisted of 

DRG neurons in rat sciatic nerve (NF-200 [red]; GFP+ [green] for transplanted cells). 

The packed track of neurites elongated across the interface (B) and inside the 

transplanted conduit (C). Scale bar (A) = 200 μm; (B, C) = 20 μm. (Huang et al., 2009, 

Struzyna et al., 2015b).  

 

 

 

 

 

 

 

 

 

 

 

A 

B C 



 

87 
 

3.1.4 Objectives of this chapter 

The main objective of this chapter was to investigate the potential of tethered 

aligned engineered neural tissue (TaeNT) containing neurons and Schwann cells in 

terms of supporting neurite elongation within the transplant and across the host/graft 

interface. Both in vitro and in vivo experiments were carried out. The length, alignment, 

and interface-crossing of neurites were quantified to provide preliminary experimental 

evidence about TaeNT containing neurons and Schwann cells in peripheral nerve 

regeneration. 

Initially, an in vitro experiment measured neurite length and alignment of the 

motor neuron cell line (NG108-15) seeded on top of TaeNT containing aligned Schwann 

cell line (F7). The neurite length of NG108-15 in the co-culture system was then 

compared with other studies to evaluate the potential of the culture system in supporting 

neurite elongation. The preliminary experiments included substrate and medium testing 

for NG108-15 to compare TaeNT culture with other culture conditions by measuring cell 

density and percentage of cells with neurite elongation. 

In vivo experiments then aimed to examine and quantify the distribution of 

neurites from different sources after transplantation of TaeNT, and to investigate 

interface-crossing behaviours of neurites elongating from the proximal stump into the 

transplanted conduit and of transplanted neurites elongating from the conduit into the 

host tissue. TaeNT was modified to be in the form of a self-organising collagen guidance 

conduit to allow a compatible shape with the nerve geometry. The optimal ratio and 

number of cells in the transplanted construct was determined prior to transplantation 

through a contraction profile experiment using collagen gels containing both neurons and 

Schwann cells. The self-organising collagen guidance conduit was transplanted into a 

10-mm rat sciatic nerve gap for 3 weeks. To assess the distribution and interface-

crossing of neurites after the transplantation, the number and density of both host and 

transplanted neurites at different area along the conduit interface were quantified. 
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In the in vivo studies, the source of neurons chosen for the construct 

transplantation was changed from NG108-15 to primary therapeutic cells because 

transplanting immortalised cell lines had several limitations, such as uncontrollable 

changes in phenotype and functional alterations, resulting in the comparatively low 

relevance of immortalised cell line transplantation in in vivo research. Primary DRG 

neurons were thus chosen to be used as a suitable source of neurons for the in vivo 

studies in this research project. Although DRG neurons were not motor neurons, which 

were likely to be more suitable for functional recovery of muscles (Section 3.1.1), it was 

considered to be a useful model cell source which was sufficient to provide preliminary 

evidence on neurite behaviour after cell transplantation. More sophisticated engineered 

protocols for TaeNT (e.g., the use of motor neurons purified from primary cell culture) 

could be optimised and examined later in the future work. 
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3.2 Results 

3.2.1 Culture medium for the co-culture of NG108-15 and F7 Schwann cells 

Prior to in vitro co-culture experiments, the effect of medium and substrate on 

NG108-15 cell density and neurite outgrowth was justified through testing 3 different 

culture media (FBS-supplemented DMEM, serum-free DMEM, and conditioned medium 

from F7) on 2 different substrates (collagen gel and PDL-coated glass surface) (Figure 

3.2). FBS-supplemented DMEM (condition A, D) and serum-free DMEM (condition B, E) 

were common culture conditions for F7 and NG108-15, respectively. Conditioned 

medium from F7 in FBS-supplemented DMEM (condition C, F) represented a co-culture 

condition of NG108-15 with F7. PDL-coated glass surface was a culture substrate for 

general monolayer culture, and collagen gel was a substrate used to fabricate TaeNT. 

In this way, the co-culture condition of NG108-15 with F7 Schwann cells in TaeNT was 

represented by condition C. 

NG108-15 cells were cultured on different substrates and incubated in different 

medium for 3 days with the initial density of 10,000 cells per well. Immunofluorescence 

images showed differences in number of cells, cell aggregation and neurite outgrowth 

corresponding to different types of medium and substrates (Figure 3.2). According to 

immunostaining images, cell clumps were observed in collagen gel condition, and 

neurites were noticeably found to elongate from a single cell than aggregating cells.  

Five immunofluorescence images from each culture condition were quantified to 

determine the total number of cells per image and the proportion of cells with neurite 

elongation (Figure 3.2). The cell density and neurite outgrowth of NG108-15 in all culture 

conditions was statistically compared to those in conditioned medium on collagen gel 

(condition C) which represented culture condition of NG108-15 in TaeNT. The ordinary 

one-way ANOVA test with Dunnett’s post-hoc test showed no difference in cell density 

in all comparisons. However, the percentage of NG108-15 with neurite outgrowth in 

serum-free DMEM and conditioned medium on PDL-coated substrate (condition E and 



 

90 
 

F) were significantly higher than that in the TaeNT condition. Almost 50% of NG108-15 

cells cultured in serum-free DMEM on PDL-coated glass surface elongated at least one 

neurite, while approximately 10% of NG108-15 cells in TaeNT condition had neurites. 
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Figure 3.2 Immunostaining for β-tubulin (green) and Hoechst33342 (blue) of 

NG108-15 cell line cultured on different substrates and medium cultures after 

incubating in 24-well plate for 3 days. Scale bar = 500 μm. Below graphs showed the 

number of cells and the percentage of cells that had neurites elongating from cell bodies 

counted on a surface area of 1 mm2. All of the culture conditions were statistically 

compared with condition C which represented a co-culture of neurons and Schwann cells 

in TaeNT. Data shown as mean with SEM of 5 independent experiments. Ordinary one-

way ANOVA with Dunnett post-hoc test. ***p = 0.002, ****p < 0.0001 
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3.2.2 Neurite Length of NG108-15 in co-culture with TaeNT containing 

aligned F7 Schwann cells 

Neurite length and alignment angle of NG108-15 in the gel was assessed by 

immunostaining followed by fluorescence microscopy and image analysis. Figure 3.3 

showed the alignment of NG108-15 and F7 along the longitudinal axis of the gel, and 

some NG108-15 had at least one neurite elongated from the cell bodies. The result 

showed that the mean neurite lengths of NG108-15 after incubating with F7 in TaeNT for 

4 and 7 days were not significantly different with the mean of 193 ± 13 μm and 196 ± 7 

μm respectively. However, maximum neurite length increased with time in culture, 

reaching the mean of maximum length of 379 ± 27 μm after 7 days.  

The neurite alignment angle was measured by firstly identifying each individual 

neurite outgrowing from its cell body and then drawing a straight line starting from the 

center of the cell body to the end of the neurite. The angle of the straight line was 

considered to be the alignment angle of the neurite. The angle of deviation was 

calculated between alignment of each individual NG108-15 neurite and the gel’s 

longitudinal axis. In both incubating days, NG108-15 neurites co-cultured with F7 in 

TaeNT aligned parallel to the longitudinal orientation of the gel, with 85% of neurites 

exhibiting less than 30-degree deviation from the alignment axis. More highly aligned 

neurites were found after a longer time in culture as the proportion of neurites with angle 

deviation less than 10 degree changed from 23.22% to 38.89% when increasing the 

incubating time from 4 days to 7 days (Figure 3.3- right graphs). 
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Figure 3.3 NG108-15 neurite elongation after seeding on top of TaeNT for 4 and 7 

days. Immunostaining for β-tubulin (green), S100 (red), and Hoechst 33342 (blue) of 

NG108-15 cell line co-cultured with F7 cell line in TaeNT after 4 incubating days. White 

arrows indicated the longitudinal direction from one tethered end to the other of the (A) 

whole TaeNT and (B), (C) selected area expanded from the white rectangles in (A). Scale 

bar = 500 μm. Below graphs showed quantification of mean and maximum length of 

NG108-15 neurite (left) and relative frequency of each angle deviation range from the 

longitudinal axis of gel after incubating with serum-free DMEM for 4 and 7 days, 

respectively (right). Data shown as mean with SEM of 4 independent experiments. 

A B 

C 

Neurite Alignment (4 days) 

Neurite Length of NG108-15 

B 

C 

Neurite Alignment (7 days) 
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The NG108-15 neurite length measured in this experiment was compared to the 

NG108-15 neurite length reported in other literature in order to justify the comparative 

potential of TaeNT in neurite elongation among other culture protocols. The neurite 

length of NG108-15 after 4- and 7-days co-culture with TaeNT was plotted alongside the 

results taken from the literature review in Table 3.1 (Figure 3.4). The mean of the 

reported NG108-15 neurites length induced by various culture methods from previous 

literature from 1989 to 2015 (n=26) was calculated. The mean of neurite length cultured 

in controlled and induced culture condition was 70 ± 14 μm and 166 ± 16 μm, 

respectively. The neurite growth of NG108-15 from co-culture with Schwann cells in 

TaeNT was greater than the mean of the controlled and induced neurite length cultured 

in the reviewed culture protocols. Besides, at day 4 and 7, the average neurite length of 

NG108-15 in the experiment was greater than those in other protocols at the same 

culture duration. 

 

Figure 3.4 NG108-15 neurite length co-cultured with TaeNT plotted alongside 

results taken from systematic literature review in Table 3.1 at different incubating 

time. The literature search was performed on PubMed database in September 2016 with 

the keywords “NG108-15” and “neurite” from publications in 1989 to 2015. The average 

neurite length incubated in controlled and induced condition at different times was 

reviewed. The black dots represented the length of NG108-15 neurites induced by 

various culture methods at specific incubating time from each reviewed literature (n=26). 

The dotted lines indicated the calculated mean of NG108-15 neurite length incubated in 

control and induced culture condition reported from the literature review. The red open 

circles represented the mean of NG108-15 neurites length with TaeNT measured from 

the experiment in this chapter, as shown in Figure 3.3. 

induced neurite length 
mean = 166 ± 16 μm  

controlled neurite length 
mean = 70 ± 14 μm  
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3.2.3 Optimisation of co-cultured F7 Schwann cells and neurons in self-

organising collagen guidance conduit 

 Moving toward the in vivo experiment, TaeNT was modified to be in form of a 

self-organising collagen guidance conduit to allow a compatible shape with the nerve 

geometry. The holes at both end of the conduit were analogous to the tethering mesh in 

TaeNT, which allowed collagen gels to become tethered at the end of the tubes during 

the contraction. Without the tethering holes, the cellular gel would contract without 

tension so that cells in the gel would not align to form an anisotropic structure. 

Neurons and Schwann cells were co-cultured in the conduit with tethered holes 

at both ends. When the cellular gel was set in the self-organising collagen guidance 

conduit, the collagen gel completely filled the tube (Figure 3.5A). After 24 hours, the gel 

detached from the tube wall and contracted toward the middle of the conduit leaving gel 

attached via the tethering holes at both ends of the conduit (Figure 3.5B).  

 

Figure 3.5 Self-organising collagen guidance conduit contain NG108-15 and F7 cell 

lines. (A) collagen guidance conduits at preparation time in 24-well plate (B) Contraction 

of cellular collagen hydrogel in the conduit after incubating in culture medium for 24 

hours. The white dotted line in Figure 3.5B indicated the shape of contracted gel inside 

the tube. Scale bar = 10 mm. 
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The self-alignment of cells in the longitudinal axis of the gel was a result of cellular 

contraction being opposed by the tethering and generating tension in the gel. To verify 

cell alignment in the guidance conduit, F7 and NG108-15 cell lines in the self-organising 

collagen guidance conduit were immunostained and compared with F7 and NG108-15 

cell lines co-cultured inside a normal silicone tube (silicone tube without holes). 

Fluorescence microscopy showed cell alignment along longitudinal orientation in the 

guidance conduit while no alignment was observed in the normal silicone tube without 

tethering holes at both ends (Figure 3.6). At 24-hour incubation, the neurite outgrowth of 

NG108-15 was slightly observed but with very short length. More neurites with longer 

length would be more noticeable at increasing incubation time. 

 

Figure 3.6 Alignment of F7 and NG108-15 co-cultured in collagen gel inside normal 

silicone tube and self-organising collagen guidance conduit under fluorescence 

microscope. Immunostaining for β-tubulin (green) and S100 (red) of NG108-15 and F7 

cell line co-cultured at ratio 1:1 with a density of 2 millions cells per ml for 24 hours. White 

arrows indicated longitudinal orientation of the cellular tube. Scale bar = 200 μm. 

F7 

NG108-15 

Normal silicone tube Self-organising collagen guidance conduit 
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The optimal ratio and number of cells in the construct was determined prior to 

transplantation through a contraction profile experiment using collagen gels containing 

both neurons and Schwann cells.  To determine the optimal ratio and seeding density of 

neurons and Schwann cells in self-organising collagen guidance conduits for sciatic 

nerve transplantation, cells were co-cultured in collagen gel with 3 different ratios and 2 

different Schwann cell densities. The quantified degree of contraction was different at 

different ratios and cell densities. Figure 3.7 showed that a higher ratio of neurons in the 

co-culture resulted in lower % contraction, and the cellular gels with Schwann cell density 

at 4 million cells per ml contracted more than the gel with Schwann cell density at 2 

million cells per ml. With the ratio of NG108-15 to Schwann cells at 1/8, which was the 

ratio with the highest contraction compared to other ratios, there was no significant 

difference in contraction when Schwann cells were seeded at densities of 2 or 4 million 

cells/ml. 
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Figure 3.7 Contraction profile of neurons and Schwann cells co-cultured at 

different cell densities and ratios. The area of free-floating gels after incubation in 

culture medium in a 96 well-plate for 24 hours were measured and calculated for % 

change in gel size compared to initial dimensions. The below graph represented % 

contraction of gels at different ratios of NG108-15: F7 (x-axis) and F7 densities (graph 

legend). Data shown as mean with SEM of 4 independent experiments. 
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3.2.4 Quantification of transplanted and regenerating neurites in self-

organising collagen guidance conduit 

 In order to investigate neurite growth at the interface between transplant and host 

tissue, an in vivo experiment was conducted by transplanting self-organising collagen 

guidance conduits containing DRG neurons and F7 Schwann cells into a rat sciatic nerve 

gap model for 3 weeks. The interface between transplant and host tissue was defined 

as the suture site between each end of the conduit and each nerve stump. The tissue 

within the transplant or the nerve stumps 3 mm away from the interface was cross-

sectioned at 4 positions: (from most proximal to most distal) proximal nerve (PN), 

proximal device (PD), distal device (DD), and distal nerve (DN) (Figure 3.8). The middle 

of the conduit was sectioned longitudinally for glial cell immunostaining and analysis in 

Chapter 4. 

  

Figure 3.8 Area identification of self-organising collagen guidance conduit in rat 

sciatic nerve after transplanting in rat sciatic nerve for 3 weeks. Transplant and host 

tissue were sampled at 4 positions for cross-section: (from left to right) proximal nerve 

(PN), proximal device (PD), distal device (DD), and distal nerve (DN). (A) Schematic 

diagram showing analysis positions (B) tissue after conduit removal on mm-ruler scale. 

 



 

100 
 

With immunostaining and image co-localisation processing, transplanted and 

host neurites at each position were distinguished and analysed. Neurites immunostained 

for neurofilament and GFP were automatically detected in different channels and then 

characterised as either host or transplanted neurites (Figure 3.9). Host neurites were 

positive in both neurofilament and GFP channels, while transplanted neurites were 

positive only in the neurofilament channel and not the GFP channel.  

Both transplanted and host neurites were present at all 4 positions, distributed 

throughout the tissue (Figure 3.9). In the proximal nerve (PN), transplanted neurites were 

noticeably dense at the rim of the tissue. The host and transplanted neurites at proximal 

and distal device within the construct distributed evenly throughout the cross-sectioned 

tissue. 
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Figure 3.9 Immunostaining for neurofilament (red) in cross-sectioned GFP-

positive tissue (green) at both ends of transplanted guidance conduit at 3 weeks 

after transplantation. Neurons and neurites from all sources were positively stained by 

neurofilament, and all cell types from host tissue were GFP-positive. Transplanted 

neurites (blue) and host neurites (orange) were distinguished by co-localisation analysis 

at each particular area. Host neurites were positive in both neurofilament and GFP 

channels, while transplanted neurites were positive only in the neurofilament channel 

and not the GFP channel. (A) Proximal Nerve (B) Proximal Device (C) Distal Device (D) 

Distal Nerve. Scale bar = 500 μm. 

GFP 
Neurofilament Host neurite Transplanted neurite 

PN 

PD 

DD 

DN 
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Figure 3.10 shows the quantification of neurite staining in the cross-sections at 

different positions as represented in Figure 3.9. The number of both host and 

transplanted neurites across both interfaces remained steady as the number of neurites 

at the proximal nerve (PN) and distal nerve (DN) were similar to the number of neurites 

at proximal device (PD) and distal device (DD), respectively. Besides, the number of 

transplanted neurites in each position was higher than the number of host neurites. The 

number of host neurites at each position was similar at both proximal and distal 

interfaces, while the number of transplanted neurites was higher at the proximal than the 

distal side (Figure 3.10A).  

The number of host neurites expressed as a proportion of total neurites at the 

proximal stump was approximately 20%, which was slightly greater (30-40%) at the distal 

stump (Figure 3.10B). The density of stained neurites per area was also calculated to 

account for the different size of the tissue at different positions: the cross-sectional area 

of the proximal stump was larger than distal stump (Figure 3.10D). The density of host 

neurites was constant at around 500 neurites per mm2 where the density of transplanted 

neurites was varied from 1,500 to 2,500 neurites per mm2 (Figure 3.10C).  
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Figure 3.10 Quantification of host and transplanted neurites in cross sections at 

different positions in the rat sciatic nerve gap model after 3 weeks. (A) Number of 

neurites at each particular area. (B) Percentage of host or transplanted neurite out of the 

total neurites in each particular area. (C) Density of neurite per area of each cross-

sectioned tissue containing all neurites. (D) Area of cross-sectioned tissue containing 

neurites. Data shown as mean with SEM of triplicate tissue slices and are representative 

of 3 individual rats (n=3). 
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3.3 Discussion 

Before investigating the cell line with the engineered construct, various culture 

conditions for NG108-15 were examined by measuring the number of cells and neurite 

outgrowth. Culturing NG108-15 in conditioned medium from F7 in FBS-supplemented 

DMEM on collagen gel (condition C in Figure 3.2) represented a co-culture condition of 

NG108-15 with F7 Schwann cells in TaeNT. According to the comparison in the results, 

there was no statistical difference in the number of NG108-15 between the culture 

system with and without Schwann cells. This implies that NG108-15 in TaeNT condition 

can still proliferate and expand with a similar rate to NG108-15 in a culture flask with a 

common culture condition.  

On the other hand, the neurite outgrowth of NG108-15 in TaeNT condition was 

significantly lower than in serum-free DMEM and conditioned medium in PDL-coated 

substrate (condition E and F in Figure 3.2, respectively). The highest neurite outgrowth 

in condition E was likely to be due to the higher stiffness of PDL-coated glass compared 

to collagen gel and the absence of serum in the medium. It was previously reported that 

the higher stiffness of glass provides greater support for growing axons than the lower 

stiffness of collagen gels (Greco and Rameshwar, 2008). Other studies have reported a 

consistent neurite-elongating effect of serum-free medium in rat neuroblastoma B104 

cell line where the serum-free medium increased the number of neurites and the 

presence of serum in the medium caused a reduction in the percentage of neurons 

bearing neurites (Bottenstein and Sato, 1979, Davis et al., 1984). 

Besides, although condition F had serum in the medium, the higher neurite 

outgrowth in condition F implies that NG108-15 neurite outgrowth on PDL-coated 

substrate could also increase by the co-culture with Schwann cells. It was consistent with 

the previous literature where the presence of Schwann cells in the co-culture did not 

increase cell proliferation rate, but supported survival and neurite outgrowth in neurons 
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(Guenard et al., 1992, Hadlock et al., 2000, Kwiatkowski et al., 1998, Ramon-Cueto et 

al., 1998). 

 The alignment of NG108-15 neurites was induced by co-culture with aligned F7 

Schwann cells in the tethered gel. Many previous experiments in peripheral nerve 

research have also tried to promote directional axonal guidance by Schwann cell 

alignment on an engineered substrate such as laminin, bioresorbable glass fibres, and 

hydrogels (Bozkurt et al., 2009, Bunting et al., 2005, Martens et al., 2014, Rosner et al., 

2005, Thompson and Buettner, 2006). Schwann cells are sufficient to guide neurite 

outgrowth in the absence of other directional cues (Thompson and Buettner, 2006). More 

highly-aligned neurons were observed following a longer incubation time, implying that 

the neurite alignment was continuously induced to be aligned in parallel with Schwann 

cells. In other words, the directional guidance from the aligned Schwann cells affected 

the neurite alignment not only when the neurites sprouted from the cell bodies, but also 

when the neurites continued elongating in the culture.  

 According to a literature search to compare the neurite length results with 

previous studies reporting neurite length of NG108-15 cells in vitro, neurite growth from 

co-culture with Schwann cells was longer than neurite growth in control cultures, and 

greater than that reported previously using other culture conditions. The neurite length 

of NG108-15 in TaeNT measured in our experiment were among the longest ones in 

other culture protocols. It is consistent with previous literature where the presence of 

aligned Schwann cells in similar cultures increased neurite growth in vitro (Georgiou et 

al., 2013, Georgiou et al., 2015, Martens et al., 2014). The longer neurite growth is likely 

to be due to the trophic support and directional guidance provided by the highly oriented 

Schwann cells in the TaeNT. The trophic support from Schwann cells includes producing 

ECM components, such as laminin, and secreting several essential neurotrophins, such 

as BDGF, NT-3, and NT-4, to support the survival of neurons and axon elongation 

(Birling and Price, 1995, Fu and Gordon, 1997, Raivich and Kreutzberg, 1993). These 

results indicate that TaeNT may be an appropriate substrate for generating long neurites 
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in vitro with a view to generating therapeutic constructs containing long functional 

neurons. 

Interestingly, culture duration affected the neurite length by increasing the 

maximum length, but not the mean length of the neurite elongation. It can be 

hypothesised that either the difference between the 2 culture durations in the experiment, 

4 and 7 days, might not be long enough to observe a change in length of the whole 

population of neurites, or perhaps NG108-15 might have an upper limit on neurite 

elongation where most of neurites could stop elongating at a particular time or length. If 

the latter is true, NG108-15 might not be a good source of model motor neurons to be 

used in the development of neurite elongation protocols required here. The experimental 

engineered neural tissue being developed in this project is intended to yield better 

recovery than current treatments following long gap nerve injury. This will need to be 

suitable for testing in the rat sciatic nerve model, where a long gap can be up to 2-3 cm 

(Isaacs et al., 2014). Since the longest length of NG108-15 measured in the experiment 

was less than 0.5 mm, another source of cells should be considered to replace the use 

of NG108-15 in order to obtain the longer neurites required in the later experiments. 

 The investigation in the regenerative potential of a guidance conduit containing 

Schwann cells and neurons was consequently carried out with a preliminary in vivo 

experiment. Since the thick sheet-like shape of TaeNT was not suitable to be 

transplanted into rat sciatic nerve, the self-organising collagen guidance conduit was 

selected as a similar fully-hydrated tethered collagen scaffolds for living cells. The holes 

at both ends of the conduit functioned similarly to tethering meshes of the TaeNT where 

uniaxial tension was generated by cells in the gel resulting in hydrogel contraction and 

cell alignment (Eastwood et al., 1998, Mudera et al., 2000, Phillips et al., 2005).  

The seeding density of Schwann cells was correlated with the extent of hydrogel 

contraction: increasing the number of F7 cells resulted in greater contraction, similarly to 

previous studies using a C6 glioma cell line, primary rat astrocytes, and fibroblasts 
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(Nirmalanandhan et al., 2006, O'Rourke et al., 2015, Redden and Doolin, 2003). In 

addition, the presence of neurons in the culture altered the contraction: an increasing 

ratio of neurons resulted in a decreasing degree of contraction. The contraction profiles 

of the co-cultured cells correlated to the alignment behaviour of the cells. O’Rourke et al. 

demonstrated that the degree of gel contraction required to produce reliable cellular 

alignment should be above 60%. Therefore, the optimised cell number and ratio was 2 

millions/ml of Schwann cells with 1/8 neurons in the culture. 

The use of self-organising guidance conduits in this chapter provides an 

approach to examine the spatial interaction of host and transplanted cells after cellular 

guidance conduit transplantation. It has been established that regenerating neurites from 

host tissue could enter an acellular hydrogel conduit (Du et al., 2017, McGrath et al., 

2010, Meyer et al., 2016, Wu et al., 2017), as well as into a guidance conduit containing 

Schwann cells, neurons or neural stem cells (Huang et al., 2009, Georgiou et al., 2013, 

Lee et al., 2017b, Flachsbarth et al., 2014). This chapter has expanded the 

understanding of neurite elongation in the transplanted conduit by investigating whether 

the presence of transplanted neurons disrupted the host regenerating neurite elongation. 

The presence of neurons in the transplanted conduit did not reduce the number of host 

neurites crossing the interface and entering the conduit, and the host neurites could 

elongate throughout transplanted conduit and cross the distal interface to the distal 

nerve.  

The transplanted neurites could also penetrate into host tissue without disruption 

as the number of neurites across both interfaces remained consistent. However, the 

number and density of both host and transplanted neurites at the distal stump was lower 

than those at proximal stump. It is noticeable that although the number of transplanted 

neurites significantly dropped at the distal stump, the difference in the percentage of 

transplanted neurites per total neurites at proximal and distal interfaces was 

comparatively smaller. The reduced number of transplanted neurites correlated with the 

distribution of migrating Schwann cells along the transplanted conduit. Schwann cells 
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migrated into the conduit from both ends, but the number of migrating Schwann cells at 

the distal part was about a half those at the proximal part (Chen et al., 2019a).  

There were limitations of the in vivo experiment reported in this chapter. Firstly, 

the transplantation duration was only 3 weeks, selected because it was a minimum time 

point sufficient for regenerating neurites to reach the distal stump in a 10-mm nerve gap 

(Williams et al., 1983). The approach to investigate host and transplanted neurites at the 

interface was a snapshot in time, so any temporal changes could not be examined. With 

longer transplantation duration, the distribution and spatial interaction of host and 

transplanted neurites might change, therefore further experiments with different time 

points will be required in the future.  

The in vivo work presented here was an initial experiment conducted with a 

minimal number of animals so the statistical analysis should be treated with caution as 

there was insufficient information about the likely variability and effect size to allow a 

power calculation to be performed in advance. A retrospective power analysis (Figure 

3.14) indicates that the total number of animals used in the experiment should be at least 

16 rats in order to confidently detect a medium effect size with 5% error probability and 

a statistical power of 0.8. Although the sample size of 3 in this initial experiment was not 

enough to detect an effect with a given degree of confidence, the results from 3 

experimental animals can preliminarily demonstrate a trend of data with a statistical 

power of 0.1-0.2. The in vivo results in this chapter will be useful in future experimental 

design to investigate and quantify neurite elongation at transplant interface. 
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Figure 3.11 Total sample sizes corresponding to the power from 0.1 to 1 for a one-

way ANOVA test with repeated measures, within factors in cell number 

quantification. The analysis was calculated with effect size of 0.25 (medium) with 5% 

error probability and plotted by G*Power software. 

 

Overall, this chapter has demonstrated a supportive role of TaeNT in terms of 

neurite elongation within the transplant and across the host/graft interface. From the in 

vitro studies, NG108-15 cell lines cultured on TaeNT could elongate and align with the 

longitudinal axis of the gel. The in vivo experiments with the transplanted modified 

version of TaeNT showed that the host neurites could elongate from the proximal stump 

into the transplanted conduit reaching the distal stump, and transplanted neurites could 

elongate from the conduit into the host tissue, without disruption of each other. The 

elongation, alignment, and interface-crossing behaviour of neurites in TaeNT reflects the 

regenerative potential of TaeNT which may contribute to functional recovery following 

peripheral nerve injury. 
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CHAPTER 4  

Interaction between transplanted Schwann cells and infiltrating 

host Schwann cells in nerve repair 

 

4.1 Introduction 

Communication between cells in response to the dynamic of their environment is 

crucial in nerve regeneration. The behaviours of cells are chemically and/or physically 

influenced by environmental cues and signals from other cells in the surrounding region, 

and these transient and dynamic interactions are associated with different stages of 

degeneration and regeneration. In peripheral nerve tissue after injury, many types of 

cells migrate to the injured site in response to the damage and along with the resident 

cells they become involved in regeneration processes. Macrophages, mast cells, and T 

lymphocytes are activated at the damaged nerve site and play a role in clearing cellular 

debris, then a fibrin deposit containing erythrocytes, neutrophils, platelets, and 

macrophages is formed, before the migration of fibroblast, endothelial cells, and 

Schwann cells (Cattin et al., 2015, Ellis and Bennett, 2013, Mosser and Edwards, 2008). 

Schwann cells reprogramme to a repair phenotype and proliferate along the nerve tract 

to form Bands of Bünger to guide nerve regeneration (Arthur-Farraj et al., 2012, Jessen 

et al., 2015). The regenerating axons can elongate and successfully reach the distal 

stump through this support from many types of cells functioning in parallel and signalling 

to each other (Figure 4.1).  

The interaction between different types of cells has been extensively researched 

in order to increase understanding of the complex mechanisms in nerve injury and 

regeneration. Schwann cells and other associated cells communicate and influence on 

each other through various types of kinase, cytokines, and integrins.  Signalling 

pathways in the Schwann cells can activate and regulate activities of other cells in the 
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system. For examples, the associated neurons increase neurite outgrowth in response 

to the activation of Erk1/2 in Schwann cells, and macrophages are recruited and 

activated by the upregulation of cytokine MCP-1 in Schwann cells, leading to Wallerian 

degeneration (Martini et al., 2008, Namgung, 2014, Stratton and Shah, 2016). Likewise, 

other types of cells also play an important role in regulating regenerative activities of 

neurons and Schwann cells. Infiltrating fibroblasts take part in tissue debris clearance, 

Schwann cell migration, vascularisation, and neurite extension modulation through the 

upregulation of extracellular matrix tenascins (Dun and Parkinson, 2020, Meiners et al., 

1999, Sorrell and Caplan, 2009, Zhang et al., 2016). Endothelial cells, which vascularise 

the injured nerve, release glial cell line-derived neurotrophic factor (GDNF) to support 

neurite growth while nerve growth factors (NGF) produced by local fibroblasts stimulate 

angiogenesis (Shvartsman et al., 2014). 

One way to investigate these types of cell interactions is to model cell behaviour 

in vitro. Since the biological system in vivo contains various types of cells and complex 

extracellular matrix, multiple environmental factors simultaneously influence cell 

behaviour, so minimising these variables can provide useful information about the 

interaction between cells and specific factors. In vitro models offer isolated and controlled 

environmental conditions, so can provide useful information about specific responses 

before examining the cell behaviour in vivo to understand the results in a more complex 

environment.  
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Figure 4.1 Nerve bridge formation and axon regeneration with specific time frame 

studied in 10-mm rat sciatic nerve gap with a hollow nerve conduit. Many types of 

cells are involved through the process as they interact with each other to form a 

successful nerve bridge to support axon elongation. The interactions are transient and 

dynamic depending on stages of degeneration and regeneration (Min et al., 2021). 
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4.1.1 Schwann cell transplantation for PNS regeneration 

Transplanting Schwann cells as a component to enhance the performance of 

nerve guidance conduits has become a widely-studied method in nerve regeneration 

research. Many different cell types are involved in the response to transplanted cells and 

some of these interactions, such as host neurons being supported and guided by donor 

Schwann cells, are well-studied in vitro and in animal models (Karimi et al., 2014, Lago 

et al., 2009, Levi et al., 2016, Strauch et al., 2001). The response of other cell populations 

to transplantation of Schwann cells is less well studied, but are likely to be important in 

supporting successful integration and function.  

A systematic literature review was conducted on Schwann cell transplantation 

experiments to gather an understanding of what interactions have been reported; Table 

4.1 summarises common measurements that previous research quantified after cell 

transplantation in peripheral nerve repair models. The earlier work mainly focused on 

using primary Schwann cells, and then later studies increasingly used differentiated stem 

cells and precursor cells for transplantation. Note that stem cell experiments were 

excluded unless the transplanted cells were induced to differentiate into a Schwann cell 

phenotype prior to the transplantation, because it is not certain that stem cells can 

spontaneously differentiate into Schwann cells after being transplanted into the injured 

nerve. For example, the main effect of mesenchymal stem cell transplantation in PNS 

regeneration is likely to be releasing factors that promote host Schwann cell proliferation 

rather than differentiating to be Schwann cells (Erba et al., 2010, Yamamoto et al., 2016, 

Carlson et al., 2011).  

To understand the efficacy of nerve regeneration after cell transplantation, a 

range of outcome measures were quantified: morphology and myelination of 

regenerating nerve fibres, vascularisation, electrophysiology, behavioural analysis, 

immune response, and gastrocnemius muscle restoration. It is noticeable that most 

studies in Table 4.1 have mainly focused on understanding the morphology and 
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behaviour of regenerating neurons in the presence of Schwann cells, but the behaviour 

of the transplanted Schwann cells and their interaction with host Schwann cells remains 

unclear. Only the viability of transplanted Schwann cells was quantified in early 

experiments (Berrocal et al., 2013, Fansa et al., 1999, Mosahebi et al., 2003, Tohill et 

al., 2004). There is a lack of studies reporting whether transplanted Schwann cells and 

infiltrating Schwann cells from host tissue could facilitate or disrupt each other’s function 

and alignment in the context of a cellular tissue engineered graft.  

Understanding how endogenous and exogenous glial cells respond to each 

other, particularly at the interface with the proximal and distal nerve stump, will thus help 

to optimise tissue engineering protocols and other medical treatments for nerve injury 

that involve transplantation of cellular materials. Studying the physical response of one 

population of cells to another is a starting point to understand cell-cell interaction. The 

cell-cell interaction could be preliminarily investigated by measuring morphological and 

behavioural change correlating to the existence of the interaction.  
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Reference 
Model 

Source of 
cells 

Repair 
distance 

(mm) 

Transplantation 
method 

Quantified Measurement 

Regenerated 
nerve 

Schwann 
cells 

Vasculari-
zation 

Electro-
physiology 

Behavioural 
analysis 

Immune 
response 

Muscle 
weight 

(Mirfeizi et 

al., 2017) 
mouse 

adult skin-

derived 

precursor 

cells 

crush injection ✓             

(Lee et al., 

2017a) 
mouse 

differentiated 

NSCs 
3 PLA conduit ✓     ✓ ✓     

(Levi et al., 

2016) 
human primary SCs 75 sural nerve graft         ✓     

(Wang et 

al., 2016) 
rat 

skin-derived 

precursor 

cells 

10 
chitosan with silk 

fibroin fibres 
    ✓         

(Bozkurt et 

al., 2016) 
rat primary SCs 20 collagen conduit ✓       ✓     
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Reference 
Model 

Source of 
cells 

Repair 
distance 

(mm) 

Transplantation 
method 

Quantified Measurement 

Regenerated 
nerve 

Schwann 
cells 

Vasculari-
zation 

Electro-
physiology 

Behavioural 
analysis 

Immune 
response 

Muscle 
weight 

(Stratton et 

al., 2016) 
rat 

Skin-derived 

precursor 

SCs  

crush injection ✓     ✓   ✓ ✓ 

(Kappos et 

al., 2015) 
rat 

differentiated 

ADSCs 
10 fibrin conduit ✓       ✓   ✓ 

(Das et al., 

2015) 
rat primary SCs 10 

silk based gold 

nano-composite 

conduit 

✓     ✓ ✓     

(Georgiou 

et al., 

2015) 

rat 
differentiated 

ADSCs 
15 

NeuraWrap 

conduit 
✓             

(Tremp et 

al., 2015) 
rat 

Schwann 

cell-like from 

ADSCs 

10 fibrin conduit ✓             
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Reference 
Model 

Source of 
cells 

Repair 
distance 

(mm) 

Transplantation 
method 

Quantified Measurement 

Regenerated 
nerve 

Schwann 
cells 

Vasculari-
zation 

Electro-
physiology 

Behavioural 
analysis 

Immune 
response 

Muscle 
weight 

(Karimi et 

al., 2014) 
rat primary SCs 30 PHBA conduit         ✓     

(Georgiou 

et al., 

2013) 

rat cell lines 5 and 15 
NeuraWrap 

conduit 
✓             

(Berrocal et 

al., 2013) 
rat primary SCs 13 collagen conduit ✓ ✓     ✓     

(Biazar and 

Heidari 

Keshel, 

2013) 

rat primary SCs 30 PHBV conduit ✓           ✓ 

(Liu et al., 

2012) 
rat primary SCs 8 collagen conduit ✓         ✓   

(You et al., 

2011) 
rat primary SCs 20 PLGA conduit ✓     ✓ ✓   ✓ 
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Reference 
Model 

Source of 
cells 

Repair 
distance 

(mm) 

Transplantation 
method 

Quantified Measurement 

Regenerated 
nerve 

Schwann 
cells 

Vasculari-
zation 

Electro-
physiology 

Behavioural 
analysis 

Immune 
response 

Muscle 
weight 

(Lago et 

al., 2009) 
rat primary SCs 10 silicone conduit ✓             

(Kim et al., 

2007) 
rat primary SCs 10 silicone conduit ✓       ✓   ✓ 

(Sinis et al., 

2005) 
rat primary SCs 20 TMC/CL conduit ✓     ✓ ✓   ✓ 

(Tohill et 

al., 2004) 
rat primary SCs 10 PHB conduit ✓ ✓           

(Mosahebi 

et al., 

2003) 

rat primary SCs 10 PHB conduit ✓ ✓           

(Strauch et 

al., 2001) 
rabbit primary SCs 60 gluteal vein graft ✓             
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Reference 
Model 

Source of 
cells 

Repair 
distance 

(mm) 

Transplantation 
method 

Quantified Measurement 

Regenerated 
nerve 

Schwann 
cells 

Vasculari-
zation 

Electro-
physiology 

Behavioural 
analysis 

Immune 
response 

Muscle 
weight 

(Fansa et 

al., 1999) 
rat primary SCs 20 

acellular muscle 

graft 
✓ ✓   ✓       

Table 4.1 Systematic literature review on Schwann cell transplantation in peripheral nerve injury in the PubMed database from 1976 to 2018. 

The electronic search was performed using search term: ("Schwann cell") AND (("nerve conduit") OR ("nerve guide") OR ("transplant")) NOT ("spinal 

cord") NOT ("CNS"). In January 2021, 133 results were obtained and further screened by reading abstracts and research methods. In vitro experiments, 

PNR-unrelated research, transplantation of undifferentiated stem cells, and review articles were excluded.
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4.1.2 Cell migration in collective cellular system 

 Cell migration is the processes in which a single cell or collective cells 

coordinately translocate to different target locations as a response to the external 

environment such as chemical or mechanical stimulation. It can be observed in many 

types of cells during development and regeneration stages, and induced by chemical 

stimulus (chemotaxis), substrate stiffness of extracellular matrix (durotaxis), or gradient 

of cellular adhesion sites (haptotaxis). Collective cell migration reflects the interaction of 

cells in the same population and/or between other types of cells in the environment 

(Mishra et al., 2019, Trepat et al., 2012, Yamada and Sixt, 2019). In collective cellular 

systems where more than one type of cell is included, cells can either attract or repel 

each other. For example, highly migratory neural crest cells repel each other by retracting 

their projections and altering direction of movement once they are in contact with the 

same type of cell, but can migrate into an area with different types of cells (Carmona-

Fontaine et al., 2008).  

One available method to monitor the migration of cells is to culture them in a 3D 

hydrogel which imitates the extracellular matrix of cells in biological systems and allows 

cells to possess natural morphologies and translocate in all spatial directions. In order to 

examine the interaction of two populations of cells in migration studies, 3D tissue culture 

systems can involve cellular interfaces where one cell population interacts with another 

cell population in close proximity. East et al (2012) developed a 3D collagen hydrogel 

system to study the interaction between different neural cell populations in the absence 

of confounding factors like mechanical cues (East et al., 2012). By allowing adjacent gels 

to integrate mechanically during setting without the cell populations mixing, the cellular 

interface in the model can initially segregate one cell population from the adjacent cell 

population without a mechanical barrier while maintaining integration of the whole 

hydrogel system. The model was previously used to explore the interaction between 

neurons and astrocytes by measuring neuronal length and orientation at the cellular 

interface. In this chapter, the migration of cell populations across the cellular interface 
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was quantified using the same type of model, in order to examine the interaction of 

Schwann cells from different sources.  

 

Figure 4.2 An integrated cellular interface in 3D hydrogel culture for cell interaction 

studies. Hydrogels in adjacent compartments can integrate mechanically without the 

cell populations mixing at the start of the experiment, and then allow different cell 

populations to interact. The interaction of cells can be examined by measuring cell 

morphological change and migration across the interface. 

 

4.1.3 Mechanical properties of hydrogels 

  Mechanical properties refer to the physical characteristics of a material when 

external force is applied to it, and can be described using measurements such as 

elasticity, viscosity, and stiffness. Viscoelasticity refers to time-dependent mechanical 

properties and is relevant here because nervous system tissues and hydrogels have 

viscoelastic properties, exhibiting both viscous and elastic behaviour (Chaudhuri, 2017, 

Fung, 1993, Levental et al., 2007). Mechanical change affects neuronal cell behaviours 

in many aspects; for example, Schwann cells are highly sensitive to mechanical stiffness 

of substrates during PNS development, myelination, and regeneration as they can alter 

their morphology and behaviour following change of their microenvironment stiffness 

(Evans et al., 2018, Rosso et al., 2014, Zhang et al., 2014). Thus, it is important to take 
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into consideration the mechanical properties of the extracellular matrix when discussing 

cell behaviour and interaction.  

 Dynamic mechanical analysis (DMA) is a suitable analytical technique for 

measurement of viscoelastic materials because it can provide mechanical information as 

a function of time, temperature, or frequency. It applies repeatable compression or 

tension resulting in sinusoidal stress to the materials, and then the corresponding strains 

at different frequencies are measured. The relationship between the oscillating stress 

and strain is useful to determine viscoelasticity of materials. Storage and loss modulus 

are commonly measured to determine the elastic and viscous behaviour of materials 

respectively. The storage modulus or Young’s modulus indicates an ability to store 

energy until deformation and relates to the stiffness of a solid material while the loss 

modulus represents energy lost to heat during the stress. Tan delta is also calculated as 

a ratio of the loss energy to the storage energy as a loss factor.  

 

4.1.4 Freeze-and-thaw process 

 A freeze-and-thaw process is a tissue preparation process where a tissue or 

biological sample is frozen, and subsequently thawed to return to an initial temperature. 

The cooling rate of freeze-and-thaw protocols can be varied depending on the usage 

purpose. For cryopreservation, the process is aimed to diminish living cell metabolism 

and preserve the extracellular structure while optimising a percentage of cell viability in 

the tissue, so that the tissue can be stored for long time for further scientific research or 

medical applications (Bojic et al., 2021). The slow cooling rate and the addition of 

cryoprotective agents, such as DMSO and Glycerol, are necessary in minimising cell 

damage due to the intracellular ice forming (Gao and Critser, 2000, Jang et al., 2017).  

On the other hand, freeze-and-thaw processes can be used to kill cells in the 

tissue while preserving the tissue geometry for decellularised applications. In the 

absence of cryoprotective agents, as the temperature decreases to below freezing point 
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at fast cooling rates, large ice crystal are rapidly formed in both intracellular and 

extracellular space in the tissue causing cell damage. The slow thawing causes further 

damage to the cells as the extracellular ice melts before the intracellular ice resulting in 

an imbalance of osmotic conditions. The osmotic gradient forces extracellular melting 

water to flow into the cells causing cytolysis. The freeze-and-thaw process can be 

repeated for multiple cycles to optimise cell destruction (Moutinho et al., 2017). The 

process produces a non-viable construct with a similar structure to the original one, and 

allows the decellularised construct to be recellularised with other types of cells 

(Hadjipanayi et al., 2011, Xiao et al., 2011, Georgiou et al., 2013). 

  Previous experiments with stabilised tethered collagen gel containing F7 

Schwann cells reported that approximately 96% of cells were dead (Georgiou et al., 

2013). For fully-hydrated collagen-based tissue, 60% of fibroblasts were dead right after 

being frozen at cooling rate of 40°C/min without cryoprotective agents, and the 

percentage of dead cells continued increasing to 90% at 24 hours after the freeze-and-

thaw process (Devireddy et al., 2003, Jain et al., 2014).  

 

4.1.5 Sources of glial cells in this study 

There are two types of glial cells found in the peripheral nervous system (PNS): 

Satellite glial cells and Schwann cells. Both of them are originally derived from the neural 

crest during embryonic development and then separated into different sites as the 

nervous system develops. Satellite glial cells are mainly found in dorsal root ganglia 

(DRG). They surround sensory, sympathetic, and parasympathetic neurons to support 

neuronal function and regulate the chemical environment through their receptors and 

signalling pathways. Schwann cells are also located in DRG and throughout the rest of 

the PNS. They wrap around neuronal axons, and, in the case of myelinated fibres, form 

the myelin sheath. Even though one cell type surrounds cell soma while the other one 

surrounds axons, both have similar functions, producing extracellular matrix and 
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modulating the neural activity in healthy tissue and activating in response to nerve injury. 

Following nerve injury, the activation of Schwann cells and satellite glial cells influences 

activities of neighbouring neurons and their environment, for example, the expression of 

neurotrophin receptor p75 is dramatically upregulated in both satellite glial cells and 

Schwann cells (Nascimento et al., 2014, Richner et al., 2014, Vaegter, 2014). Satellite 

glial cells also possess Schwann cell-like properties such as expressing intermediate 

filament nestin and transcription factor Sox2 which are related to regenerative 

capabilities (Tongtako et al., 2017). 

 

 

Figure 4.3 Satellite glial cells and Schwann cells in the peripheral nervous system. 

(A) DRG neuron cell bodies surrounded by satellite glial cells and elongated axons 

ensheathed by Schwann cells. (B) Cross-section of DRG showing a layer of satellite glial 

cells around sensory neuron cell bodies (Richner et al., 2014). 

 

Instead of using the term ‘Schwann cells’, this chapter expands the terminology 

to “glial cells” to avoid confusion since both Schwann cells and satellite glial cells were 

present in the cultures from DRG. To simulate the interaction that would occur between 

host glial cells and Schwann cells implanted in an engineered nerve graft, glial cells from 

GFP-labelled rat dorsal root ganglia (DRG) and SCL4.1/F7 Schwann cell lines were co-

cultured and phenotypically quantified. Additionally, preparing primary glial cells from 

DRG culture may be easier than purification of primary Schwann cells from the peripheral 

nerve (e.g. sciatic nerve) because many available methods for Schwann cell isolation 

A B 
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and purification from nerve tissue have limitations with fibroblast contamination, or are 

costly and time-consuming (Jin et al., 2008, Wei et al., 2009, Zhao et al., 2014). 

The terminology to identify different types of glial cells has been adjusted for in 

vitro and in vivo experiments. In the in vitro experiment, TaeNT is a substrate for glial 

cell interaction. Cells originally cultured inside the gels are referred to as ‘endogenous’ 

while those later seeded on top of the gels are ‘exogenous’. To avoid confusion these 

terms ‘endogenous’ and ‘exogenous’ were used only in the in vitro experiment, and then 

changed to ‘transplanted’ and ‘host’ for the in vivo experiment. 

 

4.1.6 Protocols to prepare primary glial cells  

Optimisation of primary glial cell preparation aims to overcome common 

challenges to maximise yield and minimise preparation time. According to previous 

protocols, neonatal rat sciatic nerve (or Brockes’ method) is the most widely used source 

for Schwann cells (Brockes et al., 1979), providing a rapid method for generating purified 

populations. Some researchers have changed the cell source to adult rat sciatic nerve 

to acquire higher amounts of Schwann cells from fewer animals; however, it takes more 

than a week to complete the whole preparation, proliferation, and purification process 

(Komiyama et al., 2003, Mauritz et al., 2004, Morrissey et al., 1991). Another alternative 

source for Schwann cell preparation is DRGs which contain neurons, glial cells (a mixture 

of Schwann cells and satellite glial cells), and other cells such as fibroblasts and 

endothelial cells. Kim et al. proposed a method to isolate glial cells from single neonatal 

mouse DRGs which takes approximately 2 weeks to complete the preparation process 

(Kim and Kim, 2018). Adult rat DRGs offer another source to prepare peripheral nerve 

glial cells providing advantages over the use of neonatal DRGs in terms of easier 

dissection, but importantly also reflecting the adult stage of development that is more 

relevant in models aimed at studying nerve injury and repair. In this preparation method, 

incubating the crude DRG culture for 2-5 days increases the proportion of glial cells in 
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culture because glial cells continue proliferating in vitro after DRG dissection and 

compete for survival with neurons when nutrients in the culture are limited. On the other 

hand, neurons, which are highly differentiated cells, rarely proliferate in vitro, so the 

proportion of neurons decreases. (Castillo et al., 2013, Tongtako et al., 2017, Liu et al., 

2012). 

Besides incubation time, substrate coatings also influence the purity of glial cells 

in DRG culture because different types of cells have different adhesion characteristics. 

Some culture protocols seed the crude DRG culture in uncoated plastic flasks or on 

coverslips in order to further reduce the number of neurons in the culture (Capuano et 

al., 2009, England et al., 2001, Lemes et al., 2018, Villa et al., 2010). The attachment of 

glial cells to the substrate surface tends to be sufficient in uncoated culture flasks while 

neurons require PLL, PDL, or laminin coating. However, although uncoated culture 

surfaces were reported to effectively deplete neurons, yielding highly glial-enriched 

cultures, it could also reduce the survival rate of glial cells as they take a longer time to 

attach (Honkanen et al., 2007, Wang et al., 2019). It was also reported that the 

expression of some types of receptors in glial cells was significantly affected in the 

absence of neurons; for example, purinergic metabotropic P2Y receptors were 

undetectable in the purified culture (Villa et al., 2010). In this study, culture flasks were 

coated with PDL to facilitate rapid adhesion of adult rat DRG cells and the percentage of 

glial cells was increased by extending the incubation time.  

 

4.1.7 Objective of this chapter 

The main objective of this chapter was to understand the nature and 

consequences of the interaction between host and transplanted glial cells in nerve repair. 

The distribution, migration, and alignment of both glial cell populations were examined 

to understand whether glial cells from within the engineered tissue or from outside 

influence each other in a supportive or disruptive way.  
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Both in vitro and in vivo experiments were included starting with the study of glial 

cell migration in a 3D fully-hydrated hydrogel model containing 2 cell populations in 

adjacent chambers with a connecting interface. The number of cells and their ability to 

cross an interface to infiltrate another cell population were measured. Then, the 

alignment of endogenous therapeutic glial cells and exogenous infiltrating host glial cells 

was examined through TaeNT in vitro and then using a self-organising collagen guidance 

conduit in vivo. The guidance conduit containing aligned Schwann cells was transplanted 

into a 10 mm-gap rat sciatic nerve model for 3 weeks. The behaviour and interaction of 

transplanted therapeutic glial cells in a self-organising collagen guidance conduit and 

infiltrating glial cells from host tissue were explored. 

Apart from the main experiments to investigate cell interaction, a number of other 

experiments were included to verify the protocols used and provide additional evidence 

for further investigation. Firstly, the protocol to prepare primary glial cells from DRG 

culture was examined for a percentage of glial cell population. Secondly, in addition to 

investigating the interaction of exogenous glial cells and endogenous glial cells in TaeNT, 

an additional experiment was carried out to examine the behaviour of exogenous glial 

cells on TaeNT when the aligned Schwann cells were killed using a freeze-and-thaw 

method. The preservation of collagen fibril alignment and mechanical properties of 

frozen-and-thawed TaeNT were also tested. The viscoelastic characterisation of TaeNT 

and frozen-and-thawed TaeNT were compared using DMA to determine whether the 

freeze-and-thaw process alters the mechanical properties of TaeNT, which may have 

influenced cell behaviour. 
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4.2 Results 

4.2.1 Enrichment of glial cell population in DRG culture 

 To increase the number of primary glial cells in DRG cultures without any 

additional chemicals, 20-25 DRG explants were obtained from an adult rat. The 

percentage of glial cells in the cultures increased from DRG preparation over days by 

approximately 60% to 80%.  

  

Figure 4.4 Enrichment of glial cell population in DRG culture. The percentage of glial 

cells per total cells in DRG culture increased from approximately 60% to 80% in 2 days. 

Data shown as mean with SEM of 3 independent experiments; Unpaired t-test with two-

tailed, **** p < 0.0001 

 

4.2.2 Migration of DRG glial cells and F7 Schwann cells in a 3D culture 

interface model 

Two cell populations which are similar cell types from different sources, DRG glial 

cells and F7 Schwann cells, were investigated by visualising their migration behaviour in 

a 3D cell culture model containing these separate cell populations in close proximity. 

Acellular hydrogel compartments were also added in the hydrogel system for an interface 

observation, and the border-crossing behaviour of glial cells were quantified only at the 

cellular interface (i.e., the interface between two cell populations). After casting the gels, 

the stainless steel dividers separating the compartments were carefully removed without 
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disrupting the cell populations, enabling the adjacent gels to form one continuous gel 

with no mechanical interfaces (Figure 4.5).  

 

Figure 4.5 Experimental setup for 3D cell culture model to examine cell behaviour 

and interaction. The cell culture construct consists of a stainless steel mould with 3 

occupied chambers separated by removable dividers. Each chamber contains acellular, 

primary glial cells and F7 Schwann cells, respectively (from left to right). (A) Cell culture 

during casting process. The mould with gels was maintained at 4ºC to delay gelation 

before removing the dividers. (B) Gel setting. Dividers were removed after 2 minutes to 

allow gel integration without mixing of cell populations. 

 

Figure 4.6 Location of glial cells in the 3D culture model after 3 days. The white 

dotted lines indicated interface of two cell populations (A) Interface between primary 

DRG glial cells and acellular collagen gel. (B) Interface between primary DRG glial cells 

and F7 Schwann cells. (C) In 1 sample out of total 3 samples, a small degree of 

contraction was observed in the middle of the chamber containing F7 Schwann cells. 

The yellow dotted line showed the deformation of interface due to the cell contraction. 

All glial cells are shown in red (S-100) and primary cells (GFP+) are shown in green. 

Letters A, F, and P in circles represent the cell population in the particular area; A- 

acellular, F- F7 Schwann cells, P- primary DRG glial cells. Scale bar = 200 μm 

A 

B 

C 
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The migration of cells across the interface between the two cell populations was 

measured. After 3 days, the majority of cells remained in their original area, and 

approximately 2-20% of glial cells moved across the interface to another cellular area. 

The interfaces between cell populations were still detectable under a confocal 

microscope (Figure 4.6). In one out of a total of 3 trials, a small degree of gel contraction 

was observed within the F7 Schwann cells area and some of the F7 Schwann cells 

congregated towards the middle of the contracted gel. Nevertheless, the crossing 

behaviour of the F7 Schwann cells in the contracted sample was consistent with the 

other gels. 

The crossing behaviour of glial cells was quantified by measuring the number of 

cells that had crossed the interface and the distance migrated into the adjacent area 

containing another cell population (Figure 4.7). F7 Schwann cells showed more migrating 

cells and greater displacement when compared to DRG glial cells. 20% of F7 Schwann 

cells crossed the interface whereas less than 5% of the DRG glial cells did. The longest 

distance that F7 Schwann cells migrated from the interface into the adjacent area was 

around 8 times more than that of the DRG glial cells. 

 

Figure 4.7 Quantification of glial cell migration across cell population interface in 

3D culture model. (A) Percentage of cells in the population found in another cell 

population area. (B) Maximum migration distance of cells away from their population 

interface into another cell population. Data shown as mean with SEM of 3 independent 

experiments. Unpaired t-test with two-tailed, *p<0.05. 

A B 
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4.2.3 Interaction of endogenous and exogenous glial cells in an 

engineered tissue in vitro co-culture model 

Having explored the extent to which glial cell populations invade adjacent regions 

in 3D collagen gels, a co-culture model was established to simulate the interaction of 

exogenous glial cells with the F7 Schwann cells in an implanted cellular material. The 

cell distribution and alignment were measured as features contributing to nerve 

regeneration. 

Primary glial cells from GFP-labelled rat dorsal root ganglia, (defined as 

‘exogenous’ glial cells), were seeded onto TaeNT constructs containing aligned (defined 

as ‘endogenous’ glial cells) F7 Schwann cells. After 3 days in co-culture, the images 

were analysed using a co-localisation protocol where areas that were both GFP and S-

100 positive identified as exogenous glial cells, and areas that were GFP-negative and 

S-100 positive identified as endogenous glial cells (Figure 4.8).  

All exogenous glial cells, as well as DRG neurons, were found only on the top 

surface of TaeNT without penetration into the collagen gels. The proportion of 

endogenous cells and exogenous cells in each image were not significantly different with 

an average of 54% and 46%, respectively (Figure 4.8D). After 3 days in co-culture, the 

exogenous glial cells seeded on top had become aligned with the endogenous Schwann 

cells in the TaeNT. The alignment of each cell population was quantified by calculating 

the difference between the angle of the longest axis of each cell and the longitudinal axis 

of the gel to obtain the angle of deviation of each cell. (Figure 4.9). The angle of deviation 

of each glial cell was categorised into 9 groups ranging from 0 to 90°, and the relative 

frequency of each group was compared to determine the degree of alignment. Both 

endogenous and exogenous glial cells were highly aligned after 3 days, with average 

angle of deviation less than 20%, and approximately 40% of cells deviating less than 10 

degrees from the longitudinal axis (Figure 4.9A, B). According to the box-and-whisker 

graph, endogenous glial cells were aligned slightly better than exogenous glial cells. The 



 

132 
 

angle of deviation of glial cells in different areas (edge and middle of TaeNT) were similar, 

especially those of endogenous glial cells where the mean angles of deviation were very 

close (Figure 4.9C, D). 

 

Figure 4.8 Proportion of endogenous and exogenous glial cells after 3 days of 

TaeNT co-culture. Confocal micrographs showing a single slice (A) in the middle area, 

and (B) at the edge area of TaeNT. (C) 3D opacity images (confocal Z-stack) in the 

middle area of TaeNT. Glial cells are shown in red (S-100) and GFP+ cells are shown in 

green. Exogenous glial cells are areas of both red and green and endogenous glial cells 

are those of red only. Scale bar = 200 μm. (D) Percentage of endogenous and 

exogenous glial cells in co-culture after 3 days. Data shown as mean with SEM of 4 

independent experiments with 4 images taken from each experiment. Paired t-test with 

two-tailed, p = 0.2859. No statistical difference. 

D 
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Figure 4.9 Quantification of glial cell alignment after 3 days of co-culture. Angle of 

deviation of cells was measured relative to the longitudinal axis of TaeNT. Data shown 

as mean with SEM of 4 independent experiments. (A) Relative frequency of each angle 

deviation range. (B) Box-and-whisker plot of angle deviation of different populations of 

glial cells. (C) Relative frequency of each angle deviation range of cells in different areas 

in TaeNT. (D) Box-and-whisker plot of angle deviation of all data in different area in 

TaeNT. Data shown in (A) and (C) as mean with SEM of 4 images from each 4 

independent experiments. Data shown in (B) and (D) as minimum, lower quartile, 

median, upper quartile, and maximum of all data measured from 4 images representing 

4 independent experiments. 

 

A 

C D 

B 
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4.2.4 The effect of freeze-and-thaw process on collagen matrix of TaeNT  

Although the result in previous experiment (Section 4.2.3.) showed the alignment 

of exogenous glial cells on TaeNT 3 days after seeding them in co-culture with aligned 

endogenous glial cells, it was not clear whether the aligned endogenous glial cells 

themselves or the anisotropic extracellular matrix environment induced the exogenous 

glial cells to align. An additional experiment in Section 4.2.5. was thus carried out to 

investigate the alignment of exogenous glial cells in the absence of endogenous glial 

cells. When acellular TaeNT was prepared for the experiment, the preservation of TaeNT 

extracellular matrix and mechanical properties after the freeze-and-thaw process were 

tested. With alignment of collagen matrix and mechanical properties as controlled 

variables, the alignment of exogenous glial cells in the absence of endogenous glial cells 

could be compared with that in the presence of endogenous glial cells. 

 To examine exogenous cell behaviours when cultured with TaeNT in the absence 

of endogenous cell within TaeNT, the freeze-and-thaw process was selected as an 

approach to kill the endogenous cells in the construct while preserving extracellular 

matrix in the tethered gel. After snap-freezing TaeNT in liquid nitrogen at -80°C, the 

frozen hydrogels became stiffer, opaque, and brittle. Subsequently-thawed TaeNT had 

a similar shape to the gel before undergoing the whole freeze-and-thaw process. The 

contracted gel shape and collagen fibril alignment were preserved after the freezing and 

thawing cycle. Scanning electron microscopy revealed that the extracellular matrix of 

frozen-and-thawed TaeNT resembled that in the control TaeNT. The collagen fibrils in 

TaeNT were dense and aligned with elongated cells (Figure 4.8A, C). A number of 

porous spaces were observed throughout the aligned matrix of both TaeNT and frozen-

and-thawed TaeNT, but were more noticeable in frozen-and-thawed TaeNT (Figure 

4.10B). Although frozen-and-thawed TaeNT had around 5% reduction in fibrils within the 

highest alignment range and a small increase in angle deviation mean, 60% of fibrils in 

both conditions still aligned with angle deviation less than 30 degrees (Figure 4.11). 



 

135 
 

Mechanical properties were also compared by compressive DMA testing to 

obtain storage modulus, loss modulus, and tan delta value at different frequencies. The 

storage and loss modulus increased with increasing frequencies. Responses of normal 

TaeNT had a similar trend to those of frozen-and-thawed TaeNT, but with smaller 

standard deviation making the variability range narrower (Figure 4.12). The mean of 

storage and loss modulus slightly increased following freeze-and-thaw treatment and the 

variability was greater, mostly at high frequencies. Both TaeNT and frozen-and-thawed 

TaeNT has similar tan delta (phase shift) reflecting preserved viscoelastic properties of 

the materials. 

 

Figure 4.10 Alignment of collagen matrix under SEM after 24 hours in (A),(C) 

TaeNT, and (B),(D) frozen-and-thawed TaeNT. The white arrows indicate the main 

orientation of alignment (longitudinal axis). Scale bar = (A),(B) 20 μm, (C),(D) 5 μm. 
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Figure 4.11 Freeze-and-thaw process had minimal effect on collagen matrix 

alignment in TaeNT. (A) Relative frequency of each range of angle deviation. Data 

shown as mean with SEM of 4 images from 4 independent experiments. (B) Box-and-

whisker plot of angle deviations. Data shown as minimum, lower quartile, median, upper 

quartile, and maximum of all data measured from 4 images representing 4 independent 

experiments. 
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Figure 4.12 Compressive DMA testing on TaeNT and frozen-and-thawed TaeNT 

with similar viscoelastic behaviour. (A) Storage modulus. (B) Loss modulus. (C) Tan 

delta. Data shown as mean with SEM of 4 independent experiments. Black dots with 

dotted-line and grey boxes with dotted-line represent mean with SEM of TaeNT and 

Frozen-and-thawed TaeNT, respectively. 
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4.2.5 Alignment of Exogenous glial cells cultured on freeze-and-thawed 

TaeNT 

The alignment of exogenous glial cells in the absence of aligned endogenous 

glial cells was investigated to test whether the preserved alignment of collagen matrix 

could also induce the alignment of exogenous glial cells. In this section, TaeNT was 

prepared in the usual way then frozen-and-thawed before exogenous glial cells were 

seeded onto it, and the alignment of exogenous glial cells was measured and compared 

with that of exogenous glial cells on TaeNT in Section 4.2.3.  

Immunostaining images showed that many exogenous glial cells in frozen-and-

thawed TaeNT congregated and aligned to the longitudinal axis (Figure 4.13). The 

congregation of cells, forming a long continuous tract along the middle area of gels, was 

highly aligned resulting in a low mean angle of deviation from the longitudinal axis. The 

quantified result showed that the number of exogenous cells present on the frozen-and-

thawed TaeNT was significantly less than those on the cellular material. The alignment 

of exogenous glial cells in frozen-and-thawed TaeNT (without endogenous glial cells) 

was comparatively higher than that in TaeNT (with endogenous glial cells). More than 

90% of the exogenous glial cells showed less than 10 degrees angle of deviation from 

the longitudinal axis (Figure 4.14).  

Although glial cells from two different sources interacted and influenced each 

other to align in the similar pattern as demonstrated in Section 4.2.3, the result in this 

section implied that glial cells eventually aligned better in the absence of glial cells from 

the other source at a similar incubating time. The decellularised TaeNT by freeze-and-

thaw technique provided the better substrate for glial cell alignment, but not for cell 

attachment as number of glial cells to the substrate was much lower. 
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Figure 4.13. Alignment of exogenous glial cells after 3 days of co-culture on freeze-

and-thawed TaeNT. Glial cells are shown in red (S-100). (A) alignment of co-culture in 

freeze-and-thawed TaeNT at middle area, and (B) edge area. Scale bar = 200 μm 

A B 
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Figure 4.14 Quantification of exogenous glial cell alignment after 3 days of co-

culture on freeze-and-thawed TaeNT, compared to exogenous and endogenous 

glial cells on normal TaeNT. Angle deviation was measured from the longitudinal axis 

of TaeNT. Exogenous glial cells on frozen-and-thawed TaeNT showed higher alignment 

with significantly lower angle deviation. (A) Number of cells with each range of angle 

deviation. (B) Total number of cells counted from samples in the analysis. (C) Relative 

frequency of each angle deviation range. (D) Box-and-whisker plot of angle deviation of 

different glial cells when cells on frozen-and-thawed TaeNT was compared with cells on 

cellular TaeNT from Section 4.2.3. Data shown in (A) and (C) as mean with SEM of 4 

images from each 4 independent experiments. Paired t-test with two-tailed, p = 0.0913. 

No statistical significance. Data shown in (D) as minimum, lower quartile, median, upper 

quartile, and maximum of all data measured from 4 images representing 4 independent 

experiments. 
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4.2.6 Interaction of transplanted and host glial cells in vivo 

 After investigating the distribution, migration and alignment of glial cells as a 

consequence of cell-cell interaction in vitro, an in vivo experiment was carried out to test 

interactions in a more complex model. Since the TaeNT requires tethering to maintain 

alignment, the self-organising collagen guidance conduit was prepared by tethering 

collagen gels containing aligned F7 Schwann cells in 10-mm silicone tubes.  

The experimental setup was the same transplantation into a 10-mm sciatic nerve 

gap of GFP-expressing transgenic rats for 3 weeks as performed in Chapter 3 but with 

different sectioning, immunostaining, and quantification analysis. Here, 4-mm 

longitudinal middle sections were stained with anti-S100 antibody DyLightTM 549 for glial 

cell identification. (Note that the remaining 3-mm length at each end of transplanted 

conduit was cross-sectioned and analysed in Chapter 3 for neurite identification). Images 

were captured of longitudinal sections through the transplanted conduits using confocal 

microscopy to visualise cell populations along the construct. Image analysis for co-

localisation was similar to the previous in vitro experiment (Section 4.2.3). The areas 

positive for both GFP and S-100 were identified as host glial cells, and areas negative 

for GFP and positive for S-100 were identified as transplanted glial cells. Figure 4.15 

shows examples of how cells of each different type were identified, and skeletal length 

lines assigned by the software.  

According to Figure 4.15, transplanted and host glial cells were found distributed 

throughout the transplanted conduit at 3 weeks post-transplantation. Glial cells were 

slightly less dense at the rim of the gel along the longitudinal axis. More transplanted 

cells were observed. Approximately 70% of total glial cell population along the 

longitudinal section of the conduit was transplanted cells, and the remaining 30% was 

infiltrating glial cells from host tissue (Figure 4.16). 
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Figure 4.15 Alignment of host and transplanted glial cells in self-organising 

collagen guidance conduit at 3 weeks post-injury following transplantation into a 

10-mm rat sciatic nerve gap. All glial cells are shown in red (S-100), and host cells 

(GFP+) are shown in green. (A, B) VolocityTM software detected glial cells in red and 

green channels, and then (C, D) identified host and transplanted cells using the ‘overlap’ 

and ‘exclude’ functions. Yellow and blue arrows in the bottom figures indicate the skeletal 

length lines assigned to host and transplanted glial cells, respectively. Scale bar = 200 

μm 
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Figure 4.16 The percentage of host and transplanted glial cells per total glial cells 

inside 3.3-mm longitudinal middle section of self-organising collagen guidance 

conduit containing aligned F7 Schwann cells at 3 weeks post-injury following 

transplantation into a 10mm rat sciatic nerve gap. Data shown as mean with SEM from 

3 samples; 3 sections from each rat. Paired t-test with two-tailed, **p < 0.005 

 

 To measure the longitudinal distribution of each glial cell population, the number 

of glial cells was counted at every 100 μm starting from proximal to distal end of the 

section (Figure 4.17A). Both transplanted and host glial cells had a similar pattern of 

distribution along the conduit. The highest percentage of glial cells were located within 

the first 500 μm away from the proximal end, and the percentage of glial cells gradually 

decreased to a plateau at more distal positions. The longitudinal distribution of the glial 

cells was also assessed by categorising the tissue into 3 equal- length parts (1,100 µm 

each): proximal, middle, and distal (Figure 4.17B). 50% of the total glial cell population 

in the conduit was found at the proximal sites while approximately 27% and 23% of the 

population was found at the middle and distal sites, respectively. There was a significant 

difference in the percentage of glial cells at the proximal part when compared to those at 

the middle and distal parts.  
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Figure 4.17 The proportion of glial cells at different positions along the 

transplanted conduit. The data showed the percentage of host and transplanted glial 

cells out of the total number of glial cells in the same population. (A) shows detailed 

information captured every 100 µm along the length whereas (B) shows summary 

information from categorising each longitudinal section into 3 parts with equal length of 

1100 µm: proximal, middle, and distal. Data shown as mean with SEM from 3 samples; 

3 sections from each rat. 
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Figure 4.18 Quantification of glial cell alignment in self-organising collagen 

guidance conduit at 3-week post-transplantation in a 10 mm rat sciatic nerve gap. 

Angle deviation was measured from whole longitudinal length of the conduit. 

Transplanted and host cells were highly aligned in a similar pattern. (A) Number of glial 

cells at each angle deviation range. (B) Box-and-whisker plot of angle deviation of 

different populations of glial cells. (C) Relative frequency of glial cells with each angle 

deviation range per total glial cells in the same population. Data shown in (A) and (C) as 

mean with SEM from 3 samples; 3 section from each rat. Data shown in (B) as minimum, 

lower quartile, median, upper quartile, and maximum of all data measured from 3 

samples; 3 sections from each rat. 
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Both transplanted and host glial cells aligned in a similar pattern with 

approximately 40% of cells deviating less than 10 degrees deviating from the longitudinal 

axis (Figure 4.18). According to the box-and-whisker plot (Figure 4.18B), the angle 

deviation of both glial cell population had similar minimum, lower quartile, median, upper 

quartile, and maximum implying that their behaviours in spatial orientation were 

synchronised into the similar pattern after 3 weeks of transplantation. The in vivo 

experiment was consistent with the in vitro experiment, showing that glial cells from 

different sources interact and align in a similar pattern. The interaction between the host 

and transplanted glial cells is supportive to axon regeneration providing a directional cue 

for the neurite elongation from the proximal stump.  
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4.3 Discussion  

In the first experiment, the preparation method of DRG culture, usually used as 

a source of primary neurons, was modified to enrich the glial cell population for use as a 

primary glial cell source in this chapter. The initial percentage of glial cells in the adult rat 

DRG measured by S-100 immunostaining analysis was approximately 50-60% which 

was higher than previous estimation by FACS sorting where the percentage of Schwann 

cells and satellite glial cells counted from mouse dissociated DRG were 10% and 30%, 

respectively, making the summation of 40% (Avraham et al., 2020). The difference 

between the previous report and the result measured from this experiment might be due 

to the difference in measurement method and a low number of counted samples from 

both methods. Additional experiments with sufficient number of animals would possibly 

increase consistency in the glial cell ratio obtained from different measurement methods.  

Preparation of glial cells from DRG by culturing for extending time has been 

considered to be a simple way to optimise glial cells from DRG without digestion. The 

glial cells continue proliferating in vitro after DRG dissection while neurons, which are 

highly differentiated cells, rarely proliferate in vitro (Castillo et al., 2013, Tongtako et al., 

2017, Liu et al., 2012). The method was demonstrated in neonatal rats where the 

percentage of glial cells seeded on a coated flask reached 95% after 3 days in culture 

(Wang et al., 2019). The comparison between glial cells ratio at different time points 

measured in this chapter also showed the increase of glial cells from adult rat DRG with 

incubating time. The glial cells from adult rat DRG proliferated and reached the ratio of 

80% enabling further experimental uses of glial cells after 2 days without complicated 

culture preparation. 

Another limitation of this method is that it did not attempt to remove fibroblasts 

from the culture. Further refinements could therefore be considered to remove fibroblasts 

such as antimitotic treatment, immunodepleting with Thy1-antibody, magnetic activated 

cell sorting (MACS),  fluorescence-activated cell sorting (FACS), or replacement of L-
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valine with D-valine in culture medium (Assouline et al., 1983, Brockes and Raff, 1979, 

Hongpaisan, 2000, Manent et al., 2003, Spiegel and Peles, 2009).  

The main experiments in this chapter aimed to understand the nature and 

consequences of the interaction between host and transplanted glial cells in nerve repair 

by measuring the distribution, migration, and alignment of both glial cell populations. 

While the early experiments quantified only the viability of transplanted Schwann cells in 

the conduit (Fansa et al., 1999, Mosahebi et al., 2003, Tohill et al., 2004, Berrocal et al., 

2013), this chapter provided an in-depth experiment reporting whether transplanted 

Schwann cells and infiltrating Schwann cells from host tissue could facilitate or disrupt 

each other’s function and alignment in the context of a cellular tissue engineered graft. 

The overall results indicate that the interaction of host and transplanted glial cells 

maintains the initial pattern of spatial organisation.  

The in vitro migration of glial cells when interacting with another cell population 

was investigated in a 3D collagen hydrogel system. With the same 3D culture system, 

an inhibitory interface was observed in astrocytes when cultured adjacent to DRG cells 

(East et al., 2012). Here, DRG glial cells and F7 Schwann cells did not repel each other 

at the interface, since there was no evidence of cell segregation persisting at the 

interface and cells migrated into adjacent gel compartments. The ability to cross the 

interface and mix with the other cell population indicates the absence of inhibitory 

interfaces at the boundary between the two different glial cell populations. 

To investigate the effect on alignment of glial cell interaction on cells in 

engineered tissue, DRG glial cells and F7 Schwann cells were co-cultured in TaeNT by 

seeding DRG glial cells from GFP-labelled rat dorsal root ganglia (exogenous glial cells) 

onto TaeNT containing aligned F7 Schwann cells (endogenous glial cells). The 

endogenous glial cells in fully-hydrated collagen gels attached to the fibrillar collagen 

network which was tethered to facilitate cell alignment in parallel to longitudinal 

orientation (Phillips et al., 2005). In other studies, tethered aligned cellular collagen gels, 
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used as a substrate for neurite elongation, have been stabilised by the removal of 

interstitial fluid to increase cell and matrix density and enable tethering to be removed 

without loss of alignment (East et al., 2010, Georgiou et al., 2013). Here, TaeNT was left 

in a fully hydrated state, and not stabilised in order to allow Schwann cells to freely 

migrate and align in 3-dimensional space while embedded in the hydrogel. Thus, it was 

a suitable tool to examine the spatial behaviour and interaction of cells. 

Exogenous glial cells become aligned with the endogenous Schwann cells in the 

TaeNT over 3 days in co-culture while the alignment of endogenous glial cells remained 

undisrupted, with alignment persisting throughout different areas in the TaeNT. The 

alignment of exogenous glial cells observed in co-culture implies that the fully-hydrated 

cellular tethered collagen gels provided directional guidance cues to exogenous glial 

cells. It also indicates that endogenous glial cells can still preserve their highly-aligned 

topography in the presence of another cell population, which is an important 

consideration for therapeutic transplantation of these types of engineered tissues. The 

proportion of DRG glial cells aligned on TaeNT with angle deviation less than 20 degrees 

was approximately 65% which was similar to that reported previously for DRG neurons 

on top of stabilised TaeNT gels containing F7s in vitro (Georgiou et al., 2013). 

To investigate the role of the presence of endogenous cells in conferring 

alignment on exogenous cells in vitro, an investigation was carried out on TaeNT in the 

absence of endogenous glial cells. SEM images showed that the collagen fibrils in 

TaeNT remained aligning after a cycle of freeze-and-thaw. This result in engineered 

tissue is consistent with the extracellular matrix preservation reported after freeze-and-

thaw in other tissues such as arteries, bone, and tendon (Suto et al., 2012, Delgadillo et 

al., 2010). After freeze-and-thaw process had removed the endogenous cells, the aligned 

extracellular matrix was still enough to induce alignment of glial cells cultured on top of 

the surface (Dubey et al., 1999, Ribeiro-Resende et al., 2009, Rosner et al., 2005, 

Maturana et al., 2011). Interestingly, these experiments showed better alignment of 

exogenous glial cells on frozen-and-thawed TaeNT compared with those seeded on the 
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normal TaeNT. Importantly, other factors such as the mechanical properties and collagen 

fibril alignment remained equivalent between the two conditions, indicating that any 

differences in the behaviour of the exogenous glial cells was likely to be due to a direct 

effect of the presence of endogenous cells. Further research could be conducted to 

explore differences in the cell alignment on frozen-and-thawed TaeNT compared with on 

TaeNT. One hypothesis to consider is that endogenous glial cells killed by freeze-and-

thaw method left unoccupied pores within the collagen matrix, which may have 

accommodated and aligned the exogenous glial cells.  

When self-organising cellular collagen guidance conduits were transplanted into 

10-mm rat sciatic nerve gaps, at 3-weeks post-transplantation both transplanted and host 

Schwann cells were found inside the conduit. This implies that transplanted glial cells 

had survived for at least 3 weeks in the transplanted conduit, and host glial cells migrated 

into the conduit from the nerve stumps. The migration of glial cells from host tissue has 

been found previously in acellular conduit transplantation, where glial cells are crucial in 

forming cellular guidance for regenerating neurites (Bryan et al., 1999, Chen et al., 

2019b, Parrinello et al., 2010, Cattin et al., 2015, Dun and Parkinson, 2020). This 

experiment demonstrated that the presence of aligned transplanted glial cells did not 

prevent host glial cell migration into the conduit. A further question remains about 

whether the presence of transplanted glial cells induces any change in migration rate or 

time frame, compared to glial cells entering acellular conduits, which are normally found 

after 2-3 days in rodent models (Chen et al., 2019b, Torigoe et al., 1996). 

The similar distribution pattern of host and transplanted glial cell populations 

throughout the conduit at 3-weeks post-transplantation implies the glial cells from both 

sources respond to the regional environment in a similar way. The alignment patterns of 

transplanted and host glial cells in the in vivo experiment were more similar to each other 

than those in the in vitro experiment. This may be due to the longer time point and 

presence of additional biological signals involved in inducing the alignment of Schwann 

cells to form Bands of Büngner in vivo (Min et al., 2021, Wanner and Wood, 2002). 
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Although more glial cells were found in the proximal area than in the middle and 

the distal area, it cannot be concluded from this experiment whether cells in the middle 

and distal area had a lower survival rate, or cells in the proximal area proliferated more 

than cells in other areas. The distribution difference of glial cells from the proximal to 

distal area might be caused by cell environment that influences cell survival, and/or the 

morphology of individual aligned cells that influences cell quantification. The proximal 

stump has been previously reported to have more activation of the transcription factor 

STAT3 which was necessary for the morphology maintenance and survival of repair 

Schwann cells in chronic denervation (Benito et al., 2017, Jessen and Mirsky, 2016, 

Sheu et al., 2000). Besides, the remyelination of Schwann cells shortened the length of 

the cells and more myelinated Schwann cells were found at proximal side of the 

regenerating nerve (Gomez-Sanchez et al., 2017). The activation of STAT3 and the 

higher number of shortened Schwann cells at the proximal stump were possibly 

contributed to the result where more Schwann cells were counted at the proximal area, 

compared to the middle and distal area with similar tissue length. 

The in vivo work presented here was an initial experiment conducted with a 

minimal number of animals so the statistical analysis should be treated with caution as 

there was insufficient information about the likely variability and effect size to allow a 

power calculation to be performed in advance. A subsequent power analysis (Figure 

4.19) indicates that the total number of experimental animals should be at least 18 rats 

in order to confidently detect a medium effect size with 5% error probability and a 

statistical power of 0.8. Although the sample size of 3 in this initial experiment was not 

enough to detect an effect with a given degree of confidence, the results from 3 

experimental animals can preliminarily demonstrate a trend of data with a statistical 

power of 0.1-0.2. The result from this chapter will be useful in future experimental design 

for example to compare migrating behaviour of host glial cells into acellular and cellular 

conduits. 
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Figure 4.19 Total sample sizes corresponding to the power from 0.1 to 1 for one-

way ANOVA test with repeated measures, within factors in (A) alignment, and (B) 

distribution quantification. The analysis was calculated with effect size of 0.25 (medium) 

with 5% error probability and plotted by G*Power software. 
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 In summary, this chapter attempted to investigate the interaction of host and 

transplanted glial cells in fully-hydrated TaeNT. Firstly, a method to prepare primary glial 

cells from adult rat DRGs was tested to confirm an increasing percentage of glial cells in 

the culture with increased incubation time. Secondly, in vitro experiments showed that 

endogenous and exogenous glial cells did not disrupt the migration and orientation of 

each other in co-culture. Finally, transplanting a self-organising collagen guidance 

conduit containing aligned Schwann cells gave similar results in terms of cell alignment 

to the in vitro experiment. The distribution of host and donor Schwann cells after 

transplantation were subjected to further investigation and discussion.  

The results from this chapter filled the gap in previous literature both in vivo and 

in vitro about the interaction between endogenous and exogenous glial cells during nerve 

regeneration. Understanding the interaction of host cells and transplanted cells is 

important for tissue engineering as it can help us know how to design therapeutic options 

for to improve peripheral nerve regeneration. 
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CHAPTER 5 

 Protocol design and development of mechanical tension 

application for stretch growth of neuronal cells  

in regenerative medicine 
 

5.1 Introduction 

Previous chapters have demonstrated the potential of TaeNT in supporting 

neurite elongation where the main player was Schwann cells providing trophic factors 

and directional cues to the neurites with supportive cell interactions. To develop an 

engineered neural tissue with long neurites for long distance nerve regeneration, 

additional cues might be necessary to further induce longer neurites in the construct. 

Previous research has investigated various approaches to induce long neurites, such as 

growth factor addition in culture media, drug treatment, magnetic fields, and electrical 

stimulation (Adams et al., 2014, Lestanova et al., 2016, Mahmood Alabed et al., 2019, 

Rayner et al., 2018). Mechanical tension application for growth response is another 

tissue engineering approach with a novel concept to induce long axons by gradually 

stretching processes of cells. Additionally, since TaeNT is a fully-hydrated tethered 

collagen gel containing elongated neurons, it might be a suitable 3D substrate with a 

feasibility in applying mechanical tension to extend neurite length.  

 

5.1.1 Mechanical tension application for cell growth and development 

 Mechanical stimulation through external force application to cells plays a 

significant role in regulating cell behaviour. For example, skeletal and smooth muscle 

cells can mature and align in a controllable direction following stretching (Liu et al., 2008, 

Boonen et al., 2010, Weinberger et al., 2017). Stem cells and mature cells, such as 

vascular endothelial cells and smooth muscle cells, can be induced to differentiate or 
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reprogrammed with mechanical stimulation (Jiang et al., 2016, Kim et al., 2017, Liu et 

al., 2017). Increasing research on mechanical stimulation in cells has aimed to 

understand mechanobiology and mechanotransduction of various types of cells. The 

mechanobiology of cells is examined by observing how cells respond to mechanical force 

(i.e., changes in behaviour, organisation, interaction), where mechanotransduction is a 

process to explain how mechanical force is converted into biomolecular events. 

Extracellular matrix, integrins, and cytoskeleton are currently in the spotlight of 

mechanotransduction studies, including various signaling pathways and gene 

expression changes (Brown et al., 2014, Shao et al., 2014, Weng et al., 2016). 

Stretching parameters, such as force magnitude, the direction of strain, 

frequency, and time interval, influence cell behaviours differently depending on each 

specific type of cell. Different stretching systems can be selected depending on particular 

experimental requirements, and the design considerations and available system 

components are varied. However, the main component, commonly considered essential 

for most in vitro stretching systems, is an actuator that supplies an external force to the 

cell culture. 

Various actuation approaches have been engineered to study mechanobiology 

and mechanotransduction with different advantages and disadvantages (Table 5.1). The 

most common actuation design was a pneumatic actuator which uses external pressure 

to generate homogenous strain to cells seeded on a flexible membrane (Shimizu et al., 

2011, Heo et al., 2013, Huang and Nguyen, 2013, Kreutzer et al., 2014). The indirect 

contact between cell culture and pressure supply contributes to a low risk of 

contamination in the simple setup. The actuation also allows biaxial stretching using a 

multi-layered membrane to apply tension to cells horizontally and vertically (Tremblay et 

al., 2014). Flexcell stage flexer was an example of a commercialised actuator used 

widely by tissue engineers to apply mechanical tension to various types of cells (Liu et 

al., 2008, Brown et al., 2014, Andrews et al., 2016, Loperena and Harrison, 2017, Kim 

et al., 2017)  
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Figure 5.1 An example of commercialised actuator for cell growth. Stage flexer 

utilises a pneumatic actuation system to induce strain to cells seeded on loading 

membrane (Frazier et al., 2017). 
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Type of Actuator  Principle Advantages Disadvantages 

Pneumatic actuator 

Gas or air pressure used to control 

deformation of a thin membrane 

where cells were cultured on top 

• Simple setup 

• Homogenous strain application 

• No direct contact with the cell and medium 

resulting in low risk of contamination 

• Concerns related to cell-membrane 

adhesion 

Piezoelectric actuator 

Piezoelectric manipulator controlled 

by a computer to stretch cells in 

micro- or nano- chamber 

• High displacement resolution (suitable for 

on-chip cell stretching) 

• Broad range of controllable strain 

• No heat induction 

• Limitation in strain consistency when 

using porous and gas-permeable 

substrate 

• Risk of contamination in culture 

medium 

Electromagnetic 

actuator 

Uses electromagnetic motors to 

pull movable plate or holder away 

from fixed clamping 

• Simple setup (suitable for custom-made 

cell stretching devices) 

• High precision and controllability 

• Risk of contamination through 

lubrication process and possible 

device erosion 

Optical actuator 

Uses optical tweezers to produce 

high power diode laser with a 

wavelength width smaller than 

those of cells to induce force onto 

the cells along the axis of the laser 

• No direct contact with the cell and medium 

resulting in low risk of contamination 

• Suitable for in-situ single-cell stretching 

• No need to concern about cell-substrate 

adhesion 

• Low precise controllability of the flow 

in the microchannel 

• Possibility of non-uniform stretching 

and undesired optical stimuli induction 

to cells 

• Limitation in cell quantification 
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Type of Actuator  Principle Advantages Disadvantages 

Electro-thermal 

actuator 

Use a V-shape beam to stretch 

cells through thermal expansion 

along the apex 

• Suitable for micromanipulation in micro-

electromechanical systems (MEMS)   

• Application in using shape memory alloy 

to stretch cells cyclically 

• Limitation concerns related to cell 

sensitivity in high temperature as heat 

and high voltage involved 

Dielectrophoretic 

actuator 

Use high-frequency electric field to 

induce electrostatic force causing 

cell deformation 

• Suitable for in-situ single-cell stretching 

• Application in cell separation and 

positioning 

• Loading limitation 

• Low magnitude of force induction 

Electrostatic actuator 

Use comb drive consisted of 

movable finger and fixed finger to 

stretch cell connected with linkages  

• Suitable for micromanipulation in MEMS 

technologies 

• Application in biaxial stretching (vertical 

and horizontal stretching) 

• Loading limitation 

• Concerns related to cell sensitivity in 

high temperature as heat and high 

voltage involved 

• Possibility of undesired electrical 

stimuli induction to cells 

 

Table 5.1 Summary of different types of actuators for mechanical tension application in cells. The principle, advantage, and disadvantage of 

each actuator type (Kamble et al., 2016, Zhang et al., 2020, Arold et al., 2007, Chan et al., 2008, Christopher et al., 2010, Cui et al., 2015, Huh et al., 

2010, Roth et al., 2015).
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5.1.2 Models of mechanical tension application for inducing growth 

response in neuronal culture 

  Neuronal culture models for investigating mechanical tension application should 

be designed to maintain neuronal morphology and function (e.g., survival, network 

formation, and cell interaction, both before the application of mechanical tension and 

during force application in the long term). There are various confounding issues such as 

the consistency of small magnitude forces, magnitude control, attachment of cell culture 

substrate and towing, and the contamination of cultured cells with the exogenous tools. 

Table 5.2 summarises the main characteristics of previously reported in vitro models 

used to test the effect of applying mechanical forces to neurons, with maximum reported 

axon length as a result of stretching. Some studies did not report axon length because 

their main objectives for tension application were not for axon elongation, but some other 

aspects such as model optimisation, intracellular response, and strain accumulation 

(Table 5.2).  

According to the previous mechanical tension application models in Table 5.2, 

two predominant approaches have been reported for cell-substrate attachment in the 

stretching of neurons in culture. The first approach is to attach neurites to a movable 

coated microelectrode tip to apply mechanical tension to neurons and measure strain 

generated as a response by the cells (Dennerll et al., 1989, Smith et al., 2001, Zheng et 

al., 1991). The early-introduced mechanical tension application model, the so-called Cell 

Puller, was developed by Bray using microelectrodes to attach an individual embryonic 

DRG growth cone at the tip (Bray, 1984). With the model, axon elongation was 

successfully induced at the stretch rate up to 100 μm/hr to reach the length of 960 μm in 

a day, and generated neurite initiation in a neuron with mechanical tension application. 

The use of a microneedle to attach and stretch the growth cone allows a force to be 

applied to only a single neuron at a time which limits the usefulness of this approach in 

studying populations of neurons within engineered tissues. The more widely used 
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approach is to attach neuronal cell bodies to a movable substrate and stretch them apart 

from their stationary neurite (Bray, 1984, Smith et al., 2001, Pfister et al., 2004, Huang 

et al., 2009, Loverde et al., 2011b, Xu et al., 2014). By attaching neurons with axons 

growing over the interface between two overlapping coated membranes and then moving 

them apart, multiple neurons can be stretched at once, enabling collective axon 

elongation (Figure 5.2). In both approaches, neurons were stretched directly as either 

cell bodies or neurites were longitudinally pulled away from the other part. Besides, the 

existing stretching model for neuronal growth response utilised either an electromagnetic 

or optical actuator to induce the mechanical tension. The electromagnetic uses a stepper 

motor to pull a movable plate or holder away from fixed clamping, and it has an 

advantage in simple setup and controllability. 

 In terms of cell types used in studies to explore the response of neural cells to 

mechanical tension, PNS cells are more frequently selected than CNS cells, and 

embryonic neurons in particular have been commonly used (Table 5.2). Embryonic 

axons could be stretched to reach the length of 4 cm within 2 weeks, while adult axons 

required more than 3 weeks with tension to reach the same length (Loverde et al., 

2011a). Dorsal root ganglion (DRG) neurons are a commonly used source of cells for 

these kinds of studies due to the relative ease with which they can be cultured reliably. 

However, for translational purposes, motor neurons may be of more interest than DRG 

neurons which are sensory since restoration of muscle function is an important objective. 
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Reference Stationary substrate Towing characteristics Type of neurons 
Stretch rate 

range 

Maximum resulted 

axon length 

(Bray, 1984) 

Coverslip coated with 

silicon monoxide under 

electron microscope 

Microelectrode coated 

with rat-tail collagen and 

polylysine type II 

Embryonic chick DRG 

(E10-12) 
40-170 um/hr 960 um in 1 day 

(Chada et al., 1997, 

Dennerll et al., 1989, 

Lamoureux et al., 1992, 

Zheng et al., 1991)  

Corning tissue culture 

dishes covered with 

mineral oil  

Calibrated needle coated 

with polylysine, collagen 

type IV and laminin 

PC12, embryonic chick 

DRG, and embryonic 

chick forebrain neurons 

25-150 

udynes 
150 um in 1 hour 

(Smith et al., 2001) Aclar membrane Machined plastic block 

Primary rat cortical 

neurons, and 

differentiated human 

neurons from the N-

tera2 (NT2) cell line 

42-84 um/hr 1 cm in 10 days 

(Huang et al., 2009, Pfister 

et al., 2004) 

Two overlapping Aclar membrane coated with PLL 

and rat-tail collagen type I 

Embryonic rat DRG 

(E15) 

42-330 

um/hr* 
10 cm in 28 days 
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Reference Stationary substrate Towing characteristics Type of neurons 
Stretch rate 

range 

Maximum resulted 

axon length 

(Haq et al., 2006) PDMS mould 
Mobile clamp coated 

with PLL 

Rat 

pheochromocytoma cell 

line (PC12) 

up to 16% 

strain rate 

(cyclic strain) 

70 µm in 1 day 

(Loverde et al., 2011a, 

Loverde and Pfister, 2015, 

Loverde et al., 2011b) 

Aclar membrane or 

coverslip 

Sanded Aclar membrane 

coated with PLL 

Embryonic rat DRG 

(E16) 

42 - 250 

µm/hr** 
4 cm in 2 weeks 

(Xu et al., 2014) Aclar membrane 
Towing block coated 

with silicon 
Embryonic rat DRG 600 µm/hr n/a*** 

(Li et al., 2016) 
Two overlapping substrates coated with rat-tail 

collagen and PDL 
Embryonic rat DRG 330 µm/hr 5.94 mm in 7 days 

(Abraham et al., 2019) PDMS stretching chamber  
Primary rat cortical 

neurons 

up to 28% 

strain rate 

(cyclic strain)  

150 um in 1 day****  
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Reference Stationary substrate Towing characteristics Type of neurons 
Stretch rate 

range 

Maximum resulted 

axon length 

(De Vincentiis et al., 2021) 
Biosynthesised magnetosome adhered to cell 

membrane 

Mouse hippocampal 

neurons 
- 400 µm in 4 hours 

 

 

*The towing membrane moved with displacement step of 2-4 μm at each different interval, and the total stretch rate was between 1-8 mm/day. The 

calculation is to convert 1-8 mm/day to μm/hr unit by multiplying by 42. 

**The calculation is to convert 1-6 mm/day to μm/hr unit by multiplying by 42. 

***Although there was no measurement for axon elongation, the paper is for model design and optimisation. Only the accuracy and repeatability of the 

model were quantified. 

****Axon elongation was recorded in the unit of summed-up length of all branches per cell. 

 

Table 5.2 Systematic literature review on models for mechanical tension application protocols for neuronal cells with main characteristics 

and experimental results on axon length in the PubMed database from 1978 to 2021. The electronic search was performed using the search term: 

(“axon”) AND (“stretch growth”) NOT (“neurodegenerative disease”). In September 2021, 153 results were obtained and further screened by reading 

research methods and results. The redundancy of protocols was eliminated by combining papers with the same model protocols and methodology. 

Injury Induction study, computational stimulation, review articles, and irrelevant papers that did not aim to study or measure neurite elongation were 

excluded.
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Figure 5.2 Examples of designs for mechanical tension application. Constructs 

generally consist of longitudinally aligned axons. Neurons were plated on adjacent 

membranes that were gradually displaced to induce stretch-growth in the axonal tracts. (A) 

Model concept from Huang et al., 2009 with axonal tract spanning two populations of DRG 

neuron. One population was fixed while the other one was gradually pulled away. (B) Model 

concept of Bioreactor Chamber from Loverde et al., 2011 with multiple stretching tracks, and 

(C) Axonal tract of embryonic DRG explant seeded on towing substrate with one end fixed 

on the stationary substrate. Scale bar = 2 mm 
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5.1.3 Magnitude of applied tension in neural cells 

 Elongation rate is critical to cell viability and morphology as neurons respond to 

different magnitudes of the force differently. Axons elongate when the applied tension is 

more than a particular threshold, and the elongation rate of neurites is proportional to the 

magnitude of external tension (Bray, 1984, Dennerll et al., 1989). Higher magnitude of 

applied tension can lead to increased steady state tension of the membrane (Purohit and 

Smith, 2016). However, rapid stretching can result in process degeneration or outright 

breakage, and, contrarily, too slow stretching can lead to adaptive motility that causes failure 

in process elongation (Mazzuoli-Weber and Schemann, 2015).  

 The length-dependent effect of neuron extension under applied tension reflects a 

Newtonian fluid characteristic where viscous stresses are linearly proportional to the rate of 

change of velocity vector. When there is a pulling force produced by the growth cone in 

nature or by external strain application in vitro, the axon exhibits a fluid-like manner by 

elongating more or longer axons to disperse the force (O'Toole et al., 2008). In Drosophila, 

axons exhibit the linear-force deformation relationship only when stretched, and then relax 

to a steady state when the magnitude of the force is maintained constantly. When the stretch 

magnitude is reduced, axons restore the tension to a resting value (Rajagopalan et al., 

2010). There are 3 units of magnitude widely used to evaluate mechanical tension 

application: stretching velocity (μm/hr or mm/day), force magnitude (dyne), and strain (%). 

The unit selection depends on the tools used to apply the force, measurement method, and 

purpose of experiments.  

In most research aiming to quantify axon elongation, velocity is simply used to 

indicate displacement of towing materials attached without disconnection to the axon per 

unit of time regardless of the original length of the axon. The optimal stretching rate for 

healthy astrocytes with long processes is 12.5 μm per hour (Katiyar et al., 2016). DRG 
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neurons can withstand an increasing stretching rate from 42 to 166 μm per hour without 

axonal disconnection (Pfister et al., 2004, Bray, 1984), The optimal velocity that can stretch 

the axon without disconnection and loss of function is consistent with in vivo data that the 

average maximum rate of white matter tract elongation in a mammal during development is 

approximately 100 μm per hour (Smith et al., 2001).  

 When mechanical tension is applied for an extended period, the initial hours of 

tension application are critical for growth cone morphology. Noticeably, stretching axons 

with a low initial rate and subsequently accelerating to a higher rate is more effective than 

stretching axons with a high constant rate throughout the application time (Pfister et al., 

2004, Wang and Kuhl, 2019, Smith et al., 2001). Neurons initially react to the external 

tension by retracting their growth cones, so detachment or disconnection of axons may 

occur if the stretching rate is too much from the beginning. The gradual increase of stretch 

rate offers neurons an adaptive period to produce or rearrange their cytoskeleton to support 

axon elongation without disrupting cell viability. Figure 5.3 summarises maximum neurite 

lengths under mechanical tension at different time points from all available published results 

using mechanical tension application models to date. The grey area indicates the range of 

stretch rate that yields long axons with healthy morphology after being stretched. The rate 

of axon elongation under mechanical tension application (i.e., the slope of the grey line) was 

higher than the spontaneous axonal growth rate without any external stimulation 

(approximately 1-2 mm/day). 
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Figure 5.3 Neurite length (mm) corresponding to stretch duration (days) reported in 

previous literature. The literature search was performed in September 2021 with similar 

methods to Table 5.2.  Literatures reporting neurite length longer than 1 mm after stretching 

were selectively labelled. The red line represents the rate of neurite growth in regenerating 

neurons without external stimulation. The blue dotted line is a boundary where neurites 

begin to be torn away or disconnect from towing substrate.  
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One dyne is defined as a magnitude of applied force that increases the velocity of a 

one-gram mass by one centimetre per second. Peripheral neurons begin elongating longer 

neurites when the tension exceeds 100-200 μdynes (Lamoureux et al., 1992, Zheng et al., 

1991), while neurons in the brain have a lower threshold of approximately 20-40 μdynes. 

The unit is more convenient than the others when investigating cell sensitivity and response 

at different magnitudes of force. Dyne units cannot be directly converted to velocity rate 

(μm/hr) by simply calculating with the mass because accurate mass measurement of living 

neurons is difficult. Instead, researchers use sensitivity as a constant value of each specific 

cell to demonstrate the relationship between stretch velocity and magnitude of force. 

Sensitivity equals stretch velocity divided by magnitude of force in dynes, and each type of 

cell has different sensitivity. Most cells in the nervous system have sensitivity ranged 

between 0.5 and 5 μm per hour per μdyne of applied force with a mean value of 

approximately 1 μm per hour per μdyne of applied force (Chada et al., 1997, Lamoureux et 

al., 1992, Zheng et al., 1991). The sensitivity range of cells in the nervous system reflects 

their high flexibility, compared to cells in other biological systems, in responding and 

adjusting their morphology corresponding to an external force. 

 The percentage of strain is a measurement of a change in axon length divided by 

the original length in a period of time. It can be calculated from the velocity rate (μm/hr) only 

if the original length of axons before mechanical tension is applied. Neurons can maintain 

normal morphology and cellular activities without disconnection when the strain is lower than 

18% (Loverde and Pfister, 2015). However, this method is more widely used in studies of 

nerve injury models than in stretch growth experiments. 
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5.1.4 TaeNT as a substrate for applying force to 3-dimensional neural cell 

culture  

Although applying mechanical tension to neuronal cells for growth response was 

introduced by Paul Weiss and then continuously researched since 1934, only a few methods 

and protocols are recently available in the scientific literature, and none has been 

commercialised. The relatively slow progress is possibly correlated to a limitation in the 

translational application as clinical uses of mechanical tension application in tissue 

engineering have not been reported. 

Most mechanical protocols for stretching neurons have utilised an overlapping 

membranes technique to attach and pull neurons through a towing bar (Huang et al., 2009, 

Loverde et al., 2011a, Pfister et al., 2004, Smith et al., 2001, Xu et al., 2014). According to 

the literature review in Table 5.2, all of the existing mechanical tension application models 

used a cell stretching system through the 2-dimensional (2D) substrate where a monolayer 

of neurons adhered to the surface of the elastic substrate and mechanical tension was 

applied to the cells by inducing expanding or bending deformation of the substrate. Applying 

a mechanical tensile force to neural cells through a 3-dimensional (3D) cell culture system 

became an increasingly interesting approach in the tissue engineering field because a 3D 

engineered microenvironment can closely mimic in vivo conditions for cell culture so that 

cells can express a native response to stimuli (Huang et al., 2017). The approach also 

enabled multiple dimensional stretching or creating a substrate with a gradient of stiffness 

for cell stretching (Caliari et al., 2016, Riehl et al., 2012). In this chapter, indirect stretching 

in a 3D co-culture system was proposed as a new method to improve the effectiveness of 

using mechanical tension to induce long neurites. The TaeNT using rat tail collagen type I 

became a substrate for 3D cell culture. The stretch force was transmitted to the embedded 

cells through deforming the hydrogel matrix.   
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Additionally, although previous research using mechanical tension has successfully 

stretched neural cells with long processes on acellular interfaces (Table 5.2), the alignment 

of neurites before applying mechanical tension occurs randomly on these substrates. Highly 

aligned Schwann cells in TaeNT enable neurons to elongate aligned neurites (as shown in 

Chapter 3), which might benefit a long-gap regenerative purpose when combined with 

mechanical tension application to extend their length. Since Schwann cells in collagen gels 

have been shown to help guide neurite outgrowth and produce neurotrophic factors for the 

long-term survival of neurons (Georgiou et al., 2015, Thompson and Buettner, 2004, Viader 

et al., 2011), a cellular hydrogel-based stretching system with aligned Schwann cells and 

supportive extracellular matrix was hypothesised to potentially improve viability and 

alignment of cells in the system during mechanical tension application. 
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5.1.5 Objectives of this chapter 

This chapter mainly aimed to develop a protocol for mechanical tension application 

to induce stretch growth response for neural regeneration. TaeNT with aligned Schwann 

cells and neurons was proposed as a 3D cellular hydrogel-based substrate for the stretching 

system. Two hypotheses were formed accordingly: (1) TaeNT has a feasibility to provide an 

alternative platform to apply mechanical tension to neural cells for growth response, and (2) 

mechanical tension application using the developed model enhances neurite elongation. 

The protocols developed in this chapter were aimed to be easy to set up and cost-effective 

by minimising manufactured components.  All aspects of the protocols should be available 

in a typical cell culture laboratory to enable adoption and reproducing by other groups, and 

should be suitable for future scale-up in a commercial or healthcare environment. 

           Three culture protocols to apply stretch force to the cells were developed in this 

chapter, starting from adapting an existing mould for manual stretch to developing a 3D 

printed mould connected to a linear actuator where the optimisation of mould fabrication 

parameters was also described. Each protocol contains multiple trials and troubleshooting, 

so a series of protocol development notes for each protocol are summarised. The result 

section of this chapter consists of the design concept description, protocol diagram, figures 

of an experimental setup, and a table describing protocol development. 

To examine its efficacy in applying mechanical stretch, each protocol was initially 

tested with an acellular hydrogel with culture medium to assess gel setting and liquid 

leakage. After troubleshooting, the improved protocols were subsequently tested with 

TaeNT containing only Schwann cells to determine whether the protocol was suitable for 

use with cells. Only the protocol that could maintain Schwann cell alignment after stretching 

was finally tested with TaeNT containing both Schwann cells and neurons.  



 

172 
 

The last section of the chapter includes preliminary results of using the developed 

protocol to apply stretch force to TaeNT with Schwann cells and neurons. The cell 

morphology and alignment corresponding to applied stretch force was visualised and 

discussed. 

Note that the source of neurons used in this chapter was not motor neurons that 

were primarily used in TaeNT as in Chapter 3. Most previous studies on mechanical tension 

application in neuronal cells have used DRG neurons (Bray, 1984, Dennerll et al., 1989, 

Huang et al., 2009, Loverde et al., 2011b, Pfister et al., 2004, Smith et al., 2001, Xu et al., 

2014). By using DRG neurons in the protocol development here, the results from refined 

protocols could be compared easily to those from previously reported approaches. Motor 

neurons will be used in future work after finalising the protocol for mechanical tension 

application to TaeNT constructs. 
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5.2 Results 

5.2.1 Protocol 1- Existing TaeNT mould and Daedal Positioning Systems 

(DPS) with manual stretching 

 Preliminary protocols were designed by adapting available materials in the 

laboratory, and using a simple manual method to apply mechanical tension. The Delrin 

mould was the 4-ml TaeNT mould with an external dimension of 6.5 x 4.5 x 2 cm (Figure 

5.4). After 24-hour incubation of collagen gel containing Schwann cells when gel contraction 

was observed, tethering mesh at both ends were gently lifted from the mould cavity and 

placed on the upper edge close to the mould cavity to generate the stretch force with the 

longitudinal displacement of 0.5 cm to the cellular gel. Parafilm was patched on the tethering 

mesh and the upper edge of the mould after lifting in order to hold the mesh at the new 

position. 

 

 

Figure 5.4 Dimensions of the Delrin mould used to make the 4-ml TaeNT. 
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Figure 5.5 Design diagram of preliminary protocol on mechanical tension applying to 

TaeNT containing Schwann cells. Stretch force was applied to the TaeNT by lifting both 

tethering mesh inserts to the upper edge, increasing the longitudinal length of the gel by 0.5 

cm at each side. The rightmost figure showed the final process of the actual experiment after 

the gel was lifted without detachment of the gel from the tethering mesh. 

  

However, the protocol could not provide a reliable method because the tethering 

mesh could not be kept in place easily at the upper edge of the mould, even using a parafilm 

patch. An additional compartment was required to hold the tethering mesh upright at the 

desired position. After a series of refinements and optimisation, the protocol was modified 

to use 2 different Delrin moulds: a setting mould and a stretching mould. Similar to the 

original version, the ‘setting mould’ had an H-shaped cavity that allows collagen gels with 

Schwann cells to set and form anisotropic tissue-like structure when assembled with 

tethering mesh at each end of the cavity. The ‘stretching mould’ has a large rectangular 

cavity whose width is equal to that of the setting mould, and cavity length is longer than the 

length of the gel in a setting mould.  

Make TaeNT containing F7 at

the density of 2 x 106 cells/mL

and incubate for 24 hours.

Gently lift both tethering

mesh from the mould cavity

and place on the upper edge.

Actual Experiment
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 After the series of problem-solving and protocol development shown in Table 5.3, 

the final design of the first protocol was refined for 3 ml collagen gels consisting of 80% v/v 

type I rat tail collagen, 10% v/v 10X minimum essential medium, and 10% v/v cell 

suspension. F7 Schwann cells with the density of 2 million cells per 1 ml of gel were cultured 

on parafilm placed in the Delrin mould. Nylon tethering mesh inserts were assembled with 

medical-grade 0.25 mm stainless steel wire, and placed at each end of a mould. Another 

0.9 mm stainless steel wire was attached to the tethering mesh and projected out of the 

mould, parallel to the longitudinal direction (Figure 5.6). To apply mechanical tension, the 

gel with the attached tethering mesh and wire was gently transferred from a setting mould 

to a stretching mould placed on a linear slide of the Daedal Positioning System (DPS). The 

thicker stainless steel wire was adhered to a side pillar on the DPS to fix one end of the gel 

in the same position. By adjusting the displacement roller of the DPS, the gel was stretched 

by moving the mould away from the pillar where one end of the gel was fixed. Each roller 

adjustment could stretch the gel by a distance range of 1 mm. The stretched gel was 

incubated for 24 hours, and the cell morphology in the gel was examined by 

immunofluorescence staining. 
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Figure 5.6 Design diagram of Protocol 1 on mechanical tension applying to TaeNT 

containing Schwann cells. TaeNT was transferred from the setting mould to the stretching 

mould connecting to Daedal Positioning System (DPS), where stretch force was applied by 

moving the mould away while attaching one end of the tethering mesh with a fixed pillar. 

Connect the mould to DPS and adjust

micrometre knob to move the slide away from

the pillar along the linear axis.

Assemble tethering mesh with

holding wire in the setting mould.

Transfer TaeNT with tethering

mesh to the stretching mould.

Make TaeNT containing F7 at

the density of 2 x 106 cells/mL

and incubate for 24 hours.

Setting mould

Stretching mould
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Issue Considered Protocol Development 

1. Volume of collagen gel in the setting mould  

The maximum volume that the gel cavity can contain is 

up to 4 ml, but a 4ml gel is too heavy to be lifted clear of 

the mould without breaking under its own weight. A 

lower volume of gel was thus considered. 

Various volumes of collagen gel were filled into the gel cavity and gently 

lifted after it set. The detachment of gel from tethering mesh while lifting 

was reduced when the gel volume was less than 4 ml. On the other hand, 

collagen gels with volume less than 2 ml were too thin and had poor 

attachment to the tethering mesh. Thus, a volume of 3 ml was selected as 

optimal.  

2. Cell density in collagen gel 

The original protocol of TaeNT used F7 Schwann cells 

at the density of 4 x 106 cells/ml to enable rapid 

contraction and alignment. There was a disadvantage 

for long-term culture as sustained contraction causes gel 

breakage. A lower density of F7 Schwann cells was 

therefore investigated. 

F7 Schwann cells density of 1, 2, and 3 x 106 cells/ml of collagen gel was 

investigated. The density of 2 x 106 cells/ml was the minimum density 

where gel contraction can be clearly observed after 24 hours. Additionally, 

the contraction free-floating gels was more than 60% when the density is 

higher than 2 x 106 cells/ml. Free-floating gel contraction of 60% was 

previously determined to be the minimum amount to produce reliable 

alignment throughout the middle and side zones of tethered gels 

(O'Rourke et al., 2015). Therefore, a density of 2 x 106 cells/ml was 

selected as optimal. 
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Issue Considered Protocol Development 

3. Method for moving collagen gel from setting 

mould to stretching mould without gel detachment 

from tethering mesh 

 

To transfer a gel from a setting mould, culture media was removed, and 

the tethering mesh at both ends were lifted directly. In order to keep the 

gel attached to the tethering mesh, the gel needs a liftable base to support 

its weight. Parafilm was placed under the gel to prevent detachment when 

lifting. 

4. Method to control stretching displacement 

The displacement of stretching was considered as one 

of the protocol’s important variables, so it should be 

measurable and adjustable. 

The gel in a stretching mould was connected via its tethering mesh to the 

DPS, which provides precise linear positioning control by adjusting a 

micrometre knob to move the slide away from the pillar along the linear 

axis. By adjusting the displacement roller of the DPS with the resolution of 

1 mm, the gel can be stretched with controlled strain. 

5. Integration between gels and tethering mesh 

  

Five layers of nylon mesh fit well with the width of mould cavity and are 

tied together using thin stainless steel wire. In order to facilitate integration 

between the gel and tethering mesh, the tying wire should be slightly 

loosened leaving enough spaces for the gel to penetrate into the bars.  

Table 5.3 Considered issues for the design and improvement of Protocol 1. The series of protocol testing and troubleshooting 

was used to refine the final version of the protocol in Figure 5.6.
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 Despite several protocol refinements, the first protocol still failed to consistently 

support gel attachment to the tethering mesh when applying mechanical stretching to the 

collagen gels. The critical limitation of the protocol occurred during the gel transfer from one 

mould to another. During the transfer, the total length of the gel could change, and the 

tethering could be disrupted. Besides, gel detachment was usually observed during 

stretching. 

 

 

Figure 5.7 Experiment using Protocol 1. (A) The setting mould with assembled tethering 

mesh and holding wire. (B) TaeNT in the setting mould with medium culture. (C) Medium 

removal of TaeNT after 24 hours. (D) TaeNT with culture medium in the stretching mould 

connecting to DPS. 

 

 

 

 

tethering meshes

setting mould  

assembling wire

setting mould with cellular gel

holding wire

tethered collagen gel

A

B

fixed pillar

DPS

stretching mould  

mould’s moving 

direction

holding wire

C
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5.2.2 Optimisation of parameters for 3D printed mould 

 In order to overcome the limitation of transferring gel from one mould to another, a 

new mould was designed with AutoCAD software, and 3D printing technology was used to 

fabricate an individual mould as a preliminary customised prototype for mechanical tension 

application. The new moulds were designed to be partially similar to the 1 ml-TaeNT mould 

(described in Section 2.2.5) with an additional compartment to enable applying stretch force 

to the gel, and then 3D-printed by Ultimaker 2 printer with PolyMaxTM PLA filament. Each 

mould design was described along with its stretching protocol in the following sections 

(Section 5.2.3 and 5.2.4) 

The optimisation of 3D printing parameters was aimed to balance the quality of the 

mould with the cost and time used to print. The mould should also be lightweight but dense 

enough to prevent any fluid leakage. The parameter values from the compatible range 

specified in the printer manual were sequentially considered, and the optimal value was 

selected through the optimised determination of each printing parameter (Table 5.4).  
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Parameter 
Compatible 

Range 
Optimised Determination 

Optimised 

value 

 Quality 

Layer height 0.06 - 0.25 mm 
Select the smallest value for the 

highest resolution. 
0.06 mm 

Shell thickness 
multiple of  

0.4 mm 

Print 3 moulds with the shell 

thickness of 0.4, 0.8, and 1.2 mm, 

and test by filling water into each 

printed moulds; the minimum 

value that could print a non-

leakage mould was selected. 

0.8 mm 

Enable retraction  Yes/ No 

Enable the retraction to eliminate 

excessive stringing on the printed 

mould when moving over non-

printed area. 

Yes 

 Fill 

Bottom/top 

thickness 

multiple of  

layer height 

Select the round number close to 

the shell thickness (0.8 mm) from 

the multiples of the selected layer 

height (0.06 mm) to create a 

compatible strong structure. 

0.6 mm 

Fill density 
0 – 100% 

(hollow to solid) 

Since the shell thickness was 

already selected to be enough to 

print a mould without liquid 

leakage, the fill density could be 

minimised to reduce the weight. 

20% was selected for pieces of 

normal use with medium strength 

and low/medium loads.  

20% 
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Parameter 
Compatible 

Range 
Optimised Determination 

Optimised 

value 

 Speed and temperature 

Print speed < 150 mm/s 

Select the slowest range of speed 

for good printing quality where the 

total printing time do not exceed 8 

hours in total. 

80-100 

mm/s 

 Support 

Support type 

None/ Touching 

buildplate/ 

Everywhere 

The mould design had no 

overhanging structure that 

required structural support during 

the printing. 

None 

Platform 

adhesion type 
None/ Brim/ Raft 

The mould design has large 

touching area to the buildplate 

that required no additional 

adhesion. 

None 

 Machine 

Nozzle size  - 
Depend on machine specification 

(automatically set) 
0.4 mm 

 

Table 5.4 Optimisation of 3D printing parameter to fabricate TaeNT mould and its 

components for mechanical tension application.  
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5.2.3 Protocol 2 - 3D printed mould with manual stretching using notches  

In order to overcome the limitations on gel detachment noted in Protocol 1, the 

following design consisted of only one mould performing as both a setting mould and a 

stretching mould. The customised mould was aimed to be use for discrete stretching in 

Protocol 2, where the mechanical tension was periodically applied to the gel at a fixed 

displacement. The final design was a customised 3D-printed PLA mould with a longer-length 

cavity and 5 notches to support the tethering mesh positioning at one end (Figure 5.8). Each 

notch was 1 mm long and they were spaced 1 mm apart from each other.  

 

 

Figure 5.8 Fabrication of TaeNT mould for Protocol 2. The protocol was described in 

Section 5.2.3. (A) The mould was designed by AutoCAD software, and then (B) printed by 

Ultimaker 2 printing. (C) Dimension of TaeNT mould for Protocol 2. 

 

C

BA
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To assemble the mould, a medical-grade stainless steel tape was cut into a flat T-

shape wing whose sides fitted into the mould’s notches to fix the tethering mesh in position. 

1.5 ml collagen gels were set in the mould and integrated with three tethering mesh layers. 

A polysiloxane block was placed behind the T-shaped stainless steel wing to prevent gel 

leakage and removed after the gel set (Figure 5.10).  

After the series of problem-solving and protocol development shown in Table 5.5, 

the final design of the first protocol was refined for 1 ml collagen gels consisting of 80% v/v 

type I rat tail collagen, 10% v/v 10X minimum essential medium, and 10% v/v cell suspension 

containing F7 Schwann cells. After incubating the cellular gel at 37°C, 5% CO2 for 24 hours, 

DRG cultures were seeded on top of the gels and FBS-supplemented DMEM was added 

after leaving cells to attach for 1 hour. Stretch tension was applied to the gel by moving the 

T-shape stainless steel wing at one end of the gel to another further notch. The stretched 

gel was incubated for 3 days and subsequently fixed in 4% paraformaldehyde for 

immunofluorescence staining. The morphology of cells inside the gel was investigated by 

immunostaining images shown in Section 5.2.6 
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Figure 5.9 Design diagram of Protocol 2 on mechanical tension applying to TaeNT 

containing Schwann cells. Tethering mesh was attached to the moving plate, which was 

subsequently moved to each further notch to apply stretch force to the gel.

Assemble tethering mesh with

moving plate and place in the mould.

Make TaeNT containing F7 at the

density of 2 or 4 x 106 cells/mL and

incubate for 24 hours.

Gently move the plate with tethering

mesh to each further notch

Moving
plate
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Issue Considered Protocol Development 

1. Volume of collagen gel and density of cells in 

the setting mould 

The volume of collagen gel and density of F7 Schwann cells was similar to 

the TaeNT protocol described in Chapter 2: 1 ml of collagen gel with 4 x 106 

F7 Schwann cells. However, a density of 2 x 106 cells/ml was also 

investigated because cells in TaeNT were expected to be cultured for a long 

time, where too much contraction in dense cellular gels would break the 

gel/tethering or affect cell morphology. The morphology of cells at different 

initial cell density after 3 and 7 days of incubation was investigated in Section 

5.2.5. 

 

2. Attachment of gels to the tethering mesh while 

moving the plate to a further notch 

Besides slow and gentle handling of tethering mesh 

by a curved tip tweezer, the integration of the 

collagen gel to the tethering mesh was a crucial 

feature to prevent the gel from detaching from the 

tethering mesh. 

The integration of the gel and tethering mesh could be improved by pre-

integrating the mesh before the gel was set. 100 μl gel was added at 4 °C to 

soak the tethering mesh at each end of the mould, and then the remaining 

gel was added to the remaining mould cavity before setting at 37°C. This 

resulted in better integration of the whole gel and the tethering mesh. 
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Issue Considered Protocol Development 

3. Method to control stretching displacement 

The stretch force was applied to the gel by manually 

lifting and pulling back, so it was difficult to control as 

the displacement was in 2 dimensions. 

In order to minimise the displacement error, the notches in one end of the 

mould were designed to have a constant length, and the whole mould was 

printed with an optimised resolution. Each notch was 1 mm away from each 

other, and its height and length were 4 and 1 mm, respectively, resulting in 

the total longitudinal length of 2 mm for each displacement of tethering mesh.  

 

Table 5.5 Considered issues for the design and improvement of Protocol 2. The series of protocol testing and troubleshooting 

was used to refine the final version of the protocol in Figure 5.9. 
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Figure 5.10 Experiment using Protocol 2. (A) Stainless steel moving plate. (B) The mould 

assembling with a moving plate, tethering mesh, and a leakage block for TaeNT making. (C) 

TaeNT in the mould after 24 hours. (D) TaeNT after the stretch force was applied through 

the moving plate. 
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5.2.4 Protocol 3 - 3D printed mould with gradual automatic stretching by a 

linear actuator 

   In order to develop a final protocol for mechanical tension application, limitations 

from all previous protocols were considered and overcome. Similar to Protocol 2, the 

protocol in Protocol 3 used only one mould in which the gel would be formed and 

continuously stretched with a range of 20 mm. Tethering mesh was gradually pulled along 

a longer cavity length of one end connected to a linear actuator. The first version of the 

mould for Protocol 3 was a mould in a 4-cm box with a lid to cover the culture system (Figure 

5.11). Although the enclosed mould could prevent contamination, it was difficult to monitor 

the gel and cells inside during mechanical tension application, so the design was refined to 

be a mould without coverage and the mould cavity had no bottom making it easier to observe 

gel contraction (Figure 5.12). The height of the mould’s wall was sufficient for adding culture 

medium to the gel. Additional components for the mould were tethering bars used to connect 

tethering mesh to the linear actuator: one set of bars was placed to hold tethering mesh in 

the mould cavity, and the larger bar was used to connect the smaller bars to the linear 

actuator. 
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Figure 5.11 Fabrication of TaeNT mould for Protocol 3 (1st version). (A), (B), (C), (D) 

The mould and its components were designed by AutoCAD software. (E) The printed mould 

chamber, and (F) a lid with a filter for gas exchange. 

 

 

 

BA

FE

DC



 

191 
 

 

Figure 5.12 Fabrication of TaeNT mould for Protocol 3 (final version). The protocol was 

described in Section 5.2.4. Measurement unit = mm. (A), (B), (C)The mould and its 

components with the dimension was designed by AutoCAD software. (D) The printed mould 

with an inner tethering bar, and (E) an external tethering bar for connecting the culture mould 

to a linear actuator. 
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Gradual stretching with a smaller displacement stop is presumably another key to 

solve the detachment issue of the mechanical tension protocol in the project. The final 

protocol involved using an electrical linear actuator to apply automatic stretching to the gel 

in the mould, which provided more consistency and accuracy in terms of rate and 

displacement. The linear actuator specification is shown in Table 5.6.  

           The series of problem-solving and protocol development for the final refined design 

were shown in Table 5.7, and the complete system was set up and tested with acellular 

collagen gel (Figure 5.14C). After sterilisation, the mould and all components were 

assembled using screws (Figure 5.14B). Parafilm was placed at the bottom of the mould. 

The gels were added in the mould and integrated with three layers of tethering mesh. After 

incubating for 24 hours, tethering mesh at one end was gradually pulled along an extended 

cavity using the linear actuator.  
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Figure 5.13 Design diagram of Protocol 3 on mechanical tension applying to TaeNT 

containing Schwann cells. The moving plate containing tethering mesh was connected to 

a linear actuator controlled by a computer outside an incubator. Stretch force was gradually 

applied with a small magnitude by moving the tethering mesh away from the other side. 
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Specification Value 

Built-in controller Yes 

Travel range 13 mm 

Accuracy 24 µm 

Speed 0.0009302 – 4 mm/s 

Interface RS-232 

Power Supply 12-16 VDC 

Motor type Stepper (2 phase) 

Manual Control Yes 

Temperature 0 – 50 C 

 

Table 5.6 Specification of the miniature linear actuator (T-LA13A-KT03U) to control 

the mechanical tension application in TaeNT containing neural cells. 
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Considered Issues Protocol Development 

1. Volume of collagen gel and density of cells in 

the setting mould 

Similar to that of Protocol 2 in Table 5.5 

2. Method to control stretching displacement 

 

In order to overcome a limitation in precise displacement due to manual 

stretching, a linear actuator was used to allow automatic stretch with a small 

and continuous displacement. The specification of the linear actuator was 

mentioned in Table 5.6, where the linear actuator was selected by 

considering travel range, accuracy, and moving speed. 

The mould and tethering mesh were connected to the linear actuator through 

a moving bar and fixed with screws that could be removed to separate all 

compartments for cleaning. The mould was connected to the linear actuator 

in a large glass container inside an incubator. Three cable plugs were 

connected to the linear actuator: input cable, output cable, and power supply. 

The input and output plug could be combined and connected to a computer 

outside the incubator.  
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Considered Issues Protocol Development 

3. Determining and setting a stretching velocity to 

command the linear actuator.  

 

The stretching velocity was calculated from the stretching rate reported in 

previous literature: DRG neurons can bear an increasing stretching rate from 

41.7 to 166.7 μm per hour (Pfister et al., 2004). Thus, the command for the 

linear actuator would be as following. 

• Step = 0.5-3 µm per step every minute 

• Total rate = 1-4 mm per day (40-160 µm per hour) 

 

4. Duration of stretching Schwann cells and neurons were co-cultured with the applied stretch force 

for 3 and 7 days to compare the result of direct stretching at a similar time 

course from other related literature.   

 

Table 5.7 Considered issues for the design and improvement of Protocol 3. The series of protocol testing and troubleshooting 

was used to refine the final version of the protocol in Figure 5.13. 
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Figure 5.14 Experiment using Protocol 3. (A) The mould and its separate components. 

(B) Assembly of mould for TaeNT casting and linear actuator. (C) Protocol testing with 

acellular collagen gel. 
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5.2.5 Longer term culture of F7 Schwann cells in TaeNT 

The time course to incubate cells after applying stretch force was set to 3 and 7 days 

to make the results comparable to previous literature (Huang et al., 2009, Li et al., 2016, 

Pfister et al., 2004, Smith et al., 2001). Before testing stretching protocols, the influence of 

long-term culture on the morphology and alignment of F7 Schwann cells in TaeNT was 

investigated. 

           The hydrogel was immunostained for S100 (red) and Hoechst 33342 (blue) with F7 

Schwann cells cultured at 2 seeding densities for 2 days. The fluorescent immunostaining 

showed that cell density increased with time, and cell alignment was observed in all culture 

conditions, where the majority of cells were elongated (Figure 5.15). At 3 days, there was 

no distinct difference between the cells at different initial densities. At 7 days, cell alignment 

was clearly observed at the density of 2 x 106 cells/ml. Less aligned and highly aggregated 

cells were found in the gel with seeding density 4 x 106 cells/ml after 7 days, and it was 

difficult to determine the organisation of the cells because they were too dense.  
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Figure 5.15 Morphology of F7 Schwann cells in TaeNT after 3 and 7 days. 

Representatiive fluorescence micrographs showing immunostaining for S100 (red) and 

Hoechst 33342 (blue) in F7 Schwann cells cultured at two different seeding densities for the 

two different durations. Scale bar = 300 μm. 
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5.2.6 Morphology of cells in TaeNT after mechanical tension application 

  The protocols designed in the previous sections were preliminarily tested with F7 

Schwann cells and DRG neurons. After applying mechanical tension to the cellular hydrogel, 

the whole gel was fixed and immunostained to visualise the morphology and alignment of 

cells following strain. 

Gel contraction and cell morphology was observed in TaeNT containing F7 Schwann 

cells before applying the mechanical tension (Figure 5.15). However, immunostaining for S-

100 showed that F7 Schwann cells, in gels stretched using Protocol 1, did not exhibit 

alignment although the whole gel remained in the contracted shape (Figure 5.16). Cells in 

the hydrogel lost their spindle-like Schwan cell shape and did not aggregate in the culture.  

 

 

Figure 5.16 Morphology of cells in TaeNT after mechanical tension application by 

Protocol 1. Immunostaining for S100 (red) and Hoechst 33342 (blue) of F7 Schwann cells 

after the stretch force was applied using Protocol 1. Scale bar = 100 μm. 
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On the other hand, the alignment of F7 Schwann cells along the main axis of the gels 

was preserved in Protocol 2. Fluorescence images showed that DRG and F7 Schwann cells 

survived with normal morphology and had visible elongated neurites after 3 days following 

a single stretch of 2-mm displacement. (Figure 5.17). A number of DRG neurons were found 

at the edge of the gels which had elongated thin neurites. The spindle-like shape of F7 

Schwann cells with an initial cell density of 2 x 106 cells/ml was observed more clearly than 

those with the higher initial cell density (Figure 5.17A). From the observation, the 

morphology and alignment of Schwann cells and DRG neurites were similar to those before 

mechanical tension was applied at similar duration. The immunostaining images of Schwann 

cells and neurites in TaeNT without mechanical tension was previously shown in Figure 3.3 

in Chapter 3. 

 

Figure 5.17 Morphology of F7 Schwann cells and DRG neurons seeding on top after 

stretch force was applied to by Protocol 2. Immunostaining for S100 (red), Hoechst33342 

(blue), GFP+ (green). The seeding density of F7 Schwann cells was (A, B) 2 x 106 cells/ml 

and (C, D) 4 x 106 cells/ml. Tethering mesh was moved to another notch for one time with 

the length of 2 mm. (A, C) The alignment of F7 Schwann cells and neurite elongation of 

DRG neurons at the middle and (B, D) at the edge of the TaeNT. The white arrows indicated 

spindle-like shape of Schwann cells due to the alignment. Scale bar = 500 μm. 

A B 

C D C 
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5.3 Discussion  

With a suitable range of magnitude and appropriate culture protocols, neurons and 

glial cells respond to mechanical stimulation through growth (Pfister et al., 2004, Katiyar et 

al., 2016, Tricaud, 2018, Bray, 1984). The application of stretch force to neuronal cultures 

for tissue engineering should be designed to maintain neuronal morphology and function 

(e.g., survival, network formation, and cell interaction, before and during and after the 

application of strain). 

The mechanical tension protocols proposed in this chapter have been preliminarily 

developed using the TaeNT substrate, where a whole tethered hydrogel containing aligned 

Schwann cells and neurons was stretched to apply a mechanical strain to the 

entire engineered tissue. The protocols explored alternative methods for applying a 

mechanical tensile force to neural cells through a 3-dimensional cell culture system. It was 

the first non-direct contact approach reported for mechanical tension application in neural 

cultures. A similar technique where mechanical tension was indirectly applied to cells 

through collagen gels has been reported using other cell types such as myoblasts and 

fibroblasts (Cheema et al., 2005, Eastwood et al., 1996). Those protocols also utilised 

tethering mesh, to attach collagen gels to a culture force monitor (CFM) and a computer-

controlled mechanical bioreactor. The non-direct contact protocol has advantages in low risk 

of contamination in susceptible cells (Kamble et al., 2016). The 3D-printed mould and its 

connecting components were also low-cost components allowing reproducing in other 

laboratories. Plus, cellular support from Schwann cells is also another distinctive feature of 

the protocols proposed here since previously reported protocols for mechanical tension 

application in neurons have not involved co-culture with glial cells.   

The use of the fully-hydrated hydrogel system should also be beneficial in cell 

stretching approaches, providing a more natural tissue-like environment than monolayer 
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systems and helping to retain cells and support cell viability. In cell-based therapy 

application, hydrogels have been used as a mechanical support that provided protection to 

injected cells (Burdick et al., 2016, Wagner et al., 2014). It has also been suggested that 

hydrogels have non-linear strain stiffening properties enabling long-range transmission of 

applied mechanical force, maintaining tissue integrity, and shielding cells from 

overstretching (Sopher et al., 2018, Wang et al., 2014, Wen and Janmey, 2013). 

The manual stretching was tested in Protocols 1-2. In the cell culture with Protocol 

2, immunofluorescent images showed alignment of F7 Schwann cells and healthy 

morphology of DRG neurons with extended neurites after 3 days of culture, implying that 

mechanical tension application does not negatively affect the viability of neurons in this 

system. Even with the displacement step of 2 mm, the normal morphology of neurons and 

Schwann cells in the stretched hydrogel were still observed. The unbroken gel and cells with 

normal morphology indicate that this simple manual stretching approach could be feasible 

in extending engineered tissue constructs. Further work should build on this preliminary 

investigation, exploring the limits of strain and rate of extension and their effects on cell 

viability and neurite growth.  

The stretching system controlled by a linear actuator in Protocol 3 was not tested 

with cell culture due to insufficient experimental time in the project. Nevertheless, it has been 

verified that Protocol 3 could be used to stretch an acellular fully-hydrated collagen gel with 

a controlled length of up to 3 µm per each stretching step without loss of gel integration from 

the tethering meshes. The result from cell culture testing in Protocol 2, whose strain rate is 

higher, could give supportive evidence for the similar results in Protocol 3. Healthy cell 

morphology and elongated neurites were hypothesised to be observed in Protocol 3. Future 

work is needed to verify the hypothesis and to further investigate the potential of the protocol 

to improve neurite elongation. 
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What was extensively learned throughout the protocol development journey for the 

3D cell stretching approach (Table 5.3, 5.5, 5.7) was additional design considerations which 

were different to the 2D conventional approach.  Although the concern about adhesion 

between cell and substrate was eliminated, a different challenge in hydrogel integration with 

tethering bars is present in the 3D stretching system. To develop a mechanical tension 

protocol, reliable attachment of tethered gels to a movable bar without detachment when the 

gel is stretched became a key consideration.  

 In Protocol 1, manual force applied to the gel when lifted and transferred from one 

mould to another caused regular detachment of the gel from the tethering mesh. Less 

frequent detachment of gels was observed in Protocol 2 because the handling was reduced 

by using only one mould. Thus, despite an effort to minimise undesired tensile force to the 

hydrogel during carrying, it should be noted in protocol development that the cell culture 

system should not include relocation of cellular hydrogel once cells were encapsulated in 

the hydrogel. F7 Schwann cells in the gel lost the alignment following the disintegration of 

collagen gel and tethering mesh as shown in cellular testing with Protocol 1. 

Despite refining the protocol to avoid the need to transfer gels between moulds, the 

tethering of the ends of the gel was still a limitation of this approach. Working with fully-

hydrated gels on applying mechanical tension to neurons also has challenges, such as the 

integration between gels and tethering mesh: the gel could be easily detached from the 

tethering mesh while the towing bar was moving, leading to the loss of cell alignment in the 

gel. It has also been reported by others that hydrogels used for the 3D stretching systems 

are difficult to anchor with conventional clamps due to susceptibility to slippage or breakage 

during stretching (Galie and Stegemann, 2011, Tomei et al., 2009). The protocol 

investigation in this chapter demonstrated that soaking tethering meshes with cold collagen 

solution improved subsequent gel integration with the tethering bar, but the strength of the 

attachment was still insufficient to ensure there was never detachment during gel stretching. 
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Further improvements to gel integration with tethering bars may include chemical 

crosslinking to strengthen gel attachment (Mihic et al., 2014, Pang et al., 2010, Yuk et al., 

2019). An alternative method could involve changing the shape, for example, ring-like 

hydrogel tissue constructs could provide better tethering security (Asnes et al., 2006, Lee et 

al., 2012b, Rinoldi et al., 2019). 

Other important considerations in stretching protocols in this chapter were cell 

density in TaeNT and system controllability. For long-term culture, the minimum initial 

density for contraction-mediated alignment of cells is crucial to consider as the cell density 

will increase by time. If the density is too high, there will be too much tension and the gel will 

detach. Schwann cells with high density in long-term culture can contract and consequently 

deform the gel.  

Taking both challenges mentioned above into consideration, the future direction of 

mechanical tension application for neuronal stretch growth should involve an alternative 

approach to overcome the challenges. The RAFT-stabilisation process might be one of the 

solutions as it produces a stiffer collagen matrix by the fluid removal process on the fully-

hydrated collagen gel enabling the stabilised gel to be clamped and manipulated more 

easily. The method was previously used to fabricate an engineered neural tissue (EngNT) 

(Figure 1.9), producing a stable tissue-like biomaterial with aligned cellular and extracellular 

matrix architecture associated with a nerve graft (Georgiou et al., 2013). Figure 5.18 

represents a new suggested design diagram of an additional protocol concept on 

mechanical tension applying to DRG neurites on engineered neural tissue (EngNT) 

containing aligned Schwann cells. The approach simplifies the method by removing the use 

of a mould in the stretching process, and only a clamp or moving bar is needed to connect 

the gel to the actuator. The same linear actuator used in Protocol 3 can also be used as the 

range of stretching is the same. The protocol combines the EngNT concept with a 2D 

stretching approach using two overlapping membranes (Huang et al., 2009, Pfister et al., 
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2004). DRG explant will be placed to elongate neurite across two overlapping EngNT 

moving apart from each other to induce a stretch force to the attached neurites. Compared 

to the previous monolayer stretching approaches, the protocol would provide a cellular 

substrate containing aligned Schwann cells to support the elongated neurons, and this 

cellular support might be beneficial to the stretching system. 

Overall, this chapter has modified the TaeNT containing aligned Schwann cells and 

neurons to be a cellular hydrogel-based substrate for the stretching system. The approach 

combined the use of a supportive co-culture system with mechanical tension application in 

neural cells, providing new protocols that can expand the stretching range for a healthy 

neurite elongation. Understanding the design concept of existing stretching protocols and 

the development considerations of the new approach could help overcome the limitations of 

mechanical tension application to neural cells. Moving toward translational research, the 

neuronal growth within a novel 3D construct combined with mechanical stretching provides 

an innovative new approach for nerve regeneration where the engineered living scaffold 

containing long neuronal extensions could potentially be of benefit in long gap repair.  
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Figure 5.18 Design diagram of an additional protocol concept on mechanical tension 

applying to DRG neurites on EngNT containing Schwann cells. EngNT cut in half and 

pieces placed next to one to another. DRG explant placed close to the interface resulting in 

neurite elongation across the interface. Stretch force applied directly to the neurites by 

moving the EngNT on top away from the other. 

Absorber

Aclar film

Make TaeNT containing F7

and remove it from the mould

after incubate for 24 hours.

Stablize the gel on Aclar film with 

an absorber to make EngNT.

Cut the EngNT on Aclar film in half.

Place the Aclar film with EngNT on

top of the other. The overlapping

area was the stretch range.

Place DRG explant close to the

interface between both gel and

incubate with culture medium for

3-7 days.

Connect the film on top to a linear actuator which gradually move the top gel

backward causing a stretch force to DRG neurites elongating across the interface.
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CHAPTER 6  

Conclusions and proposed future work 

 

6.1 Overall summary and conclusion 

Peripheral nerve injury has a tremendous negative impact on a patient's well-being, 

with functional recovery from nerve repair remaining a clinical challenge, especially when 

the injured site is very proximal, leaving a long distal distance to regenerate. The delay in 

reinnervation following Wallerian degeneration results in a high chance of muscle atrophy, 

even when the 'gold standard' autograft is used. Engineered neural tissue has been one of 

the promising Advanced Therapy Medicinal Product (ATMP) approaches showing potential 

to overcome limitations of long-distance nerve regeneration. This research project has 

introduced and developed tethered aligned engineered neural tissue (TaeNT) as a living 

scaffold containing highly aligned Schwann cells and elongated neurons in fully-hydrated 

tethered collagen gels, with a hypothesis that it would improve functional recovery by 

accelerating nerve gap functional re-connection instead of only supporting regenerating host 

axons. 

Throughout previous chapters, the regenerative potential of TaeNT was examined 

through studying various attributes. Firstly, Chapter 3 demonstrated the basic but essential 

properties of the construct in supporting neurite elongation and crossing of the transplant 

interface. After culture medium testing, the NG108-15 motor neuron-like cell line was co-

cultured with TaeNT containing aligned F7 Schwann cells. The aligned F7 Schwann cells in 

TaeNT resembled the structure of the Bands of Büngner, upon which the NG108-15 neurites 

could elongate and align. The subsequent in vivo studies used a self-organising collagen 

guidance conduit for transplantation of a tethered aligned collagen-based culture system 
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containing neurons and Schwann cells into rat sciatic nerve. The density of Schwann cells 

and ratio of neurons to Schwann cells were optimised before transplanting into a 10-mm rat 

sciatic nerve gap for 3 weeks. By cross-sectioning both proximal and distal interfaces 

between host tissue and transplanted conduit, the spatial interactions of host and 

transplanted cells were determined through the distribution of both cell populations. The host 

and transplanted neurites could elongate across the transplant interface without disruption 

as the number of neurites across both interfaces remained steady. Both in vitro and in vivo 

examination showed that TaeNT can be a suitable substrate for transplanted neurons as it 

can support neurite elongation, alignment, and interface-crossing behaviour.  

Apart from neurite guidance, the behaviours of supporting glial cells were also 

considered as influential in nerve regeneration, so the nature and consequence of the 

interaction between host and transplanted glial cells were investigated in Chapter 4. The 

distribution, migration, and alignment of both cell populations contribute to maintaining tissue 

organisation and homeostasis, influencing neurite elongation. The cell source was extended 

from Schwann cell lines to include glial cells dissociated from primary DRG culture, which 

was optimised by extending incubating time to enrich glial cell proportion to more than 80% 

in the culture. 

The interaction of glial cells from two different sources was preliminarily examined in 

a 3D culture interface model, where the ability of each cell population to migrate across the 

interface was demonstrated. The following in vitro experiment in TaeNT showed that 

endogenous (cells cultured in TaeNT) and exogenous glial cells (cells seeded on TaeNT) 

did not disrupt the migration and orientation of each other. These in vitro experiments 

consequently led to an investigation of glial cell interaction in vivo. The repaired nerves from 

the transplantation procedure in Chapter 3 were longitudinally sectioned and glial cell 

distribution and orientation was quantified. The transplanted glial cells were shown to survive 
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and be aligned at 3 weeks, with host glial cells migrating into the conduit through both nerve 

stumps. 

The work in Chapter 3 and 4 provided a new understanding of the interaction of host 

and transplanted cells in terms of both neurons and supporting glial cells. The interaction 

between transplanted cells and host tissue leads to a regeneration-supportive response, 

reflecting the regenerative potential of TaeNT as an engineered neural tissue approach that 

could be tested in future work to enhance peripheral nerve regeneration in long-distance 

injury. 

Chapter 5 portrayed an engineering journey to develop an additional system to 

further improve the scalability and regenerative potential of living scaffolds by inducing 

longer neurite growth inside the construct. In an attempt to induce longer neurite growth, 

TaeNT was proposed as a cellular hydrogel-based substrate that could be modified and 

combined with mechanical tension application using a specific 3D-printed mould developed 

to stretch the cellular gels in a controlled manner. A series of newly designed protocols for 

mechanical tension application to induce growth response for enhanced neural regeneration 

was developed and discussed correspondingly. The design considerations of the 3D cell 

stretching approach learned throughout the chapter included reliable attachment and 

integration between the hydrogel and movable bars, initial cell density in TaeNT, and system 

controllability. Engineering development of a stretching protocol for TaeNT with preliminary 

tests on cell morphology showed the potential of combining mechanical tension application 

with TaeNT to induce longer neurite elongation. While still at an early stage of testing, this 

is considered the first hydrogel-based protocol that has been developed to apply an indirect 

stretch growth to neural cells in 3D co-culture. This is distinct from previous studies since 

the movable bar was integrated with the tethered gel containing elongated neurons in 

engineered tissue, rather than relying on a direct attachment to isolated neurons in 

monolayer culture.  
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 In conclusion, in addition to the established cellular-based scaffolds using Schwann 

cells in a tethered hydrogel, populating the construct with neurons exhibiting long neurite 

extensions was a key feature to explore in improving the functional recovery of long-distance 

nerve regeneration. The novel concept imitated axon elongation during development, where 

a pioneer axon formed a tract to guide the following axons (Struzyna et al., 2015). The study 

of axon elongation in the TaeNT in this project strengthened supportive evidence for an 

important role of Schwann cells in nerve regeneration in which the presence of Schwann 

cells increases neurite outgrowth and promotes directional guidance to elongating neurites 

(Georgiou et al., 2013, Georgiou et al., 2015, Hadlock et al., 2000, Martens et al., 2014, 

Thompson and Buettner, 2006). The supportive cell interaction was observed in the 

transplantation of TaeNT. Host neurites could enter the conduit as well as into an acellular 

hydrogel conduit (Du et al., 2017, McGrath et al., 2010, Meyer et al., 2016, Wu et al., 2017), 

and living scaffolds with other types of cells (Huang et al., 2009, Georgiou et al., 2013, Lee 

et al., 2017, Flachsbarth et al., 2014). Plus, the transplanted neurites could also penetrate 

host tissue without disruption with more neurites at the proximal site corresponding to the 

distribution of migrating Schwann cells reported here and previously (Chen et al., 2019). 

Host glial cells migrated into the conduit as well as into an acellular conduit (Bryan et al., 

1999, Chen et al., 2019, Parrinello et al., 2010, Cattin et al., 2015, Dun and Parkinson, 2020) 

and interacted with transplanted glial cells by aligning in a similar pattern. Furthermore, the 

TaeNT is a feasible way to provide an alternative platform to apply mechanical tension to 

neural cells for growth response. In the light of previous stretching models with long neurites 

(Bray, 1984, Huang et al., 2009, Li et al., 2016, Loverde et al., 2011, Pfister et al., 2004, 

Smith et al., 2001), key considerations in designing stretching protocols were reviewed to 

develop the first non-direct contact approach with TaeNT modifications. Taking all attributes 

together, the findings represent the initial development and investigation of an engineered 

living scaffold containing neurons and Schwann cells suitable for stretch-growth with 
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potential to provide elongated functional replacement nerve tissue. The new technology, 

TaeNT, introduced in this project, could be considered promising as a new way to generate 

tissue engineered nerve grafts for peripheral nerve regeneration. 

 

6.2 Proposed future work 

6.2.1 TaeNT protocol optimisation 

Like other tissue engineered constructs, developing TaeNT includes several choices 

in terms of selecting cells, materials, and techniques. This research project has studied 

TaeNT using only a few specific sources of cells and techniques, so expanding the variety 

to determine the best protocol for engineering TaeNT with optimal efficacy and practicality 

is recommended. Future work to enhance translational potential includes the study of 

therapeutic cells to culture in TaeNT, such as differentiated stem cells. Currently, the use of 

tissue-specific cells in clinical applications is less prevalent compared to stem cells. 

According to the ClinicalTrials.gov database, less than 20 neural cell-based therapies are 

currently active for clinical trials, and all are still at phase I or II. The vast majority of cell-

based therapies use mesenchymal stem cells, and some of them are at Phase III intended 

eventually for use in the neurology field. The clinical trial databases therefore indicate that 

differentiated stem cells might be a suitable current therapeutic source of cells for TaeNT 

when aiming to accelerate the research to the translational stage. For example, CTX0E03 

was a source of GMP-certified human neural stem cell line which can be derived to many 

specific types of cells for transplantations (Yoon et al., 2020, Stevanato et al., 2015, 

O'Rourke et al., 2018). The transplantation of stem cell-derived motor neuron progenitors 

was reported to be one of potential treatments for diseases related to motor neuron loss, 

such as Amyotrophic latera sclerosis (ALS), spinal muscular atrophy (SMA), and spinal cord 

injury (SCI). The transplanted human neural stem cells, even without a scaffold, were found 
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to promote functional improvement to the system regardless of the presence of functional 

integration because it promoted regeneration of injured neurites by secreting growth factors, 

such as NGF, GDNF, NT-3, and BDNF (Lu et al., 2003, Rossi et al., 2010, Lu et al., 2011). 

The differentiation can generate various subtypes of motor neurons with unique motor 

neuron markers and electrophysiological activity (Amoroso et al., 2013, Du et al., 2015, 

Goparaju et al., 2017, Maury et al., 2015). 

Moreover, combinations of neurons with different regeneration-supporting cells, 

other than Schwann cells, could also be studied with the TaeNT and stretch-growth 

approach. For instance, tissue-engineered constructs containing aligned endothelial cells, 

previously proposed as another candidate to treat peripheral nerve injury (Muangsanit et al., 

2021), could potentially be modified for stretching to test whether the mechanical effect could 

improve axonal regeneration and simultaneous vascularisation. 

 

6.2.2 Functional integration of TaeNT and host tissue 

Investigating the integration of host and transplanted cells is a crucial step to 

determine the effectiveness of TaeNT for future clinical use. In addition to secreting various 

supportive growth factors, transplanted neurons should be able to integrate to the host tissue 

to optimise the efficacy of the nerve regeneration. TaeNT would not completely bridge the 

nerve gap unless the integration at the interfaces between the transplanted conduit and 

nerve stumps is sufficient to allow axonal communication to be established with the distal 

muscle.  

This project has demonstrated spatial integration by measuring the number and 

distribution of host and transplanted neurites elongating across the conduit interface. The 

spatial integration between transplanted neurons in engineered tissue constructs and the 

host tissue was also reported in previous literature (Huang et al., 2009, Katiyar et al., 2020). 
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However, the spatial or structural integration of neurites could not imply the functional 

integration and electrical activity of TaeNT and host tissue. The verification of spatial 

integration only provides supportive evidence to hypothesise that the connection has a 

positive tendency to exhibit patterns of functional connectivity. 

The functional integration of transplanted and host neurons was extensively 

investigated in CNS research as it is one of the fundamental principles in brain organisation 

and plasticity (Falkner et al., 2016, Jgamadze et al., 2012, Wernig et al., 2004). In the PNS, 

elongating neurites also connect to the other parts of the body and relay signals back and 

forth to maintain communications between the nervous system and the target tissue. The 

absence of functional integration between peripheral nerves and muscle for extended time 

leads to neurogenic muscle atrophy as muscle contraction is eliminated without signal 

transmission from the nerve. In clinical practice, various coaptation techniques have been 

consequently applied to delay the atrophy by creating a temporary connection between the 

injured nerve and a healthy adjacent nerve (Kelly et al., 2007, Shea et al., 2014, von 

Guionneau et al., 2020). The need of coaptation is one of practical examples underlining the 

importance of maintaining functional integration of neurites and the target tissue. 

Therefore, further in vivo experiments should include functional tests or 

electrophysiological tests to verify functional integration. Gastrocnemius muscle harvest and 

analysis would also be additionally helpful to determine a degree of functional recovery 

following sciatic nerve injury. Through these post-transplantation functional analyses, 

several interface-related questions and hypotheses could be consequently studied (e.g., 

how long it takes to functionally transmit neuronal signals through the transplanted construct 

to distal muscle after long-distance nerve injury, and whether it is more time-efficient than 

waiting for host neurite regeneration through an autograft).  
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6.2.3 Preservation protocol for clinical applications 

The practical use of TaeNT in a clinic would be in the form of an ‘off-the-shelf’ 

construct, where a tissue engineered conduit containing living allogeneic cells had already 

been manufactured (GMP-certified) ready for immediate transplantation into an injured 

peripheral nerve. Clinical-grade cells could be cultured and stretched in biocompatible 

collagen gels with TaeNT approach, and then transplanted with an immunosuppressive 

therapy to avoid rejection. The use of allogeneic GMP-certified cells and 3D-printed 

stretching protocol provides high reproducibility of the building construct (Kang et al., 2022, 

Hodges et al., 2007, O'Rourke et al., 2018).  

To make an off-the-shelf construct for clinical application, biopreservation of TaeNT 

is required, to allow time for the construct to be stored and shipped from the manufacturing 

facility to the clinic. Different construct preservation techniques as well as the optimal 

temperature and maximum storage duration that do not disrupt cellular and extracellular 

components and structure in the construct could be explored. Similar living scaffolds with 

aligned axon tracts like TENGs can be stored at 4 °C for 28 days and still maintain equivalent 

pro-regenerative properties to fresh TENGs (Shultz et al., 2021). EngNT containing highly 

aligned Schwann cells has been shown to withstand freezing at 4 °C and liquid nitrogen by 

using a specific mixture of media (Day et al., 2017). The long-term preservation of neuron-

containing TaeNT approach should also be investigated to a similar extent. 
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