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Abstract 

Peripheral nerve injury is a debilitating disorder affecting approximately one million 

people in Europe and US annually. The clinical gold standard treatment for repairing 

a long-gap nerve defect remains the nerve autograft, albeit functional recovery is 

inadequate. In addition, disadvantages include donor site morbidity, limited 

availability and multiple surgeries suggesting there is a clear need to develop effective 

alternatives that mimic key autograft features. To directly address this clinical need 

and to mitigate the disadvantages of the autograft Engineered Neural Tissue (EngNT) 

has been developed for repairing long-gap nerve defects.  

EngNT is a robust collagen hydrogel formed from columns of aligned therapeutic cells 

that can direct and promote neurite outgrowth in vitro and in vivo. Previous work has 

shown that EngNT can be developed with different stem cells and more recently blends 

of biomaterials have also been investigated. Nevertheless, there are still challenges 

associated with the delivery and integration of EngNT.  

In particular, previous work has noted limited neuronal ingrowth into EngNT seeded 

with SCL4.1/F7 Schwann cells. This thesis incorporates stiff bioresorbable phosphate 

glass fibres (PGFs) with EngNT to bridge the interface between a damaged proximal 

nerve stump and EngNT. Results show that PGFs can be optimised through altering 

their diameter and coating their surface with laminin and fibronectin to promote robust 

orientated neuronal growth across the proximal nerve stump - EngNT interface, in 

vivo. 

Furthermore, when EngNT was seeded with differentiated human dental pulp stem 

cells (d-hDPSCs) to repair a critical gap defect, results showed limited neuronal 

regeneration but increased number of blood vessels. This effect was hypothesised to 

be attributable to low oxygen levels within the construct and tested within this thesis. 

Modest changes in VEGF-A, NGF and BDNF expression were detected when collagen 

constructs seeded with d-hDPSCs were exposed to low oxygen conditions in vitro. In 

addition, secretome from d-hDPSCs exposed to 3% oxygen increased endothelial cell 

proliferation but reduced neurite length in comparison to secretome from d-hDPSC 

cultured at 16% oxygen. These results are consistent with the original hypothesis and 
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highlight the importance of local oxygen levels in determining the efficacy of 

engineered tissues.   

Previously, commercially available NGC materials have been used to deliver EngNT 

into a critical gap defect. However, these tubes are predominately designed to have 

patent lumens and are inherently stiff. This study includes a detailed mechanical 

characterisation of the bulk and dynamic viscoelastic properties of nerve tissue and 

prospective nerve guidance conduit materials for the delivery of EngNT.  

Lastly, this thesis investigates different serum-free cryoprotectants for the long-term 

storage of EngNT to ensure it is readily available as an off-the-shelf product. Results 

show that the use of poly (propylene glycol) with 7.5% DMSO is a suitable option that 

retains cell viability. 

Future work involves the continued multidisciplinary effort of developing EngNT with 

the aid of mathematical models to streamline the design process. Data generated from 

experiments such as those described above will be part of a large data bank that feeds 

into and parameterises the mathematical models to allow them to accurately simulate 

and test different EngNT designs for peripheral nerve repair.  
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Impact statement 

Peripheral nerve injury is debilitating, causing loss of sensation and muscle control, 

chronic pain and permanent disability. PNI commonly occurs from high impact 

traumatic injuries affecting approximately one million people in Europe and US, 

predominately from a working demographic. Furthermore, it is associated with high 

healthcare, unemployment, rehabilitation and social costs. When there is a long-gap 

nerve injury, nerve autografts are often used to repair the lesion. This technique 

involves taking a nerve from another part of the patient leading to donor site morbidity, 

a second surgical site, and often there is a limited supply of nerve tissue. Moreover, 

functional recovery is inadequate hence the need for improved nerve repair is urgent. 

Engineered Neural Tissue (EngNT) is an Advanced Therapy Medicinal Product 

(ATMP) for repairing long gap peripheral nerve injuries. In particular, it is living 

artificial nervous system tissue that mimics the key features of the autograft while 

mitigating inherent limitations associated with the autograft. Recent advances in 

regenerative medicine mean that ATMPs, like EngNT, can now be licensed for clinical 

use. Therefore, this is an optimal time to develop EngNT and overcome challenges 

associated with the delivery and integration of EngNT for peripheral nerve repair. 

This thesis employs a multidisciplinary approach to develop different facets of EngNT 

for clinical and commercial translation. This research improves the understanding of 

the nerve-implant interface and the role of contact guidance structures, in particular, 

phosphate glass fibres, to support nerve regeneration to bridge the interface between a 

damaged proximal stump and EngNT. Hypoxia at the injury site is increasingly 

recognized as a major deleterious factor in the efficacy of engineered tissues. This 

work demonstrates the effect of low oxygen conditions on EngNT and the impact this 

has on nerve regeneration and angiogenesis.  

Another aspect of this thesis proposes the use of a new sheath material to deliver 

EngNT. Moreover, it contributes knowledge of the dynamic viscoelastic properties of 

a whole nerve and its sheath to the biomechanics literature surrounding nervous system 

tissue. The latter results will also enable fellow researchers developing nerve guidance 

conduits and assessing their mechanical properties to match the viscoelastic properties 
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of nerve tissue as well as the already-established bulk mechanical properties. Finally, 

to ensure EngNT is readily available as an off-the-shelf product, the long-term 

preservation of EngNT with the use of serum-free media has been described.  

This thesis emphasises the adoption of a multi-disciplinary approach for the 

development of engineered tissues. Furthermore, results from this study have provided 

data for the development of mathematical models simulating EngNT for peripheral 

nerve repair. Widespread use of mathematical simulations has the potential to 

significantly reduce the number of in vitro experiments for product development and 

reduce the number of animals for peripheral nerve research, in alignment with the 3Rs 

theme of replacement, reduction, refinement. Furthermore, mathematical models will 

drastically accelerate the development of engineered tissues to eventually help people 

with peripheral nerve injuries.  
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1 Literature review 

1.1 Introduction: The peripheral nervous system 
The human nervous system is a sophisticated network of highly specialised neural cells 

organised within a three-dimensional (3D) structure of interconnected neural tissue 

that is responsible for collecting, transmitting, processing and storing information 

(Michael-Titus et al., 2007). It permits us to engage with the external environment via 

external stimuli whilst simultaneously ensuring intrinsic and extrinsic homeostatic 

regulation (Michael-Titus et al., 2007). It is this level of complexity and specialisation 

that makes repair of neural tissue an eminently challenging task.  
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Figure 1.1 The nervous system.  

The peripheral nervous system (PNS) is highlighted in blue and the central nervous system (CNS) 
is highlight in yellow. (Image extracted from William, (2014). Accessed on 29 October 2019). 
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The nervous system can be divided into two branches, namely the central nervous 

system (CNS) and the peripheral nervous system (PNS). The former predominately 

consists of the brain and spinal cord whereas the latter, which is the focus of this thesis, 

consists of axons specialised for electrical conduction and bidirectional transport of 

information (Catala and Kubis, 2013). The neurons responsible for this are either, 

sensory or motor neurons. Sensory neurons are responsible for sending information 

from receptors to the CNS, whereas motor neurons are responsible for relaying 

information from the CNS to receptors (Michael-Titus et al., 2007). The autonomic 

nerves also form part of the peripheral nervous system and regulate signals that 

transmit and relay information to the CNS and muscle receptors (Michael-Titus et al., 

2007).  

Peripheral nerves generally contain a mixture of myelinated and unmyelinated axons. 

These are accompanied by glia, namely, Schwann cells, and some Schwann cells 

myelinate axons (Corfas et al., 2004). These are ensheathed by a series of tissue layers 

that are discussed below.  

1.1.1 Anatomy of peripheral nerve tissue 

The organisation of a myelinated axon and the whole nerve is depicted in Figure 1.2. 

Axons emanate from the neuronal cell bodies and extend to the peripheral end organ. 

Some axons are myelinated by a series of Schwann cells that are separated by the 

nodes of Ranvier, short unmyelinated segments containing voltage-gated sodium 

channels (Figure 1.2a) (Pan and Chan, 2017). These are flanked by paranodes, that is, 

junctions between non-compacted myelin loops and underlying axolemma (Pan and 

Chan, 2017, Corfas et al., 2004). The innermost edges of the myelin sheath are attached 

to the axon and the juxtaparanodes contain the voltage-gated potassium channels (Pan 

and Chan, 2017). The Schwann cell-axon complex is supported by the Schwann cell 

basal lamina which is typically comprised of laminin and collagen IV (Figure 1.2a) 

(Brushart, 2011).  

The myelinated axons are surrounded by a collagenous network known as the 

endoneurium, which adheres to the Schwann cell basal lamina (Figure 1.2b). Collagen 

fibres in the endoneurium  are fine with a range of 30 – 65 nm in humans (Gamble and 

Eames, 1964) The perineurium defines each nerve fascicle and comprises a cellular 



 38 

layer with thin layers of collagen, predominantly type III collagen, though some type 

I may also be present (Topp and Boyd, 2006, Gamble and Eames, 1964). The 

outermost continuous connective tissue that ensheaths the peripheral nerve is the 

epineurium. This comprises a superficial covering of the nerve, often called the 

external epineurium but also surrounds individual fascicles and is known as the 

internal epineurium. (Brushart, 2011). The human epineurium is predominantly 

composed of type I collagen but also and type III collagen to a lesser extent (Lorimier 

et al., 1992, Salonen et al., 1985, Seyer et al., 1977). The human epineural fibres can 

range between 60 – 110 nm in diameter (Topp and Boyd, 2006; Gamble and Eames, 

1964). The structure of the epineurium involves closely bundled collagen fibres that 

are gathered together at distances of 10 - 20 µm width, arrayed around the 

circumference of the nerve (Topp and Boyd, 2006; Gamble and Eames. 1964). The 

bundles of collagen with elastin are densely packed towards the perineurium and 

interlaced with a fine meshwork of collagen.  

The vasa nervorum is the vascular supply of the peripheral nerve (Figure 1.2c). Blood 

vessels travel longitudinally along the epineurium with branches verging into the 

perineurium and into each fascicle. Transperineurial arterioles run obliquely from the 

perineurium through to the endoneurium, which also has micro-vessels longitudinally 

through the tissue (Brushart, 2011).  
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Figure 1.2 Schematics of a (a) myelinated axon, (b) the macroscopic organisation of the 

anatomy of a peripheral nerve and the (c) vasa nervorum. 

(Images extracted from Brushart, (2011)). 

(a) 

(b) 

(c) 
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1.1.2 Peripheral nerve injury 

Approximately 300,000 cases of peripheral nerve injury (PNI) present annually in 

Europe alone and, in the United States (US) PNI accounts for approximately 3% of all 

trauma cases and 5% if plexus and root avulsions are included (Isaacs and Browne, 

2014, Kingham and Terenghi, 2006). There are various aetiologies for PNI that are 

well-documented for example diabetes (Callaghan et al., 2012), Guillain-Barré 

syndrome (van den Berg et al., 2014) and cancer (Antoine and Camdessanche, 2007) 

along with iatrogenic injuries (Komurcu et al., 2005) but PNI prevails in the context 

of trauma (Saadat et al., 2011). In peacetime, traumatic PNIs are commonly associated 

with motor vehicle accidents, whereas in wartime PNIs frequently occur as a result of 

blast injury (Hall, 2005). Moreover, epidemiological studies show that PNIs contribute 

to socio-economic burdens on society since they commonly occur in a working 

demographic (Eser et al., 2009, Kouyoumdjian, 2006). 

1.1.2.1 Mechanism of recovery 

Complete transection of a myelinated nerve triggers signalling cascades that have been 

thoroughly reviewed by Hall (2005) (Figure 1.3a). The location of the transection will 

determine the extent of regeneration. For example, if the injury is close to the neuronal 

cell body, this may result in apoptosis. Notwithstanding, the neuronal cell body could 

undergo chromatolysis (Figure 1.3b). These are nuclear changes within the cell body 

that instruct the cell to focus on regeneration and results in the down-regulation of 

protein such as neurofilaments and up-regulation of proteins such as GAP-43, tubulin 

and actin that are associated with a regenerative phenotype, rather than maintenance 

(Radtke and Vogt, 2009). As order is restored and the axon begins to mature, the 

neuronal cell body will induce genetic changes to revert from a regenerative state to 

maintenance.  

The degeneration that occurs at the distal end of the nerve is described as Wallerian 

degeneration (Hall, 2005). Macrophages phagocytose local debris whilst Schwann 

cells adopt a regenerative phenotype and migrate from the distal stump and the axon 

sprouts from proximal stump (Figure 1.3c). In the case of successful regeneration, 

regenerating axons accompanied by Schwann cells reach the distal stump. Bands of 

Büngner formed by the Schwann cells offer guidance and prevent axonal misrouting, 

ergo creating conditions that allow the nerve fibre to mature (Figure 1.3c) (Hall, 2005).  
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The newly regenerated axon and myelin sheath are thinner and have shorter internodal 

gaps than their proximal counterparts (Figure 1.3d) (Radtke and Vogt, 2009). Target 

organs may exhibit atrophy and phenotypical changes depending on delay in 

functional repair, but muscle can regain size and strength (Arslantunali et al., 2014). 

In the case of incomplete repair axons fail to make functional connections with the 

target organ and often results in permanent muscular atrophy, loss of sensation and the 

formation of painful neuromas (Figure 1.3e) (Schmidt and Leach, 2003).  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.3 Schematic representations the mechanism of recovery following a peripheral nerve 

transection injury.  

Where (a) represents transection of a normal myelinated nerve fibre that triggers (b) signalling cascades 
change the neuronal cell body into a regenerative phenotype and induce Wallerian degeneration at the 
distal stump. Macrophages invade the Schwann cell columns. (c) Axons sprout from the proximal stump 
while proliferating Schwann cells form Bands of Büngner at the distal end. (d) Schwann cells remyelinate 
the regenerated axon and the axon begins to mature. (e) If regeneration from the proximal stump is 
disorganised, regeneration will be incomplete, and a neuroma will form. (Adapted from Arslantunali et 
al., 2014). 
 

(a) 

(b) 

(c) 

(d) 

(e) 
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1.1.3 Clinical treatment of peripheral nerve injury 

After PNI, the PNS is capable of significant spontaneous regeneration although 

complete sensory and motor recovery is seldom established. This spontaneous 

regeneration is satisfactory for PNIs where much of the infrastructure is intact and 

separation between proximal and distal stumps is minimal. For larger lesions axonal 

misdirection is a large drawback leading to incomplete repair, hence microsurgical 

techniques are employed that  attach proximal and distal stumps attempt or realign 

specific fascicles (Valero-Cabre and Navarro, 2002). There are various factors that 

influence the degree of functional repair, however, three dominating factors include, 

the abundance of regenerating axons, the time taken for re-innervation and the extent 

of axonal misdirection (Scheib and Hoke, 2013). 

1.1.3.1 Primary repair 

From a technical perspective, direct end-to-end surgical repair is the simplest repair 

strategy. The epineurium of the opposing nerve stumps is sutured together to achieve 

anastomosis. However, the inter-stump gap must be relatively small since larger gaps 

generate considerable tension across the suture line that is inhibitory to nerve 

regeneration. In particular, the increased tension is thought to impair blood supply to 

the nerve creating an inhibitory local environment as this encourages growth of fibrotic 

tissue and potential neuromas (Flores et al., 2000).  

1.1.3.2 Autograft 

The current clinical gold standard for bridging a large and complete inter-stump gap 

is nerve autografting and effective regeneration requires preservation of the structure 

to act as an axonal conduit and viable Schwann cells (Siemionow and Brzezicki, 2009). 

For example, a segment of the sural nerve can be extracted from the patient and 

implanted into the injury site bridging the nerve defect to promote axonal growth 

(Gaudin et al., 2016). Clinical complications include donor-site morbidity, scarce graft 

material, additional time to harvest graft material hence more time for fibrotic tissue 

accumulation at the injury site, nerve site mismatch and minimum of two surgeries all 

of which incurs additional healthcare costs (Gaudin et al., 2016).  
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1.1.3.3 Commercially available devices for nerve repair 

The introduction of hollow nerve guidance conduits (NGC) has been used to bridge 

nerve defects and foster nerve regeneration. Nectow et al. (2012) discusses the various 

biomaterials that have been used to fabricate artificial NGCs and the associated 

physical, biological and chemical cues that create a growth promoting 

microenvironment to achieve the end goal of axonal continuity and functional 

recovery. Early, NGCs were composed of non-resorbable silicone although since then 

NGCs have been created with natural materials such as collagen (available as 

NeuraGen®, Neuroflex™ and NeuroMatrixä), and resorbable synthetic materials 

such as polyglycolic acid (PGA) (available as Neurotubeä).  

Several hollow nerve conduits have been developed and Table 1.1 describes NGCs 

approved by the Food and Drug Administration (FDA) for clinical use. These hollow 

NGCs aimed to bridge opposing nerve stumps to create an adequate 

microenvironment for nutritional support, axon regeneration and act as a barrier 

against the surrounding tissue infiltration. However, due to the lack of an luminal 

infrastructure and a cellular component they do not mimic the autograft and 

regeneration been largely suboptimal (Kehoe et al., 2012). Numerous research groups 

are focussing on the development of NGCs with textured lumens that guide neurite 

outgrowth and have been reviewed by Nectow et al. (2012) and Daly et al., (2012). 

Commercially available NGCs are predominantly manufactured from collagen or 

synthetic materials, currently there are no natural-synthetic hybrid NGCs that have 

been approved by the FDA.  

1.1.4 Decellularised allografts and xenografts 

Decellularised allografts and xenografts are an alternative repair strategy to the 

autograft. For example, Avance® nerve graft (Axogen, UK) is a commercially 

available decellularised human nerve allograft that has been used to treat PNIs (Moore 

et al., 2011). These are readily available grafts that do not require any nerve tissue to 

be harvested from the patient’s body, thus, only require one surgery. In addition, they 

provide the structural cues that hollow NGCs lack, permitting the decellularised 

allograft to better mimic the architecture of an autograft. However, the use of harsh 

chemicals to decellularise the tissue has been shown to impact their structure, tensile 

mechanical properties and ergo their performance hence clinical outcome is generally 
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poor (Abdelgaied et al., 2015, Khorramirouz et al., 2014). Notwithstanding, optimised 

decellularisation protocols are producing higher quality grafts with a minimal cellular 

content and have shown to preserve structural features such as fascicles and connective 

tissue, much like native nerve tissue (Zilic et al., 2016). Moreover, these decellularised 

grafts have been shown to have equivalent tensile mechanical properties to fresh nerve 

tissue (Zilic et al., 2016). It is reported that decellularised allografts also retain the 

laminin component within the basal lamina which is an established growth-promoting 

factor (Karabekmez et al., 2009, Wang et al., 1992, Hall, 1986).  
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Table 1.1 Summary of commercially available NGC with corresponding dimensions, structure and price. 

Material Product name 
Degradation 

(months) 

Inner 
diameter 

(mm) 

Length 
(mm) Structure 

Price, 
Euro* 

FDA 
clearance 

date 
Company Reference 

Collagen (Type 1) NeuraGenÒ 36 – 48 1.5 - 7 20 - 30 
Semipermeable, fibrillar 
structure, cross-linked 

fibres 
1200 22/06/2001 Integra Life 

Science corp. 
(NeuraGen, 

2019) 

Collagen (Type 1) NeuroFlexÔ 4 - 8 2 - 6 25 
Flexible, semipermeable 
tubular collagen matrix, 
cross-linked dense fibres 

600 21/09/2001 Stryker (Stryker, 2019a) 

Collagen (Type 1) NeuroMatrixÔ 4 - 8 2 - 6 25 
Semipermeable, fibrillar 
structure, cross-linked 

fibres 
600 21/09/2001 Sryker (Stryker, 2019b) 

Collagen (Type 1) NeuraMendÔ 4 - 8 4 - 12 25- 50 

Semipermeable collagen 
wrap designed to unroll 

and self-curl 
 

n/a 14/07/2006 Stryker (Stryker, 2019b) 

Collagen (Type 1) NeuraWrapÔ 36 - 48 3 - 10 20 - 40 
Longitudinal slit in the 
tubular wall structure 

 
n/a 16/07/2004 Integra Life 

Sciences. Inc (Integra, 2019a) 

 

PLA-PCL 

 

Neurolac® 16 1.5 - 10 20 
Transparent tubular 

device. Up to 10 weeks 
non-permeable. 

700-
1800 10/10/2003 Polyganics (Polyganics, 

2019) 

PGA Neurotube® 3 20 - 40  Porous, corrugated woven 
mesh tube 340 n/a 

Synovis Micro 
Companies 

Allance 

(Neurotube, 
2019) 

PVA Saultunnel 
Nerve Protector 

Non-
degradable 2 - 10 63.5 Flexible tube with 

longitudinal slit n/a 5/08/2010 Salumedia (Gaudin et al., 
2016) 
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 Salubridge™ Non-
degradable 

2 – 10 
mm 63.5 Flexible tube n/a 24/11/2000 Salumedia (Gaudin et al., 

2016) 

Porcine SIS 
Axoguard 

Nerve 
Connector 

3 1.5 - 7 10 
Tubular multi-laminar 
extracellular collagen 

matrix 
n/a 15/5/2003 Cook Biotech 

Products 
(Axoguard, 

2019a) 

 AxoGuard 
Nerve Protector 3 2 - 10 2 - 4 Impermeable, hydrophilic 

tube n/a 24/11/2000 Cook Biotech 
Products 

(Axoguard, 
2019b) 

PLA-PCL: Poly (DL-lactide-co-ε-caprolactone); PGA: Polyglycolic acid; PVA: Polyvinyl alcohol; SIS: small intestine submucosa. *Prices retrieved from company website or 

written communication (emails) requesting quotations.  

 



 47 

1.1.5 Engineered Neural Tissue for peripheral nerve repair 

Tissue-engineering is a multidisciplinary effort towards creating living artificial tissue 

replacement to restore normal function (Langer and Vacanti, 1993). More specifically, 

various reviews have discussed how various combinations of biomaterials with 

therapeutic cells can inspire designs for the development of living artificial nervous 

system tissues (Bhangra et al., 2016, Bell and Haycock, 2012, de Ruiter et al., 2009, 

Nectow et al., 2012, Daly et al., 2012, Deumens et al., 2010). These reviews reach a 

consensus in that, an ideal nerve guidance conduit should mimic the features of a nerve 

autograft. Wherein, these features include, at least, an orientated architecture to guide 

regenerating neurons and a cellular component to mimic trophic support provided by 

Schwann cells (Faroni et al., 2014). 

Georgiou and colleagues (2013) describe the manufacture and use of Engineered 

Neural Tissue (EngNT) using SCL4.1/F7 Schwann cells, for peripheral nerve repair. 

EngNT is a robust collagen hydrogel construct containing columns of aligned 

therapeutic Schwann cells that can guide and support nerve regeneration by mimicking 

the endoneurium. Schwann cells are aligned via cell-generated integrin-mediated 

forces within a collagen matrix, followed by stabilisation to remove interstitial fluid. 

The constructs can be rolled into rods and placed into a NGC to repair a critical-gap 

defect.  

Recent advances in regenerative medicine mean that Advanced Therapy Medicinal 

products (ATMPs), like EngNT, can now be licenced for clinical use. Therfore, 

considerable efforts have been made to develop EngNT for peripheral nerve repair 

whilst considering regulatory challenges that may impede clinical translation. Since 

2013, EngNT has been manufactured with a variety of stem cells, including adipose-

derived stem cells (Georgiou et al., 2015), dental pulp stem cells (Sanen et al., 2017), 

bone marrow derived stem cells (Gonzalez-Perez et al., 2017, Gonzalez-Perez et al., 

2018) and more recently clinical-grade CTX cells (O'Rourke et al., 2018). 

Furthermore, the application of drug (Rayner, 2019) and gene therapy (Busuttil et al., 

2017) has also been explored to improve peripheral nerve repair. Blends of collagen 

and fibrin to produce a biomaterial with superior regeneration capacity compared to 

only collagen or fibrin has also been investigated (Schuh et al., 2018). Moreover, 

different arrangements of EngNT within a NGC have been explored (Georgiou, 2013) 



 48 

and the effect of using different cell densities on hydrogel contraction and cellular 

alignment to ensure maximal alignment of EngNT (O'Rourke et al., 2015). Together, 

these studies have generated a data set which is currently being used to parametrise in 

silico models to accelerate the development of EngNT, which will be discussed in 

chapter 7. 

Notwithstanding, there are certain factors that still diminish the efficacy of EngNT at 

repairing long-gap nerve defects, hence the nerve autograft remains the gold standard 

mode of treatment. Broadly speaking, these issues affecting the EngNT as a nerve 

repair device involve the integration and delivery of the product. In particular, the 

interface between EngNT and the damaged proximal nerve stump requires 

development to ensure maximal number of neurites are entering EngNT (Georgiou et 

al., 2013). Furthermore, it is hypothesised that when EngNT was created with 

differentiated human dental pulp stem cells and used to repair a critical gap defect low 

oxygen conditions within the EngNT had a detrimental effect on the production of 

critical growth-promoting trophic factors from the cells and this requires investigating. 

With regard to the delivery of EngNT, NeuraWrap™ is currently used to deliver 

EngNT, however this is designed to have a patent lumen, and therefore is associated 

with increased stiffness. Considering this, alterative softer materials with mechanical 

properties akin to a nerve sheath would be more suitable for the delivery of EngNT. 

Furthermore, to ensure EngNT is available as an off-the-shelf product, methods of 

long-term preservation need to be investigated.   

These challenges can be addressed with a multidisciplinary approach using tissue-

engineering and biomaterials techniques. Interestingly, microenvironmental factors 

can be manipulated to produce a desired effect and are well-established in the tissue-

engineering community (Ikada, 2006, Sachs et al., 2017, Barthes et al., 2014). These 

microenvironmental factors include, but are not limited to; (a) ECM components, such 

as alterations to the porosity or architecture which impacts tissue degradation or 

functionalisation of cells with cell bindings motifs for example, RGD (Kim et al., 

2016, Ruoslahti, 1996); (b) environmental stresses such as mechanical forces, oxygen 

tension and pH levels (Howard et al., 2008); (c) cell-cell interactions such as paracrine 

signalling based on cell density in engineered tissue (Chooi and Chew, 2019, 

Ruoslahti, 1996); and (d) the use of soluble factors such as critical growth factors for 
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nerve regeneration, for example NGF and BDNF (Lee et al., 2011, Zhang et al., 2019). 

Section 1.1.6 describes in detail areas for development of EngNT and related literature. 

1.1.6 Challenges associated with EngNT 

The specific challenges this thesis addresses include:  

(1) Limited neuronal regeneration across the damaged proximal stump and 

EngNT interface; 

(2) Diminished efficacy of EngNT presumably due to low oxygen conditions;  

(3) Stiff commercial NGC material that are designed to keep a patent lumen may 

not be optimal to deliver EngNT to a nerve defect; and 

(4) No cryogenic media for the preservation of EngNT retains equivalent cell 

viability and efficacy compared to fresh EngNT. 

The sections below contextualise each challenge listed above for EngNT. 

1.1.6.1 Poor neuronal ingrowth at the damaged proximal stump and EngNT 

interface 

Pre-clinical studies show that EngNT was able to support nerve regeneration in a 

critical gap nerve defect (15 mm) with SCL4.1/F7 Schwann cells (Figure 1.4a) 

(Georgiou et al., 2013). In fact, axon and myelinated fibre diameter were quantified 

and results showed no significant differences between the nerve graft and EngNT 

although myelin sheath was thicker in the nerve graft. These parameters were 

significantly lower in the empty conduit compared to the nerve graft.  

However, of the neurites present in the proximal nerve stump, approximately 60% of 

neurites did not enter EngNT (Figure 1.4b). It was hypothesised that poor ingrowth of 

neurons could potentially stem from difficulties associated with controlling the shape 

of the end of the soft cellular hydrogel, which has been seen to collapse easily and can 

fold on contact with the proximal stump (Figure 1.4 c,d). Therefore, it is apparent that 

the optimal environment for coaxing neurites into the construct differs from the 

environment required to support axonal growth once the axons have entered the 

conduit. Previous work has shown that once in contact with EngNT, neurites extend 

rapidly, supported by the aligned cellular material (Georgiou, 2013, Georgiou et al., 
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2015), but the overall effectiveness of EngNT is reduced due to limited proximal 

ingrowth.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 EngNT in vivo results for nerve regeneration across 15 mm nerve gap, 8-week 
time-point.  
Where (a) represents a Schematic of nerve repair model highlighting proximal stump (PS), proximal 
device (PD), distal device (DD), distal stump (DS). (b) describes number of axons present at PS, PD, 
DD and DS in a nerve graft, EngNT and Empty tube. One-way ANOVA with Tukey’s post hoc test; 
Data are means± SEM; n=5; *p<0.05; ***p<0.001. (Extracted from Georgiou, (2013)). Where (c) 
and (d) SEM micrographs of the rolled EngNT ends. Scale bar: (c) = 500 µm; magnification 67x (d) 
= 200 µm; magnification: 100x (Extracted from Georgiou, (2013)). 
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Numerous authors have frequently observed disorganised axons at the interface 

between the proximal nerve stump and the graft/conduit interface with fewer axons 

entering the graft/conduit than were originally in the proximal stump. This is described 

in Table 1.2 and illustrated in Figure 1.5a (Witzel et al., 2005, Pateman et al., 2015). 

Currently, there is not a repair method that enables all the proximal stump neurites to 

enter and reach the distal nerve stump. However, with reference to Table 1.2, the 

discrepancy is less prevalent in an autograft repair than using empty silicone-based 

conduits whereby only 50% of axons have been shown to reach the distal end in a 15 

mm rat sciatic nerve defect after 14 weeks. For example, Witzel et al., (2005) showed 

that sensory and motor neurons made to express yellow florescent protein (YFP) 

(appears green in Figure 1.5a), experienced mis-routing at the interface after 5 days, 

although once the axons traversed this interface they grew parallel to the anisotropic 

structure of the graft. After 10 days, when the interface could not be discriminated they 

noticed less misrouting in the axons and an increase in the number of ingrowing axons 

(Figure 1.5a,b). This highlights the importance of host—graft/conduit integration for 

robust regeneration.  

Moreover, Table 1.2 highlights that NGCs created from a variety of materials 

continues to present the same problem of mis-directed growth at the proximal 

interface. This disorganisation was also noted in an empty conduit, too (Tseng et al., 

2013; Evans et al., 1991 Pettersson et al., 2010). In all cases where a graft or 

engineered tissue was used, disorganisation was greater than in the autograft. 

Infiltrating cells and neurites tend to show a higher affinity to natural materials such 

as collagen or fibrin which permit approximately 60% of the axons to reach the distal 

end. Neurites have been observed to grow along the walls of silicone conduits and this 

has been hypothesised due to a lack of permeability (Muheremu and Ao, 2015). 

Nhikilov et al., 2014 used a highly permeable PLA-PCL conduit and showed 

approximately 40% greater growth into the conduit compared to a silicone conduit. 

Pateman and colleagues (2015) manufactured 3D constructs from a photocurable 

poly(ethylene glycol) (PEG) resin. The conduits were placed into a 3 mm gap, mouse 

fibular nerve injury model and analysed after 21 days. In the PEG conduit group and 

the allograft group, a similar level of disruption and disorganised axons were 
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frequently observed at the interface between the proximal nerve ending and the 

graft/conduit. They also noticed that upon entering the graft or conduit, axons were 

less organised within the PEG conduit comparted to axons within the allograft 

(Figure1.5b,B).  
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Figure 1.5 Axonal disorganisation at the proximal nerve stump– graft/conduit interface.  
White arrows describe region of axonal disorganisation. (a) Witzel et al., (2005) described axonal 
disorganisation between a proximal nerve stump and autograft at 5 days and 10 days at 20x 
magnification. YFP+ neurons highlighted in green, laminin containing basement membrane is in red. 
(b) Pateman et al., (2015) described; Left: Interface between the proximal nerve ending and graft. 
Right: Typical graft repair (A) and implanted PEG nerve guide (B); P: Proximal stump Scale: 1.0 mm 
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Table 1.2 Summary of previous literature that describes issue at the proximal nerve and graft/conduit interface 
Conduit 
material Lumen Model (Animal, 

nerve, defect mm) 
Time, 
weeks Measurable Significant outcome Reference 

Collagen 
(NeuraGenÒ) 

Primary 
SCs Rat, sciatic, 10 8 PGP 9.5, S100 

Mis-direction of infiltrating neuronal and non-neuronal 
components was apparent in NeuraGen with primary 

Schwann cells and the empty conduit. SC migration and 
neuronal outgrowth along wall of the conduit. 

di Summa et 
al. (2014) 

Autogenous 
venous Empty Rat, sciatic, 10 8 

Verhoeff’s elastic fibre 
stain; Beilschowsky’s 

silver stain; S100 

Non-uniform axonal and SC advancement ~ 11 days after 
repair. Neurons and glial cells growing along the conduit 

wall did not reach the distal stump. 

Tseng et al. 
(2003) 

Vein graft 
Rabbit 
primary 

SCs 
Rabbit, tibial, 20 8 

Osmium and 
hematoxylin-eosin 

stains 

 

Distortion of nerve fibres at suture line. Almost no axonal 
regeneration in proximal empty nerve graft. Approximately 

twice the number of axons in proximal device with vein graft 
+ SC. Almost normal nerve architecture in autograft control 

and ~ 2.5 times greater regeneration. 

Zhang et al., 
(2002) 

Silicone tube Empty Rat, sciatic, 15 14 Neurafilament Neurites growing along conduit wall. Approximately 50% 
nerve tissue regeneration at the distal end. 

Evans et al. 
(1991) 

Fibrin Empty Rat,sciatic, 10 - Neurafilament 

Increased disorganisation at the proximal stump and fibrin 
conduit interface, with few neurites entering the conduit 

compared with autograft control. with fewer neurites 
entering proximal stump and fibrin conduit. ~60% of the 

sensory and motor neurones reached distal end. 

Pettersson et 
al. (2010) 
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Collagen SCs Rat, sciatic, 15 mm 4, 16 
Virally transfected cells 

to overexpress GFP. 
Myelinated axons 

81% less axons from proximal into middle conduit by 4 
week in Neuragen +SCs compared to 18% less axons from 

proximal to mid in reversed autograft. 

16 weeks: Neuragen + SCs, approx. 38% less from proximal 
to mid. Approx. 20% less in reversed autograft. 

Berrocal et 
al. (2013) 

Cartilage graft Empty Rat, sciatic, 10 12 b-III tubulin 

Decreased growth into conduit, with thin axons and an 
irregular myelinated sheath. Dense fibrotic tissue, non-

myelinated sections at the nerve-graft interface. Minimal 
oedema. 

Firat et al. 
(2014) 

Tendon 
autograft Empty Rat, sciatic, 10 18 

SC migration. 

Axon count 

SC migration with disorientated axon growth into proximal 
junction. Approx. 7 day delay prior to ingrowth. Large 

number of macrophages at junction, invasion of endothelial 
cells. 

Brandt et al. 
(1999) 

PGA Empty Rat, peroneal, 10 84 

Bodian staining for 
axons. Heamtoxylin-
eosin staining to asses 
reaction to the surgical 

materials 

Axons successfully regenerated through the nerve-conduit 
interface but in a less organised fashion than the autograft. 

Rosen et al., 
1989 

Collagen Empty Rat, sciatic, 5 96 
Electrophysiological 

procedures, axon 
density, axon diameter, 

Total myelinated axon count in the proximal are similar for 
autograft and NGC groups. Autograft group with greater 

fibre density. 

Archibald et 
al. 1995 
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1.1.6.2 Contact guidance cues within NGCs and engineered tissues 

In an attempt to overcome the challenge of disorganisation and limited neuronal 

ingrowth at the proximal nerve-graft/engineered tissue/conduit interface numerous 

groups have begun to use orientated guidance cues (Hoffman-Kim et al., 2010). These 

include aligned channels (Corey et al., 2007), longitudinally porous matrices 

(Lawrence and Madihally, 2008), tubes with textured lumens (Haq et al., 2006), 

aligned hydrogels (Georgiou et al., 2013) and substrate rigidity (Moore and Sheetz, 

2011).  

A well-established strategy to repair long-gap nerve defects involves the incorporation 

of aligned fibres or filaments (Daly et al., 2012). The fibres have many advantages for 

example, a high surface area-to-volume ratio and inherent stiffness has shown to 

enhance neuronal elongation, and SC migration and proliferation (Evans et al., 2018, 

Leach et al., 2007, Lopez-Fagundo et al., 2014). Natural and synthetic materials can 

be made into thin fibres for peripheral nerve repair applications in a variety of ways 

for example, wet-spinning (Wang et al., 2019a, Yang et al., 2017), dry-spinning (Peng 

et al., 2017), melt-spinning (Kim et al., 2015), gel-spinning  (Lovett et al., 2008), and 

electrospinning (Mu et al., 2014), but predominantly electrospinning and melt 

spinning have been used.  

Table 1.3 summarises the results from studies that have incorporated fibres into their 

NGCs to successfully repair critical nerve gap defects. The number of fibres varies in 

the literature, but it is evident that the number of fibres used is dependent on the size 

of the fibres. For example, where the fibre diameter is between 15 -20 µm, commonly 

1000 – 2000 fibres are used in the nerve repair device (Kim et al., 2015). In contrast, 

where the fibre size is ~ 150 µm – 200 µm then a reduced number of filaments have 

been used, e.g. Arai et al., (2000) used 7 filaments in their study. A study by Ngo et 

al., (2003) described the importance of number of fibres as well as their respective 

distribution within the NGC and the effect this has on nerve regeneration. In particular, 

they used PLLA fibres to bridge a 10 mm rat sciatic nerve gap and showed that at 

lower densities (3.75 – 7.5%) the number of myelinated axons were twice that found 

in the high fibre density groups (15-30%).  

Topographical and surface modifications have been shown to promote nerve 

regeneration over a critical gap nerve defect. Koh et al. (2010) created PLLA conduits 
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with orientated fibres and filled the lumen with bundles of PLGA fibres loaded with 

NGF to repair a 15 mm sciatic nerve injury compared to an autograft. Results were 

mixed, whereby the PLLA constructed filled with PLGA tubes led to better muscle 

reinnervation but the highest axon count was noted in the autograft at the mid-graft 

level. These results suggest that the PLLA conduit with intraluminal NGF loaded 

PLGA fibres have the potential to repair long-gap nerve defects. In another study, 

Thomson et al., (2017) highlight that micro topographical features such as parallel 

grooves (12.5 µm width x 5 µm height) can promote neuronal elongation. The effect 

of different topographical features on nerve regeneration is reviewed by Hoffman-Kim 

et al., (2010). 
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Table 1.3 Summary of previous studies using contact guidance cues to encourage neurite regeneration 
Material 

 Manufacture 
method 

Model (Animal, nerve, gap 
defect, duration) Result Reference 

Conduit Fibres, number, size 

PCL PLLA, n/a Electrospinning Rat, Sciatic nerve, 100 mm, 
28 days 

Round and symmetrical axons suggesting 
they grew along direction of the channels 

(Frost et al., 
2018) 

Chitosan PLGA, 1000, 14, µm Electrospinning Dog, sciatic, 50, 6 months 
Critical gap successful repair. Increased 

functional activity compared with hollow 
conduit, but less than autograft 

(Ding et al., 
2010) 

Chitosan PGA fibres, 2000 within a 
collagen gel, ~ 20 µm Electrospinning Dog, sciatic, 30, 6 months Similar functional recovery to the autograft (Wang et al., 

2005) 

n/a Collagen, 2000, ~ 20 µm Electrospinning Rat, sciatic, 20, 8 weeks 
Complete repair of the defect with no 

significant different in functional assay 
compared to autograft 

(Yoshii and 
Oka, 2001) 

Silk-fibroin Silk-fibroin, ~ 20 µm Melt spinning Rat, sciatic, 10 
Complete regeneration of defect with 

similar number of neurites in the distal 
device as the autograft. 

(Yang et al., 
2007) 

Collagen with 
PGA mesh 

Laminin-coated collagen, 80, 
~ 80 µm n/a Dog, peroneal, 80, 10 months 

Numerous, unmyelinated and myelinated, 
small diameters, thinner myelin sheath 

compared to undamaged nerve. 

(Matsumoto et 
al., 2000) 

Collagen Phosphate glass, ~ 1000, ~ 20 
µm Melt spinning Rat, sciatic, 10, 3 months 

Group with collagen and phosphate glass 
fibres showed increase neuronal 

regeneration compared with collagen 
construct. 

(Kim et al., 
2015) 
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Silicone 

Polyamide 
Catgut 

Polydioxanone 
Polyglactin 

Polyglactin (quickly 
absorbed) 

7 fibres, ~ 250 µm 

n/a Rat, sciatic, 8, 3 months 

All fibres resulted in functional recovery 
which was not achieved with empty 

conduit. Catgut had the highest number of 
myelinated fibres and Polyglactin (Quickly 

absorbed) had the least 

(Arai et al., 
2000) 

PLLA: Polylactic acid; PCL: Polycaprolactone; PLGA: Polylactic glycolic acid 
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1.1.6.3 Bioactive glasses for nerve repair 

A limitation of the studies described in Table 1.3 polymeric intraluminal fibres include 

slow degradation rates of the fibres which can impede and sometimes inhibit neuronal 

regeneration (Daly et al., 2012). An interesting approach involves the use of bioactive 

glasses (BGs) as bioresorbable stiff glass fibres as intraluminal structures. These have 

tuneable degradation rates, have shown biocompatibility with various tissues and can 

be drawn into fibres for use in tissue-engineering, especially for tissues with 

anisotropic structures (Jones, 2013). They can also release growth promoting ions, 

most notably for hydroxyapatite formation (Islam et al., 2017, Lapa et al., 2019). 

Moreover, their inherent stiffness especially when drawn as fibres has been useful in 

hard-tissue interface engineering, but more recently their application in soft-tissue 

engineering and interface engineering is being explored (Alsharabasy, 2018, 

Colquhoun and Tanner, 2015)  

BGs have previously been shown to be used as flexible nerve conduits for peripheral 

nerve repair (Mohamadi et al., 2018) but they can also be drawn into fibres to be used 

as intraluminal cues (Kim et al., 2015), and this is the focus of chapter 3. The use of 

BG in nerve repair and interaction with neuronal and glial cells is described in Table 

1.4. These in vitro and in vivo studies show that BGs can be incorporated with ECM 

materials for nerve repair applications, that is, PCL scaffolds and fibrin scaffolds but 

predominantly collagen scaffolds. BGs did not appear to have negative effects on the 

viability of olfactory ensheathing cells (OECs) and DRG chick neurons compared to 

culturing on the aforementioned PCL, fibrin or collagen scaffolds. In addition, chick 

embryos did not appear to extend neurite length on the BGs beyond that of the control. 

Notwithstanding, the in vivo (Table 1.4) use of BG fibres offers compelling evidence 

that BGs can encourage robust nerve regeneration (Kim et al., 2015). Furthermore, the 

study by Ahn et al., (2015) shows that the fibres can be functionalised (in this case 

with carbon nanotubes) to allow better attachment and elongation of regenerating 

neurites for functional recovery. The number of fibres varies in the literature but this 

shows that different compositions and dimensions of BG fibres are capable of 

promoting robust nerve regeneration.  
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Table 1.4 Summary of in vitro and in vivo studies using bioactive glasses in nerve repair applications 

Glass Composition, 
wt% Dimensions/Properties Matrix Conduit Model Outcome Reference 

 
In vitro 

Biosilicate® Na2O-CaO-
SiO2-P2O5 

Surface area of disc: 1 cm2 

Density: 1.59 ± 0.07 (g/cm3) 
Total porosity: 44 ± 3 % 

Macroporosity (% of pores > 
200 µm: 15±5) 

n/a n/a 

OECs were 
cultured on 
discus for 3 

weeks  

OECs were able to adhere to 
the glass discs and showed 

proliferation rates equivalent 
to that on a collagen scaffold. 

(Renno et al., 
2015) 

13-93 borate 
glass 

53 B2O3, 20 
CaO, 12 K2O, 6 
Na2O, 5 MgO, 4 

P2O5 

Rods: 50 – 200 µm 
Microfibres: 0.5 – 10 µm 

Fibrin n/a 

Chick DRG 
neurons were 
cultured on 

the fibres for 
72 h. 

Crude DRG prep results in 
decreased cell viability on 
glass rods and microfibres 

compared to a fibrin scaffold. 
Fibres guide neurites in an 

orientated manner. Promote 
neurite extension to a similar 

length as those on a fibrin 
scaffold. 

(Marquardt et al., 
2014) 

13-93 borate 
glass with 
Bioglass® 

45S5 

53 B2O3, 20 
CaO, 12 K2O, 6 
Na2O, 5 MgO, 4 

P2O5 

Dimeter: 60 ± 10 µm PCL n/a 

Chick DRG 
neurons 

cultured on 
substrates for 

72 h 

50% PCL with 50% Bioglass 
45S5 condition promoted 

longer neurotes than on PCL 
scaffold. 

(Mohammadkhah 
et al., 2015) 

 
In vivo 

Phosphate 
glass 

50 P2O5-5 Na2O-
40 CaO-5 Fe2O3 

 
~750 fibres, ~ 1000, ~ 20 µm Collagen Epineurium 

Rat sciatic 
nerve, 10 

mm gap, 3-
month repair 

Group with collagen and 
phosphate glass fibres showed 
increase neuronal regeneration 

compared with collagen 
construct. 

(Kim et al., 2015) 
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Phosphate 
glass 

50 P2O5-5 Na2O-
40 CaO-5 Fe2O3 

 
~750 fibres, ~ 1000, ~ 20 µm 

Collagen 
(Fibres 

functionalised 
with carbon 
nanotubes) 

PLDLA 

Rat sciatic 
nerve, 10 

mm gap, 3-
month repair 

Twice the number of 
SM1312+ axons were detected 

compared to PGF group but 
was less than autograft. 
Almost twice the cross-

sectional area of 
gastrocnemius in CNT-PGF 
group compared with PGF. 

(Ahn et al., 2015) 

Bioglass® 
45S5 

45 SiO2, 24.5 
CaO, 24.5 Na2O, 

P2O5 
 

10 fibres, ~15-20 µm diameter N/a Silastic 

Rat sciatic 
nerve, 5mm 

gap, 
4 weeks 
repair 

Detection of neurofilament 
+ve axons 5 mm into the distal 
stump. Equivalent regeneration 
to the autograft detected in the 

distal 

(Bunting et al., 
2005) 
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1.1.6.4 Glass manufacture and structure 

Depending on the mode of analysis glasses can either be described as supercooled 

liquids from a chemistry standpoint or as solids from the theory of elasticity. Glasses 

are part of the ceramics family and are amorphous solids formed by the rapid cooling 

of the molten mass past the crystallisation temperature and the solidification starts at 

the glass transition temperature (Figure 1.6) (Abou Neel et al., 2006).  

 

 

 

 

 

 

 

In the area between Tg and Tm the crystalline material remains solid. The amorphous 

(glassy) material however passes through a phase known as a super-cooled liquid. This 

is when the glass can be easily deformed if the applied stresses are sufficiently high 

(Lu and Liu, 2003). Typically, pre-cursor chemicals are melted to a homogenous liquid 

and rapidly cooled to a homogenous material, hence glasses are amorphous inorganic 

polymers arranged in a 3D network formed by a hybrid of covalent and ionic bonding 

(Lu and Liu, 2003). There is no periodicity and symmetry as found on a crystal, which 

gives rise to properties in thermal breakdown on heating and isotropy, although the 

network is not entirely random. Glasses are brittle as no planes of atoms slip past each 

other and there is no method to relieve intrinsic stresses other than fracture. They are 

typically good electrical and thermal insulators.  

Glass structure is composed of three key elements; glass formers, glass modifiers and 

the interaction between them (Abou Neel et al., 2006). Figure 1.7 illustrates how these 

elements all fit together. Glass formers are able to form glass by themselves, these 

include, SiO2, B2O2, GeO2, P2O5, these are the major components of the glass. Glass 

Figure 1.6 Enthalpy/specific volume of states of materials with temperature.  
Where, Tg = glass transition temperature and Tm = melting temperature. Dotted line showing the 
difference between glass and crystal. (Adapted from Roos, (2010)). 
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modifying oxides are unable to form glasses by themselves but can replace the network 

forming oxides under certain conditions. These intermediates or modifying oxides 

have the ability to alter the properties of the glass, these include; Na2O, CaO, Al2O3, 

TiO2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Schematic of glass structure with glass formers, bridging oxygens and network 
modifiers (Novajra et al., 2012). 
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1.1.7 Exploring the role of oxygen tension in modulating the efficacy of EngNT 

In the development of EngNT, the source of therapeutic cells is pertinent to creating a 

clinically useful ATMP. Previous work has shown that EngNT can be successfully 

manufactured with a variety of different stem cells as mentioned in section 1.1.5. A 

promising alternative cell source to the SCL4.1/F7 Schwann cells are human dental 

pulp stem cells (hDPSCs). These are an easily accessible source of mesenchymal stem 

cells (MSCs) that can be isolated from extracted human third molars, deciduous and 

permanent teeth. They have a high proliferative capacity and immunomodulatory 

properties and their neural crest origin enforces their therapeutic potential. They have 

been shown to express neuronal markers in their undifferentiated state and their ability 

to differentiate towards a neuronal or glial lineage has been extensively described 

(Nosrat et al., 2004). Notably, Martens and colleagues (2014) have successfully 

differentiated hDPSC towards a therapeutic Schwann cell - like phenotype. Moreover, 

in vitro functionality tests confirmed that EngNT created with differentiated-hDPSC 

(d-hDPSC) was able to promote neuronal survival and guide neurite outgrowth.  

Sanen et al., (2017) tested the efficacy of the EngNT-d-hDPSC construct to repair a 

rat sciatic nerve 15 mm defect with an allograft and empty tube as controls to assess 

regeneration. After 8 weeks, nerve regeneration and angiogenesis was evaluated by 

cryosectioning at different points along the construct and staining axons and blood 

vessels. With reference to Figure 1.8 which describes numbers of axons and blood 

vessel in the mid-part of the construct, empty tube and allograft; it is clear that neuronal 

regeneration in the construct was similar to the empty conduit. Interestingly, the 

number of blood vessels in the EngNT-d-hDPSC construct and allograft were similar 

and much higher than those in the empty tube.  

This led to the hypothesis that a hypoxic microenvironment in vivo could potentially 

alter the implanted cell phenotype such that angiogenesis, rather than neuronal 

regeneration, was promoted.  
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1.1.7.1 The role of oxygen in peripheral nerves injury  

Peripheral nerves are vascular tissues and it is well established that a key parameter 

for normal function is a continuous supply of oxygen via its intraneural vascular 

network, the vasa nervorum (section 1.1.1). A peripheral nerve transection injury 

temporarily or permanently disrupts this delicate network, ergo the critical supply of 

oxygen. These traumatic events and disruption to the vasa nervorum result in a hypoxic 

microenvironment (Lim et al., 2015). Though the exact oxygen concentrations within 

an undamaged nerve and a damaged nerve are unknown; in vivo oxygen 

concentrations range between 1-10% depending on the type of tissue (Table 1.5). Little 

is known about whether hypoxia promotes or inhibits nerve regeneration, but the 

contribution of local oxygen levels is definitely a factor that should not be ignored 

when assessing efficacy of engineered tissues or grafts (Lim et al., 2015). For example, 

some studies describe inducing hypoxia to activate injury-responsive genes (Cho et 

al., 2015), whilst others describe the loss of nerve terminals and attribute hypoxia and 

oxidative stress to neuropathic pain (Baxter et al., 2008). Interestingly, a study by 

Ullah et al. (2018) describe the use of hDPSCs to counterbalance PNI-induced 

oxidative stress. In response to acute peripheral nerve injury, novel mechanisms are 

emerging that describe adaptation to the insult to create a pro-regenerative 

microenvironment.  

 

 

Figure 1.8 Comparison of number of blood vessels and myelinated fibres in the mid-part of a 
15 mm conduits/grafts.  
Extracted from Sanen et al., 2017, wherein, EngNT-d-hDPSCs construct was used to repair a long-
gap sciatic nerve defect in a rat model.  
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Table 1.5 Summary of oxygen level in tissues  
Tissue Oxygen level (%) Author 

Brain 4.4 ± 0.3 (Meixensberger et al., 1993) 

Lung 5.6 (Le et al., 2006) 

Skin 1.1 ± 0.4 - 4.6 ± 1.1 (Wang et al., 2003) 

Intestinal tissue 7.6 ± 0.3 (Muller et al., 1995a) 

Liver 5.4 ± 0.7 (Brooks et al., 2004) 

Kidney 9.5 ± 2.6 (Muller et al., 1998) 

Muscle 3.8 ± 0.2 (Bylund-Fellenius et al., 1981) 

Bone marrow 6.4 ± 0.6 (Harrison et al., 2002) 

 

1.1.7.2 Oxygen regulation via hypoxia-inducible factor 

Oxygen homeostasis is predominantly regulated by hypoxia-inducible transcription 

factor-1 (HIF-1) (Semenza, 1998). HIF-1 is a master transcription regulator of a range 

of genes encoding pro-angiogenic factors and is composed of an oxygen-sensitive 

subunit HIF-1α and a constitutive subunit HIF-1β (Semenza, 1998). Under normoxic 

conditions, HIF-1α subunit is degraded while under hypoxic conditions degradation is 

inhibited, resulting in stabilization and accumulation of the protein (Smith et al., 2008). 

HIF-1α subunit is then translocated to the nucleus where it dimerizes with the β subunit 

and binds to hypoxia response elements of HIF-target genes, thereby activating their 

transcription (Smith et al., 2008).  

1.1.7.3 The role of oxygen in tissue engineered constructs. 

An abundant and consistent supply of oxygen throughout EngNT and other cellular 

tissue-engineered constructs is important for nourishment and removal of waste 

metabolites (Malda et al., 2004). Within the body, the distance that nutrients need to 

diffuse from a blood vessel to the cell membrane is seldom more than 100-200 µm and 

if cells are further than this distance, they will experience hypoxia (Muangsanit et al., 

2018). Several studies have noted oxygen gradients within tissue engineered 

constructs from the peripheral boundary towards the interior of the construct (Kellner 

et al., 2002, Malda et al., 2004, Ardakani et al., 2014). With an increasing cell density 

demands a higher consumption of oxygen along with increase in ECM proteins being 

produced within its pores (Jorjani and Ozturk, 1999, Kuo et al., 2011). This potentially 

hampers the diffusion of nutrients into the construct and results in the slow diffusion 
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of oxygen to cells. Furthermore, high cell densities have also been associated with 

periceullar hypoxia that induces HIF-1α (Chrastina, 2003, Sheta et al., 2001).  

1.1.7.4 Oxygen-generating biomaterials 

To address the issue of hypoxia in engineered tissue early stage research strategies 

explore the use of oxygen generating materials. The sustained release of oxygen from 

biomaterials, achieved by incorporating chemicals such as hydrogen peroxide or 

perfluorocarbons, is thoroughly reviewed by (Gholipourmalekabadi et al., 2016, 

Ashammakhi et al., 2019, Camci-Unal et al., 2013, Farris et al., 2016). The latter 

chemicals have been incorporated into hydrogels and electrospun meshes (common 

scaffolds in nerve tissue engineering), thus suggesting that there is an opportunity to 

combine these chemicals with EngNT (Wang et al., 2011, Lee et al., 2018, Alemdar, 

2018).  

The incorporation of oxygen-generating biomaterials has had direct application for 

peripheral nerve repair. Initially, Ma et al., (2013) demonstrated that Schwann cells 

cultured in fibrin hydrogels enriched with perfluorobutylineamine (PFTBA) and 

exposed to hypoxic conditions (0.5% oxygen) exhibited sustained oxygen release for 

up to 96 h. Moreover, Schwann cells within fibrin gels with PFTBA exposed to low 

oxygen condition showed higher viability in terms of metabolic activity compared with 

hydrogels without PFTBA. Importantly, the authors found almost a two-fold 

upregulation of key neurotrophic and angiogenic transcription factors, that is VEGF, 

NGF, GDNF and BDNF, compared with hydrogels stored in a hypoxic environment 

without PFTBA. This motivated an in vivo study whereby PFTBA-loaded fibrin 

hydrogels seeded with GFP+ Schwann cells delivered in a chitosan-collagen conduit 

were used to repair a 15 mm rats sciatic nerve defect. Their results revealed that GFP+ 

Schwann cells in the hydrogel showed cell survival up to 28 days. Interestingly, they 

found that the hydrogel seeded with GFP+ Schwann cells and PFTBA showed an 

equivalent number of myelinated axons at the distal stump compared with the autograft 

12 weeks after surgery. Moreover, they found an equivalent density of microvessels 

compared to the autograft. In addition, electrophysiological tests showed similar 

functional recovery to the autograft. Control groups included fibrin hydrogel with 

Schwann cells and a fibrin hydrogel with PFTBA and no Schwann cells and these 

groups showed reduced number of myelinated axons and lower density of 
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microvessels compared to the autograft and the fibrin hydrogel incorporated with 

Schwann cells and PFTBA.  

Notwithstanding, the use of oxygen generating chemicals needs to be optimised for a 

particular application since the pH of the environment and hydration can affect the 

quantity of oxygen released (Farris et al., 2016).  
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1.1.8 Nerve Guidance Conduit materials for the delivery of EngNT 

The past decade has seen a significant expansion and maturation in the development 

of engineered tissues for peripheral nerve repair (Bhangra et al., 2016). There have 

been many successful preclinical studies illustrating robust regeneration across short 

gap nerve injuries, but seldom critical gap defects (Isaacs and Browne, 2014, Paprottka 

et al., 2013). However, with ongoing engineering developments and biological 

insights, regeneration using artificial nervous system tissue is showing nerve 

regeneration across a critical gap defect using engineered neural tissues is promising 

(O'Rourke et al., 2018). These engineered tissues often serve as an internal framework 

to the NGC, whereby recent efforts depict NGCs modified with fully hydrated or 

stabilised hydrogels seeded with therapeutic cells, occasionally coupled with a cocktail 

of growth factors to encourage nerve regeneration (Rochkind and Nevo, 2014, Chato-

Astrain et al., 2018, Gonzalez-Perez et al., 2017, Georgiou et al., 2013, Georgiou et 

al., 2015, Sanen et al., 2017, Kim et al., 2013).  

While several efforts have been successful in developing engineered tissues, a 

purpose-made NGC to carry these artificial tissues to repair long-gap defects has 

remained elusive (Daly et al., 2012, de Ruiter, 2009). This can be attributed to a 

paradigm shift away from creating novel scaffolds for hollow NGCs but a rather a 

focus on intraluminal cues that have shown to improve device efficacy and encourage 

neuronal regeneration to the distal stump better than an empty conduit. Currently, 

several NGCs are commercially available and have been discussed in detail in section 

1.5.3. These commercially available NGCs are predominately suited to relatively 

small nerve defects where the gap length is less than 3 cm. In these clinical cases the 

capacity for regeneration of an NGC has ~ 70% success rate is akin to that of a nerve 

autograft (Daly et al., 2012). Nonetheless, studies using hollow NGC to repair critical 

gap nerve defects show that regeneration is poor and functional regeneration is seldom 

achieved.  

The mechanical properties of scaffolds are an important consideration for all tissue-

engineered devices. Implanted NGCs are typically exposed to a combination of 

mechanical forces including tension, compression, shear, and torsion. Hence, the 

mechanical properties of NGC materials are important and rigorous mechanical 

characterisation of potential NGC materials will be pivotal to the choice of material 
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that will be appropriate for carrying engineered tissues. From a mechanical 

engineering perspective, an ideal NGC should be similar to the mechanical properties 

of natural nerve tissue. 

1.1.8.1 Current understanding of the mechanical properties of peripheral nerve 

tissue 

Mechanical properties of peripheral nerves are commonly described in terms of stress 

and Young’s modulus (Table 1.6). There is much variability in the aforementioned 

values describing mechanical properties of peripheral nerves but also in the methods 

used for determining these values. Consequently, this leads authors to reach discordant 

conclusions regarding the underlying mechanisms that dictate hierarchical rupture of 

the peripheral nerves. Nevertheless, some similarities have been seen, for example, 

various authors have shown that the peripheral nerves exhibit viscoelastic properties 

(Wall et al., 1991, Rydevik et al., 1990, Kwan et al., 1992). Under a fixed tension 

peripheral nerves have been shown to exhibit creep whereby they elongate over time 

(Kendall et al., 1979). On the other hand, a rapid elongation can lead to a lower 

ultimate strain and a slow elongation leads to a higher ultimate strain (Wall et al., 

1991). Moreover, when stretched to a pre-determined length and the tension is 

removed the stress decreases over time (Wall et al., 1991).  

Considering a uniaxial tensile test, whereby a peripheral nerve is fixed between two 

points and stretched. With increasing strain, the nerve displays a classic characteristic 

non-linear toe-region that is noticed in soft-tissues (Robi et al., 2013). As the force 

increases the nerve is the ‘linear region’ of a force-strain graph and obeys Hooke’s law 

of elasticity, where the force is proportional to the elasticity (Haftek, 1970). This is 

agreed in the literature where several authors have depicted force-strain graph with a 

linear region up to a yield-point, after which the nerve enters the ‘plastic region’ of the 

force-strain graph (Zilic et al., 2016, Walbeehm et al., 2004, Tillett et al., 2004, Magaz 

et al., 2018, Georgeu et al., 2005, Borschel et al., 2003, Belanger et al., 2018). At this 

stage the material stops behaving like an elastic material and begins to behave like a 

viscous material; permanently deforming with an incremental strain and any 

elongation is non-recoverable.  

In the ‘plastic region’, there are permanent mechanical changes, and these have been 

described to occur in a hierarchical fashion. Tillet et al., (2004) describe the disruption 
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of the core-sheath interface, where core is pulled in one direction and the sheath in the 

opposing direction the innermost perineurial cell layer fails first. In the case where the 

internal elements of the peripheral nerve are ruptured the intact epineurium provides a 

pro-regenerative environment confining pro-neurotrophic and angiogenic factors to 

the injury site. However, if the epineurium has also ruptured, this would hamper 

regeneration and lead to a poor prognosis and require other therapies to repair the 

defect.  

Early studies on peripheral nerve mechanics are thoroughly reviewed by Sunderland 

and Bradley (1961).  The histological evidence from these studies revealed changes in 

the epineurium and endoneurium, ranging from tightening of the epineurium causing 

compression on internal structures, elongation of the funiculi in the endoneurium and 

ruptured vasculature.  

At the point the tissue or material fails, acquired data includes the ultimate tensile force 

and the ultimate strain, which can be interpolated from the force-strain graph. The 

ultimate tensile stress be calculated with a known cross-sectional area of the material. 

From Table 1.6 it is clear that the stress and/or Young’s Modulus are quoted in the 

literature, but the cross-sectional area and method of measurement are seldom 

mentioned.   

Elucidating the mechanical properties of peripheral nerves is important and helps to 

characterise potential NGC materials to find a suitable replacement material.  

1.1.8.2 Methods of measuring mechanical properties of peripheral nerves  

During the early 20th century Sir Sunderland used uniaxial tensile testing to measure 

mechanical properties such as tensile breaking force and tensile strain, describing the 

stress-strain phenomena of human peripheral nerve tissue (Sunderland and Bradley, 

1961).  Since then, numerous methods to investigate the mechanical properties of soft 

tissues have been established in the literature, including, tensile (Griffin et al., 2016), 

indentation (Griffin et al., 2016), compressive (Xiao et al., 2013), shear (Kalanovic et 

al., 2003), and three-point-bending (Murdock et al., 2018).  

Over the last century, ex vivo measurement techniques have predominately been used 

to characterise the peripheral nerves. Most notably, static uniaxial tensile testing has 
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been widely reported with varying loading and de-loading rates (Cox, 2017, Bianchi 

et al., 2019, Borschel et al., 2003, Georgeu et al., 2005, Tillett et al., 2004, Kwan et 

al., 1992). Notwithstanding, the uniaxial testing configuration can be used for 

compressive testing and like tensile testing, compressive loads can be applied statically 

or dynamically. Hydrostatic models using nondistensable balloons to compress the 

nerve were used to assess the mechanical and cellular damage of compression 

(Frieboes and Gupta, 2009). The magnitude of compressive stress on the nerve has 

been associated with sequalae of ischemia (Mackinnon, 2002, Harriman, 1977, Gao et 

al., 2013, Frieboes and Gupta, 2009).  

Atomic force microscopy is also used to provide a small compressive force on 

peripheral nerves; however this is more suitable for probing the surface of the nerve 

and mapping fibrillar make-up of peripheral nerves, rather than bulk properties (Rosso 

et al., 2017, Rosso et al., 2014, Martin et al., 2013, Heredia et al., 2007, Benzina et al., 

2013). Owing to the viscoelasticity of peripheral nerve the rheological properties of 

peripheral nerves have also been investigated (Young et al., 1996). However, this 

technique has been more widely used with hydrogels rather than peripheral nerve 

tissue (Guvendiren et al., 2012). 
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Table 1.6 Summary of commonly cited values for the mechanical properties of peripheral nerve in the literature. A literature search was performed in October 
2019 using the PubMed, the following keywords were used: ‘(bio)mechanical properties’, ‘peripheral nerve’, ‘(bio)mechanical testing’, ‘tensile’, ‘compression’.  

Nerve Testing method/ 
attachment Specimen properties Test parameters Mechanical properties Reference 

Human 
Ulnar Tensile n/a n/a BF: 6.5-15.5 N (Sunderland, 1978) 

Median Tensile n/a n/a BF: 7.3 – 22.3 N (Sunderland, 1978) 

Rabbit 

Sciatic Tensile n/a Strain rate: 10 mm/min 
UTS: 11.7 ± 0.7 MPa 
Ultimate strain: 38.5 ± 2.0 % 

(Rydevik et al., 
1990) 

Sciatic 
Compression 
(parallel plates) 

Diameter: 1.19 ± 0.1 mm  E: 41.6 ± 5.0 kPa (Ju et al., 2006) 

Sciatic Tensile/ clamped 

Gauge length: 3-4 mm 
Length: 35 mm 
CSA: 14.39 mm2 
Diameter: 2.52 ± 0.2 mm 

Strain rate: 20 mm/min 
 
 

BF: 12.09 ± 0.87 N 
UTS: 0.84 ± 0.08 MPa 
UTStrain: 60.20 ± 2.48 % 

(Mekaj et al., 2015) 

Tibial Tensile Length 17 – 167 mm Strain rate: 76 mm/min 
BF: 7-10 N 
UTStrain: 27% 

(Sunderland and 
Bradley, 1961) 

Rat 

Sciatic Tensile Diameter: 1.19 ± 0.1 mm 
Strain rate: 0.02 mm /s 
 

UTS: 3.66 ± 1.2 MPa 
E: 6.58 MPa 
UTStrain: 91±18% 
E: 12.56 MPa 

(Wong, 2005) 

Sciatic Tensile Diameter: 1.19 ± 0.1 mm Strain rate: 0.2 mm/s 
UTS: 4.72 ± 1.21 MPa 
E: 12.56 ± 4.11 MPa 
UTStrain: 77 ± 27% 

(Wong, 2005) 

Sciatic 
Tensile/ stainless 
steel sutures 4-0. 

Length: 13.72 ± 0.44 mm Strain rate: 0.11 mm/s 

BF: 2.14 ± 0.76 
UTS: 2720 ± 970 kPa 
81.0 ± 11.45 % 
E: 580 ± 150 kPa 

(Borschel et al., 
2003) 
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Sciatic In situ transverse Diameter: 1.36 mm n/a E: 116.3 kPa (Chen et al., 2010) 

Sciatic 
in situ circular 
compression 

Diameter: 1.36 mm n/a E: 973 kPa (Chen et al., 2010) 

Sciatic In situ tensile Length: 25 mm 
Strain rate: 2 mm/min 
Gauge length: 2 mm 

In situ 
UTS: 6.15 MPa 
Average strain: 41.4 % 
E: 24.2 MPa 
Relaxed: 
UTS: 7.2 MPa 
UTStrain: 29.8 
E: 29.3 

(Walbeehm et al., 
2004) 

Sciatic 

Uniaxial tensile 
9-0 sutures with 6/6 
thread, 1 mm into 
nerve 

Cross-sectional area: 2.4 mm2 
Strain rate: 0.06 mm/s 
Gauge length: 3 mm 
 

UTS: 2.6 MPa 
UTStrain: ~80% 
E: ~ 3.5 MPa 

(Belanger et al., 
2018) 

Epineurium In situ Tensile using 
sutures 

Length: 15 mm Strain rate: 10 mm/min BF: ~ 4.2 N 
UTstrain: 60% 

(Tillet et al., 2004) 

Core 
In situ Tensile, 
sutures 

Length: 15 mm Strain rate: 10 mm/min 
BF: ~ 0.65 N 
Strain: ~ 30% 

(Tillet et al., 2004) 

BF: Breaking force; UTS: Ultimate tensile strain; UTStrain: Ultimate tensile strain; E: Young’s Modulus 
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1.1.8.3 Considerations for accuracy in ex vivo peripheral nerve measurements 

Peripheral nerve tissues are viscoelastic and mechanically inhomogeneous tissues 

making analysis of the mechanical properties rather convoluted. In particular, there are 

three key points that can lead to variation in tissue. Firstly, inhomogeneity which 

extends from a cellular level to a macro level (Franze, 2013, Koser et al., 2016). 

Mechanical properties of different cell types have been reported to vary in stiffness 

and different nerve type, too. Secondly, peripheral nerves have been shown to exhibit 

local heterogeneity depending on the anatomical location of the nerve (Phillips et al., 

2005). Thirdly, peripheral nerves also consist of connective tissue layers that have 

distinct mechanical properties, namely the epineurium and the endoneurium (Myers, 

1991, Georgeu et al., 2005).  

Pre-conditioning has been used as a method to standardise ex vivo testing but has also 

been a key source of error in mechanical tests (Boudarel et al., 2018). Most commonly, 

to pre-condition samples, they have been incubated in PBS or culture media for a 

certain amount of time prior to testing (Bartlett et al., 2016). This technique has been 

used to ensure nerve samples are hydrated to the same level prior to testing but to also 

negate the issue of dehydration (Werth et al., 2016, Scionti et al., 2014). Nonetheless, 

care must be taken to avoid dehydration, or overhydration which can artificially 

manipulate the results (Shahmirzadi et al., 2013).  

Another established method involves in situ calibration of the tissue sample. In essence 

a ramp load is used to extend the nerve to its in-situ length which corresponds to its 

in-situ tension. This has been equivalent to ~10% pre-strain to ensure that testing will 

occur within the linear region (Grewal et al., 1996). Previously, authors have retained 

the in situ tension by clamping the nerve in vivo once the animal was culled (Georgeu 

et al., 2005, Tillett et al., 2004) or by marking a pre-determined length in situ using a 

dye and stretching the nerve to the original length once the sample is placed into the 

tensile testing jig (Takai et al., 2002, Phillips et al., 2004). These methods are used to 

better replicate the in situ tension exhibited by a nerve.  

The anatomical variability of native peripheral nerve tissue can also create inter-

sample variability (Phillips et al., 2004). Moreover, inter-species variation could also 

cause variation. For example, frog nerves have been shown to have different 
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anatomical properties to rat or human (Krnjevic, 1953), whereas the mechanical 

properties and structure of porcine nerves have been compared well to human nerves 

(Zilic et al., 2016).  

In previously published studies, the method of sample measurement is often 

undisclosed and readers are presented with the final calculated values of stress and 

Young’s modulus as shown in Table 1.6. In other cases, assumptions are made, for 

example, assuming the nerve is a perfect cylinder (Abrams et al., 1998, Belanger et 

al., 2018). Commonly, when calculating the cross-sectional area the diameter of the 

nerve is measured using manual or digital callipers, a photograph, or video equipment 

(Borschel et al., 2003, Grewal et al., 1996, Ju et al., 2017, Ju et al., 2006). Multiple 

measurements of the nerve tissue diameter are often taken to improve accuracy, 

although to little avail (Abrams et al., 1998). The condition of the nerve, that is whether 

it is under any tension is also an important factor to consider and will impact the 

measurement of the diameter. For example, excised nerves have been shown to retract 

and in doing so will expand as defined by its Poisson’s ratio (Franze, 2013). Therefore, 

the size of the diameter in this state will be larger than if it were maintained at its in 

situ length. Another factor that could impact results are the points of attachment 

between the sample and the jig (Ng et al., 2005). Considering a tensile test, clamps are 

often utilised to hold materials together, whereas other studies have used suture 

attachment or a combination of these.   

1.1.8.4 Mechanical properties of natural and synthetic materials for nerve repair. 

A wide variety of natural, synthetic, and hybrid biomaterials have been investigated 

for use as NGCs. Each material is used to meet the desirable properties for NGC such 

as, tensile strength, degradation, biocompatibility, to mentioned a few. Other 

properties include porosity, intra-luminal cues and the ability to sequester and offer 

controlled release of growth factors, proteins and therapeutic drugs. The corresponding 

tensile mechanical properties for NGC composed of different materials is described in 

Table 1.7.  

Natural materials have often been used as nerve guidance conduits owing to their 

innate biocompatibility with host tissues and controllable degradation rates. Previous 

work shows their mechanical properties can be tailored to strength suitable for its 

described purpose. Natural materials derived from animal tissues are largely collagen, 
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chitin and keratin and have been used to make NGCs. Vein conduits have been used 

for peripheral nerve repair, however they succumb to environmental compression and 

are prone to kinking making their use limited (Chiu and Strauch, 1990, Tang et al., 

1993). Collagen is perhaps the most established material for NGCs and has been used 

to make commercially available NGCs with patent lumens and high stiffness (Table 

1.7). Nonetheless, collagen has also been used as a soft hydrogel for nerve repair, thus 

highlighting its versatility.  

Synthetic materials allow better control of tuneable parameters, for example, 

degradation rate, intraluminal cues, and porosity (Muheremu and Ao, 2015). NGCs 

made from synthetic materials are often stiff (Table 1.7), hence well-suited at 

maintaining a patent lumen and withstanding kinking or collapse, but they do not have 

similar mechanical properties to natural nerve tissue (Clements et al., 2016). Synthetic 

materials lack the inherent biological cues found, native to natural materials and often 

have be functionalised for their purpose. 
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Table 1.7 Summary of natural, synthetic and hybrid biomaterials used for NGCs and corresponding mechanical properties. 
Material Test method Attachment Test parameters Mechanical properties Reference 
 
Natural materials 
Collagen (Type I) Uni-axial 

tensile test 

Thumbscrew caps Strain rate: 10 mm/min 

Gauge length: 10 mm 

Final displacement: 1.2 mm 

UTS: 3.5 MPa 

UBF: ~ 4.5 N 

(Yao et al., 

2010) 

Collagen (Type I) Uni-axial 

tensile test 

Clamps Strain rate: 10 mm/min 

Gauge length: 20 mm 

UTS: 1.2 MPa 

UTstrain : 61% 

(Hackett et 

al., 2010) 

Collagen (NeuraGen®) Compressive n/a - Disc  Strain rate: 6mm/min 

 

Stiffness: ~1 N/mm 

Force: ~ 1.2N 

Displacement: 1.2 mm 

(Yao et al., 

2010) 

Collagen (NeuraGen®) Uniaxial tensile 

test 

Clamps Strain rate: 10 mm/min 

Diameter: 1.8 mm  

Breaking force: ~ 6-8N 

Tensile stiffness: 2.2 MPa 

(Yao et al., 

2010) 

Chitosan Uniaxial tensile 

test 

Clamps Speed: 1 mm/min 

Gauge length: 25 mm 

Strain: 20%, 40% 60%; 0.1 N, 

0.4 N, 0.5 N. 

 

With chitosan fibres:  

20%, 40% 60%; 1 N, 2.5 N, 4.2 

N. 

 

(Wang et al., 

2007) 

Silk fibroin Uni-axial 

tensile test 

9-0 round bodies sutures 

with polyamide 6/6 thread 

1 mm from the material 

edge 

Strain rate: 0.06 m/s  

Max displacement: 4 mm 

UTS: 2.6 MPa 

E: 2.7 MPa 

(Belanger et 

al., 2017) 

Chitin Uniaxial tensile Clamps Strain rate: 4 mm / min 

Gauge: 10 mm 

Thickness 50-70 µm 

UTS: 140 MPa 

Tensile modulus: 7.9 GPa,  

UTstrain: 5.7 

(Mushi, 

2014) 
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Synthetic  
PCL Uni-axial 

tensile test 

Clamps Strain rate: 10 mm/min 

Gauge length: 20 mm 

UTS: 3.5 MPa 

UTstrain: 54% 

(Hackett et 

al, 2010) 

PLLA Uni-axial 

tensile 

Clamps Strain rate: 10 mm/min 

Gauge length: 20 mm 

UTS: 64.3 – 69.3 MPa (Weir et al., 

2004) 

PLGA  Uni-axial 

tensile 

Clamps Strain rate: 5 mm / min 

Gauge: 40 mm 

Sample thickness: Outer 

diameter: 11.0 – 11.2 mm 

Inner diameter: 9.0 – 9.3 mm 

Ultimate breaking force :70 ± 3.2 

N 

UTS: 2.23 ± 0.1 

Maximum limit strain: 14.7 ± 

1.0% 

 

(Yu et al., 

2013) 

Polyurethane Uni-axial 

tensile 

Clamps  UTS: 6.8 ± 1.14 MPa 

E: 3.54 ± 1.04 GPa 

(Salehi et al., 

2018) 

Hybrid 
PCL/Collagen Uni-axial 

tensile test 

Clamps Strain rate: 10 mm/min 

Gauge length: 20 mm 

UTS: 5 MPa 

UTstrain: 60% 

(Hackett et 

al, 2010) 

 

Epoxy/Chitin  

 

DMA, single 

cantilever 

bending mode 

 

Clamps 

 

Oscillation frequency: 1 Hz  

Scanning rate: 30X/min 

 

Storage modulus: ~2700 MPa (at 

50 °C) 

 

 

(Hackett et 

al, 2010) 

Epoxy/Chitin Uniaxial tensile 

test 

Clamps Strain rate: 1 mm/min at RT UTS: 77.1 MPa 

UTstrain: 8.27 

 

(Wang et al., 

2004) 

Poly(hydroxybutyrate)/chitosan 

 

Uniaxial tensile 

test 

Clamps Strain rate: 10 mm/min PHB: 16.2 ± 3.11, E: 202.1 ± 

97.58 

UTstrain: 7.295 ± 0.7999 

PHB/15% CTS  

UTS: 8.73 ± 3.65; E:210.18 

±90.89; UTstrain: 1.445±0.671 

(Karimi et 

al., 2018) 
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PHB/20% CTS; UTS: 2.27 ± 

0.827; E: 78.46±4.69: UTstrain: 

0.665±0.247 

PCL-Keratin/MgO Uniaxial tensile 

test 

Clamps Strain rate: 10 mm/min 

Gauge length: 6 mm 

 

UTS: 3.2 MPa 

E: 5 MPa 

UTstrain: 45% 

(Boakye et 

al., 2015) 

Poly-urethane/gelatin (nanofibrils) Uniaxial tensile 

test 

Clamps Inner dimeter: 1 mm 

Outer diameter: 3 mm  

UTS: 5.4 ± 0.98 MPa 

E: 3.13 ± 0.65 GPa 

(Salehi et al., 

2018) 

PCL: Polycaprolactone; PLLA: Polylactic acid; PLGA: polylactic glycolic acid; PHB: Polyhydroxybutyrate; UBF: Ultimate Breaking Force; UTS: Ultimate Tensile Stress; 

UTstrain: Ultimate Tensile Strain; E: Young’s Modulus 
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1.1.9 Long-term preservation of EngNT for off-the-shelf availability  

With the development of EngNT there is a critical need to focus efforts towards the 

preservation and storage of the tissue to ensure off-the-shelf availability at a time of 

need. Effective preservation of EngNT would permit global distribution of the product 

but also allow it to be banked. This is important for quality assurance and also ensures 

the product is readily available. Like most engineered tissues, the preservation of 

EngNT is also associated with a degree of complexity to maintain cell viability, 

structural integrity, and functional behaviour. Therefore, there is a need to address this 

challenge to ensure the long-term preservation of EngNT.  

Currently available FDA-approved NGCs are made from either natural or synthetic 

materials with no active cellular components. This allows for their accelerated 

commercialisation and less focus needs to be placed on storage of these inanimate 

devices. Importantly they can be stored at room temperature without specialist storage 

measures.  

1.1.9.1 Cryopreservation of peripheral nerve tissue 

Despite positive results in the literature on the preservation of neuronal and glial cells, 

the previous literature teaches that once the cells are in a tissue, they do not respond in 

the same manner compared to in suspension. Fansa et al., (2000)  preserved rat sciatic 

nerve in 10% DMSO and 90% media and the nerves were subjected to a slow-cooling 

protocol (cooled from room temperature at a rate of 4°C/min to 5°C and then at a rate 

of 2°C/min to −23°C, 10°C/min to −60°C, and 20°C/min to −141°C) and they tested 

the efficacy of the nerve as a graft by implanting the cryopreserved constructs in a 

nerve defect. Their results showed the cryopreserved nerves yielded significantly 

reduced axon counts and less myelination than the autograft control. They also showed 

that controlled rate cooling led to better regeneration than samples that were frozen in 

an uncontrolled manner.  

On the other hand, a study by Jensen et al., (1990) stored rat sciatic nerve segments in 

liquid nitrogen for three weeks before using them to repair a sciatic nerve defect. The 

results showed no difference between cryopreserved nerve segments and fresh grafts. 

Although these results may seem positive it should duly be noted that it may not be 

representative of a critical length nerve repair since a 10 mm gap was made but left to 
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recover for 8 months. Considering the long time-point and the electrophysiology data 

collected to determine the outcome, it could be argued that distal connection and 

functional recovery was inevitable. These studies show that cryopreservation media 

requires optimisation to ensure that frozen nervous system tissue has the equivalent 

efficacy to fresh nervous system tissue.  

1.1.9.2 Methods of preservation 

Tissues can predominantly be stored in three different ways; in vitro under standard 

cell culture conditions; hypothermic storage; or cryopreservation. While maintaining 

tissues in standard cell culture conditions (37 °C/ 5% CO2/95% air) can lead to good 

viability it is not a feasible option. A key disadvantage is that the living construct 

remains metabolically active thus needs to be constantly maintained for example 

media changes. This carries maintenance costs and also requires dedicated 

maintenance time, compared with freezing tissues. (Januszyk et al., 2015, 

Kapalczynska et al., 2018). In contrast, hypothermic storage and cryopreservation 

involve slowing the metabolic process down and reviving tissue post-preservation. 

Hypothermic temperature is typically between 4 °C and 10 °C whereas 

cryopreservation typically ranges from – 80 °C to -196 °C. 

The required duration of storage of the tissue construct will determine the preservation 

method. For example, for short-term preservation, hypothermic storage would be 

suitable but for long-term storage this could be harmful to the tissue construct, 

especially if preservation media is not refreshed (Bhangra, 2015). Consequently, 

cryopreservation would be the preferred option for long-term storage and banking of 

EngNT. 

1.1.9.3 Cryoprotective additives 

Cryoprotective additives (CPAs) are added to the storage media to protect the sample 

from the damaging effects of cryopreservation (Figure 1.9). CPAs can be cell-

membrane penetrating or non-penetrating (McGann, 1978) and the combination of 

these two types of CPAs should be dependent on the cell or tissue used and the choice 

of preservation method.  

Broadly speaking, non-penetrating CPAs are large molecules, for example sucrose, 

trehalose and serum. These are predominantly sugars and often not toxic to the host 
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(Best et al., 2005). On the other hand, penetrating CPAs include DMSO, glycerol, 

ethylene glycol and are often toxic to cells and tissues at room temperature but have 

far superior cryoprotective effects than non-penetrating agents. Various CPAs have 

been developed and used in a number of preservation studies that are thoroughly 

reviewed by (Best et al., 2005; Fuller, 2004; Jang et al., 2017). 

The mechanisms of action of CPAs are not fully understood but it is thought they act 

by preventing electrolyte concentrations from reaching harmful levels and, depending 

on whether they are penetrating- or non-penetrating- CPAs, they can prevent ice 

crystallisation harming the cells in the tissue. For optimal protection of a tissue, the 

sample volume, cooling rate, thawing rate and corresponding CPA concentration(s) 

should all be developed (Kuleshova et al., 2001). 

1.1.9.4 Current methods of cryopreservation  

The MRes thesis by Bhangra (2015) and peer-reviewed article by Day et al., (2017), 

describe that EngNT can be preserved in hypothermic media for 2-3 days and 

cryogenic media for up to 14 days (long-term), however the efficacy of cryopreserved 

EngNT has not been tested. Clearly, long-term preservation of EngNT requires a focus 

on cryopreservation methods.  

Currently there are two methods of cryopreservation, that is; (a) slow cooling (b) 

vitrification. Slow cooling is usually achieved by subjecting samples to controlled-rate 

cooling through the of an insulated container. Typically, by placing samples in a 

freezer (-80 °C for 24 h) before being stored in liquid nitrogen at (-196°C). 

Vitrification involves cooling the construct rapidly by placing the sample in liquid 

nitrogen vapour or directly into liquid nitrogen. Figure 1.9 illustrates the different 

cooling protocols; the slow controlled rate cooling method allows the sample to 

become a crystalline solid whereas rapidly cooled samples become amorphous. 

Previous work shows that rapidly warming the sample is less damaging than slow 

warming. 
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Table 1.8 summarises the key differences between slow cooling and vitrification. In 

particular, the post-thaw viability remains high during both freezing methods, but this 

is dependent on preserving the engineered tissue using cryopreservatives. In general, 

between 0 °C and -30 °C the enzymatic activity of cells is active but reduced, however 

below -40 °C physiological exchanges are prevented. Where a tissue is cryopreserved 

by slow cooling and the outcome is poor, such as that described by Fansa et al., (2000) 

vitrification should be explored. However, in both cases the use of cryoprotectant to 

preserve against ice crystallisation damage is pertinent. The mechanism that causes 

cryoinjury has not been clearly established, albeit inter- and intra-cellular ice 

crystallisation and osmotic imbalances has been hypothesised to cause cryoinjury 

(Mazur et al., 1972).  

 

 

 

Figure 1.9 Schematic of physical events during slow cooling and rapid cooling.  
Extracted from (Jang et al., 2017). 
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Table 1.8 Comparison between slow-freezing and vitrification 
Characteristic Slow freezing Vitrification References 

Concentration of cryoprotectant Low High (Edgar and Gook, 2012) 

Risk of freeze injury High Low (Jang et al., 2017) 

Post-thaw viability High High (Valojerdi et al., 2009) 

Risk of CPA toxicity  Low High (Best, 2015) 

Complexity Low High (Edgar and Gook, 2012) 

Thawing velocity Fast Fast (Son and Tan, 2009) 

 

Ice crystallisation has been shown to cause cellular dehydration, mechanical stress, 

and thermal stresses (Huebinger et al., 2016, Authelin et al., 2019, Zhang et al., 2014). 

Intercellular ice formation disrupts the architecture of tissues and possibly the 

function, wherein the function is reliant on the architecture (Jang et al., 2017). This is 

particularly important in the preservation anisotropic tissue such as EngNT and nerve 

tissue, but also muscle tissue. Furthermore, it disrupts the intercellular space causing 

the ice to generate mechanical stress on the cell walls (Yu et al., 2017). Intracellular 

ice formation is harmful to cells by disturbing the inner cell mechanics and organelles. 

Interestingly, the formation of intercellular ice formation has been implicated to cause 

intra-cellular ice formation (Elliott, 2013, Li et al., 2013, Muldrew and McGann, 

1990). Recent work also describes cell-cell ice propagation causing intracellular 

damage through crystallisation (Acker et al., 2001).  

The warming rate for thawing constructs should avoid CPA toxicity and minimise 

osmotic shock (Best et al., 2015). During the warming process, tissues are commonly 

affected by thermal stresses hence a uniform heating protocol is required to reduce 

these stresses (Jang et al., 2017). With reference to Figure 1.9, it is clear that an optimal 

cryopreservation media needs to be selected and the thawing and warming protocol 

should be developed for the long-term preservation of EngNT.  
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1.2 Thesis aims 
The overall aim of this thesis is to investigate the delivery and integration of EngNT 

for peripheral nerve repair. This is divided into four main objectives:  

(1) To investigate the use of glass fibres to bridge the interface between proximal 

stump and EngNT; 

 

(2) To investigate the effect of low oxygen conditions on EngNT gene expression 

and capacity to support neuronal growth; 

 

(3) To investigate potential materials that would be a suitable sheath to deliver 

EngNT in a nerve gap scenario; and 

 

(4) To investigate the effect of long-term cryogenic preservation on the viability 

and efficacy of EngNT.  

 

Broadly speaking this thesis is divided into 4 distinct results chapters. Aims (1) and 

(2), discussed in chapters 3 and 4, respectively, are focussed on the integration of the 

device, in terms of interface integration and response of EngNT to different oxygen 

levels. Aims (3) and (4), discussed in chapter 5 and 6, respectively, investigate the 

delivery of EngNT in terms of a placing the engineered tissue in a conduit that mimics 

the nerve sheath, but also with regard to the cryopreservation of a device for global 

distribution and delivery. Each chapter contains a specific set of aims and objectives 

that address the challenges outlined in section 1.1.6.  

 

Chapter 2 thoroughly describes the materials and methods that are used throughout the 

chapters in this thesis to address the aforementioned aims. Chapter 3 addresses aim (1) 

through comprehensive in vitro studies and an in vivo study to determine whether 

EngNT incorporated with PGF can promote regeneration across the damaged proximal 

stump and EngNT interface. Chapter 4 addresses aim (2) and begins by describing the 

differentiation of hDPSCs into a Schwann cell-like phenotype. The effect of low 

oxygen conditions on EngNT seeded with d-hDPSCs is assessed. In particular, cell 

viability and gene expression of key neurotrophic and angiogenic markers. In addition, 

functional assays testing the effect of low oxygen conditions on primary neurons and 
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endothelial cells is explored. Chapter 5 addresses aim (3) and provides a detailed 

characterisation of the bulk and dynamic viscoelastic mechanical properties of rat 

sciatic nerve and the nerve sheath. These values are used to benchmark potential NGC 

materials that could be used as a sheath to deliver EngNT in a critical-gap defect. 

Chapter 6 addresses aim (4) by testing a range of serum-free media at preserving 

collagen constructs seeded with Schwann cells. Furthermore, this chapter contains 

functional assays assessing the capacity of preserved EngNT to support nerite growth 

as well as fresh EngNT. After the results chapters follow a general discussion 

summarising the results of the previous studies but also providing’s insights into future 

work. In particular, the use of mathematical models as a way to accelerate the 

development of engineered tissues.   
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Chapter 2 

Materials and methods 
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2 Materials and methods 

This chapter lists the materials used in the thesis and describes the different methods 

utilised to answer the specific research questions. It also includes mention of 

underlying principles, cell culture assays and technology used in this thesis.  

2.1 Materials 
Commonly used instruments, equipment and items used in this thesis are listed in 

Table 2.1. 

Table 2.1 Instruments, model number and supplier of the equipment used within this study. 
Instrument Model Supplier 

Bijou 5 mL Scientific Laboratory supplies 

Bose tensile testing machine Electroforce 3200 Bose 

Centrifuge Heraeus Megafuge 16 Thermo Scientific  

Class II laminar flow cabinet Platinum SF Biosafety cabinet Kojair 

CO2 incubator Heracell 150i Thermo Scientific 

Confocal microscope Zeiss LSM 710 Carl Zeiss 

Cryostat HM525 NX Thermo Scientific 

Dissecting microscopes   

 Leica S6E Leica Microsystems 

 Olympus SZ40 Olympus 

Falcon tubes 15 and 50 mL Scientific Laboratory Supplies 

Freezer (-20°C) TS50152 LEC 

Freezer (-80°C) Ultralow upright freezer VWR 

Fridge (4°C) TL55144 LEC 

Haemocytometer Neubauer Hawksley 

Hydrophobic barrier pen H-000 Vector Laboratories 

Hypodermic needle 0.6 x 30 mm BD Microlance 

Light Microscope BX51 Olympus, UK 

Manual pipettes Gilson P10 – P1000 Anachem 

Microsurgical forceps TAAB Type 4 R.A. Lamb 

Mr Frosty™ 12-unit holder Thermo Scientific 

Parafilm PM-992 Pechiney Plastic Packaging 

Petri dishes 35 mm Greiner bio 

Pipette buoy S1 Thermo Scientific 

Plates 6-, 12-, 24-, 48-, 96-well plates Greiner bio-one 

Plate reader  FLX800 Biotek 
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Polyethylene embedding 
mould 

E080 16 mm x 8 mm TAAB 

Scalpel blade Size: No. 22 and 10 Fisher Scientific 

Sterile syringe filter 0.22 µm Millex GP 

Serological pipette 5 mL, 10 mL, 25 mL, 50 mL Sarstedt 

Superfrost® Plus Adhesion slides: J1800AMNZ Thermo Scientific  

Tissue culture flasks 25, 75, 150 and 175 cm2 Thermo Fisher Scientific Ltd 

Universals 25 ml Scientific Laboratory Supplies 

Ultraviolet light 350 nm Bonmay 

Vortex LP Vortex Mixer Fisher Scientific 

Water bath Precision GP 28 Thermo Scientific 

 

The chemicals/reagents and their respective suppliers used in this study as listed in 

Table 2.2. 

Table 2.2 Chemicals/reagents and their suppliers used in this study. 
Chemical/Reagent Supplier 

Collagen (bovine) Native I Koken 

Collagenase  Sigma-Aldrich 

Hoechst  Sigma-Aldrich 

Dimethylsulfoxide (DMSO) Sigma-Aldrich 

Dulbecco’s modified Eagle’s media  

D6429 

M4526 

Sigma-Aldrich 

Endothelial Growth Medium Sigma-Aldrich 

Calcium carbonate Sigma-Aldrich 

Sodium dihydrogen Sigma-Aldrich 

Recombinant Human Neuregulin (HRG -1) Peprotech  

Recombinant human PDGF-AA Peprotech 

Brain Derived Neurotropic Factor Peprotech 

Foetal Bovine Serum Sigma-Aldrich 

Forskolin Peprotech 

Transretinoic acid Sigma-Aldrich 

Heptacosafluorotributylamine (HFTBA) Sigma-Aldrich 

Methanol Sigma-Aldrich 

Poly vinylpyrrolidone Sigma-Aldrich 

Poly propylene glycol  Sigma-Aldrich 

Phosphate buffered saline  Sigma-Aldrich 

L-glutamine Sigma-Aldrich 
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Poly-L-lysine (0.1 mg/ml) Sigma-Aldrich 

Sodium hydroxide Sigma-Aldrich 

Triton X-100 Sigma-Aldrich 

Trypsin ethyl aenediaminetetraacetic Sigma-Aldrich 

Trypan Blue Sigma-Aldrich 

 

Typically used solutions used in this study and their respective composition is 

described in Table 2.3 

Table 2.3 Composition of commonly used solutions 
Solution Composition 

100 U/mL penicillin and 100 µg/mL 
streptomycin (P/S) 

1% v/v dilution of 100 X proprietary penicillin 
(100U/ml), streptomycin (100 µg/ mL)  

 

Phosphate buffered saline (PBS) 1 X stock 
solution 

 

5 PBS tablets dissolved in 1 L of ddH2O, pH 7.6 

Complete culture media Either, DMEM 6429 or Endothelial Growth 
Medium with 10% FBS and 1% P/S 

DMEM M4526 with 10% FBS, 1% P/S and 1% 
L-glutamine 

 

Antibodies used in this thesis and their corresponding dilutions are described in Table 

2.4. 

Table 2.4 Summary of antibodies, dilutions (in PBS) and supplier used for immunostaining 
samples  

Primary antibody Species Dilution Secondary antibody Supplier 

S100 Rabbit 1:400 Anti-rabbit 488 Sigma-Aldrich 

βIII-tubulin Mouse 1:400 Anti-mouse 549 Sigma-Aldrich 

βIII-tubulin Rabbit 1:400 Anti-rabbit 549 Sigma-Aldrich 

Neurofilament Mouse 1:300 Anti-mouse 549 Eurogentec SMI-35-050  

Laminin Rabbit 1:100 Anti-rabbit 488 Sigma-Aldrich 

P75 Mouse 1:500 Anti-mouse 488 Millipore 

Nestin Mouse 1:500 Anti-mouse 488 Millipore 

CD29 Rabbit 1:200 Anti-rabbit 488 Abcam 
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2.2 Cell culture 

2.2.1 In vitro cell culture environment 

Cells were maintained in a humidified cell culture incubator at 37°C in 5% CO2 and 

95% air, unless stated otherwise. Cells were cultured in flasks with gas-permeable caps 

with a surface area of 75 cm2, 150 cm2 or 175 cm2 in 10 mL, 20 mL and 30 mL of 

media, respectively.  

2.2.2 Rat Schwann cell line (SCL 4.1/F7) 

The rat Schwann cell line, SCL 4.1/F7 were acquired from Sigma Aldrich. This is a 

robust cell that was derived from neonatal Wistar rat Schwann cells (Haynes et al., 

1994). The SCL 4.1/F7 cells are adherent and have a flattened morphology or crescent 

shape and show positive staining for S-100 GFAP, O4 and galC (Haynes et al., 1994). 

The cells were obtained from frozen stocks which ensured a reliable supply and 

reproducibility of experiments. These cells were used as a baseline cell line to build 

on work involving the development of EngNT.  

Cells were cultured in DMEM 6429 media supplemented with 10% (v/v) FBS and 100 

U/mL penicillin and 100 µg/mL streptomycin on standard tissue culture plastic that 

did not require a protein coating. Media was replaced every 2-4 days. Cells were 

passaged when they reached between 70-80% confluency (observed under a light 

microscope), at which point they were sub-cultured or used for experiments. The cells 

were used between passage 2 and 30.  

2.2.2.1 Sub-culturing cells 

 
In brief, to sub-culture the cells, spent culture media was removed and discarded. the 

flask was washed with PBS following trypsinisation with 0.25% trypsin EDTA 

solution for 5 minutes in an incubator (37 °C/5% CO2). The cells were checked under 

a light microscope to ensure the cells had detached. To inactivate trypsin, DMEM 

(with serum and P/S) was added to the flask with a volume that was twice that of 

trypsin. Cells were centrifuged for 5 minutes at 400 x g that resulted in the formation 

of a cell pellet at the bottom of the universal tube. The supernatant was aspirated and 

discarded, and the cell pellet triturated with an appropriate amount of media. 
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Following this the cells were counted using a haemocytometer and placed into another 

flask for cell expansion or used for experiments.  

2.2.3 Human Umbilical vein endothelial cells (HUVECs) 

Endothelial cells acquired from Sigma Aldrich were derived from the endothelium of 

a human umbilical cord and were used for in vitro experiments. The cells are adherent 

and have a cobblestone morphology and show positive staining for markers such as 

CD-31. Their successful isolation, in vitro culture and propagation as a robust in vitro 

model was described thoroughly by Jaffe and colleagues (Jaffe et al., 1974, Jaffe et 

al., 1976, Jiménez et al., 2013).  

HUVECs were used between passage 1 and 9 for experiments and were cultured on 

standard tissue culture plastic without requiring a protein coating. The cells were split 

in the same manner as described in section 2.2.2.1, however Endothelial Growth 

Medium supplemented with FBS and P/S was used instead of supplemented DMEM 

D6429. 

2.2.4 NG108-15 

NG108-15 cells were acquired from Sigma Aldrich. This cell line has been widely 

used in in vitro studies and has been shown to be a robust tool for investigating 

neuronal development and differentiation. This made it an appropriate source to use to 

conduct initial toxicity tests. The NG108-15 is a neuronal cell line derived from 

rat/mouse hybrid whereby a mouse neuroblastoma clone (NG8TG-2) was fused with 

rat glioma clone (C6 BV-1). These are adherent cells that were used between passage 

8 and 15. Cells were sub-cultured as described in section 1.2.1. To permit neurites to 

extend from the NG108-15 cells they were cultured in serum-free DMEM D6429 since 

certain serum factors have been known to induce neurite retraction in NG108-15 cells 

(Ghahary et al., 1989).  

2.2.5 Primary Dorsal Root Ganglia 

The experimental models used in this work included the use of sensory neurons from 

rat dorsal root ganglia (DRG). These are formed during development and originate 

from neural crest cells which migrate out from the dorsal neural tube to the DRG.  

(Marmigere and Ernfors, 2007). DRG neurons bifurcate within the ganglion into a 
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peripheral and central axonal branch, conferring on them their pseudo-unipolar 

morphology. The DRG neurons are supported by two types of glial cell, namely, 

satellite glial cells and Schwann cells. Furthermore, fibroblasts, endothelial cells and 

immune cells such as macrophages are populations of other non-neuronal cells 

associated with DRG (Huang et al., 2013). DRG neurons are responsible for various 

sensory modalities including thermoception, nociception, mechanoreception and 

proprioception (Liu and Ma, 2011). They make an ideal source of neurons for in vitro 

studies owing to their generally successful regenerative response following axotomy 

coupled with the fact they are an easily harvested primary source of neurons.  

2.2.5.1 Dorsal root ganglion extraction and isolation 

DRG neurons were obtained from adult Sprague Dawley rats where they are located 

adjacent to the vertebrae. The rats were culled according to Schedule 1 of the UK 

Home Office Animal Act 1986. For this work, animals were culled by CO2 

asphyxiation followed by confirmation of permanent cessation of the circulation as 

secondary procedure to declare the animal deceased. The rat was placed in a prostrate 

position on a work bench. The fur was doused with water and an incision was made 

from the back of the head to the beginning of the tail. A scalpel blade (No. 22) was 

used to make two incisions on either side of the vertebrae at approximately the level 

of S1. Using each incision as an entry point, scissors were used to cut along the 

vertebrae through the abdominal walls and ribs, up to the back of the head. Once both 

sides were cut on either side of the vertebrae lateral incisions of the spine were made 

at S1 level and at the back of the head, above C1.The spines was held with forceps on 

the posterior end and gently lifted away from the body while scissors were used to cut 

away any appendages holding the spine in place. The spinal column was removed and 

place into a universal tube filled with DMEM supplemented with P/S and kept on ice 

(4°C).  

To expose the spinal cord and gain access to the DRG, surrounding soft tissues were 

cut away from the spinal column. Once cleared the spinal column was cut into two 

parts in the transverse plane. The proximal spinal cord was operated first then followed 

by the distal column. Each part was cut in the sagittal plane into two equal halves along 

the midline. The hemi segments were placed with the medial side up with spinal cord 

facing up. The spinal cord was pushed out of the column to reveal the DRG and 

associated roots in the intervertebral foramen. Using the Olympus SZ40 dissecting 
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microscope with Volpi, Intralux® 6000 optical fibre light source individual ganglia 

were carefully extricated by placing forceps into the intervertebral foramen and pulling 

the DRG out from its roots without touching the DRG bulb. The DRG were removed 

and placed into a universal tube containing DMEM supplemented with P/S. 

Approximately 20-25 DRG were collected from the thoracic and lumbar regions of 

each animal. If DRG explants were going to be used as the experimental source, then 

they were placed in DMEM medium supplemented with FBS and P/S. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To attain a population of dissociated DRG the ganglia were transferred to a 7 mL bijou 

tube and incubated at 37 ºC for 90 minutes in 2.5 mL 0.125% collagenase type IV that 

was prepared in serum-free DMEM media supplemented with P/S solution. The 

collagenase-treated explants were mechanically dissociated by trituration with a 1 mL 

Gilson pipette. Collagenase was thoroughly removed by centrifuging twice with 10 

mL of DMEM supplemented with FBS and P/S at 400 x g for 5 minutes then 

resuspending the cells in volume of media required for the experiment.  

Spinal cord 
βIII-tubulin 

Dorsal root 
Dorsal root ganglion Dorsal horn 

White matter 

Ventral root 
Grey matter Ventral horn 

To the periphery 

βIII-tubulin 

(a) (b) (c) 

(d) (e) (f) 

Figure 2.1 DRG explant and dissociated neuron derivation  
(a) Transverse section of the spinal column illustrated in red the clusters of DRG are located in the 
dorsal roots (b) Rats possess 8 cervical, 13 thoracic, 5/6 lumbar and 4 sacral DRG pairs. (c) 
Representative image of cutting of spinal column into two equal halves (d) For each hemi-segment, 
the spinal cord was pushed aside to reveal the intervertebral foramen housing the DRG (white 
arrows). (e) Immunostained explant showing large numbers of neurites clustered within the explant 
(f) Dissociated DRG cultured on a coverslip coated with PDL extending neurites. Scale (e) and (f) = 
100 µm. 
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2.2.6 Human Dental Pulp Stem cells (hDPSC) 

HDPSCs are an easily accessible source of mesenchymal stem cells that have shown 

neuro-regenerative and angiogenic potential (Bronckaers et al., 2013, Luo et al., 2018, 

Ratajczak et al., 2016). These ectoderm-derived stem cells originate from migrating 

neural crest cells that are capable of inducing axonal outgrowth (Zhu et al., 2018). 

Recently,  studies have shown that they can be differentiated into Schwann cell-like 

phenotype or neurons, thus making them a promising candidate for the repair of  

peripheral nerve injuries (Goorha and Reiter, 2017, Martens et al., 2014). 

2.2.6.1 Isolation of hDPSCs 

 
Human dental pulps were isolated from third molars of patients undergoing routine 

extraction for orthodontic reasons. Patients were both male and female aged 18 to 24 

years (n = 3; average age = 21 years). Ethics was approved by Medical Ethical 

Committee of the Hasselt University (Belgium)(13/0104u) and all patient’s provided 

informed consent. The method is described in previous publications (Gervois et al., 

2015, Struys et al., 2011).  

In brief, immediately following extraction, the teeth were mechanically fractured, and 

the pulp tissue removed with forceps. Tissue was collected in BME supplemented with 

heat-inactivated 10% FBS, 2 mM L-glutamine, 50 µg/mL ascorbic acid, 1% P/S, and 

0.2% F, and then transferred to the laboratory for cell isolation. After washing in the 

same medium to remove any contaminating blood, the pulp tissue was minced into 

small fragments (1–2 mm3). These explants were transferred to 6-well plates 

containing the same medium as described above. The explants were left undisturbed 

for 14 days to allow the migration of cells from the explants.  Cells were cultured in 

standard culture conditions mentioned in section 1.2.2.1. Medium was changed every 

2 days. Following 14 days culture the explants were discarded from the culture dish 

and the resulting population was refed every 2 days until reaching ~80% confluency 

the cells were either used for experimentation or cryopreserved for future use. All cell 

culture surfaces, namely well plates and flasks were coated in in poly-l-lysine (PLL) 

0.1 mg/mL. 

 



 97 

 

2.2.6.2 Differentiated human dental pulp stem cells (d-hDPSCs) 

 
At passage 2–3, the differentiation of hDPSCs was induced by changing the medium 

to standard culture medium without FBS containing 1 mM β-mercaptoethanol (BME) 

for 24 h. Subsequently cells were incubated in standard culture medium supplemented 

with 35 ng/mL all trans-retinoic acid (RA). After 72 h, medium was changed to 

standard culture medium supplemented with 5 μM forskolin, 10 ng/mL basic fibroblast 

growth factor (b-FGF), 5 ng/mL platelet-derived growth factor AA (PDGF -AA), and 

200 ng/mL heregulin-β-1 (NRG). The cells were cultured in this supplemented 

medium for three weeks with medium changes every 2–3 days. hDPSCs differentiated 

toward Schwann-like cells are henceforth referred to as d-hDPSCs. Both hDPSCs and 

d-hDPSCs were grown at 37°C in a humidified atmosphere with 5% CO2. 

2.2.6.3 hDPSC and d-hDPSC culture 

 
After reaching 70–80% confluency, the cells were harvested using 0.05% trypsin 

EDTA. Standard DMEM cell culture media with FBS, L-glutamine and P/S was used 

to inactive trypsin. Cells were centrifuged at 300 x g for 6 minutes and seeded at a 

density of 2x103 cells.cm-2 for expansion. The health of the expanding cells and 

experimental groups was regularly checked via a phase-contrast microscope. All 

experiments were conducted with h-DPSCs and d-hDPSCs between passages 2 and 9.  

2.2.7 Cell seeding considerations 

To determine the appropriate number of cells for a seeding density, once cells are 

centrifuged, they were resuspended in a known amount of media and counted using a 

Neubauer haemocytometer (Figure 2.2) and trypan blue dye exclusion assay. In 

essence, the trypan blue will permeate any cells that have compromised membranes. 

and this would be counted as dead are now stained in blue. Live cells have an intact 

cell membrane and remain transparent under the light microscope. The 

haemocytometer is a square that has a depth of 0.1 mm and is subdivided into 9 parts, 

each with a 1 mm2 surface area. In all experiments, 10 µL of the resuspended cell 

mixture was collected and subsequently pipetted under the coverslip of the 

haemocytometer.  
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2.3 Development of phosphate glass fibres; in vitro study 

2.3.1 Chemical equations and compositional calculations 

The glass composition used in this thesis was: 

50 P2O5 – 40 CaO – 5 Na2O - 5 Fe2O3 mol % 

The precursor chemicals used in the preparation of this glass composition were 

NaH2PO4, CaCO3, P2O5 and Fe2O3, as described in Table 2.5. In order to calculate the 

weight of each precursor chemical, the molecular weights of the products produced by 

the reaction of the chemicals was determined. These values were subsequently divided 

by the precursor chemical molecular weight to establish the true chemical weight 

needed to achieve the aforementioned glass structure of that molarity.  

	 
Glass cover slip 

Glass cover 
mounting support 

Counting chamber 

Side view 

Arial view 

0.1 mm depth 

Inclusion line 

Exclusion line 

1 mm 

1 mm 

Figure 2.2 Side view and aerial view of a Neubauer Haemocytometer.  
Cell inclusion and exclusion lines shown in green and red, respectively. Image not to scale. 
 



 99 

Table 2.5 Precursor chemicals used for phosphate glass fibre composition with their respective 
chemical grade and supplier 

Raw materials Chemical grade Supplier 

Sodium di-hydrogen phosphate (NaH2O4) ≥98% GPR VWR, UK 

Calcium carbonate (CaCO3) ≥99% GPR VWR, UK 

Di-phosphorus pentoxide (P2O5) ≥98% Analar VWR, UK 

Iron (III) oxide (Fe2O3) ≥98% Metal basis VWR, UK 

 
To obtain a glass composition containing 0.05 Na2O mol, the required mass of 

NaH2PO4 would be as follows; 

0.05 x 62 x (240/62) = 12 g of NaH2PO4 

However, the complete combustion of NaH2PO4 (Table 2.6) also produces P2O5 as one 

of its breakdown products hence, 

(12 x (142/240)) = 7.1 g of P2O5 is produced 

Table 2.6 Decomposition of NaH2PO4 with Na2O, P2O5 and 2H2O as products.  

 
Precursor Released components 

NaH2PO4 Na2O P2O5 2H2O 

Molecular weight 240 62 142 36 

Component precursor percentage - 25.8 % 59.2 % 15.0 % 

Contributing mass 12 g 3.1 g 7.1 g 1.8 g 

 

To account for this production, this amount would be subtracted from the required 

amount of P2O5. The amount of P2O5 should always be determined after calculating 

the amount of NaH2PO4. The glass composition contained 0.5 P2O5 hence the required 

amount of P2O5 would be, (0.5 x 142) = 71 g of P2O5. Hence, the amount to be added 

to the composition would be,  

(71 – 7.1) = 63.9 g of P2O5 

Similarly, to obtain a 0.4 CaO composition, the required amount of CaCO3 would be 

40 g (100 x 0.4); this was due to CaCO3 having a molecular weight of 100. CaCO3 has 

two decomposition products, namely, CaO and CO2. The mole fraction of CaO was 

kept constant for all glass composition investigated; therefore, the amount of CaCO3 

used was the same (Table 2.7).  
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Table 2.7 Decomposition of CaCO3 with CaO and CO2 products. 

 
Precursor Released Components 

CaCO3 CaO CO2 

Molecular weight 100 56 44 

Component precursor percentage - 56.0 % 44.0 % 

Contributing mass 40 g 22.4 g 17.6 g 

 

Ferric oxide (Fe2O3) was used to obtain the iron constituent although it is difficult to 

predict its combustion reaction products due to the oxidation state. Ferric oxide has a 

molecular weight of 159.69 g.mol-1, by multiplying this with the mol fraction we 

achieve a value of iron of 7.9 g. The resulting bulk glass formulation was; 50 P2O5 – 

40 CaO – 5 Na2O - 5 Fe2O3 mol %. 

2.3.2 Bulk glass preparation 

The precursor chemicals used for the preparation of the phosphate glass used in this 

study were weighed and thoroughly mixed. Following this they were placed into a 

platinum/10% rhodium crucible (Type 71040, Johnson Matthey, UK). The crucible 

was placed into a pre-heated furnace (Carbolite, model RHF 1500, UK) at 700°C for 

30 mins followed by 1100°C for 60 mins. 

At this melting point, the precursor chemicals are in a molten homogenous state and 

form a viscous liquid. The molten glass was removed from the crucible and poured 

onto a stainless-steel plate and left to rapidly cool at room temperature before being 

stored in a sealable plastic bag at room temperature.  
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2.3.3 Glass fibre production 

Glass fibres were produced continuously using a melt-spinning method as described 

by (Ahmed et al., 2004c). Using a custom-built fibre rig as depicted in Figure 2.3a,b. 

The apparatus consists on a loading furnace (Lenton, UK) with a Pt/10% Rh crucible 

containing a 15 mm long tip with a 1 mm diameter aperture (Figure 2.3c). Below the 

furnace is a drum connected to a servo-motor which controlled the speed of fibre 

pulling. 

As described in section 2.3.2, the molten glass was poured onto a stainless-steel plate 

and left to cool rapidly as room temperature. The solidified glass was placed in a 

Lenton furnace crucible and left to melt and homogenise at 1000°C. A meniscus of 

glass appeared at the bushing tip and the temperature was accordingly adjusted to 

achieve a viscosity that would allow the fibre to be drawn from the tip on to the rotating 

drum (Radius = 15.9 cm) (Figure 2.3c,d). An alumina rod was used to draw the melted 

glass on to the drum, which proceeded to pull the glass into a continuous fibre around 

the drum.  

The drum speed was changed to produce fibres with different diameters although. 

However, less revolutions per minute would produce fibres with larger diameters and 

a greater number of revolutions per minute would produce fibres of thinner diameters. 

The fibres were removed from the drum and stored in a sealed plastic bag.  

2.3.3.1 Glass fibre diameter measurements 

 
Fibres were laid on to titanium stubs and fibre diameter measurements were obtained 

by SEM. An average of 50 fibres were used to make measurements for each drum 

speed (400, 800 and 1200 rpm). SEM images were processed on ImageJ where the 

width of a fibre represented the diameter. Each fibre was measured in fields of view, 

and three measurements of each fibre were taken in each field of view.  
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Figure 2.3 PGF production using melt-spinning.  
(a) Custom-built melt spinning machine (b) Crucible and rotating drum collecting glass fibres. Axis on 
bottom left show x, y and z – axis. (c) Crucible with 1 mm bush. (d) Rotating drum with fibres with 
equal spacing (40 µm). Axis on bottom left show x, y and z – axis. (e) Collection of aligned PGF with 
equal spacing on A4 paper.  
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2.3.4 Creating phosphate glass fibre mesh with equal spacing 

To create a phosphate glass fibre mesh it was essential to arrange the fibres in a 

consistent and uniform manner. This method allowed standardisation of the 

manufacturing protocol. The custom-built fibre rig allowed the drum to 

simultaneously move rotationally and forward and backwards in the z-plane (Figure 

2.3a). The rotating drum was mounted on a moveable plate, which was connected 

directly to a step motor with a driving shaft. The step motor was controlled with a 

sweep-function generator which would be set at particular frequency using an 

oscilloscope (Figure 2.3a). The shift of the drum at a particular frequency and 

rotational speed was determined by the following equation: 

v	= d+s
k(103)

 

Where, v is the drum movement in the z-plane, d is the fibre diameter value (µm); s is 

the distance between two adjacent fibres (µm); and k is the drum rotational frequency 

(r/min). In this thesis the drum rotational frequency was 800 r/min and the generated 

fibre diameter was ~ 15 µm with a desired gap of 40 µm for every rotation of the drum. 

This can be achieved by a z-plane shift value of 44 mm; 

 v = 15+40
(800)(103)

 = 44 mm 

Accordingly, the stepper motor frequency was adjusted to 0.275 Hz; 

Frequency =	 (44)(1)
160  = 0.275	Hz 

 The fibre configuration was carefully transferred using adhesive tape onto A4 paper 

(Figure 2.3d, e). 
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2.4 Collection of conditioned media 

2.4.1 PGF conditioned media 

PGF conditioned media was collected following 24 hours of incubating 500 mg of 

PGF in DMEM media supplemented with FBS and P/S at 37 °C/5% CO2 and 95% air.  

2.4.2 hDPSC and d-hDPSC conditioned media 

hDPSCs and d-hDPSCs were seeded at a cell density of 50,000 cells/cm2 in either 

standard hDPSC culture medium or culture media supplemented with growth factors. 

Cells were subjected to various three oxygen concentrations (1%, 3% and 16%) and 

time points (24 h and 48 h). After incubation, conditioned media was collected and 

stored at -20°C. Furthermore, conditioned medium from d-hDPSCs was collected as 

described above and stored at -20°C.  

2.5 Collagen hydrogels for tissue culture 
Bovine collagen hydrogels were synthesised in custom-made tethered moulds as 

described previously by Georgiou et al., (2013), using a protocol modified from Day 

et al. (2017). All gels were made on frozen ice packs to provide a working surface 

temperature of 4 °C. Briefly, to prepare a 1 mL solution of bovine collagen hydrogel, 

533 µL volumes of type I bovine collagen (3 mg/mL) was placed into a pre-cooled 

universal. Following this, 266 µL volumes of hydrochloric acid (10 mM) was added 

to the collagen to ensure an overall working concentration of 2 mg/mL. Then, 100 µL 

of buffering agent 10X MEM was added to the mixture. The mixture was neutralised 

using sodium hydroxide solution (1:100) to its addition to the cell suspension. 

Meanwhile, sterile Polyether Ether Ketone (PEEK) moulds were placed into a 6-well 

plate and cells (or not for acellular gels, in which case only media would be used) were 

suspended in 97.1 µL volume of their respective media. Depending on the application, 

different cell suspension was used as shown in Table 2.8. Each of the solutions 

contents were swirled in the universal whenever a chemical was added to ensure the 

gel mixed well. Pre-mixed solutions were added to either a PEEK tethered mould or 

24-well plate depending on the hydrogel’s experimental application. The fully 

hydrated hydrogels were incubated for 15 minutes at 37 °C and 5% CO2 to allow the 

hydrogels to set.  
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2.5.1 Engineered Neural Tissue construction 

2.5.1.1 Tethered moulds 

To manufacture EngNT, 400 µL of the cell-gel mixture mentioned in section 2.5 was 

added to each mould and integrated with the tethering bars at opposite ends. For 

isotropic gels, either 400 µL of acellular bovine collagen hydrogel is placed into a 

tethered mould to provide an acellular control or in a different experimental context 

1000 µL would be placed into a well of a 24-well plate. All gels set at 37 °C and 5% 

CO2 in a cell culture incubator for 15 min. 

Tethered gels were immersed in culture medium and incubated (37°C/5% CO2) for 24 

h to allow the collagen hydrogel to contract via cell-generated integrin mediated 

forces.  

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) 

(d) 

(e) (f) 

Figure 2.4 Schematic of EngNT manufacture.  
Place the tethered insert into the mould (a). The cellular collagen gel is cast into the rectangular mould 
and tethered at each end to tethering bars and the cells attach to the ECM. The mould is surrounded with 
media to allow the gel to contract via cell-generated integrin-mediated forces (b). After 24 h incubation 
the cells aligned in the mould in the longitudinal axis (c) the contraction is shown by the red arrows in 
(d). The fully hydrated hydrogel was stablised by a RAFT™ absorber (in this case) for 15 min (e). The 
stabilised gel is pictured in (f) and used for in vitro and in vivo experimentation.  
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Table 2.8 Summary of types of hydrogels fabricated and corresponding cell number used with 
their respective volumes for particular moulds. 

2.5.1.2 Plastic compression 

Aligned fully hydrated gels were stabilised by plastic compression to remove much of 

the interstitial fluid and retain the aligned architecture of the collagen and cells as 

described previously by Georgiou et al. (2013). Two types of absorbers have been used 

throughout this thesis; (1) RAFT™ absorbers (for 24-well and 96-well plate) (Figure 

2.5a, d) and (2) self-made filter paper absorbers (for 24-well plate) (Figure 2.5 b, c). 

The type of absorber used was not varied between experiments to ensure consistency 

throughout data sets. RAFT™ absorbers took 15 min to stabilise a gel, whereas the 

self-made filter paper absorbers took 5 min and led to similar percentage of live cells 

after dehydration with each absorber (Appendix: section 8.1). Following stabilisation, 

the sheets of EngNT were transferred directly to a well-plate and immersed in culture 

medium for in vitro experiments.  

 

 

 

 

 

 

Hydrogel, cell Cell 
numbers Volume, µL Mould 

Anisotropic (EngNT) 
SCL 4.1/F7 
 

4 x 106 400 PEEK tethered mould 

Isotropic gels 
SCL 4.1/F7 
SCL 4.1/F7 
 

2 x 106 

1 x 106 
1000 
1000 

 
24-well plate 
24-well plate 
 

SCL 4.1 F7 0.01 x 106 100 96-well plate 

hDPSC and d-hDPSC 
Acellular 

1 x 106 

0 

1000 
400 or 1000 (depending 
on context) 

24-well- plate 
PEEK tethered mould or 
24-well plate 

(a) (c) (b) (d) 

Figure 2.5 Absorbing systems used for the creation of 3D stabilized collagen constructs.  
(a) RAFT™ 24-well plate absorbers, length: 2.50 cm Top diameter: 1.85 cm; Bottom dimeter: 1.50 cm 
(a) RAFT™ system or (b) filter paper system where length: 3.5 cm, top and bottom dimeter = 1.5 cm (c) 
shows the concentric circles formed by layers of filter paper. (d) 96-well plate RAFT™ absorber, length: 
2.40 cm, top diameter: 0.75 cm; bottom dimeter 0.60 mm. 
 

(d) 
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2.5.1.3 Self-made filter paper absorber manufacture  

Filter paper was placed on a custom-made rig (Figure 2.6). Once the paper was set the 

filter paper was arranged in the machine the machine was rotated for 16 s to create 

consequently rolled sheets of filter paper. The rolled paper was removed from the 

machine and autoclave tape was placed around the loose end to prevent it unwrapping. 

The filter paper was then autoclaved prior to use for experimentation. To use the sterile 

filter paper for absorption, a nylon mesh was placed over the engineered tissue and 

then the absorber was placed on top for 5 min. Isotropic hydrogels can be stabilised 

immediately after the gel is set to form rectangular (PEEK mould) or circular (24-well 

plate) acellular sheets of collagen.  

 

 

 

 

2.5.2 Fibrin gel 

Fibrin gels were prepared by combining fibrinogen and thrombin. In brief, the 

fibrinogen was diluted with sterile saline to achieve a concentration of 80 mg/mL. To 

reach coagulation, 1 mL fibrinogen solution was mixed with 1 mL thrombin (5 IU/ml) 

in a 1:1 ratio to form a fibrin solution. The contents were allowed to gel for 5 minutes 

at room temperature (21°C). 20 µL of fibrin gel was used for kink angle experiments 

and in vivo assembly of EngNT + PGF.  

 

 

 

Figure 2.6 Self-made filter paper absorber manufacture. 
Filter paper was loaded on to the machine and the machine switched on for 16 s. The filter paper would 
roll around the rollers. This would form a tightly rolled filter paper absorber as indicated by the black 
arrow and illustrated in Figure 2.5 b,c. 

Filter paper absorber  



 108 

2.5.3 EngNT fabrication with phosphate glass fibres for in vitro testing 

To create an EngNT with phosphate glass fibres, 150 mg of PGF were placed into each 

mould (Figure 2.7a,b) before the cell-gel mix was cast into the mould (Figure 2.7b). 

Following 24 hours for contraction the gels were stabilised using RAFT™ absorbers 

for 15 min (Figure 2.7b,d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Creation of EngNT with PGFs using PEEK moulds and RAFT™ system.  
(a) Cell/collagen mix dispensed into PEEK mould with a tethering insert containing PGFs (blue arrows) 
shows zoom-in of the PGF that are placed within the PEEK mould. (b) Fully hydrated collagen gel 
contraction following 24 h incubation at 37°C/ 5% CO2. Gel contraction shown by white arrows. (c) 
Full hydrated aligned hydrogel with phosphate glass fibres (d) Placement of insert into stabilisation 
mould and application of RAFT™ absorber for 15 min to remove interstitial fluid from the hydrogel. 
(e) and (f) Removal of absorber creating a stabilised aligned cellular hydrogel containing PGFs; Length 
~ 15 mm; Width ~ 2 mm; Height ~ 125 µm. 
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2.6 Partial pressure oxygen measurements 
Partial pressure of oxygen (PO2)was measured with the Oxylite system using a fibre 

optic probe (Oxford Optronix, UK). The probe has a fluorescence dye in its tip 

(platinum (II) meso-tetra(pentafluorophenyl)porphine) which is quenched in the 

presence of oxygen. The probes are pre-calibrated by the manufactures in solutions of 

multiple temperatures and PO2 values. Although factors such as pH sensitivity have 

not been measured the in vivo results compare favourably with electrode 

measurements of PO2, even in tumours where pH can vary considerably (Seddon et 

al., 2001; Wen et al., 2008). The tip was 1.8 mm in length, and 250 μm in diameter.  

2.6.1 Preparation of collagen hydrogel with heptacosafluorotributlyamine (HFTBA) 

Collagen hydrogels were created as described in section 2.5. However, before adding 

neutralising agent, HFTBA emulsion of different amounts was added to the cellular 

collagen hydrogel obtaining final collagen hydrogel concentration supplemented with 

5% (v/v), 10% (v/v) and 20% (v/v) HFTBA.  

2.6.1.1 HFTBA emulsion preparation 

HFTBA emulsion was prepared in the same manner as a PFTBA emulsion described 

by Kimelman-Bleich et al. (2009). Firstly, 95 mg of egg yolk lecithin was added to 

600 µL of DMEM (supplemented with FBS and P/S) This solution was mixed and 

sonicated at 300 W for 15 s at 4°C, with a 1 min rest interval between each sonication. 

An amount of 400 µL of HFTBA was then added to the mixture and sonicated at 4°C 

the same way ten times. Thereafter, the HFTBA emulsion was sterilized by filtering 

through a 0.22 µL membrane filter. 

2.6.2 Local oxygen concentration in collagen hydrogels 

Fully hydrated hydrogels were left to set in 1.5 mL tubes for 15 minutes in a standard 

cell culture incubator. A hole was made in the top of the lid of an Eppendorf tube using 

a hypodermic needle. The collagen hydrogels with or without HFTBA were placed 

into 1.5 mL Eppendorf tubes and topped up with 500 µL of culture media. The collagen 

gels with or without HFTBA were incubated at 37°C at 1% and a 16% positive control. 

The Oxylite probe was placed into the centre of the hydrogel and placed into a hypoxic 

incubator. The oxygen level in hydrogel was measured at regular intervals, every 15 

mins for the first hour then hourly up to 4 hours, then at 24 h. 
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2.7 Staining 

2.7.1 Live/dead assay  

To assess the percentage of live and dead cells, membrane permeability assays were 

used, as seen below.  

2.7.1.1 Syto™ 21 and propidium iodide 

Syto™ 21 and propidium iodide (1 mg/mL) were added to culture media at a ratio of 

1:1000. Samples were placed in an incubator for 30 minutes after which they were 

placed on a microscope slide and analysed using 5 pre-determined fields of view 

discussed in section 2.8.1. This method provided real-time data analysis indicating the 

number of living and dead cells present.  

2.7.1.2 Hoechst and propidium iodide 

Propidium iodide was added to media at a ratio of 1:100 and left at room temperature 

for 30 minutes. Samples were fixed with paraformaldehyde 4% for 24 hours.Hoechst 

was added to samples (1:1000)for 15 minutes, after which samples were washed with 

PBS then images under a fluorescent microscope. Pre-determined fields of view were 

analysed as discussed in section 2.8.1.  

2.7.2 Imunohistochemistry 

The following method was used to stain cellular collagen hydrogels and tissue 

sections. The specific antibodies and corresponding dilutions are mentioned in Table 

2.4. Hydrogels were fixed using 4% paraformaldehyde overnight at 4°C. Following 

this, the fixative was aspirated, and samples washed using PBS twice. Each wash 

involved adding enough PBS to submerge the sample, this was often 2- 3 mL for a 

duration of 5 minutes per wash. Samples were incubated in 0.5 % Triton-X100 solution 

for 30 minutes. After another wash in PBS, a blocking agent containing 5% goat serum 

was added to the sample. After this, the sample was washed once more before the 

primary antibody was added and the sample incubated at 4°C for 24 h. After 24 h, the 

material was washed thoroughly six times with PBS and then incubated with the 

secondary antibody at the appropriate dilution and Hoechst (1:1000) in PBS for 90 

minutes. Finally, the material was washed and stored in PBS at 4ºC ready for 

microscopy.  
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2.7.2.1 Immunohistochemistry – nerve sections 

Fixed sections on glass slides were washed with PBS and Triton X (0.5%) for 30 

minutes. Horse serum was added (1:20) in PBS to block non-specific binding for 1 h. 

Samples were incubated with the primary antibody. Neurofilament (1:300) for 24 h at 

4°C. The sections were thoroughly washed with PBS (6, 5-minute washes) prior to 

adding the secondary antibody and incubating in 10% goat serum at room temperature 

for 1 h. Sections were washed with PBS and finally distilled water before being 

mounted using glass coverslips with Vectashield Hardset mounting medium with 

DAPI.  

Typical incubation times for cells, stabilised hydrogels and sections are described in 

Table 2.9 

Table 2.9 Duration for each key step of the imaging process for cell, stabilised hydrogels and 
sections. 

 Cells Stabilised 
hydrogels 

Sections (< 40 µm) 

Fixation in PFA 30 mins 24 h 24 h 
Triton X100 15 min 30 min 30 min 
Goat serum 15 min 30 min 1 h 
Primary antibody 24 h 24 h 24 h in 10% goat serum 
Secondary antibody 45 min 90 min 1 h in 10% goat serum 

 

2.8 Microscopy and imaging 

2.8.1 Fluorescence microscopy 

Fluorescence microscopy (Zeiss Axiolab A1) was used to capture images of cells and 

neurites. In particular, the following cells on coverslips were imaged from five pre-

determined field using 10x or 20x magnification: SCL4.1/F7’s, HUVECs, hDPSCs 

and d-hDPSCs, NG108-15s and primary DRG dissociated neurons. The five fields of 

view are labelled in Figure 2.8(a). The fields of view at 10 x magnification and 20 x 

magnification had an area of ~1.4 mm2 and ~ 0.7 mm2, respectively. The five fields of 

view were located two fields of view away from the central position (1). 

EngNT seeded with SCL4.1/F7 cells and co-cultured with DRG dissociated neurons 

were analysed at 6 different points along the edge of the construct as depicted in Figure 

2.8b. These areas are 2 fields of view away from the edge of the constructs and 4 fields-
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of-view between one another. These areas at the edge have been shown to have the 

greatest amount of alignment (O’Rourke et al., 2015).  

 

 

 

 

 

 

 

2.8.2 Confocal microscopy 

2.8.2.1 Cryosections 

Tile scans were used at a 1024 x 1024 resolution to capture micrographs at 20x 

magnification from the entire transverse cross-section of the proximal stump and 2 

mm into the construct, using a Zeiss LSM 710 confocal microscope. Volocity 6.4 

(PerkinElmer) was used to detect the number of neurofilament positive axons by 

running an automated image analysis protocol on each transverse nerve section. 

Wherein, the automated detection system involved identifying objects based on 

intensity thresholds then setting threshold for minimum object size, which was 

between 1 – 3 µm2. A ‘non-touching objects’ setting was applied to discriminate 

between individual objects, for example, individual neurofilament positive axons. 

Three nerve cross sections were taken per region of interest (described in section 

2.11.3.1).  

2.8.2.2 Whole mount 

The interface between the proximal stump and the construct was sliced longitudinally 

using a scalpel blade (Swann-Morton, No.10). The tissue was immunostained for 

neurofilament according to the protocol for a stabilised hydrogel, described above. The 

tissue was analysed using a Zeiss LSM 710 confocal microscope and a tile scan 

programme at 10 x magnification was used to capture a micrograph of the sagittal 

Figure 2.8 Schematic illustrating pre-determined fields of view.  
Where (a) represents an aerial view of a well-plate. The blue circles represent the number for analysis. 
For example, if five fields of view will be analysed then number 1,2,3,4,5 will be analysed which are all 
2-fields-of- view away from the central ‘1’. On the other hand, (b) represents an aerial view of EngNT 
(±PGF), where the red circles represent the fields of analysed, which are 4 fields-of view away from the 
central 2 red circles. The central 2 circles are each 2 field of view away from the centre of the hydrogel.  
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section of the proximal stump and EngNT + PGF construct. A resolution 1024 x 1024 

was used and each z-stack consisted of 30 slices, where each slice had a depth 

(thickness) of 3.75 µm and a 1 µm interval.   

2.8.3 Segmenting application – determing number of fibres in EngNT + PGF rods 

A segmenting application was developed by Dr Simão Laranjeira in MATLAB 

(Version 9.6, R2019a) to determine the number of fibres at the edge of rolled EngNT 

(Laranjeira et al., 2019). An SEM micrograph would be the ‘input’ for the programme 

and the background and contrast adjusted to isolate the cluster of fibres. The edge 

detector and sensitivity would then be adjusted to detect individual fibres that form the 

proximal cross-sectional area of EngNT + PGF. The ‘output’ would be the number of 

fibres detected. 

Figure 2.9 Segmenting application for detecting number of PGF in rolled EngNT with PGF  
The PGF that have been detected are seen with a red cross. 
 

2.9 Metabolic activity assays 

2.9.1 AlamarBlue® assay 

Conditioned medium (from control and concentration/time-dependant treatments) (50 

µL) was transferred to a well of a 96-well plate in triplicate wells. 50 µL of the 

AlamarBlue® reaction media was added to each sample and triturated to ensure the 

solution was mixed well. Samples were incubated in the dark for 30 minutes at room 
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temperature. The fluorescence was measured use BioTek FLX800 plate reader. 

Readings were taken at wavelength of 540 nm. 

2.9.2 CellTiter Glo® - 3D cell viability assay 

Depending on the number of samples for analysis, a volume of CellTiter Glo® 3D was 

added to an equal volume of media in a bijou. The mixture was aliquoted into each 

well of an opaque 96-well plate. An isotropic stabilised collagen construct placed into 

each well and a control contained the mixture and no sample. The plate was incubated 

at room temperature for 25 min before being placed on a shaker for 5 min at 120 r.min-

1. The plate was placed into a Biotech FLX800 plate reader where the amount of 

luminescence was detected. Readings were taken at wavelength of 540 nm. 

2.9.3 Proliferation assay 

To determine number of proliferating cells, samples were stained for Hoechst and 

Ki67. Initially the cells or cellular constructs were fixed using 4% paraformaldehyde 

for 24 hours at 4°C. Following this, the samples were washed in PBS 3 times for 5 

minutes each wash and immersed in Triton-X100 (0.5%) 

 (0.5 %) for 30 minutes at room temperature. Triton-X100 (0.5 %) was then removed, 

and 3 PBS washes were repeated for 5 minutes each. The samples were blocked using 

goat-serum (1:20) for 30 minutes. Ki-67 primary antibody was used at a dilution of 

1:300 dilution with PBS for 24 hours at 4°C.  

Samples were washed 6 times for 5 minutes each with PBS. The secondary antibody 

and Hoechst were added for 90 minutes after which the samples were washed with 

PBS three times for 5 minutes before analysis. The samples were observed under a 

Leica Zeiss microscope (AxioLab A1), at either 10 or 20 x magnification, where Ki67+ 

cells would be a bright cyan colour and all other cells stained with Hoechst were blue. 

A clear difference can be observed between Ki67+ cells and non Ki67+ cells, ergo 

proliferation could be quantified.  
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2.10 In vitro assays  

2.10.1 Serial dilution assay for the assessment of phosphate glass fibre toxicity  

PGF stocks were prepared by placing 1500 mg of phosphate glass fibre in DMEM 

media (either D6249 or Endothelial Growth Media). The volumes were adjusted to 

produce equal mass-based ratios of; 1:1, 1:10, 1:100 and 1:000. A culture media 

control was used in all experiments. 50,000 cells were allowed to attach and proliferate 

in a well of a 96-well plate 300 µL of conditioned medium at different concentration 

was exposed to cells for 24 hours. Cell viability was assess using a live-dead assay and 

MTT assay. 

2.10.2 Neurite growth on fibres with different coatings 

PGFs meshes with random spacing were cut into 1 cm2 squares using a sterile scalpel. 

These were arranged longitudinally on coverslips in a 24-well plate and pre-coated 

with either PDL, laminin or fibronectin overnight at 4°C. The concentration of each 

coating is shown in Table 2.10. DRG dissociated neurons were prepared as described 

in section 2.2.5. After washing the fibres with PBS, the dissociated DRG cell 

population was seeded on the fibres in the well-plate then placed in an incubator for 1 

hour at 37°C/ 5% CO2 to allow cells to attach to the fibres. Uncoated fibres were used 

as a negative control. Following this, 1 mL of complete DMEM media was added to 

each well-plate and the incubated for 72 h at 37°C/ 5% CO2. PGFs and neurites were 

washed in PBS, fixed in 4% PFA and immunostained to detect β-III tubulin and their 

length was measured from 5 pre-determined fields of view depicted in Figure 2.8.  

2.10.3 Neurite growth on fibres with different diameters 

PGF meshes with random spacing were cut into 1 cm2 squares using a sterile scalpel. 

The fibre diameters tested were; 12 µm 15 µm and 20 µm. As mentioned in section 

1.1.1, DRG neurons were seeded on top of the fibres and incubated for 72 h after which 

they were washed with PBS, fixed in 4% PFA and immunostained to detect β-III 

tubulin. Neurite length was measured from 5 pre-determined areas, shown in Figure 

2.8. 
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Table 2.10 Protein coating and protein concentrations on PGFs seeded with DRG neurons 
Coating Concentration, µg/mL 
PDL 2 
Laminin 10, 20 
Fibronectin 25, 50, 75, 100 

 

2.10.4 Neurite outgrowth in conditioned media from cells exposed to low oxygen 

conditioned 

Conditioned media was collected from hDPSCs and d-hDPSCs that were seeded at a 

density of 50,000 cells/well in a 24-well plate. They were incubated for 24 h in 1%, 

3% or 16% oxygen. Conditioned media was then collected as mentioned in section 

2.4. A 24 well-plate was pre-coated with PDL for 1 h before washing with PBS. 

Dissociated DRG neurons were seeded in each well and incubated for 1 h in standard 

DPSC media to allow cells to adhere to the surface of the well-plate. The media was 

aspirated and replaced with conditioned medium from hDPSCs or d-hDPSCs that were 

exposed to 1%, 3% or 16% oxygen for 72 h at 37 °C/ 5% CO2. DRG neurons cultured 

with fresh standard DMEM M4526 media served as a positive control. Neurites were 

washed with PBS and fixed with 4% PFA before being stained against β-III tubulin 

and sampled from 5 pre-determined fields of view as described in section 2.8.1. 

2.10.5 Co-culture of EngNT ± PGF with neurons 

EngNT with and without PGF were created (mentioned in section 2.5.3) and laid down 

in wells of a 6-well plate. 20 µL of the dissociated DRG neuron suspension was seeded 

on top of the hydrogels and incubated for 30 minutes to allow the cells to settle. The 

constructs were then immersed in DMEM culture media supplemented with FBS and 

P/S and incubated for 72 h in standard cell culture incubation conditions. Following 

this, constructs were washed once with PBS and fixed in 4% PFA before staining 

against β-III tubulin. Neurite length was measured from 6 fields of view from on the 

edges of the constructs where alignment has been shown to be reliable and consistent 

(section 2.8.1)(O'Rourke et al., 2015). Volocity 6.4 (PerkinElmer) (described in 

2.8.2.1) was used to identify Schwann cells within EngNT and a ‘shape factor’ tool 

was used to define morphology of the cells, whereby a ‘shape factor’ value close to 

‘0’ would suggest an elongated morphology, and a value closer to ‘1’ would  

correspond to more rounded morphology.  
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2.10.6 EngNT and hemisected DRG explant co-culture 

EngNT with and without fibres were prepared as described previously in section 2.5.3. 

Following this, DRG explants were collected from adult GFP+ Sprague Dawley rats 

as mentioned in section 2.2.5. Using a dissecting microscope, explants were 

hemisected and the freshly cut surface was placed in direct contact with the surface of 

the construct, as depicted in Figure 2.10. The ganglia were positioned such that 

neurons and glia could migrate into the constructs. DRG-loaded constructs were 

placed vertically in 1.5 ml tubes which were maintained in a tissue culture incubator 

at 37°C/5% CO2 for 72 h. A hole was pierced into the lid of the tube using a sterile 

needle to allow the sample to be exposed to the oxygen and carbon dioxide incubation 

condition. Constructs were then washed with PBS and fixed with 4% PFA for 24 h 

then immunostained for βIII-tubulin and Hoechst. Fluorescent micrographs were 

captured using 10 x magnification. ImageJ was used to measure number and length of 

neurites emanating from the hemisected DRG. The number of non-neuronal cell and 

stance into each construct was also measured.  
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Figure 2.10 Ex vivo evaluation of EngNT and EngNT + PGFs using hemisected DRG 
explants placed on top of explants (a).  
(b) Graphical illustration of neurite outgrowth (shown in green) and neuronal and non-neuronal cell 
migrating from the DRG body (shown in blue). (c) Fluorescent microscopy image of the outgrowth 
of neurites stained for βIII-tubulin along a 7.5 mm long EngNT construct. Scale = 100 µm at 10x 
magnification.  
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2.11 In vivo testing EngNT with and without PGFs in rat sciatic nerve 

model 

2.11.1 EngNT with PGF and EngNT assembly 

2.11.1.1 EngNT with PGFs 

A sheet of EngNT was created and laid flat on a microscope slide and cut to a length 

of 10 mm. The PGF mesh with a fibre separation of 40 µm was cut into rectangles of 

5 mm x 20 mm with one side attached to paper with adhesive tape. The paper was 

peeled back up to the adhesive point to reveal aligned PGFs. The fibres were placed 

in the direction of the longitudinal axis of the hydrogel at a distance of 1 mm on top 

of the EngNT (Figure 2.11a). A scalpel was used to cut the fibres away from the 

adhesive tape. A total of three rectangular PGF meshes were added to the collagen 

construct which is equivalent to 333 ± 16 fibres (Section 3.2.6.4; Table 3.2). Following 

this, a fully hydrated aligned cellular collagen hydrogel was placed and stabilised on 

top the EngNT and stabilised with a RAFT™ absorber for 15 min (Figure 2.11b). This 

created a collagen-PGF construct, where the PGF was located 1 mm into the construct 

amidst two sheets of EngNT (Figure 2.11c). 

2.11.1.2 EngNT 

One sheet of EngNT was placed a quarter the way up a microscope slide and cut to 

size of 10 mm (Figure 2.11a). A fully hydrated aligned cellular collagen hydrogel was 

placed over the EngNT and stabilised on top of the EngNT for 15 min. The excess 

collagen gel was cut away using a scalpel to leave two sheets of EngNT connected to 

each other.  

2.11.1.3 Rolling construct 

Each construct was stabilised onto a microscope slide a distance approximately one 

quarter from the bottom of the microscope slide. 20 µL of fresh media was placed on 

the construct and a second microscope slide placed underneath the construct, creating 

a vacuum by sealing both slides together (Figure 2.11d). By keeping the bottom 

microscope slide still, the top microscope slid forward thereby rolling the sheets of 

EngNT into tight rods (Figure 2.11e). Care was taken not to over roll the samples 

which can destroy their delicate structure.  
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2.11.1.4 Nerve guidance conduit preparation 

The outer sheath of the device was a thin-walled silicone tube (inner diameter = 1.98 

mm; outer diameter = 3.17; VWR part no. 275141011; SF Medical) with a longitudinal 

slit. This was cut to a length of 12 mm for a 10 mm sciatic nerve defect. Allowing a 1 

mm overlap with each nerve stump. Rolled EngNT with and without PGFs were 

positioned within the silicone tubes. 20 µL of fibrin (fabrication mentioned in section 

2.5.2) was injected into each conduit and over the longitudinal slit and allowed to set 

at room temperature for 5 minutes (Figure 2.11f).  

2.11.2 Surgery 

Surgery was performed in accordance with the UK Animals (Scientific Procedures) 

Act (1986) and the European Communities Council Directives (86/609/EEC). The 

procedure was permitted under the Home Office License and was compliant with 

ethics approved by the Animal Welfare and Ethics Review Board. All surgery was 

performed by Dr Victoria Roberton. Adult wild-type Sprague Dawley rats (225 – 350 

g) were deeply anaesthetised by inhalation of isoflurane in a chamber and then with 

the use of a gas mask. Lacri-lube eye ointment was applied to both eyes to prevent 

drying. The skin over the hip and knee region was shaved and an incision (~ 3 cm) 

was made along the femur to expose the intermuscular tissue. Using a Zeiss Stemi 

DV4 spot stereomicroscope, scissors were used to carefully reveal the sciatic nerve 

and separate it from surrounding connective tissue. Two groups (five rats per group) 

were included: (A) Double sheet of EngNT rolled into a rod (10 mm long); (B) Double 

sheet of EngNT with 1 mm of PGF at the interface placed in between the sheets and 

rolled into a rod (10 mm long). The conduit was placed next to the sciatic nerve to give 

an indication of positioning and length ensuring it was away from the point of 

bifurcation. A precise 10 mm defect was made, and the conduit was secured to the 

proximal and distal stumps of the transected nerve using 10-0 non-absorbable nylon 

sutures. Between 2-3 surgeon’s knots were used at the proximal stump-conduit 

interface and 1 surgeons knot was used at the distal conduit-stump interface. The injury 

site was closed sequentially and secured with two 4-0 sutures. The skin was held 

together using stainless steel wound clips. All rats were kept in ventilated cages at 

room temperature, with free access to food and water and lighting schedule of 12 hours 

light/dark cycle. Animals were left to recover for 28 days and monitored every day. 

All wound clips were removed after 7 days.    
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Figure 2.11 Manufacture of EngNT + PGF for peripheral nerve repair.  
First, EngNT was cut to a length of 8 mm and PGF placed 1 mm into the device (a) (PGF zone highlighted 
by the dotted lines). A fully hydrated aligned collagen hydrogel was stabilised with a RAFT™ absorber 
on top of the original EngNT and PGFs (c), This leaves PGFs secured by two sheets of EngNT (c), the 
sides were trimmed to remove the excess hydrogel to leave a construct 8 mm in length. A droplet of 
culture media was added below of the construct(d).  A second microscope slide was placed on top of the 
droplet beneath the EngNT + PGF. The media droplet created a strong force of attachment between the 
two slides. The microscope slide on top was pushed along microscope slide 1 thus rolling the rectangular 
EngNT + PGF to form a tight rod (e). The rolled construct was placed inside a silicone conduit and fibrin 
was pipetted into the conduit (f). 
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2.11.2.1 Device harvest 

Animals were culled using an intermuscular injection of pentobarbitone. Repaired 

nerves were carefully excised under a dissecting microscope with at least 5 mm of the 

proximal and distal stumps. Nerves were placed onto a card frame to maintain their 

length and immersed directly into 4% PFA fixative for 24 h. 

2.11.2.2 Gastrocnemius muscle dissection 

The gastrocnemius muscle is located on the posterior surface of the lower hind leg. An 

incision was made from the hip to the paw. Both the experimental and contralateral 

gastrocnemius muscles were excised from Achilles tendon and knee. The tissue was 

immersed directly into 4% PFA to be weighted immediately after harvest.  

2.11.3 Nerve tissue analysis 

2.11.3.1 Cryo-sectioning 

 Following fixation, samples were washed with PBS and immersed in 15% sucrose for 

30 minutes. Following this, they were immersed in 30% sucrose for 24 h at 4°C. The 

whole nerve was then cut in different section as highlighted in Figure 9. Using a 

dissecting microscope. Nerve segments were placed into a rectangular mould with 

30% sucrose and OCT mixed in a 1:1 ratio for 2 h. Following this, samples were snap 

frozen using isopentane and liquid nitrogen. Isopentane was placed into a metal 

beaker, which was then placed directly into liquid nitrogen to allow the liquid nitrogen 

to come up to approximately a third the way up the beaker. A white precipitate formed 

at the bottom of the beaker at which point the breaker was removed from the liquid 

nitrogen and samples are placed directly into the isopentane-filled beaker until the 

sample has turned to an opaque white colour. Samples were immediately stored at -

20°C. Transverse sections with 15 µm thickness were cut using a cryostat from the 

proximal stump, proximal conduit. The sections adhered to positively charged glass 

slides (VWR, UK; 75 x 25 mm).  

 

 

 

.  
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2.12 Extraction and purification of total RNA from hDPSC and d-

hDPSC-laden stabilised collagen hydrogels 
Collagen gels were washed with sterile PBS and then carefully placed into 1.5 mL 

Eppendorf tubes and kept on ice at 4°C throughout the RNA extraction and purification 

protocol. Samples were homogenised with 350 µL RLT buffer by vortexing for 1 min. 

The lysate was then passed through a 21-gauge needle (0.9 mm diameter) fitted to a 

RNase-free 1 mL syringe and triturated between 10 and 15 times. One volume of 70% 

ethanol was added to the homogenised lysate and mixed well by pipetting. This total 

volume (700 µL) was pipetted into a 1 mL RNeasy spin column and centrifuged 

(mySPIN 12, Thermofisher, UK) for 15 s at 12,500 xg. After discarding the flow-

through, 700 µL of Buffer RW1 was added to the spin column and centrifuged for 15 

s at 12, 500 xg. Care was taken to close the lid gently and to ensure that the spin column 

does not contact the flow-through when discarding the flow-through. Following this, 

500 µL of buffer RPE was added to the spin column and centrifuged for 15 s at 12,500 

xg. The function was to remove traces of salts, which are still on the column due to 

buffers used earlier in the protocol. After discarding the flow-through, 500 µL of 

buffer RPE was added to the spin column again, and centrifuged at 12,500 xg for 2 

min. After discarding the flow-through, to ensure the spin columns are dry, the empty 

columns were centrifuged for 1 min at 12,500 xg. The spin columns were placed into 

RNase-free 1.5 mL collection tubes and 30 µL of RNase-free water was added directly 

to the spin column membrane. The samples were centrifuged for 1 min at 12,500 xg. 

If samples were not used immediately, they were stored for a maximum of four weeks 

at -80°C. 

EngNT + PGF Distal stumpProximal stump

10 mm

2 mm 2 mm

Proximal 
device

Fibrin

Fibrin

PGFs

Figure 2.12 Schematic representation of 10-mm transplanted construct.  
(EngNT: n = 5; EngNT + PGF: n=5 with indication on transverse sectioning (purple arrows). Dotted 
red lines represent distances of 2 mm away from the damaged proximal stump and engineered tissue 
interface. Thick bold black lines represent wall of the silicone conduit. 
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2.12.1 Evaluating RNA purity and yield  

RNA purity and yield were assessed using a Synergy™ HTX Multimode Microplate 

Reader (BioTek Instruments Inc, Absorbance wavelength: 200 nm - 999 nm) using a 

Take3™ Micro-Volume Plate in combination with Gen5 software (BioTek, version 3, 

USA) to provide quantitative readings. RNase-free water was used as a blank control 

to calibrate the equipment. Average yields attained were between 40 – 90 ng/ µL and 

260/280 (nm) ratio was between 1.9 – 2.2. 

2.12.2 Reverse transcription of RNA 

RNA was reverse-transcribed using a High-Capacity cDNA kit (Thermofisher, UK). 

Frozen RNA samples and the reverse transcription kit were thawed on ice. 

Components of this kit include 2X RT Buffer Mix (10 µL), 20X RT Enzyme Mix (1 

µL), Nuclease-free H2O quantity sufficient to 20 µL to give a total volume per reaction 

of 20 µL. These components taken together (except the RNA sample) are referred to 

as the master mix. The RT control was made up in the same volume but without 20X 

RT Enzyme Mix. After adding 10 µL of the RNA sample to the master mix, the 

solution was briefly centrifuged to eliminate any bubbles that may have formed from 

pipetting. To begin the reaction, the samples were placed into a thermocycler 

(SimpliAmp™ Thermal Cycler, Thermofisher, UK). This had pre-programmed cycles 

to incubate the reaction for 37°C for 60 min, then to 95°C for 5 min to stop the reaction 

then the temperature was held at 4°C (Table 2.11). The cDNA was then placed in a -

20°C freezer storage and ready for use in real-time PCR.  

Table 2.11Automated cycles performed by thermocycler to convert RNA to cDNA  
Step 1 2 3 4 

Time 10 min 120 minutes 5 minutes ∞ 

Temperature (°C) 25 37 85 4 
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2.12.3 Quantitative Real-Time PCT (qPCR) 

The expression of neurotrophic factors; NGF and BDNF and the angiogenic factor 

VEGF-A was assessed in isotropic collagen constructs seeded with hDPSCs or d-

hDPSCs in 1%, 3% or 16% oxygen conditions for 24 h. Custom primers were selected 

from the PrimerBank, tested using a Primer BLAST tool and manufactured by 

Thermofisher (UK). The Primer BLAST tool checks that there is not any off-target 

binding. The primer sequences for the various genes tested, including the house-

keeping gene, 18S, are described in Table 2.12 and were designed by Ms Magdalena 

Plotcyzk.  

Table 2.12 Primer sequences used for real time qPCR. No hairpin for all genes. 

Gene 
Directio

n 
Sequence (5’->3’) 

Length, 

bp 
GC Tm Accession code 

VEGF

-A 

Forward 

Primer 
CAGTTCGAGGAAAGGGAAAGG 21 0.52 58.5 NM001025366 

 
Reverse 

primer 
GCAGCGTGGTTTCTGTATCG 20 0.55 59.5 NM001025366 

BDNF 
Forward 

Primer 
CCTTGACCCTGCAGAATGG 19 0.58 58.0 NM170735.5 

 
Reverse 

primer 
CCTTGTCCTCGGATGTTTGC 20 0.55 59.0 NM170735.5 

NGF 
Forward 

Primer 
ACCCCGTGTGCTGTTTAGC 19 0.58 60.0 NM002506 

 
Reverse 

primer 
CTGTGGCGGTGGTCTTATCC 20 0.60 60.0 NM002506 

18S 
Forward 

Primer 
CGCGGTTCTATTTTGTTGGT 20 0.45 63.7 NM001290094 

 
Reverse 

primer 
CGGTCCAAGAATTTCACCTC 19 0.50 62.8 NM001290094 

GC: Guanine-Cytosine; Tm: Melting temperature. 

An appropriate amount of Master Mix was calculated for the number of reactions 

required for the gene of interest for each sample, in triplicate, where two extra reaction 

were added to account for pipetting error (Table 2.13). The Master Mix was kept on 

ice at 4 °C until all samples were prepared to undergo the PCR cycle. Efficiency of 

primers was determined using a serial dilution of the control cDNA to produce a 
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standard curve. Efficiencies were all above 98%, therefore primers did not require 

further optimisation.  

Table 2.13 Master Mix volume for a 20 µl reaction of VEGF-A, NGF, BDNF and 18S 

Component 
Volume for 1x20µl 

reaction (µL) 

Power SYBR Green PCR Master Mix (2X) 10 

Forward Primer (5 µM for VEGF-A, BDNF, NGF and 10 µM for 18S) 2.5 

Reverse Primer (5 µM for VEGF-A, BDNF, NGF and 10 µM for 18S) 2.5 

Template cDNA 1.0 

Water 4.0 

Total 20µL 

 

The PCR reaction was conducted by Ms Rebecca Powell. The previously described 

Master Mix was transferred to 96-well reaction MicroAmp™ optical plate 

(Thermofisher, UK) and cDNA was added. Water was used as a non-template control 

to ensure there was not any contamination in the Master Mix. The thermal cycle 

conditions for SYBR Green assay are described in Table 2.14. The expression of 18S 

ribosomal protein was used as the reference mRNA in the qPCR analyses. Wells were 

closed with strip caps and placed into QuantStudio 3 Real Time PCR system 

(Thermofisher, UK). Melt curves were produced after the qPCR by QuantStudio 3 to 

check whether amplification is specific. 

Table 2.14 PCR cycling conditions describing each step with the corresponding temperature 
and duration.  

  PCR cycling x40  
Step Hold Denaturation Annealing/Extension Hold 
Time 10 min 15 seconds 60 seconds ∞ 
Temperature 
(°C) 95 95 60 4 
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2.12.3.1 Quantification of gene expression 

For quantification of gene expression, the cycle of threshold (CT) value of each gene 

transcript and that of the background fluorescence was determined by QuantStudio3 

PCR system. The relative gene expression was calculated using the delta delta-CT 

method (Schmittgen and Livak, 2008) described below: 

Relative expression = 2-ddCt 

Where, 

ddCt = (dCt(test samples) – dCt(control samples)) 

and;  

dCt(test samples) = Ct(target gene in tests) – Ct(reference gene in experiment) 

and;  

dCt(control samples) = Ct(target gene in control) – Ct(reference gene in control) 

The expression is represented as fold change from the 16 % oxygen samples (control), 

whereby the mean and standard deviations of relative gene expression was calculated 

from three replicated of each condition. The reference (housekeeping gene) was 18S.  
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2.13 Mechanical testing considerations 

2.13.1 Animal tissue harvest 

2.13.1.1 Sciatic nerve harvest 

Sprague Dawley rats weighing 200 – 300 g were culled by CO2 asphyxiation (Schedule 

1 approved) as mentioned in section 2.2.5.1. Dissection and removal of the left and 

right sciatic nerve in all rats occurred within 15 minutes post-mortem. Each animal 

was placed in a lateral position with the hip, knee and ankle at 90° to each other (Figure 

2.13a). An initial skin incision was made along the line from the hip to the knee joint 

(Figure 2.13b). Sciatic nerves were exposed from the sciatic notch to the first distal 

bifurcation of the nerve. A distance of 5 mm was marked with a permanent dye from 

a laboratory pen (Securline, Fisher Scientific, UK) (Figure 2.13c). The nerve was 

mobilised using fine tweezers and microsurgical scissors. Care was taken to avoid 

stretching and trauma to the nerve, and Aqix® solution was applied topically to 

prevent drying. Following excision, the nerve was placed directly into Aqix® solution 

stored at 4°C on ice prior to experimentation. 

 

 

2.13.1.2 Isolation of the sheath and core 

The whole nerve was placed horizontally on a petri dish. Isolation of the sheath and 

nerve core was manually completed using fine tweezers. Under a dissecting 

microscope one set of TAAB stainless steel tweezers was used to pinch the nerve core 

on one side while the opposing tweezer pinched the epineurium. The tweezers were 

then simultaneously pulled away from each other, allowing the sheath to easily slide 

away from the core of the nerve (Figure 2.14a,b,c). 

Initial 
incision

Sciatic 
nerve

5 mm

Knee

Hip
(a) (b) (c)

Figure 2.13 Rat sciatic nerve excision.  
Positioning and markings (a) Positioning of rat with the knee and hip flexed at 90°. (b) Incision is made 
along the line from the hip to the knee. (c) Marker is used to highlight an in situ length of 5 mm. The 
sciatic nerve is the cut proximal and distal to these points excising 20 mm of sciatic nerve. 
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2.13.2 Potential nerve guidance conduit materials 

Four different nerve guidance conduit materials were tested (Table 2.15). Materials 

were cut into an hourglass shape to concentrate tension in the middle of the materials 

and prevent failure at the grips. Thickness of each specimen was measured on a contact 

angle goniometer, where nine measurements were taken along each sample. 

Dimensional measurements were also taken by embedding the materials in OCT and 

using a cryostat to take transverse sections to get a measurement for the material 

thickness. The length of specimens was 20 mm, with a width of 10 mm and a central 

Core 

Sheath 

Core Sheath 

Separating layer 

Sciatic nerve 

(a) 

(b) 

(c) 

Figure 2.14 Separation of the layers of a sciatic nerve.  
(a) Sciatic nerve (cross-sectional area: 0.61 ± 0.02 mm2), (b) Separation of the core and sheath, (c) 
Separated core (cross-sectional area: 0.50 ± 0.01 mm2) and sheath (cross-sectional area: 0.12 ± 0.01 mm2). 
Scale bar = 10 mm 
 

10 mm 

10 mm 

10 mm 
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width of 5 mm as depicted in Figure 2.15a. Each specimen was clamped into the Bose 

tensiometer (Figure 2.15b) and pulled to failure at a rate of 10 mm. min-1 (Figure 2.15c, 

d). 

The materials tested are described in Table 2.15.  

Table 2.15 Potential NGC materials and their composition 
Material Composition 

Collagen Solutions 1 (CS1) Described in Appendix: Section 8.3 

Collagen Solutions 2 (CS2) Described in Appendix: Section 8.3 

ReDura™ PLA 

Durepair™ Type I and II collagen 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) (b)

(c) (d)

40 
mm

10 
mm

Material 
failureClamps

Sample

Figure 2.15 Tensile testing of tissue and material samples.  
(a) Materials were cut to an hourglass shape the width of 20 mm, height of 40 mm and central width 
of 10 mm (For tissue samples excess tissue was carefully cut away). (b) Bose Electroforce 3200 was 
used in tensile configuration. (c) The samples were immobilized between two grips in tensile 
configuration (d) sample was pulled to failure.  
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2.13.3 Material characterisation 

2.13.3.1 Scanning electron microscopy 

Samples were fixed in 3% glutaraldehyde for 24 h followed by sequential dehydration 

in 50%, 70%, 90% and 100% ethanol for 10 minutes each and lastly drying in 

hexamethyldisilazane for 2 minutes. Following this, samples were carefully mounted 

on aluminium stubs using carbon tape. The specimens were then sputter-coated with 

gold and imaged using SEM (Philips XL30 FEG-SEM; FEI, Eindhoven, Netherlands) 

with an accelerating voltage of 10 kV and a working distance of 10 mm.  

2.13.3.2 Fourier Transform Infrared (FT-IR) Spectroscopy 

CS1, CS2, ReDura™ and Durepair™ samples were laid down flat and in the 

Spectrometer 300 (Perkin Elmer, France). The spectrometer was equipped with 

Spotlight 300 FT-IR imaging system with a diamond detector was used to obtain the 

spectra. For spectra acquisition, across a whole wave number range (4000 – 500 cm-1) 

the system was used in point mode (250 µm x 250 µm) with a 1 cm-1 resolutions using 

8 scans in absorbance mode (n = 24 spectra per sheet).  

2.13.4 Comparison of different techniques for measuring rat sciatic nerve cross-

sectional area 

2.13.4.1 Method 1: Contact angle goniometer and calipers 

Determining the accurate dimensions of a rat sciatic nerve is pertinent to the results 

achieved through mechanical tests. One method involves excising sciatic nerves and 

measuring dimensions such as height and width using a contact angle goniometer and 

digital callipers. This method allows samples to be tested fresh without any processing. 

Samples are placed flat on a contact angle goniometer and the height measured. A 

No.1 coverslip which corresponds to a thickness of 0.15 mm was used to calibrate the 

scale to ensure an accurate measurement was taken. Nine measurements were taken of 

three specimens at different positions along its length, and the average thickness was 

recorded. Samples were suspended between tensile grips; manual callipers were used 

to calculate the width of samples. The method assumed that the geometry of the full 

nerve sample resembles that of a cylinder. The same was assumed for the nerve core, 

however for the epineurium it was too thin to resemble a cylinder but rather a rectangle. 

The cross-sectional area was calculated by measuring the height and width together.  



 131 

2.13.4.2 Method 2: Nerve cross-sectional area via cryosectioning 

Because of the cylindrical structure of nerve tissue, cryosectioning samples 

transversely presents an accurate way of measuring CSA. However, in preparing 

samples for cryosectioning it is essential that samples retain their architecture and 

geometry with minimal distortion to accurate measurement of the CSA. In all cases, it 

is necessary to balance tissue integrity with the preservation of anatomic detail to be 

able to distinguish between the various layers of nerve tissue. Various preparation 

techniques have been compared. The aim was to evaluate the CSA of different layers 

of the nerve as accurately as possible. 

Sciatic nerves were excised from Sprague-Dawley rats (220 – 300 g). To compare 

different cryosectioning preparation techniques, nerves were prepared in four ways: 

(1) Fresh-frozen.  

a. Fresh-frozen nerve tissue was prepared by freezing tissue in a 

mould containing OCT. the mould was placed into a beaker that 

contained isopentane which was placed directly on to liquid 

nitrogen.  

b. Fresh nerves were prepared by freezing the nerve tissue in 15% 

Sucrose for 24 h and then 30% sucrose and OCT 

(2)  Fixed-frozen 

a. Nerve samples were fixed in PFA for 24 h then placed directly in 

OCT for 2 h before freezing  

b. Samples fixed in 4% PFA then placed into 15% sucrose for 24 h 

and then 30% sucrose and OCT (1:1) for 2 h before freezing. 

Sciatic nerves were excised from Sprague-Dawley rats (220 g – 280 g). To compare 

different cryosectioning preparation techniques, nerves were prepared in four ways: 

Frozen sections of nerve tissue were sectioned using a cryostat at 30 µm and placed 

onto electrically charged slides (VWR, UK; 75 x 25 mm). The sections were observed 

under partially polarised light. Image-Pro Plus (Media Cybernetics, UK; Version 7) 

was used to measure perimeter of the sciatic nerve and the perineum-epineurium 

boundary. By manually taking measurements of the perimeter the area detected using 

a semi-automatic mode, where the user would draw around the object with a tool that 

would snap to edges. Once complete the software would compute the area.  
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2.13.4.3 Cryo-sectioning NGC materials  

The cryostat was used to take transverse sections of tissue and materials. Following 

fixation by immersion in 4% paraldehyde overnight at 4°C, the fixative was aspirated 

and the tissue washed (3 x 5). The tissue was embedded in optimum cutting 

temperature (OCT) and 30% sucrose and left to set for 20-30 minutes at 4°C before 

immediately cryo-freezing in liquid nitrogen. Transverse sections with 20 µm 

thickness cryostat sections were cut. The OCT block was initially trimmed using 50 

µm section then at 20 µm thickness. Sections were collected on specialised surface 

microscope slides (VWR, UK; 75 x 25 mm). These were left to dry in air for 30 mins 

before being placed in a - 20°C freezer. 

2.13.5 Uniaxial tensile testing  

The mechanical properties of the rat sciatic nerve, the nerve sheath and core were 

tested independently using uniaxial tensile testing to failure in order to assess the 

mechanical contribution of each individual part. The length of the nerve was kept to 

approximately 20 mm and the thickness of the tissue was measured using the 

aforementioned techniques. Histological cross-sectional area sections were taken for 

measurements of cross-sectional area, as mentioned above. 

 Freshly dissected rat sciatic nerves and its constituent components were 

independently tested using a Bose Electroforce 3200 in tensile mode. The specimens 

were clamped in the holder with two titanium grip blocks that covered the 5 mm in 

situ markings. A ruler was held against the clamps, and the specimen was extended to 

a length of 5 mm which represents the in situ tension. The load cell recorded the 

strength produced by the sample, using a 225 N load cell, (Figure 2.15c). A pull to 

failure test was carried out at a speed of 10 mm.min-1 unless stated otherwise, with a 

gauge length of 5 mm, producing a force-displacement graph. 

2.13.5.1 Ramp test: Data acquisitional and analysis  

For all tissue samples and materials tested with a ramp test the force at failure, mean 

ultimate stress, mean ultimate strain, Young’s modulus and work done to produce 

failure were calculated. The ultimate tensile stress (MPa) was defined as the quotient 

of the breaking force (N) and cross-sectional area of the nerve (mm2). Strain was 

calculated by dividing the change in elongation by the original length, which in this 
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case was 5 mm. The ultimate strain is the corresponding strain to the breaking force. 

It can be interpolated from a graph where the x-axis is percentage strain. The initial 

ascending linear gradient after the toe-region was used to calculate the Young’s 

modulus, E (or elastic modulus). By calculating the area of the curve between the 

initial strain and the strain at failure, the work done until failure was calculated. A 

force-strain or stress-strain graph was plotted. The elastic linear region was traced over 

using a line tool. The points at which the linear curve deviated from its linear axis were 

defined as the end of the toe region and end of the elastic region.  

2.13.6 Dynamic mechanical analysis 

The DMA test was performed using the Bose Electroforce 3200 DMA working in 

tensile oscillation mode. The harvested nerves, epineurium, core and NGC materials 

were used for each DMA test performed at room temperature of 21.0 ± 0.5°C. Animal 

tissue was placed in Aqix® solution on ice to reduce post-mortem decay. Tests for all 

samples from one rat were completed within an hour after death except for the tests to 

understand the effect of time post-mortem on nerve mechanical properties.  

Each NGC sample was cut with a surgical blade (No. 22) into a cardboard frame where 

the length was 20 mm and the width were 10 mm, to keep the nerve elongated. Their 

respective thicknesses were previously measured and input into the control software 

(WinTestⓇ 7, Boss Corp., MN, US) as these are required for the software to correctly 

output stress and strain values. After samples were placed in between the clamps, the 

tissue was elongated to its in situ length and a pre-strain (0.75 %) respective to each 

sample was applied. The dynamic mechanical properties, including the complex 

modulus E*, storage modulus, E’ and loss modulus E’’ were directly obtained from 

the system during the test.  

2.13.6.1 Strain-sweep oscillation tests 

To determine the limit of linear viscoelasticity, strain sweep oscillation was performed. 

Nerve tissue and material samples were pre-strained to a pre-determined value to 

ensure testing was within the linear region. To define areas of linearity and non-

linearity oscillations were conducted at constant frequency with varying strain 

amplitude from 0.01 % to 8%.  
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2.13.6.2 Frequency sweep 

After establishing the respective strain amplitudes for the nerve tissue and conduit 

materials the strain amplitude was kept constant and the tissue/material response to 

frequencies between 1-30 Hz were evaluated. Within limit of linear viscoelasticity, 

dynamic properties such as complex modulus, elastic modulus, loss modulus (E*, E’, 

E’’) remain constant. Beyond the limit of linear viscoelasticity, dynamic properties 

change as the material behavior becomes non-linear. 

2.13.7 Suture retention test  

In order to test the maximum strength to which a material can hold a suture samples 

were punctured with either a 10-0 or 3-0 suture needle with a 6/6 thread at 1 mm or 2 

mm from the materials edge (Figure 2.16a). The suture thread was trimmed on both 

sides of the puncture but not knotted. The threaded material was secured in between 

the grips where the upper grips would be placed at the edge of the material and the 

lower grip was placed 1 cm below the edge. The tensile force was then measured with 

a cross-head speed of 0.17 mm/s up to a maximum displaced of 6.4 mm (Figure 2.16b).  

 

 

 

 

 

 

 

 

10-0 suture
Card

Hydrated 
material

(a) (b)

Figure 2.16 Suture retention test.  
(a) Preparation of material to be tested where suture was placed 1 mm into the material and the suture 
(10-0) was sandwiched between two pieces of card to prevent slippage. (b) testing of material sample 
(maximum suture retention demonstrated). 
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2.13.8 Kink angle test 

Materials were rolled around a glass pipette to provide equal diameter. Kink tests were 

performed by placing the ends of glass pipettes at either end of the conduit, 10 mm 

into the device and bending until a kink occurred. This was defined by a visually 

detectable kink occluding the lumen of the conduit. Images were taken of the kink and 

the angle between the longitudinal axis of the conduit and the point at which it kink 

was measured on ImageJ. The software measured the angle between the solid red lines 

(Figure 2.17). This angle was subtracted from 180° to give, θ, the kink angle.  

 

 

 

 

 

2.14 Cryogenic storage 

2.14.1 Cryogenic preservation of isotropic cellular collagen hydrogels  

Isotropic cellular collagen constructs placed in different cryogenic storage conditions. 

One part was taken for immediate analysis (control) and the remaining samples 

systematically randomised between combinations of media and preservation 

conditions for different time points.  

2.14.2 Cryogenic preservation of EngNT 

EngNT fabricated in the PEEK mould, stabilised and placed into cryogenic storage. A 

control and the remaining parts were placed into cryogenic storage condition. 

Kink

θ

Figure 2.17 Representative image describing the kink angle of a potential NGC material. 
 Image showing glass pipettes bending (CS2 shown above) to the point the NGC kink forms that 
occludes the lumen.  
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2.14.3 Cryoprotective agents 

Cryopreservation solutions were prepared with varying compositions of the following 

cryoprotective agents:  

(1) 0.05 M, 0.1 M, 0.2 M, 0.5 M and 1 M Trehalose; 

(2) 1%, 5%, 10%, 20%, 30%, 40 % and 50 % Polyvinynlpyrrolidone (PVP); 

(3) 0.5 M, 1 M, 1.5 M, 2 M and 2.5 M Poly(propylene glycol);  

(4) 60% DMEM with 30% FBS and 10% DMSO; and 

(5) 50% DMEM and 50% DMSO. 

Trehalose and PVP are in a powder form and were reconstituted with serum-free media 

24 h prior to use and stored at 4°C. A 1 mL volume of each cryopreservation media 

was prepared when required and aliquoted into cryovials in 1 mL volumes.  

2.14.4 Differential Scanning Calorimetery  

Differential scanning calorimetry (Q2000, TA Instruments, Belgium) was used to 

determine whether ice was present in the cryopreservation solutions and constructs. 

The cryopreservation media and cellular collagen gels were cut to fit the DSC pans 

then exposed to the cryoprotectant then hermetically sealed. Sample size for media 

and constructs was 5.0 +/- 0.1 mg. Samples were cooled at a rate of 17.5ºC/min and 

warmed at a rate of 25.5ºC/min. 

2.14.5 Method of freezing and thawing 

This method is based on a published cooling profile that has previously been shown to 

be optimal for the cryopreservation of EngNT. For slow freezing, collagen constructs 

were placed into the experimental cryopreservation media. Following this, the 

cryovials were placed into a Nalgene™ freezing container that is surrounded by an 

isopropanol coated jacket and left to cool in a -80°C freezer. This achieved a cooling 

rate of -1°C. min-1. After 24 h, cryovials were removed from the container and 

immersed directly into liquid nitrogen for the duration of the remaining experimental 

timepoint, that is, 1, 3, 7, 14 and 30. days. The cellular collagen constructs (including 

EngNT) were exposed to the cryoprotective solution for approximately 5 minutes 

before initiating the cooling protocol. 
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Once the freezing protocol was complete, samples were rapidly thawed in a water bath 

at 37°C for 4 minutes, at this point no visible ice was observed. Furthermore, the rapid 

thawing minimises architectural damage and retain cell viability. The samples were 

placed into warm DMEM with P/S and FBS.  

2.14.6 Co-culture of preserved EngNT with neurons 

Co-culture experiments were used to investigate whether EngNT after storage in PPG 

and 7.5% DMSO for 3 days would guide and support dorsal root ganglion (DRG) 

neurons compared with EngNT stored in 60% media, 30% FBS and 10% DMSO. 

EngNT samples were thawed and washed in warm media with FBS and P/S. A 20 µL 

volume of dissociated DRG neurons were seeded on the surface of the preserved 

EngNT and allowed to attach for 1 h. Then, the samples were immersed in warm media 

(with FBS and P/S) for 72 h. Following this, samples were washed in PBS and fixed 

in 4% paraformaldehyde for at least 24 h at 4°C before being stained with anti-	β-III -

tubulin antibody (section 2.8) to detect neurons.  

 
2.15 Statistical analysis 
 
Data were analysed using GrapPad Prism (California, USA). For all data sets a 

normality test was conducted to check for gaussian distribution. This determined 

whether a parametric or non-parametric test was to be conducted. Where statistical 

significance was found the appropriate corresponding post hoc test was conducted and 

is described in each figure legend. All data passed Shapiro-Wilk normality test unless 

otherwise stated in the figure legend or text. All data sets were values are indicated as 

means ± standard error of mean (SEM). Statistical significance was described using 

the following nomenclature: *p<0.05; **p<0.01; ***p<0.001. 

2.15.1 Power analysis: Determining the number of animals for in vivo study 

The endpoint is in quantitative data hence we can use the following formula for 

calculation of sample size when comparing two groups 

Sample size = 2 x (SD)2 x (Za/2 + Zb)2/d2 
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Where; 

SD = Standard deviation calculated from in vitro studies described in chapter 3.  

Power analysis between EngNT Vs. EngNT +PGF: p<0.05 

Therefore 

Reference for Z-score table:  

Za/2 = Z0.01/2 = 1.96 (From Z-table (Suresh and Chandrashekara, 2012) ) at type 1 error 

of 5% 

 Zb = Z0.2 = 0.842 (From Z-table at 80% power (Suresh and Chandrashekara, 2012))  

d = effect size = difference between mean values of EngNT and EngNT + PGF from 

in vitro study in chapter 3.  

Hence, Sample size = 2 SD2 (1.96 + 0.842)2/d2. 

Sample size = 2 (60.5)2 (1.96 + 0.842)2/1192 

Sample size = 4.06 animals 

In this case a minimum of 4 animals per group are required. If 10% of animals may 

die during the experiment (Suresh and Chandrashekara, 2012), then this will decrease 

the power of the study. This can be adjusted to factor the attrition in the calculated 

sample size. For 10% attrition 5 rats per group are required (4.06/0.9 = 4.51). Hence, 

the minimum number of animals needed for this experiment is 5 per group, that, 

EngNT and EngNT + PGF.  
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Chapter 3 

Using phosphate glass fibres to improve the interface 

between damaged proximal stump and EngNT for 

peripheral nerve repair 
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3 Using phosphate glass fibres to improve the interface 
between a damaged proximal nerve and EngNT for 
peripheral nerve repair  

3.1 Introduction 
The development of EngNT to repair critical gap nerve defects has shown positive pre-

clinical results (Georgiou et al., 2013). Despite nerve regeneration similar to an 

autograft within the conduit, there was a decrease in the number of axons between the 

damaged proximal stump and the proximal device. This disorganisation at the 

proximal interface has been noted by various authors and is described in section 1.1.6. 

The introduction of stiff phosphate glass fibres (PGF) in a nerve repair device has 

shown to enhance early peripheral nerve regeneration in acellular collagen scaffolds 

(Kim et al., 2015) and could be used to coax neurites from a damaged proximal stump 

into EngNT. 

3.1.1 Phosphate-based glasses  

Phosphate-based glasses have numerous advantages for hard- and soft-tissue 

engineering applications (Bitar et al., 2004). Unlike, silicone-based ternary glasses that 

are non-resorbable, phosphate-based glasses are resorbable and have controllable 

degradation rates (Colquhoun and Tanner, 2015). Moreover, they can be doped with 

metals that can release ions with potentially therapeutic applications (Lapa et al., 

2019). Phosphate-based glasses have been shown to be compatible with various cell 

types and promote the attachment, proliferation and also differentiation of certain cells 

(Ahmed et al., 2004a, Abou Neel and Knowles, 2008, Abou Neel et al., 2014, Islam et 

al., 2017, Karadjian et al., 2019, Kiani et al., 2012). Owing to the various advantages 

of phosphate-based glasses, they have been utilised in different forms, for example, as 

powders, fibres, discs and microspheres, depending on their clinical application (Qaysi 

et al., 2016, McLaren et al., 2019, Colquhoun and Tanner, 2015). 

The basic structure of a glass has been described in section 1.1.6.4 and comprehensive 

structural studies have been reviewed by, Abe (1983), Martin (1991) and Brow (2000). 

As suggested by the name, phosphate-based glasses have (PO4)3- as their backbone as 

shown in Figure 3.1. The addition of modifying oxides is essential for the stability of 
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phosphate glasses because pure phosphate P2O5 glass is chemically unstable due to its 

hygroscopic nature (Ahmed et al., 2004c, Ahmed et al., 2004b). The phosphate-based 

glasses tetrahedra are classified according to the Qi nomenclature where ‘i’ describes 

the number of bridging oxygens per tetrahedron (Liebau, 1981). The phosphate 

backbone is a tetrahedron that requires four O2- ions to balance one P5+ charge, where 

typically one oxygen atom will share its two electrons with P5+ and is termed a terminal 

double-bonded oxygen, this is the Q0 configuration (Abou Neel et al., 2009b). The 

three remaining oxygens share only one electron and are available to combine with 

another P5+ in which they can form bridging oxygens, or they can bind with metal ions 

thus forming non-bridging oxygens. The oxygen-to-phosphorous ratio determines the 

size of the phosphate-glass tetrahedra network which is determined by the number of 

linkages between bridging oxygens and phosphate-tetrahedra (Brow, 2000). 

3.1.1.1 Properties of phosphate-based glasses doped with iron 

The majority of phosphate-based glasses used for biomedical applications are based 

on a ternary structure; P2O5-CaO-Na2O. The compatibility of these structures is often 

thought to be due to the fact that they contain elements that are native to the human 

body (Lapa et al., 2018). This basic structure of phosphate-based glass allows them to 

be doped with a range of elements that are useful for their respective therapeutic 

applications. For example, doping with titanium has shown to increase the tensile 

mechanical properties of the phosphate-based glasses which is useful in bone tissue 

engineering (Kiani et al., 2012). Several studies have shown the effect of strontium in 

stimulating bone formation and have often been used to produce porous scaffolds for 

bone regeneration (Abou Neel et al., 2009a). Doping with copper has demonstrated 

antibacterial properties, which are particularly useful in wound healing applications 

Figure 3.1 Phosphate backbone for phosphate-based glass highlighting the arrangement of 
binding oxygens that can exist in phosphate glasses.  
Where Qi represents the phosphate-glass tetrahedra structure and ‘i’ is the number of bridging oxygens. 
Image extracted from Brow, (2000). 
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(Mulligan et al., 2003). Numerous other elements have been doped with PGF and are 

thoroughly reviewed by Lapa and colleagues (2018).  

Iron (Fe) is a component of haemoglobin and takes part in various cellular process and 

its addition to a phosphate-based glass has not been observed to cause any negative 

host responses (Lapa et al., 2019). Doping with iron oxide (Fe2O3) has resulted in a 

reduction in the degradation rate of the phosphate-based glass (Abou Neel et al., 2005). 

An increase in iron in the glass composition increases the viscosity of the glass melt, 

thus it can be drawn into fibres more easily than phosphate-based glasses doped with, 

for example titanium or strontium (Ahmed et al., 2004a, Tan et al., 2018). The addition 

of iron makes the glass system into a quaternary structure and has been shown to 

increase the glass transition temperature (Ahmed et al., 2004a). The addition of iron 

greatly increases the tensile strength of the glass and decreases the total surface energy 

making the glass structure more chemically stable (Colquhoun and Tanner, 2015, Tan 

et al., 2018). From a biological standpoint, doping with 4 or 5 mol% irons improved 

cell attachment, proliferation and in specific cells the differentiation compared to 

undoped phosphate-based glass (Lapa et al., 2019, Vitale-Brovarone et al., 2012).  

3.1.1.2 Properties of iron-based PGF 

A key property of PGF is their inherent stiffness and tensile strength properties. Tan 

and colleagues (2018) have found this to be compositional hence since PGF have an 

anisotropic structure the mechanical properties such as the ultimate tensile strength is 

greater than bulk glass which has an isotropic structure (Colquhoun and Tanner, 2015). 

Furthermore, changing the mol % of iron can greatly impact the mechanical properties. 

Lin et al. (1994) have described that changing the Fe component in glass from 3.6 % 

to 16.9 % increased the tensile modulus from 1045 MPa to 64 GPa. PGF containing 

iron are sensitive to chemical changes and have properties that differ from bulk glass 

properties. For example, the degradation rate of fibres is faster than a bulk glass 

(Massera et al., 2014). Moreover, degradation rate of PGF can be controlled not only 

from the amount of dopant used but also the diameter of the fibres produced. For 

example, small diameter fibres have faster dissolution rates (Neel, 2006). The PGF 

offer a large surface-area to volume ratio and varying the amount of iron from 1 mol 

% to 5 mol % reduces the glass dissolution rates from ~ 0.00045 to ~ 0.00004 mg.cm-

2.hr-1, respectively (Colquhoun and Tanner, 2015, Neel, 2006).   
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Comprehensive studies elucidating the properties of different compositions of PGF 

have been conducted by Abou Neel (2006). Table 3.1 summarises the properties of 

PGF with the specific composition used in this study (50 P2O5-40 CaO-5 Na2O-5 

Fe2O3 ), that is, doped with 5 mol % iron.  

Table 3.1 PGF properties for glass composition: 50 P2O5-40 CaO-5 Na2O-5 Fe2O3 mol%  

Properties for PGF containing  

5 mol % Fe2O3 

Drum speed 

400 revolutions 

per minute 

1600 revolutions 

per minute 

Melting temperature (ºC) 1040 

Glass transition temperature, Tg (ºC) 444 ± 0.5 445 ± 1.1 

Density (g.cm-3) 2.75 

Fibre diameter (µm) 28.6 ± 2.1 15.59 ± 1.5 

Total surface area/volume (x 105. m-1) 1.40 2.57 

Degradation rate (%. h-1) 0.17 0.21 

Cation release (ppm. mg-1 h-1) 

Na+: 0.001 

Ca2+: 0.01 

Fe3+: 0.05 

Na+: 0.02 

Ca2+: 0.02 

Fe3+: 0.02 

Anion release (ppm. mg-1 h-1) 

(PO4) 3- : 0.03 

(P3O9) 3- : 0.02 

(P3O10) 5- : 0.01 

(PO4) 3-: 0.05 

(P3O9) 3-: 0.04 

(P3O10) 5-: 0.02 

pH at 37 ºC 4.65 4.65 

Tg: Glass transition temperature; Ppm: parts per million 

3.1.2 Phosphate glass fibres in peripheral nerve repair 

Throughout the literature various groups have begun to use orientated guidance cues 

which predominantly includes the use of fibres as described in section 1.1.6.2; Table 

1.3 and section 1.1.6.3, Table 1.4. PGFs have been used in hard- and soft-tissue 

engineering applications (Bitar et al., 2008, Shah et al., 2005). In particular, PGFs have 

emerged as a potential material to resolve soft-tissue engineering interface issues for 

the following reasons (Ahmed et al., 2004a). They are biocompatible with various 

neurons and glial cells and have a controllable degradation rate (Ahmed et al., 2004a, 

Ahmed et al., 2004c, Ahmed et al., 2004b). The anisotropic fibrous nature of PGF, 

coupled with their small diameters are able to mimic the native tissue.  

In 2015, Kim and colleagues (2015) quantifiably demonstrated that PGF can promote 

directional growth of axons to improve peripheral nerve repair. They used a ternary 
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phosphate glass composition (50 P2O5-40 CaO-5 Na2O-5 Fe2O3) and incorporated 

these fibres into a collagen (Col) construct. The team placed nerve conduits that either 

contained PGF (PGF/Col) or lacked them (Col) into a 10 mm rat sciatic nerve injury 

model for up to 12 weeks. Following one week after implantation, the PGF/Col group 

showed many axons extending along the scaffold, whereas the Col group showed 

none. Eight weeks after implantation, the PGF/Col group exhibited greater recovery 

of plantar muscle atrophy than the Col group and 42% more axons in the midpart of 

the conduit compared to the Col group. At 12 weeks, there were approximately 12% 

more axons in the PGF/Col group than the Col only group. Electrophysiological 

studies revealed that of the 19 animals used in the PGF/Col group, 1 animal responded 

to sciatic nerve stimulation at 6 weeks and 3 responded to stimulation at 7 weeks post-

implantation, presetting compound muscle action potentials (5.3% and 15.8%, 

respectively). Motor function also showed faster recovery in the PGF/Col group 

compared to the Col group up to 7 weeks. The Col group over the same period showed 

no response.  

3.1.3 Development of EngNT + PGF as a repair product 

A target product profile is used as a tool for product development to outline key 

features of the device and achieve clarity on the design and manufacture of the final 

product. In this case, the target product was the development of EngNT incorporated 

with PGF to improve the interface between the damaged proximal stump and the 

engineered tissue. The overall outcome from this would be a methodical design of a 

construct that is suitable for scale-up and Good Manufacturing Practice (GMP). 

Notwithstanding, the combination of EngNT + PGF should not be cytotoxic to glial, 

endothelial cells and neuron. Functionalisation of the PGF should lead to longer 

neurites and the combination of EngNT + PGF should encourage migration of non-

neuronal cells and elongation of neurons as described in the aforementioned study 

(Kim et al., 2005). By beginning with the end in mind, the result of the development 

is a robust formulation and manufacturing process with an acceptable control strategy 

that ensures the performance of EngNT + PGF.  

In the in vitro tests, 150 mg of fibres was used to create EngNT + PGF device. 

However due to the small diameter of PGF the number of fibres within the device 

remained unknown. In addition, placing the PGF into the EngNT mould and casting 
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the cell-hydrogel mix into the mould altered the orientation of some fibres. From the 

previous section it is evident the fibres provide strong cues for neurite outgrowth and 

non-neuronal cell migration, hence ensuring the fibres are retained completely parallel 

to the long axis of the construct is pertinent for orientated regeneration. Moreover, if 

this product was to be produced by GMP standards, then each stage of manufacture 

has to be clear. To prevent clustering of fibres it was also essential to place fibres onto 

the EngNT in an orderly fashion where the spacing between the fibres can be 

quantified. Furthermore, the in vitro model, PGF extend throughout the entirety of 

EngNT however the application of PGF in EngNT should be localised to the interface.  
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3.1.4 Aims and hypothesis 

Considering the aforementioned advantages of PGF, in particular, their inherent 

stiffness has led to the hypothesis that PGF could improve the interface between the 

damaged proximal stump and EngNT by physically bridging across the nerve defect 

and increasing the number of neurites that enter a repair conduit. In essence, combining 

the short-distance regeneration properties of PGF as described by Kim and colleagues 

(2015) with the long-gap repair properties of EngNT should improve the overall 

efficacy of EngNT. 

The aim is to improve the ingrowth of regenerating neurons by modifying the proximal 

entry-zone of the EngNT constructs to coax regenerating neurites into EngNT. 

This chapter focusses on the in vitro and in vivo testing of PGF and EngNT. First, the 

toxicity of PGF is investigated with regard to various neuronal and non-neuronal cell 

types. Second, the behaviour of Schwann cells and neurites seeded on PGF is assessed. 

Third, the effect of fibre geometry on neuronal elongations is also investigated. Fourth, 

the effect of functionalising PGF surface on neuronal outgrowth is investigated. The 

ability of EngNT + PGF to promote neuronal elongation and non-neuronal cell 

migration in vitro is measured. Moreover, this chapter observes the development of 

EngNT + PGF rods. Once these rods are developed in a consistent and robust way, 

these are implanted in a critical-gap defect to repair rat sciatic nerve injury.  
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3.2 Results 

3.2.1 Investigating toxicity of PGF to Schwann cells, endothelial cells and neurons 

3.2.1.1 Minimal toxicity of PGF conditioned media to SCL 4.1/F7 Schwann cells 

 

 

 

 

 

 

 

 

 

To assess the effect of PGF conditioned media on Schwann cell viability, a serial 

dilution assay was conducted. At 24 h and 72 h the percentage of live cells at all serial 

dilutions were comparable to the control (98.7 ± 0.4 %) (Figure 3.2a). Each well 

contained an average of 199±5 cells hence there was not a large variability in cells per 

field of view. Furthermore, metabolic assessment of viability showed minimal toxicity 

in cells with conditioned media with metabolic readings at 24 h and 72 h were 

comparable to the control. Although, there was approximately a 20% increase in 

metabolic activity of in all samples including the control from 24 h to 72 h (Figure 

3.2b). The positive control, that is, ethanol, was able to detect dead cells and its 

corresponding metabolic absorbance value did not change with time. Moreover, this 

shows that the metabolic assay is capable of discriminating between live and dead 

cells.  

Figure 3.2 Serial dilution assay describing the effect of PGF conditioned media on viability of 
SCL4.1/F7 Schwann cells at 24 h and 72 h.  
Cells were exposed to conditioned media in ratios of 1:1000, 1:100, 1:10 and 1:1, control media, or 
ethanol. (a) Live/dead assay using Syto®21 and PI. Two-way ANOVA revealed and a main effect of 
serial dilution (p<0.001), significance between time conditions (p<0.05) and an interaction between 
both (p<0.05). Post hoc analysis by Dunnett’s multiple comparison test revealed a significant difference 
between the 1:10 and 1:1 dilutions and the control (p<0.01). (b) metabolic activity assessed using 
alamarBlue®. Two-way ANOVA revealed and a main effect of time (p<0.001), no significance of 
concentration or an interaction between both in (b) but not (a). Post hoc analysis by Dunnett’s multiple 
comparison test did not reveal a difference between the control and serial dilutions. Data are mean ± 
SEM; n=9. 
 

(a) (b) 
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3.2.1.2 Minimal toxicity of PGF conditioned media to DRG dissociated neurons and 

NG108-15 neurons 

 

 
 

 

 

 

 

 

 

 

 

 

DRG dissociated neurons cultured in conditioned media were longer than the control 

neurons. The mean length for control neurons was 142 ± 6 µm (Figure 3.3a) and the 

mean neurite length for conditioned media was 152 ± 7 um (Figure 3.3b,c). Neurons 

cultured in conditioned media had longer neurites measured at 250 µm compared to 

the longest neurite measured in the control sample, which was 220 µm. The control 

media had the shortest neurite 64 µm, compared to 71 µm which was the shortest 

neurite measured for the conditioned media samples. There was no difference 

compared to the control in the mean number of neurites emanating from each neuronal 

cell body (Figure 3.3d). 

(a) (b) 

(d) (c) 

βIII- tubulin 
Hoechst 

βIII- tubulin 
Hoechst 

Control 1:1 CM 

Figure 3.3 The effect of PGF conditioned media on DRG outgrowth.  
Micrographs showing neurites cultured in standard cell culture media (a) and PGF conditioned media 
(b) after 72 h incubation. Images captured using 10 x magnification; Scale bar: 50 µm. The box plot 
displays the range of neurite length data in (c) and the number of neurites per cell body is shown in (d). 
Data did not pass Shapiro-Wilk normality test. Non-parametric data set: Mann-Whitney U test 
compared mean neurite length of the control to 1:1 conditioned media (CM), where *p<0.05. Data are 
means ± SEM; n = 8 wells from 2 separate cultures; ~21 ± 4 cell bodies counted per field of view. 
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A similar pattern with regard to neurite length was noted with the NG108-15 neurons. 

The mean neurite length for the control samples was 91 ± 4 µm and that of neurons 

exposed to conditioned media was 110 ± 6 µm. NG108-15 neurons cultured in 

conditioned media presented the longest neurite with a maximum length of 243 µm 

whereas the maximum length found in the control samples was 150 µm. Both samples 

had presented the shortest neurites with a length of ~ 35 µm. There was no difference 

in the mean number of neurites for the control condition and NG108-15 neurons.  

 

 

 

 

 

 

 

 

 

 

 

  

βIII- tubulin 
Hoechst 

βIII- tubulin 
Hoechst 

Control 

1:1 CM 

Figure 3.4 The effect of PGF conditioned media on NG108-15 outgrowth.  
Micrographs showing neurites cultured in standard cell culture media (a) and PGF conditioned media 
(b) after 72 h incubation. Images captured using 20 x magnification; Scale bar: 100 µm. The mean 
neurite length is shown in (a) and the number of neurites emanating per cell body is shown in (b). 
Box plots describing neurite length on NG108-15 neurons exposed to conditioned media (c) and the 
mean number of neurites emanating from each cell body (d). Data are means ± SEM; n = 6; 16 ± 5 
cell bodies counted per field of view.  Data did not pass normality test; Shapiro-Wilk. Mann-Whitney 
U test compared mean neurite length of the control to 1:1 CM, where **p<0.01. 
 
 
 
 

(c) (d) 
(a) 
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3.2.2 Effect of PGF conditioned media on HUVECs 

3.2.2.1 Minimal toxicity of PGF conditioned media to HUVECS 

 

 

 

 

 

The percentage of live HUVECs cultured in the PGF conditioned media compared 

with the controls at 24 h and 72 h were comparable (Figure 3.5a). HUVECs metabolic 

activity for the control group and serial dilutions increased from 24 h to 72 h by ~10-

15%, except in the ethanol positive control (Figure 3.5b). The positive control, that is, 

ethanol, showed that the metabolic assay is capable of detecting cell death and its 

corresponding metabolic absorbance value did not change with time. 

 

 

 

  

Figure 3.5 Serial dilution assay describing the effect of PGF conditioned media on viability of 
HUVECs at 24 h and 72 h.  
Cells were exposed to conditioned media in ratios of 1:1000, 1:100, 1:10 and 1:1, control media, or 
ethanol. (a) Live/dead assay using Syto®21 and PI. Two-way ANOVA revealed and a main effect of 
interaction between serial dilution and time (p<0.01), significant difference serial dilution (p<0.01) 
but no significance between time conditions. (p<0.05). Post hoc analysis by Dunnett’s multiple 
comparison test revealed a significant difference between the 1:100 and the control at 24 h (p<0.001), 
and 1:10 (p<0.05) and 1:1 (p<0.01) and the control. (b) metabolic activity assessed using 
alamarBlue®. Two-way ANOVA revealed and a main effect of time (p<0.001). Post hoc analysis by 
Dunnett’s multiple comparison test did not reveal a difference between the control and serial dilutions. 
Data are mean ± SEM; n=9. 

(a) (b) 
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3.2.2.2 Fewer proliferating HUVECs at 48 h in conditioned media compared to 

control 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Proliferation of HUVECs in conditioned media was similar to the control at 24 h 

(Figure 3.6a, d). The number of proliferating cells increased at 48 h (Figure 3.6b, d) 

but there were approximately 20% more proliferating cells in the control group 

compared with HUVECs cultured PGF conditioned media. At 72 h (Figure3.6c, d), 

the number of proliferating cells for the control and conditioned media were similar. 

Moreover, Figure 3.6e is representative micrograph showing that HUVECs were able 

to adhere to PGFs and proliferate on PGF. 

  

(d) 

Ki67            24 h 
Hoechst               1:1 

Ki67            48 h 
Hoechst               1:1 

Ki67            72 h 
Hoechst               1:1 

Figure 3.6 Percentage of proliferating HUVECS after exposure to PGF conditioned media for 
24, 48 and 72 h. 
PGF were placed in endothelial growth medium for 24 h before to form conditioned media. HUVECs 
were then exposed to this conditioned media. The control sample represents cells cultured in fresh 
endothelial cell growth medium supplemented with FBS and P/S. Representative micrographs of 
HUVECs cultured in 1:1 conditioned media at 24 h (a), (48 h) (b) and 72 h (c). (d) Percentage of Ki67+ 
HUVEC defining the percentage of proliferating cells Two-way ANOVA revealed a main effect of 
time (p<0.001) and an effect of conditioned media (p<0.01), and an interaction between both 
(p<0.001). Dunnett’s multiple comparison test compared with post hoc samples incubated with 
conditioned media to the control. Statistical significance was noted between samples at 48 h, where 
**p<0.01. Data are means ± SEM; n=9. (e) represents a micrograph of HUVECs proliferating on PGF 
(where the latter is highlighted with white dotted lines).  
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(e) HUVECS on PGF 
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3.2.3 The effect of PGF in contact with Schwann cells and neurons 

3.2.3.1 Schwann cells exhibit elongated morphology on PGF 

 

 
 
 
 
 
 
 
 
` 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All Schwann cells underwent tethered alignment, although Schwann cells that adhered 

to PGF presented a more elongated morphology compared with Schwann cell that did 

not adhere to the PGF. The shape factor value for Schwann cells seeded in EngNT was 

0.15 ± 0.012, in comparison to 0.02 ± 0.01 for Schwann cells attached to PGF 

embedded in EngNT. This corresponded to ~ 40 µm length on EngNT and ~ 70 µm 

on EngNT + PGF, a 75% increase in elongation. 

S100 EngNT 

S100 EngNT + PGF 

Figure 3.7 Schwann cell (SCL4.1/F7) elongation in EngNT compared with elongation on PGF 
embedded in EngNT at 24 h.  
Immunocytochemistry of EngNT and EngNT + PGF (a,c) (Scale bar: 50 µm at 20 x magnification) 
and  corresponding SEM images (b, d scale bar: 50 µm and 100 µm, respectively). Shape factor 
determining roundness of an object (Values closer to 0 indicate a less rounded and more elongated 
morphology) (e). Box plot of spread of Schwann cell length values (f). T-test revealed statistical 
significance between EngNT and EngNT + PGF; ***p<0.001. Data are means ± SEM; n = 6. 

(a) (b) 

(c) (d) 

(e) (f) 
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3.2.3.2 PGF promotes orientated DRG neurite outgrowth 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DRG neurons seeded on top of EngNT followed the alignment of Schwann cells in the 

device (Figure 3.8a,b). Interestingly, DRG neurons seeded on top of EngNT + PGF, 

strongly adhered to and extended along the glass fibres (Figure 3.8 c,d). The number 

Figure 3.8 Effect of PGF on neurite outgrowth and orientation from the long-axis of EngNT at 
72 h.  
Micrographs of neurites from DRG seeded on top of EngNT (a) and EngNT + PGF (c); (Scale bar: 100 
µm at 20 x magnification) with corresponding SEM images for each condition, respectively (b,d; Scale 
bar: 50 µm). (e) Mean number of neurites emanating from each cell body. Data did not pass normality 
test; Mann-Whitney test compared non-parametric data, where ***p<0.001. (f) Mean neurite length 
measured from neurites on EngNT and EngNT +PGF; T-test compared mean neurite length of EngNT 
to EngNT + PGF; where ***p<0.001. (g) Box plot describing angle of neurite deviation from the long-
axis of the collagen construct. All data are means ± SEM; n=6. 

EngNT + PGF 

βIII- tubulin 
S100 
Hoechst 

EngNT 

βIII- tubulin 
S100 
Hoechst 

EngNT + PGF 

EngNT  (a) 

(c) 

(b) 

(d) 

(e) (f) (g) 
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of neurite branches was significantly lower in EngNT + PGF group (~3) where neurites 

extend in both directions along the fibre, compared to the EngNT group (~6) (Figure 

3.8e). The neurites on EngNT + PGF neurites were also ~ 34% longer than the neurites 

measured on EngNT (Figure 3.8f). PGF extended along the longitudinal axis of the 

construct, and the majority of neurites elongated within 0-10° deviation of the long 

axis, following the PGF. The maximum deviation of neurites on EngNT +PGF, 20° 

form the longitudinal axis of the construct. On the other hand, the majority of neurites 

on EngNT deviated between 5-20° with a maximum deviation of 70°. This further 

showcases the dominant effect of the fibres at orienting neurite elongation (Figure 

3.8g).  

3.2.3.3 Large PGF diameter leads to longer neurite extension 

  

 
 

 

 

 

 

 

 

 

Figure 3.9 e shows that the lowest drum speed (400 r.min-1) produced the largest 

diameter fibres that were ~ 20 µm (Figure 3.9a,d), whereas 800 r.min-1 produced fibres 

Figure 3.9 Effect of fibre diameter on neurite length. SEM images of fibres drawn at 400, 800 
and 1200 r.min-1(a-c) at 72 h.  
Box plot presenting data measurements of fibres; n=100 fibres measured for 400, 800 and 1200 r.min-

1, (Drum radius: 15.9 cm) from 2 separate batches of fibres produced. Each fibre was measured at 3 
points along the fibre. (d) Fibre diameter against drum speed (r.min-1). (e) Mean neurite length on each 
PGF of different diameters. Non-parametric data: Kruskal-Wallis test with post hoc Dunn’s test to 
compare mean neurite length of each diameter to each other mean; **p<0.01. Data are means ± SEM; 
n=4. 
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of ~ 15 µm (3.9b,d) and 1200 r.min-1 produced fibres of ~12 µm (Figure 3.9c,d). The 

fibres with the largest diameter were associated with the longest neurites (483 ± 28 

µm) whereas the smallest diameter fibres were associated with neurites that were 32% 

shorter (365 ± 31 µm) (Figure 3.9e). The 15 µm fibres had a mean neurite length 

similar to the largest diameter fibres (448 ± 26 µm). 

3.2.4 Investigating protein-coated PGFs that promote DRG neurite length 

3.2.4.1 Effect of laminin- and/or fibronectin- coated PGFs on neurite length 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 The effect of coating PGFs with laminin or fibronectin to encourage neurite 
elongation at 72 h.  
The effect of laminin concentrations (a) and fibronectin concentration (b) on neurite growth on PGF. 
Where data for (a) and (b) are means ± SEM; n = 4. Kruskal-Wallis test with post hoc Dunn’s test to 
compare neurite length concentration with uncoated fibres (0 µg/mL); **p<0.01; ***p<0.001. (c) 
shows the combination of laminin and fibronectin on neurite extension. Data are means ± SEM; n= 6. 
Non-parametric data tested using Kolmogorov-Smirnov normality test. Statistical analysis with 
Kruskal-Wallis test with post hoc Dunn’s test to compare neurite length between difference ratios of 
laminin: fibronectin.; **p<0.01; ***p<0.001. 

(a) (b) 

(c) 
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Figure 3.10a describes the neurite length when coating PGF with different 

concentrations of laminin. Increasing laminin concentration showed a corresponding 

increasing in neurite length. The 20 µg/mL laminin concentration elicited the longest 

neurite length, approximately 3-fold longer than the control. Whereas the 5 µg/mL 

concentration showed a mean neurite length comparable to the uncoated control. 

Figure 3.10 b describes the effect of using fibronectin coating on neurite length. 

Similar to laminin, increasing the concentration of fibronectin increased the neurite 

length, up to 75 µg/mL. This concentration resulted in the longest neurite length which 

is approximately 3-fold longer than the uncoated control.  

Using a combination of laminin at a concentration of 20 µg/mL and fibronectin at a 

concentration 75 µg/mL led to the longest neurite extension (Figure 3.10c). In 

particular, when the combination of the concentrations of laminin and fibronectin was 

investigated on neurite length, the 1:1 ratio showed the longest mean neurite length. 

When laminin and fibronectin were used in a 1:3 ratio this showed the lowest mean 

neurite length. The 3:1 ratio showed a longer neurite length than the 1:3 ratio but less 

than 1:1 ratio. 
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3.2.5 PGFs encourage neurites and non-neuronal cells to elongate further into 

EngNT 

Hemisected DRG were placed on EngNT with and without PGF and a quantitative 

comparison of neurite extension and non-neuronal cell migration was made between 

the samples (Figure 3.11). Immunocytochemistry to stain for βIII-tubulin (Figure 

3.11h, i) and measurement of neurites indicated that neurites extended on EngNT at a 

rate of ~ 62 µm/day and 100 µm/day on EngNT + PGF. The mean neurite extension 

on EngNT was 185 ± 17 µm, and on EngNT +PGF was 302 ± 30 µm, that is, 63% 

longer after 3 days (Figure 3.11d). The maximum neurite extension on EngNT + PGF 

was 480 µm and the minimum was 145 µm. Whereas, the maximum and minimum 

values of neurite extension on EngNT were 301 µm and 105 µm, respectively. It can 

be seen from Figure 3.11i that neurites tended to attach to the PGF rather than grow 

into the surrounding EngNT. The mean number of neurites measured per hemisected 

explant was 4-6 (Figure 3.11c). Approximately 26% more non-neuronal cells migrated 

onto the EngNT/PGF samples, compared with EngNT (Figure 3.11a). EngNT + PGF 

supported the robust migration of non-neuronal cells (Figure 3.11j). Non-neuronal 

cells on EngNT + PGF (Figure 3.11f, g) migrated to a mean maximum distance of 475 

± 37 µm and those on EngNT (Figure 3.11e) migrated to approximately half the 

distance, that is, 244 ± 24 µm on EngNT (Figure 3.11b).  

The data gathered from these experiments was used to directly parameterise an in silico 

model that modelled fibres within EngNT for repair of a log-gap nerve defect and is 

discussed in chapter 7. 
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Figure 3.11 Neuronal elongation and non-neuronal cell migration from hemisected rat DRG into EngNT and EngNT + PGF cultured for 72 h.  
Data are means ± SEM; n = 12. Figure 11 e-j are micrographs of neuronal elongation and non-neuronal migration on EngNT and EngNT + PGF. Dotted white lines represent 
boundaries of PGF and the white arrows show the direction of neurite elongation or non-neuronal cell migration. Figure 11a) shows the mean number of non-neuronal cells 
counted per construct where dots represent total number of non-neuronal cells per construct. Data passed Shapiro-Wilk normality test; T-test revealed *p<0.05. Figure 11b 
describes the mean maximum distance travelled into each construct. Each black dot represents the maximum distance reached by a non-neuronal cell per experiment. Data 
passed Shapiro Wilk test for normality. T-test revealed statistical significance between conditions; ***p<0.001. Figure 11e shown representative micrograph for distance of 
non-neuronal cells into EngNT at 10x magnification; Scale bar = 100 µm. Figure 11f) shows distance of non-neuronal cells into EngNT + PGF at 10x magnification (Scale 
bar = 100 µm) with a 20x magnification of migration on fibres shown in (g) (Scale bar = 50 µm). Figure 11j describes migration of non-neuronal elements along PGF (Scale 
bar = 100 µm) at 10x magnification. Figure 11c shows the mean number of neurites counted per construct. Data passed normality test and revealed no -significance between 
EngNT and EngNT + PGF.  Figure 11d) Box plot showing the distribution of neurite length measurement in EngNT and EngNT + PGF. Data passed Shapiro-Wilk normality 
test; **p<0.01. Neurite growth shown in Figures 11h,i are representative micrographs of neurte outrowth from DRG explants on EngNT and EngNT + PGF, respectively. 
DRG h .e.= DRG hemisected explant. 
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3.2.6 Development of EngNT + PGF rods for nerve regeneration 

3.2.6.1 PGF can routinely be positioned 1 mm into a construct 

A key manufacturing requisite when manufacturing EngNT + PGF rods for was to 

ensure the PGF can be systematically positioned towards the proximal end of the 

construct. Since EngNT without PGF is effective a promoting neuronal regeneration 

the purpose of the fibres was solely focussed on the interface. Therefore, PGF were 

positioned 1 mm into the collagen construct from the edge. Placing PGF into EngNT 

using fine tweezers, as mentioned in the previous chapter (Section 2.5.3, Figure 2.7) 

and earlier for the in vitro studies led to variability in the distance the PGF the EngNT 

(results not shown). By having PGF aligned in a mesh allowed for a greater amount of 

control when laying fibres onto EngNT. Following this, another layer of EngNT was 

placed on top of the PGFs and stabilised. Under a dissecting microscope PGF length 

of 1 mm was measured and excess EngNT with the PGF is cut away and discarded, 

where Figure 3.12 shows a representative picture. Arranging PGF 1 mm into the 

construct was always completed under a dissecting microscope and checked routinely 

with a ruler for quality assurance to ensure PGF were always positioned 1 mm into the 

construct. 

 

 

 

 

 

 
 

 

 

 

1 
m

m
 

EngNT 
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Remnant hole from the 
tethering bar 

Figure 3.12 Representative image PGF with a 1 mm length can consistently be placed at the end 
of EngNT.  
SEM image of EngNT with PGF, where the black dotted line shows where EngNT will be cut from. 
The red line decribes the length of PGF (1 mm). Scale bar = 1 mm; 28x magnification.  
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3.2.6.2 PGF showed minimal deviation from the long-axis of EngNT 

 

 

 

 

 

 

In vitro neurite elongation data showed that neurites are able to extend along the length 

glass fibres, hence it is pertinent to ensure that the PGF are completely aligned parallel 

with the longitudinal axis of the construct, otherwise this may cause misrouting on 

ingrowing neurites from the damaged proximal stump. Figure 3.13 shows that the 

method of laying the mesh on EngNT (Method and Materials: Figure 2.9) showed that 

the greatest number of PGF were either completely parallel to the longitudinal axis of 

the collagen construct or did not deviate more than 10°. Nevertheless, it was noticed 

that between 1- 5 fibre deviated between 50° and 60°.  

  

Figure 3.13 Angle deviation of PGF away from the longitudinal axis of the collagen construct 
(a).  
(b) SEM micrograph showing deviation of fibres in the collagen construct with the arrow describing 
the longitudinal direction of the construct; n = 3.  

(a) (b) 
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3.2.6.3 Construct rolling construct on a single layer of EngNT. 

 

Using one layer of the PGF mesh on a single sheet of EngNT distorted the aligned 

organisation of the PGF mesh in EngNT (Figure 3.14). Due to the disorganisation and 

the short length of PGF (1 mm) it was noticed that the PGF would retract into EngNT 

as the construct is rolled leaving an empty lumen and potentially unorganised fibres 

beyond this hollow area. The stiff disorganised fibres would often pierce through the 

delicate collagen disrupting EngNT anisotropic architecture.  

  

Figure 3.14 SEM cross-sectional area images of 3-layer mesh of PGF rolled in a sheet of EngNT.  
(a) Disorganisation of PGF. (b) Rolling produced movement of PGF within EngNT moving PGF further 
within EngNT. 

(a) (b) 
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3.2.6.4 Constructing EngNT+PGF with PGF sandwiched between two sheets of 

EngNT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 SEM images of different densities of PGF sandwiched between 2 sheets of EngNT 
and rolled.  
Where (a) and (b), represent 1 layer of PGF rolled between two sheets of EngNT; (b) and (d) represent 
2 layers of PGF mesh between two sheets of EngNT and (e) and (f) represent 3 layers of PGF mesh 
between two sheets of EngNT, before each construct is rolled as described in Methods section 2.11.1.3.  
The length of PGFs used is 1 mm. 

1-layer PGF mesh 1-layer PGF mesh 

2-layer PGF mesh 2-layer PGF mesh 

3-layer PGF mesh 3-layer PGF mesh 

(a) (b) 

(c) (d) 

(e) (f) 
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Table 3.2 Mean number of PGF fibres in EngNT + PGF rolled constructs when using different 
number of PGF mesh layers, counted automatically by a segmentation application. 
Fibres counted using a custom-made mathematical model designed to detect PGF within rolled EngNT. 
Data are means ± SEM; n = 5. 

 

 

 

 

 

From the SEM images presented in Figure 3.15 it appears that 3-layers of PGF created 

a circular cross-sectional area and owing to the greater density of PGF compared to 1- 

and 2-layer meshes, created the largest cumulative PGF surface area to be in contact 

with a damaged proximal nerve stump. Moreover, the PGF were evenly distributed, 

unlike the constructs created with 1 – and 2- PGF mesh layers. Using a 3-layer PGF 

mesh used approximately 333 fibres, compared to 142 and 74 in the 2- layer mesh and 

1-layer mesh, respectively (Table 3.2). Figure 3.16 shows that the 3-layer mesh used 

to create PGF had the least variability in number of fibres. This can be observed from 

a narrow range between the lower and upper quartile. Therefore, a 3-layer PGF mesh 

to create EngNT + PGF is suitable from a structural and reproducible standpoint since 

more accurate estimation can be made for the number of PGF present per construct. 

  

 1 mesh layer 2 mesh layers 3 mesh layers 

Mean number of fibres in a 
rolled EngNT construct 

(±SEM) 
74 ± 22 142 ± 30 333 ± 16 

Figure 3.16 Box plot describing the number of PGF visible at the proximal end of EngNT when 
creating EngNT + PGF rods. 
Fibres counted using a segmenting application to detect fibres within a rolled EngNT. Where n = 5. 
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3.2.7 In vivo model to investigate the effect of EngNT + PGF rods to promote 

neuronal regeneration  

3.2.7.1 Rat sciatic nerve injury transection model 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.17 Implanted EngNT and EngNT + PGF. Initial transection, integration of proximal 
and distal stump and device harvest after 28 days post-surgery.  
Sciatic nerve defect = 10 mm, where EngNT and EngNT + PGF were delivered in thin-walled silicone 
tubes; n = 5.  
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3.2.7.2 Quantitative and qualitative assessment of nerve regeneration from the 

proximal stump into the repair conduit 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.18  Quantification of axonal regeneration in EngNT and EngNT + PGF constructs.  
Number of axons in the proximal stump, conduit in EngNT and EngNT + PGF groups, including 
quantification of axons in control contralateral sciatic nerve (a). Data passed Shapiro-Wilk normality 
test; Two-way ANOVA with post hoc Dunnett’s test comparing EngNT and EngNT + PGF constructs 
; **p<0.01. (b) Axonal regeneration as a percentage of the proximal stump; T-test comparing axonal 
regeneration of EngNT and EngNT + PGF constructs; ***p<0.001. Data are means ± SEM; n = 5. (c) 
Confocal micrographs for the contralateral control, EngNT proximal stump and EngNT conduit for 
EngNT and EngNT + PGF groups are 15 µm thick transverse sections showing neurofilament positive 
neurites at 2 mm proximal and contralateral controls and 2 mm into the conduits from the proximal 
stump interface. Tile scan at x 20 magnification; Scale bar = 100 µm.  

(a) (b) 

(c) Proximal Conduit 
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Figure 3.17 illustrates the implantation of EngNT and EngNT+PGF constructs 

delivered in a thin-walled silicone conduit. Illustration shows a clean sciatic nerve 

transection and integration of the construct with the proximal and distal nerve stumps. 

After 28 days, the conduits were intact with no visual abnormalities seen around the 

injury site and minimal fibrosis in both conditions (Figure 3.17).  

Rat sciatic nerves were dissected at 28 days and 15 µm section were taken 2 mm into 

the proximal stump and 2 mm into the construct to determine axon number as a method 

to assess neuronal regeneration across the interface (Figure 3.18 (c)). Neurofilament-

positive axons were quantified and described in Figure 3.18a. There was a greater 

number of axons in the proximal conduit in the EngNT group (~3500 neurofilament-

positive axons) compared to the EngNT + PGF group (~ 900 neurofilament-positive 

axons). In fact, ~ 40 % of neurites regenerated into EngNT from the proximal stump 

compared to a mere ~10% in the EngNT + PGF group, revealing statistical 

significance (Figure 3.18 (b)).  

 
 

 
 
 
 
 
 
 

 
 

 
 

 
Figure 3.19 shows there was no difference in muscle mass between the two groups but 

very large differences between each experimental group and their respective 

contralateral muscles. 

  

EngNT group EngNT+PGF group 

Contralateral Injury Contralateral Injury 

Figure 3.19 Gastrocnemius muscle mass following sciatic nerve repair.  
Data are means ± SEM, n = 5 per group, of the mass of the gastrocnemius muscle on the repaired side 
as a percentage (%) of the contralateral control muscle. 
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A sagittal section of the interface between a proximal stump and the EngNT + PGF 

revealed that there was robust neurite regeneration along the PGF, seen by the parallel 

arrays of positive neurofilament staining. However, it appeared that after the 1 mm of 

PGF, there was a second interface between PGF onto EngNT which limited the 

number of neurites that traversed into the construct.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Figure 3.20  Confocal whole mount micrograph showing a tile scan of the sagittal section of the 
proximal stump (PS) and EngNT + PGF interface.  
Neurofilament positive axons stained red (549). Scale bar = 250 µm; 10 x magnification. White dotted 
line shows the interface between the proximal stump and EngNT + PGF.  

Proximal 
stump 

EngNT + PGF 

PGF in 
EngNT 

250 µm 
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3.3 Discussion 
EngNT has been used to repair long-gap nerve defects but despite comparable nerve 

regeneration within the construct to the autograft, Georgiou et al., (2013) noticed 

approximately a 60% reduction in the number of neurites entering EngNT from the 

damaged proximal stump. Axonal disorganisation at the proximal nerve – 

graft/engineered tissue interface has been shown to reduce the efficacy of various 

nerve repair devices as described in chapter 1 (Section 1.1.6.1; Table 1.2). Contact 

guidance cues, in particular PGF are well-established at improving the rate and 

directionality of nerve regeneration (Ahn et al., 2015, Kim et al., 2015). The goal of 

the current study was to test the ability of stiff PGF to promote directional axonal 

regeneration into EngNT. The objective of this chapter was to do this by optimising 

PGF surface coatings and choosing appropriate fibre diameter to encourage neurite 

elongation and non-neuronal cell migration. This was assessed through various 

cytotoxicity, proliferation and functional assays in vitro and in vivo.  

3.3.1 Compatibility of Schwann cells, endothelial cells and neurons to PGF 

The findings show that the chemical composition of the glass allowed neurons, 

Schwann cells and endothelial cells to adhere to the PGF. This concurs well with 

previous findings for Schwann cells and neurons (Kim et al., 2015, Vitale-Brovarone 

et al., 2012), however the response of HUVECs on this glass composition has not 

previously been tested. If the glass fibre composition had not been doped with that 

particular mol % of each element it cannot be confirmed whether the fibres would 

permissive to cellular attachment without a surface coating. For example, Bitar et al., 

(2004) show that a ternary glass system with less than 40% CaO cannot support the 

attachment of MG63 cells.  

Serial dilution assays of conditioned media revealed that solutes released from PGF 

had minimal toxicity to Schwann cells, endothelial cells and neurons. In fact, PGF 

conditioned media led to a small increase in DRG neurite length and NG108-15 length. 

These findings are in agreement with the literature (Lapa et al., 2019). The 

compatibility of the different cell types and neurons to PGF could be attributed to the 

5 mol % Fe components in the glass composition. Previous findings show that PGF 

with 4- or 5- mol% of Fe2O3 confers properties such as cellular attachment and 
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proliferation in comparison to undoped glass fibres (Ahmed et al., 2004a, Lapa et al., 

2019).  

Considering the importance of endothelial cells and blood vessel formation in nerve 

repair (Muangsanit et al., 2018, Wang et al., 2017b, Cattin et al., 2015) it was essential 

to test these cells, however previous studies have not investigated the response of 

endothelial cells to this glass composition. PGF conditioned media reduced the 

proliferative capacity of the HUVECs at 48 h by ~ 20%. In contrast, Haro Durand et 

al. (2017) demonstrated that conditioned media from their glass composition yielded 

greater migratory and proliferative response of HUVECs. They tested the effects of 

HUVECs to the glass composition 45% SiO2, 24.5% Na2O, 24.5% CaO and 6% P2O5, 

in which Na2O was partially substituted by 5% Li2O (45S5.5Li). Ion release studies 

from the fibres in EngNT nor their independent effect on each cell type have not been 

tested in this study.  

3.3.2 Effect of PGF on Schwann cell and neuron morphology 

Schwann cells that adhered to PGF in EngNT presented with a more elongated 

morphology compared to the Schwann cells in EngNT which is in agreement with the 

literature (Ahmed and Brown, 1999, Evans et al., 2018). This elongated morphology 

often characterised by an increase in elongation and cell area is critical since the 

Schwann cells collectively assemble into bands of Büngner to guide axonal 

regeneration as described in chapter 1 (Gomez-Sanchez et al., 2017, Jessen and 

Mirsky, 2019). Vitale-Brovane et al., (2012), cultured neonatal olfactory bulb 

ensheathing cells (NOBEC), (a type of glial cell) on PGF doped with 2.5 mol% 

titanium and also noticed an elongated morphology and spread well over the fibre 

surface. Interestingly, the NOBEC cells showed a greater proliferation rate on the 

fibres compared to on a glass slide. This elongated morphology can also be achieved 

by culturing Schwann cells on a stiffness gradient, where the cells adopt a highly 

elongated morphology within 2 hours (Evans et al. 2018).  

When DRG dissociated neurons were seeded on EngNT and EngNT + PGF, both 

constructs promoted the orientated extension of neurites. This is in agreement with 

previous studies with EngNT that showcase the influence and necessity of the 

anisotropic structure to direct neuronal regeneration (Georgiou, 2013). Neurite length 
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was longer on EngNT + PGF than on EngNT once the dissociated DRG neurons were 

in contact with the PGF structures. The majority of neurites did not deviate more than 

10° from the long axis of the construct, compared with neurites on EngNT where the 

majority deviated between 10-20°. Moreover, the glass fibres had a reduced number 

of branches (2-3) on EngNT + PGF (~3) compared with EngNT+PGF (~6) which was 

in agreement with the previous findings (Kim et al., 2015). The presence of PGF 

strongly polarises neurites and dominates the directional orientation provided by the 

anisotropy of EngNT. This is in agreement with previous findings that elucidate the 

effect of glass fibres on neurites (Vitale-Brovarone et al., 2012). In order to ensure the 

retention of a highly aligned EngNT + PGF construct, the PGF must be accurately 

placed parallel to the longitudinal axis. Any deviation of PGF from this axis will lead 

to a resultant change in neurite direction from the long axis, albeit the neurites will still 

extend along the long-axis of the fibre.   

3.3.3 The effect of coating PGF with laminin and fibronectin on neurite length 

There are a myriad of natural and synthetic proteins that have previously been shown 

to increase neurite length (Rauvala, 1984, Sun et al., 2012b, Chi et al., 2006, Yang et 

al., 2011, Convertino et al., 2018). Laminin and fibronectin synthesised by Schwann 

cells and their ability to encourage neurite extension is well-established (Thyberg and 

Hultgardh-Nilsson, 1994, Hill and Williams, 2002, Haraida et al., 1992). Though the 

uncoated PGF were able to support neurite extension, laminin and fibronectin were 

both seen to increase neurite length independently and have a synergistic effect on 

PGF more than the uncoated fibres.  

DRG dissociated neurons grew the longest on PGF coated with 20 µg/mL laminin. 

Previous findings have shown that coating substrates with 1, 5, 10, 20 and 50 µg/mL 

of laminin have linearly increased neurite length with increasing laminin 

concentration, hence the results are in good agreement with the literature (Flanagan et 

al., 2006, Manthorpe et al., 1983, Ichikawa et al., 2009, Tisay and Key, 1999, Swindle-

Reilly et al., 2012, Tucker, 2006). In the present study, neurite extension continued to 

increase with increasing laminin concentration. In fact, Ma et al. (2008) have shown 

that 60 µg/mL laminin can increase neurite length beyond that achieved by 10 µg/mL 

of laminin. In contrast, Eickholt et al. (2007) tested the effect of 5, 10 and 20 µg/mL 

laminin on DRG neurons and showed maximum neurite length was achieved with 10 
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µg/ml. Neurite length decreased by ~ 6% when cultured on 20 µg/mL of laminin. 

Similarly, Swindle-Reilley et al., (2012) found that neurite length is lowest when 

culturing on 100 µg/mL of laminin. Together this evidence suggests that maximum 

neurite elongation on laminin may be on a concentration above 20 µg/mL but less than 

100 µg/mL. 

Increasing concentration of fibronectin increased neurite length up to an optimal for 

neurite growth at 75 µg/mL, this fairs well with the literature (Muller et al., 1995b). 

At a concertation of 100 ug/mL neurite length decreased. Similar results have seen by 

Venstrom and Reichardt (1995) who tested the effects of 40 µg/mL and 120 µg/mL 

fibronectin on DRG neurite outgrowth. At the higher concentration there was only a 

6% increase in neurite length compared to the 40 µg/mL concentration. The authors 

concluded that fibronectin was slightly inhibitory to neurite length, however the study 

did not test any concentration between 40 -120 µg/mL. The results in the present study 

concur well with this conclusion since at 50 and 100 µg/mL neurite extension was not 

as long as that achieved when using 75 µg/mL.  

Fibronectin has been proven to be a fundamental protein during the development stage 

of the nervous system playing a key role in migration and differentiation of neural 

crest cells (de Luca et al., 2014). Fibronectin contain distinct functional domains, in 

particular the RGD and carboxyl terminal domains have been shown to support neurite 

elongation (Humphries et al., 1988). However, fibronectin folds and unfolds in a 

complex manner and cryptic peptide sequences are exposed that mediate adhesion or 

antiadhesion, giving an explanation to inhibitory effect of fibronectin observed in the 

literature. Therefore, it not a simple feat to conclude whether fibronectin is inhibitory 

to nerve regeneration or capable of exerting a profound positive influence on nerve 

regeneration however its role in nerve regeneration and complexity should be duly 

appreciated.  

The independent effects of laminin and fibronectin as discussed above agree well with 

the literature (Evans et al., 2007). This study demonstrates that synergy of laminin (20 

µg/mL) and fibronectin (75 µg/mL) in a 1:1 ratio produced the longest neurite length 

on PGF. The synergistic effect of laminin and fibronectin to produce longer neurites 

is in agreement with previous studies (de Luca et al., 2014, Ding et al., 2011, Wang 

and Sakiyama-Elbert, 2019). Notwithstanding, other studies have noted antagonistic 
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effects of these two proteins, where fibronectin was observed to be inhibitory to neurite 

growth compared to laminin (Noel et al., 1988, von der Mark and Ocalan, 1989). This 

was also observed in this chapter, whereby PGF coated with a 1:3 ratio of laminin: 

fibronectin produced the shortest neurites. The 3:1 ratio of laminin to fibronectin 

produced longer neurites than the 1:3 ratio, but this was shorter than using them in a 

1:1 ratio.  

3.3.4 The effect of fibre geometry on neurite length 

Numerous studies have investigated the effect of substrate geometry on neurite length 

through varying substrate properties. The fibre diameter has been seen in the literature 

to significantly alter neurite length. The results in this chapter show that neurite 

extension increases with an increasing fibre diameter. Neurite length was longest on 

fibres with 20 µm, then 15 µm and shortest on 12 µm diameter, that is, neurite length 

was shorted on the smallest fibre diameter and longest in the largest fibre diameter.  In 

agreement with this trend, Daud and colleagues (2012) cultured NG108-15 on PCL 

fibres ranging in diameter from 1 µm, 5 µm and 8 µm. They found that the larger 

diameter fibres revealed the longest neurites and the smallest diameter fibre presented 

the shortest neurites. Paradoxically, when they cultured rat DRG dissociated neurons 

on these fibres they found that neurite length was greatest on 1 µm dimeter and shortest 

on 8 µm, which could be attributed to the paracrine effect of Schwann cells. The latter 

result is in contrast to the results in this chapter but highlights the fact that different 

cell types have specific responses to the fibres on which they are cultured (Yang et al., 

2005, He et al., 2010, Wang et al., 2010, Yao et al., 2009, Binder et al., 2013). For 

example, a large number of studies have used neonatal DRG explants, which have 

been shown to have robust outgrowth even at short time intervals and it could be 

argued that this is not a representative in vitro model when the research question is 

concerned with the behaviour of adult neurons. Interestingly, nanoscale fibres have 

been shown to increase neurite length of primary neurons, greater than culturing these 

neurons on fibres on the microscale (Yang et al., 2005, He et al., 2010). 

Smeal and Tresco (2008) showed that maximum neurite elongation was noted on 

filaments with a diameter of ~ 30 µm compared to diameter 300 µm. Smeal et al. 

(2005) and Smeal and Tresco (2008) describe that substrate curvature can directly 

influence neurite outgrowth but is also dependent on the cell type used. For example, 
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adult DRG dissociated neurons had a greater propensity to elongate along the long axis 

of fibres with high curvature, typically smaller in diameter. Deviating from this long 

axis would expose the neurite to higher curvature making this direction energetically 

costly (Smeal et al., 2005). This suggests that 12 µm PGF should have produced the 

longest neurites. 

3.3.5 Neurite extension and non-neuronal cell migration 

A wide range of axonal growth rates have been reported in the literature which vary 

depending on the method of measurement. In vitro assays that involve culturing adult 

rat DRG dissociated neurons on EngNT reveal elongation rates between 50-80 µm/day 

(Martens et al., 2014, Georgiou et al., 2013, Rayner, 2019). This is in agreement with 

the results found in the present study relating to neurite elongation onto EngNT, which 

had a growth rate of ~ 62 µm/day. The growth rate of neurites on EngNT + PGF 

constructs was ~ 102 µm/day, that is, a 63% increase in length compared to culturing 

on EngNT after 3 days. Broadly speaking, this study is in agreement with the notion 

of using longitudinally orientated contact guidance cues to promote neurite elongation 

(Kofron et al., 2010). This data is also consistent with theories regarding the 

mechanical response of neurites to substrates of different stiffnesses and geometries 

(Koch et al., 2012, Tuft et al., 2014).  

This study found that non-neuronal cells emanating from the DRG cell body migrated 

further along the construct than the neurites. This concurs well with previous findings, 

for example Kim et al. (2008) assessed neurite and Schwann cell migration from DRG 

explant cultured on aligned poly(acrylonitrile-co-methylacrylate) fibre-based films. 

They found that Schwann cells extended approximately 60% further along the 

construct compared with the neurites. This compares well to the results in this chapter 

whereby the non-neuronal cell population migrated approximately 57% further than 

neurite extension in the constructs.  

The experiments using dissociated DRG allowed for the assessment of fundamental 

neurite growth support. However, by using hemisected DRG explants allowed for the 

simulation of the proximal stump – EngNT (± PGF) interface, to some extent. A 

limitation of this study also involves the number of neurites that grew out from the 

hemisected explants. As shown in Figure 3.11c, the mean number of neurites counted 
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per construct ranged between 3-6. Although this number of neurites given the time 

limit is supported by the literature (Neto et al., 2017), other studies that have validated 

this assay as a pre-clinical tool for assessing neurite growth have used longer culture 

times, in particular, 20-21 days and observed robust neurite outgrowth (Bozkurt et al., 

2007, Behbehani et al., 2018, Singh et al., 2018). Despite certain experimental 

differences, which include, but are not limited to different species, experimental times, 

DRG developmental stage and imaging, it is fundamentally the same type of model 

and therefore allows results to be compared and contrasted whilst bearing in mind the 

aforementioned factors. 

3.3.6 In vivo study 

Chapter 3 describes the iterative manner in which PGF were incorporated into EngNT 

to create an EngNT + PGF construct. Further, the ability of EngNT + PGF to increase 

neuronal regeneration across the interface and into the construct was tested in a long-

gap sciatic nerve defect. Results showed that PGF were able to support neurite growth 

in vivo and across the interface. However, neurites from the proximal stump entered 

the construct and began elongating along the PGF up to the end of the fibres. As the 

neurites reached the end of the 1 mm long PGF, this introduced a second interface for 

the neurites to traverse across. Results shows that the majority of neurites did not 

elongate further than the ends of the PGF as seen in Figure 3.18. The neurites that did 

elongate into EngNT may have entered through an area devoid of PGF as seen from 

the SEM micrographs presented in Figure (3.15 e,f).  

One method to encourage neurites to elongate across this secondary interface could be 

to extend PGF all the way throughout the construct. Another method may involve 

changing the geometry of PGF, for example tapering the ends of PGF. A study by 

Alekseeva et al. (2012) proposes the use of conical PGF that allow control of the rate 

and direction of tissue ingrowth. By changing the surface area-to-mass ratio of the 

conical fibres permits faster degradation towards the tapered, narrow end of the PGF. 

In fact, fibres with a composition of 50 P2O5 - 25 CaO -25 Na2O had a diameter of 40 

µm that reduced to almost 30 µm after 8-10 h dissolution in PBS. Considering that the 

composition of PGF used in this study contains an iron component, this dissolution 

rate needs to be optimised to create conical-shaped fibres for in vivo use. Ideally, as 

the neurites enter the EngNT + conical PGF, they elongate along the PGF which 
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provide proven strong directional cues. As the narrow ends of the fibres begin to 

degrade this would gradually abolish the second interface. Therefore, the neurites 

should now grow along the EngNT substrate.  

3.4 Conclusions and future work 
The aim of this chapter was to investigate the potential use of PGF in EngNT to 

encourage neurite regeneration and non-neuronal cell migration. Previously, Kim et 

al., (2015) have shown PGF to promote neurite regeneration in acellular collagen 

scaffolds. This study shows that PGF can encourage orientated neuronal elongation 

when incorporated with EngNT. The in vitro and in vivo data in this chapter provide 

compelling evidence that PGF are promising candidates for improvement the interface 

between a damaged proximal nerve stump and EngNT.  Results show that they are 

permissive substrates for cell attachment and can be optimised with functional 

coatings, in particular, a blend of laminin and fibronectin. The results also show that 

fibre geometry can influence neurite outgrowth, whereby PGF with large diameter led 

to longer neurites compared with PGF with smaller diameters. Moreover, EngNT + 

PGF can promote neurite elongation and non-neuronal cell migration to a greater 

extent than EngNT in vitro. In vivo results reveal that PGFs were able to promote 

robust neurite growth across the length of the glass fibres. However, on reaching the 

end of the glass fibre section the neurites encounter a second interface and this greatly 

reduces the number of neurites detected 2 mm into the length of the conduit compared 

with EngNT.  

Future work involves investigating methods to abolish the aforementioned second 

interface between PGF and EngNT whilst retaining the contact guidance cues the PGF 

provide to promote neuronal elongation as shown in this study.  

Future work also involves developing a mathematical model motivated by nerve 

repair. In vitro results from this study have already been used to parametrise a 

mathematical model that describes EngNT with PGF extending throughout the length 

of the construct. This model allows us to simulate various fibre distributions and 

arrangement in silico that will help to generate focussed in vitro and in vivo studies 

allowing for the accelerated development of EngNT + PGF. Moreover, this is aligned 
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with the 3Rs theme of reduction, replacement, and refinement. The mathematical 

modelling applications are discussed further in chapter 7.   
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Chapter 4 

The effect of low oxygen conditions on the ability 

of differentiated human dental pulp stem cells to 

promote endothelial cell proliferation and neurite 

outgrowth in vitro 

 

Published conference proceedings related to this chapter 

Bhangra KS, Powell R, Plotcyzk M, Knowles JC, Shipley RJ, Choi D, Phillips JB. (2019) The effect 

of hypoxia on the ability of differentiated human dental pulp stem cells to promote endothelial cell 

proliferation and neurite outgrowth in vitro. International Society of Peripheral Nerve Repair (ISPNR). 

Porto, Portugal. (Oral presentation) 

Plotczyk M, Bhangra KS, Phillips JB. (2016). Engineered neural tissue model of the Schwann cell 

response to hypoxia in vitro. In: 16th Annual meeting of the Tissue and Cell Engineering Society 

(TCES). European Cell & Materials Meeting abstracts 2016. Collection 5, Page 90. 
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4 The effect of low oxygen conditions on the ability of 
differentiated human dental pulp stem cells to promote 
endothelial cell proliferation and neurite outgrowth in 
vitro 

4.1 Introduction 
Autologous human Schwann Cells with EngNT would best recapitulate the nerve 

autograft. However, primary Schwann cells are accompanied with numerous practical 

drawbacks, these include invasive isolation, donor site morbidity and time-consuming 

and expensive cell expansion, consequently making their clinical use limited (Wang 

et al., 2017a, Weinstein and Wu, 2001). Some of these challenges can be overcome by 

the use of allogeneic cells, which offer an off-the-shelf alternative (O'Rourke et al., 

2018), but carry additional problems associated with the potential for host immune 

rejection (Grauer et al., 2010).   

Other clinically relevant stem cells that were investigated for EngNT were human 

dental pulp stem cells (hDPSCs). Comprehensive in vitro and in vivo tests 

demonstrated that these cells and their differentiated progeny showed great promise 

for peripheral nerve repair (Martens et al., 2014, Martens et al., 2012). However, as 

mentioned in chapter 1 section 1.5.2, in vivo results revealed that once EngNT seeded 

with d-hDPSCs were implanted into a rat sciatic nerve model, d-hDPSCs were unable 

to repair a long-gap defect as well as previous pre-clinical studies had shown for 

different stem cells (Sanen et al., 2017, Georgiou et al., 2013, Georgiou et al., 2015). 

Nonetheless, their various biological and translational merits for peripheral nerve 

repair (discussed below) warranted further investigation as to what may have caused 

poor in vivo results.  

4.1.1 Human dental pulp stem cells as a source of therapeutic cells for nerve repair 

Human dental pulp stem cells are easily accessible and valuable source of 

mesenchymal stem cells (MSCs) that can be extracted from the pulp of adult teeth. 

The dental pulp is the innermost layer of tooth and is a soft-connective tissue that 

contains nerves, blood vessels and mesenchymal tissue responsible in the maintenance 
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of tooth health (Figure 4.1a). Stem cells isolated from the dental pulp are referred to 

as dental pulp stem cells. At least five MSC populations have been identified in the 

dental tissue. These include; dental pulp stem cells (DPSCs), stem cells from 

exfoliated (or deciduous) teeth (SHED), dental periodontal ligament stem cells 

(DPLSCs), dental follicle precursor cells (DFPC) and stem cells from apical papilla 

(SCAP) and gingival fibroblastic stem cells (GFSCs) (Sharpe, 2016) (Figure 4.1b). 

HDPSCs are ectoderm-derived stem cells, originating from migrating neural crest cells 

(Hollands et al., 2018). They possess similar properties to most MSCs, for example 

self-renewal and multipotency (Luo et al., 2018). In fact, the differentiation of DPSCs 

towards mesodermal, neural and glial lineages is well documented (Nuti et al., 2016, 

Estrela et al., 2011). Several authors have confirmed the successful differentiation of 

hDPSCs towards a number of lineages in vitro, these include osteogenic (Bianchi et 

al., 2017, Lin et al., 2019, Yuan et al., 2018), adipogenic (Lee et al., 2014, 

Monterubbianesi et al., 2019), chondrogenic (Kim et al., 2019, Sedlacik et al., 2018, 

Zaccara et al., 2018), myogenic (Zhang et al., 2006) and neuronal lineages (Bojnordi 

et al., 2018, Martellucci et al., 2019, Martens et al., 2014).  

In culture, hDPSCs can rapidly expand owing to their high-proliferative capacity 

compared to different MSCs that have been used in EngNT, such as BM-MSCs, and 

perhaps better than CTX whose proliferation is dependent on mitogenic growth 

(Sinden et al., 2017, Alge et al., 2010, Rohban and Pieber, 2017). Owing to this 

elevated proliferation rate hDPSC also express high levels of established 

reprogramming factors such as c-MYC and Klf4 (Bronckaers et al., 2013). Thus, 

shown by reprogramming Oct3/4, Sox2 Klf4 and c-MYC, hDPSCs can be converted 

into induced pluripotent stem cells which can differentiate into all three germ layers 

(Tamaoki et al., 2010, Yan et al., 2010). When cultured on tissue culture plastic, 

hDPSCs adopt a fibroblast-like morphology which is similar to other MSCs (Ariffin 

et al., 2016, Venugopal et al., 2018, Pisciotta et al., 2015). Currently, there are not any 

hDPSC-specific biomarkers but rather hDPSC can be immunophenotypically 

characterised through detection of common MSC markers, stemness-related markers, 

cytoskeletal markers, and neuronal makers, described in Table 4.1. They do not 

express CD34, CD45, CD14, CD19 and HLA-DR.  
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Importantly, hDPSCs can be cryopreserved retaining the aforementioned key stem cell 

properties post-thaw (Han et al., 2017). This allows for the opportunity to create a 

biobank of hDPSCs further facilitating their accessibility (Han et al., 2017). Taken 

together, these properties make hDPSCs an excellent candidate for peripheral nerve 

repair.  

 

 

  

(a) 

(b) 

Figure 4.1: Schematic of a tooth and associated stem cells.  
Transverse section of an adult human molar, where the dental pulp is protected by layer of enamel and 
dentine (a). Associated populations of MSCs of dental and associated tissues (b). Image extracted and 
modified from Sharpe et al., (2016).  
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Table 4.1 Methods of hDPSC characterisation and typical markers 
Detection method Positive marker Reference 

Immunocytochemistry for 
classic MSC markers 

CD27, CD29, CD44, CD73, 
CD90, CD105, CD146, CD166, 
CD 271, STRO-1 

(Gronthos et al., 2000, 
Kawashima, 2012, Rojewski 
et al., 2008, Palmieri et al., 
2008) 

Immunocytochemistry for 

stemness-related markers 

Oct-4, Nanog, Sox -2, nestin (Ferro et al., 2012, Sakai et 

al., 2012, Cheng et al., 
2008) 

Immunocytochemistry for 
cytoskeleton-related markers 

Nestin, Vimentin (Kiraly et al., 2009, Sakai et 
al., 2012, Cheng et al., 
2008) 

Immunocytochemistry or RT-
qPCR for neural crest-related 
markers 

Glial fibrillary acidic protein, β-
III tubulin, microtubule-
associated protein-2, GalC, 
S100, p75, NF-H 

(Feng et al., 2013, Kiraly et 
al., 2009) 

FACS for MSC markers CD90, CD105, CD29, CD117, 

CD146 

(Gronthos et al., 2000, 

Kawashima, 2012, Rojewski 
et al., 2008, Palmieri et al., 
2008) 

 

4.1.2 Angiogenic properties of hDPSCs 

Ensuring an adequate blood supply for the survival of transplanted engineered tissue 

is critical for the overall regeneration of vascular tissues. Following an insult to the 

peripheral nerve, an inflammatory response is triggered, metaphorically described as 

a ‘biological battlefield’ in a hypoxic microenvironment (Hall, 2005). The formation 

of a vascular network in this harsh environment is essential for nerve regeneration 

(Gao et al., 2013, Lee and Wolfe, 2000). Thus, it would be beneficial to incorporate a 

therapeutic cell with pro-angiogenic properties that can induce and promote 

endogenous angiogenesis. Traditionally, stem cells used in engineered tissues have 

promoted angiogenesis in two ways: (1) by secreting angiogenic factors that induce 

blood vessel formation from the host tissue; or (2) by differentiating into endothelial 

cells and embodying the newly formed vascular network (Bronckaers et al., 2013).  

Various authors have shown that hDPSC can secrete a broad spectrum of angiogenic 

factors such as angiogenin, enothelin-1, angiopoietin-1,VEGF-A, PDGF, BDNF 
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GDNF, bFGF and NGF (Winderlich et al., 2016, Pan et al., 2016, Kolar et al., 2017). 

The expression of these factors was elevated post-injury (Wang et al., 2017b, Nomi et 

al., 2002). Further in vitro assays involving HUVECs revealed that hDPSC-

conditioned media can promote the proliferation of the endothelial cells and induce 

tube formation of HUVECS (Gharaei et al., 2018). Interestingly, hDPSCs have also 

shown to differentiate toward an endothelial-like phenotype after being induced with 

VEGF, subsequently they are able to secrete pro-angiogenic factors to a great extent 

than un-inducted cells (d'Aquino et al. 2007). Marchionni et al. (2009) demonstrated 

that these VEGF-induced hDPSCs formed tubular structures when cultured on a fibrin 

clot.  

Previous studies also describe the angiogenic potential of hDPSCs in vitro and in vivo 

models. For example, Bronckaers et al. (2013) used the chicken chorioallantoic 

membrane assay (CAM) to investigate the angiogenic capacity of hDPSC. Following 

9 days of embryonic development, they observed an almost double  number of blood 

vessels in the CAM model seeded with 50,000 hDPSCs compared to the control (CAM 

model without hDPSCs) confirming pro-angiogenic properties of the hDPSC. 

Takeuchi et al. (2017) reported highly vascularized dental pulp tissue following the 

delivery of hDPSC into rat root canals. Dissanayaka et al. (2015) implanted a human 

root fragment loaded with a hDPSC-PuraMatrix™ construct into immunodeficient 

mice. They found that hDPSCs increased early vascular network formation and 

increased the migration of HUVECs in vitro through a simultaneous increase in VEGF 

expression. Gandia et al. (2008) showed the injection of hDPSC into a rat model with 

myocardial infarction improved the vasculature of the damaged tissue. In another 

study, pig DPSCs transplanted in a pig hindlimb ischemia model induced higher 

capillary density and improved blood flow in the host tissue (Spyridopoulos et al., 

2015). These results are suported by Makino et al. (2019) who found that DPSC 

conditioned media increased proliferation of HUVECs in vitro and that injection of 

DPSC-conditoined media into hindlimb muscle of diabteic rats increased the capillary 

density and sciatic nerve blood flow.  

Evidently, hDPSCs can induce angiogensis and orchastrate an interplay with 

endothelial cells, however the mechanisms that underlie these interactions remain 

unknown. Notwithstanding, recent work is beginning to illuminate potential modes of 
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action and contributing factors that are pivotal to the manner in which hDPSCs and 

their differentiated progeny interact with their microenvironent and contribute to the 

formation of a vascular network (Nam et al., 2017, Caviedes-Bucheli et al., 2017). 

4.1.3 Neurotrophic properties of hDPSCs 

Owing to the neural crest-derived nature of hDPSC, these cells can readily differentiate 

toward a neuronal or glial lineage, given the right cocktail of growth factors. Typically, 

these include, but are not limited to; neuregulin1-β1, basic fibroblast growth factor, 

platelet derived growth factor and forskolin, retinoic acid, neuritrophin-3 and heparin 

(Nosrat et al., 2004, Arthur et al., 2008, Kiraly et al., 2009). With the addition of these 

growth factors, hDPSCs have been shown to differentiate towards and adopt various 

neural and glial cell phenotypes, for example dopaminergic neurons, glutamatergic 

neurons, Schwann cells and oligodendrocytes (Askari et al., 2014, Ganapathy et al., 

2019, Chun et al., 2016, Martens et al., 2014, Victor and Reiter, 2017). Following 

differentiation, a neuronal lineage can often be detected by staining for neuronal 

markers, such as βIII-tubulin, GFAP, neurofilament (Luo et al., 2018).  

Various MSCs have been shown to express neurotrophic factors that promote nerve 

regeneration (Hofer and Tuan, 2016, Mukai et al., 2018). In fact, studies using the 

secretome from MSCs show that they can produce multiple neurotrophic factors that 

include, but are not limited to, VEGF, BDNF and NGF, GDNF, NT-3 (Lim et al., 

2011, Paradisi et al., 2014, Zemel'ko et al., 2014, Wilkins et al., 2009). Remarkably, 

hDPSC have been shown to express the aforementioned neurotrophic factors in much 

larger amounts compared to BM MSC and adipose-derived MSCs (Nosrat et al., 

1997a, Nosrat et al., 1997b, Nosrat et al., 2001, Sakai et al., 2012, Gale et al., 2011, 

Martens et al., 2014, Mead et al., 2013). In addition to assessing the proteins expressed, 

the capacity for neuronal regeneration has also been investigated by several authors 

through in vitro functional assays. The use of hDPSC conditioned media has been 

shown to enhance neurite outgrowth, in terms of number of neurites emanating from 

a neuronal cell body and the length of neurites. For examples, Kolar et al. (2017) used 

hDPSC conditioned media from unstimulated (cultured in regular MSC medium) or 

stimulated hDPSC (cultured for 14 days in MSC-medium supplemented with 

neuregulin1-β1, basic fibroblast growth factor, platelet derived growth factor and 

forskolin). Their results showed that hDPSC stimulated media increased the amount 
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of BDNF, VEGF-A protein but released less NGF than the unstimulated control. NT3, 

GDNF and angiopoitein-1 levels were comparable. Furthermore, their in vitro assay 

showed that SH-SY5Y cells cultured in stimulated hDPSC media exhibited increased 

neuronal length. Omi et al. (2017) also detected NGF, NT3 proteins in hDPSC 

conditioned media where the protein levels corroborated with the results obtained by 

Kolar et al, 2017. Moreover, they also showed that increased levels of bFGF are 

produced by hDPSCs. By culturing primary rat DRG neurons in this conditioned 

media, Kolar and colleagues (2017) observed an increase in the neurite length that was 

approximately 3-fold compared with the control group grown with fresh media.  

A literature search was performed in August 2019 using the PubMed database to 

describe the different in vivo studies that been used for peripheral nerve repair. The 

following keywords were used: ‘peripheral nerve repair’, ‘dental pulp stem cells’, ‘in 

vivo’. The database revealed 11 studies; these are described in Table 4.2 with their 

respective outcome summaries. 

The results show that the incorporation of hDPSC can encourage neurite growth and 

angiogenesis in vivo. Several authors noted consistent and robust blood vessel growth 

confirming previous in vitro data. Transplanting the cells into an ischemic model 

followed by electrophysiological functional tests and histology suggested that the 

hDPSC survived well in hypoxic regions promoted neurovascular regeneration (Omi 

et al., 2017, Spyridopoulos et al., 2015). It is also clear that a cell density between 

1x105 to 2x106 cells is sufficient to encourage neurite growth and angiogenesis. It 

should be noted that the previous literature summarised in Table 4.2 do not model a 

critical-gap defect, (except Sanen et al., (2017) and Dai et al., (2013)) therefore 

although regeneration from the damaged proximal stump to the distal stump was 

complete with comprehensive electrophysiological tests confirming functional 

recovery, this does not accurately model the injury this thesis is attempting to address. 

Sanen et al (2017) and Dai., et al., (2013) both noted an increased number of blood 

vessels in the DPSC group, but poor functional recovery, whereby histological 

evidence confirmed that there was a reduced number of neurons further into a conduit 

for Sanen et al., (2017). Further, Dai et al., (2013) showed histological evidence and 

electrophysical data that the DPSC group was comparable to the empty conduit. 
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Table 4.2 In vivo studies using hDPSC or their differentiated progeny for peripheral nerve repair 
 

Stem cell Delivery Cell density Model Defect size Outcome Reference 

Rabbit DPSC Inoculation of DPSCs 

onto acellular nerve 

graft 

6 x 105 Rabbit, sciatic 

nerve 

10 mm At 12 weeks electrophysiological assessment 

and histological evidence showed~ 2.5-fold 

increase in CMAP amplitude and nerve 

conduction velocity along with shows 

numerous SC and blood vessels with alignment 

in graft with DPSCs, compared to the graft 

without DPSCs. 

 

(Qiao et al., 2019) 

Human DPSC 

(STRO-1 / c-kit/ 

CD34+) 

Type I, Condress® 

Collagen scaffold 

injected with 

undifferentiated 

hDPSCs 

5 x 105 Rat, sciatic nerve 6 mm At 4 weeks, axonal regeneration was noted 

between the proximal and distal nerve ends. 

Collagen scaffold with hDPSCs showed higher 

SFI closer to ‘0’, increased axon count, 

diameter, myelin thickness compared to 

collagen scaffold alone. 

 

(Carnevale et al., 

2018) 

Human DPSC, 

SCAP, PDLSC 

Fibrin conduit loaded 

with fibrin matrix 

(injected with stem 

cells) 

2 x 106 Rat sciatic 10 mm After 2 weeks, stem cells promoted nerve 

regeneration better than an empty conduit. 

Animals seeded with SCAP showed better 

axon regeneration compared with the DPSC 

group, which was better than the PDLSC 

group. 

(Kolar et al., 

2017) 
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Rat DPSC Saline (cell therapy) 1 x 106 STZ- rats, 

hindlimb 

ischemia, 

unilateral 

gastrocnemius 

- After 4 weeks, DPSC transplantation improved 

sciatic/motor sensory nerve conduction 

velocity, decrease in perception threshold, 

increase in capillary density and intra-

epidermal nerve fibre density. Sural nerves 

revealed enhanced myelin thickness and area. 

 

(Omi et al., 2017) 

Differentiated 

hDPSCs, 

Schwann cell-

like phenotype 

Stabilised collagen 

construct seeded with 

cells 

1 x 106 cells Rat, sciatic nerve 15 mm After 8 weeks, comparable number of blood 

vessels to the autograft. Similar number of 

myelinated neurites to the autograft at the mid-

primal part of the conduit but low number of 

myelinated neurites in the mid-distal part of the 

conduit, resembling the empty conduit. 

 

(Sanen et al., 

2017) 

hDPSCs and 

differentiated 

hDPSC 

(Schwan cell-

like phenotype) 

Cell therapy with 

pulsed 

electromagnetic field 

1 x 106 Rat, mental nerve 3-mm wide 

crush injury 

(Cells injected 2 

mm proximal to 

injury site) 

At 3 weeks differentiated hDPSC and 

undifferentiated hDPSC improved nerve 

regeneration. The addition of pulsed 

electromagnetic field with the differentiated 

hDPSC improved regeneration 

 

(Hei et al., 2016) 
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Human 

mobilised DPSC 

(MDPSC) 

Collagen conduit with 

cell suspension 

1 x 105 Rat, Sciatic 5 mm At 3 weeks, there was much higher myelinated 

axon density in the MDPSC group compared to 

the empty collagen conduit, with almost twice 

the number of axons. The percentage of vessel 

area was almost twice that of the nerve 

autograft and 5-fold greater than the empty 

collagen conduit. 

 

(Yamamoto et al., 

2016) 

hDPSCs or 

differentiated 

neuronal cells 

Fibrin glue scaffold 

with collagen conduit 

1 x 106 Rat, sciatic nerve 5 mm After 12 weeks, both differentiated and 

undifferentiated cells improved nerve 

regeneration to the same extent and showed 

nerve continuity between the proximal and 

distal nerve 

 

(Ullah et al., 

2017) 

hDPSC 

transfected with 

human olig 2 

gene 

Media (cell therapy) 2 x 105 Lysolecithin-

treated mouse, 

demyelination, 

sciatic nerve 

- Between 1-6 weeks, functional tests (treadmill 

exercise, von Frey and hind paw withdrawal in 

response to thermal stimulus) showed 

transfected cells remyelinated and responded 

almost identically to the sham group (PBS 

injection) 

 

(Askari et al., 

2014) 

Porcine DPSCs Collagen membrane 

injected with DPSCs 

Not mentioned Pig, intercostal 

nerve 

15 mm After 6 months, electrophysiological and 

histological results revealed better regeneration 

in collagen conduit with DPSC and rather than 

the conduit alone. Similar action potential was 

(Spyridopoulos et 

al., 2015) 
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noted in the proximal region of the nerve 

compared to the injured part injected with 

DPSCs. 

 

Rat DPSCs 

Rat ASC 

Schwann ells 

PLA conduit with 

agarose plugs 

1 x 106 Rat, sciatic 15 mm After 8 weeks, conduit seeded with DPSCs and 

ASCs showed a comparable number of 

myelinated axons, regenerated nerve to similar 

extent however ASC conduits showed ~1.5-

fold blood vessels compared to the DPSC 

group. The ASCs and SC group showed much 

increased regeneration of neurite (area and 

number of myelinated axons) and blood vessels 

than the DPSC + SC group. 

(Dai et al., 2013) 

SC: Schwann cell; h/DPSC: human/dental pulp stem cell; ASC: Adipose-derived stem cell; Olig2: Oligodendrocyte 2; STZ: streptozotocin; MDPSC: Mobilised dental pulp 

stem cells; SCAP: Stem cells from the Apical Papilla; PDLSC: Periodontal ligament stem cells; CMAP: Compound Muscle Action Potential 
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4.1.4 Angiogenic and neurotrophic capacity of differentiated hDPSCs in EngNT 

Previously, Martens et al., (2014) have described the successful differentiation of 

hDPSCs towards a neural lineage and assessed the in vitro functionality of them to 

promote neuronal survival. Differentiation was confirmed by marker expression 

whereby d-hDPSCs demonstrated elevated expression of glial marker GFAP and 

increased secretion of neurotrophic factors: BDNF, b-NGF, NT-3 and GDNF. When 

d-hDPSCs were co-cultured with DRG neurons in a 3D system, a significant increase 

in survival, neurite outgrowth and neuron myelination was observed compared to 

undifferentiated hDPSCs. 

Given the neurotrophic properties of d-hDPSCs the capacity of EngNT seeded with d-

hDPSCs to support neuronal growth from the proximal stump in vivo was assessed in 

a rat sciatic nerve injury model. A nerve gap of 15 mm to mimic a critical gap nerve 

defect was reconstructed with a nerve allograft, empty conduit or EngNT-d-hDPSCs. 

Eight weeks after transplantation, immunohistochemical analysis of the mid-distal part 

of the construct revealed the number of blood vessels observed in the EngNT-d-

hDPSCs and allograft transplants were comparable. Revascularisation of nerve grafts, 

and especially vascular ingrowth from the surrounding tissue bed, is important as 

ischemia-induced necrosis and fibrosis hamper axonal regeneration (DˈArpa et al., 

2015). 

Analysis of the neuronal regeneration revealed that the regeneration in the EngNT-d-

hDPSC group was much poorer than the allograft. In fact, the percentage of neurites 

reaching the mid-proximal part of the conduit was comparable to the allograft but at 

the mid-distal part the number of neurites in the device was more comparable to the 

empty conduit group. The stark difference in number of regenerated axons between 

the mid-proximal and the mid-distal part of the EngNT-d-hDPSC constructs is a matter 

of investigation. However, since vascularisation was not hindered this suggests that 

the repair microenvironment with d-hDPSCs in EngNT may be pro-angiogenic but not 

optimal for neurite growth. 
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4.1.5 Using perfluorocarbon emulsions to facilitate transport of gases 

Perfluorocarbons (PFCs) are chemically inert synthetic molecules consisting primarily 

of carbon and fluorine. PFCs are clear, colourless, and hydrophobic chemicals, 

therefore they must be emulsified for in vivo use (Cabrales et al, 2008). PFCs are 

capable of dissolving significant quantities of most gases, such as, oxygen, carbon 

dioxide, and nitric oxide (Cabrales et al, 2008).  PFCs have a chemical structure 

analogous to hydrocarbons, however all the hydrogen atoms are replaced with fluorine 

atoms (CxFy) (Krafft and Riess, 2007).  Perfluorotributylamine (PFTBA), also known 

as heptacosafluorotributylamine (HFTBA) is an example of a perfluorocarbon 

emulsion used in a in vivo nerve tissue engineering setting and these studies are 

described in more detail in section 4.3.6 (Ma et al., 2013, Ma et al., 2016).   

PFTBA/HFTBA has a butyl group connected to a central amine where all the hydrogen 

atoms are replaced with fluorine atoms (N(CxFy)) (Pubchem, 2020).  Fluorine has nine 

electrons, thus presents a dense electron cloud, large electron affinity, high ionization 

potential and low polarizability (Riess, 2005). In fact, the gas dissolving capacity of 

PFCs is due to fluorine’s low polarizability (Riess, 2005). PFCs have weak van der 

Waals interactions between PFC molecules in contrast to their strong intramolecular 

forces. This property allows PFCs to easily dissolve other gases with low 

polarizability, such as those mentioned above (Riess, 2005). The capacity of PFCs to 

transport a gas is based on Henry’s law, that is, the amount of gas dissolved in the PFC 

is in direct proportion to the partial pressure of the gas to which they are exposed 

(Cabrales et al, 2008).  The release of gases can occur at any physiologically relevant 

partial pressure and can be controlled through the type of emulsion manufactured (Ma 

et al., 2013, Kimelman-Bleich et al., 2009). 
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4.1.6 Aims and hypothesis 

Despite the numerous advantages of d-hDPSCs, there are several questions yet to be 

answered for device development. The pathophysiology and mechanisms of action 

explaining the lack of regeneration across a critical-gap defect need to be explored. 

This led to the hypothesis that the low oxygen environment in vivo altered the 

implanted cell phenotype such that angiogenesis, rather than neuronal regeneration, 

was promoted.  

The aim of this study therefore was to explore the angiogenic and neurotrophic 

behaviours of hDPSCs and their differentiated progeny in vitro following exposure to 

different levels of oxygen. This was explored through, cell viability assays, RT-qPCR 

and functional assays for endothelial cell proliferation and neurite outgrowth.  
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4.2 Results 

4.2.1 Morphological and immunophenotypical changes in d-hDPSCs 

Differentiation of hDPSC towards a Schwann cell-like phenotype was induced at 

passage 2-3 using prescribed growth factors. Differentiation of the cells took 21 days 

and the cells adopted an elongated bi-polar shape compared to the flattened and less 

elongated shape of the undifferentiated cells. Differentiated cells revealed a shape 

factor value of 0.25 ± 0.10, whereas the undifferentiated cells had a mean shape factor 

of 0.41 ± 0.21 (Figure 4.2).  

 

 

 

 

 

 

 

 

 

 

Phenotypical changes were determined by evaluating the expression of glial markers 

by staining undifferentiated and differentiated cells against GFAP, S100, P75, laminin, 

nestin, CD29, β-III-tubulin. Both undifferentiated hDPDCs and differentiated hDPSCs 

(d-hDPSCs) expressed GFAP, S100, p75 and laminin (Figure 4.3). A difference in 

the expression of CD29 and nestin was observed with only undifferentiated hDPSCs 

being positive for these markers. Moreover, neither hDPSCs nor d-hDPSCs were 

positive for β-III-tubulin. 

100 µm 

100 µm 

(a) (b) hDPSC 

(c) d-hDPSC 

Figure 4.2 Morphology of undifferentiated and differentiated hDPSCs.  
Analysis of morphology by shape factor of hDPSCs and d-hDPSCs. Phase-contrast images of 
undifferentiated (b) and differentiated cells (c). Data are means ± SEM; n=3. Normality test revealed 
non-parametric data. Mann-Whitney test between ranks; ***p<0.001. Scale bar = 100 μm. 
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GFAP 
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Figure 4.3 Cell marker expression of hDPSCs and d- hDPSCs.  
Immunofluorescence was performed at 20 x magnification for GFAP (a,b), S100 (c,d), p75 (e,f), laminin (g,h), nestin (I, j), CD29 (k,l) and β-III-tubulin (m,n). Nuclei were 
counterstained with Hoechst 33258. Scale bars = 100 μm. Images captured by Magdalena Plotcyzk. 
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4.2.2 Low oxygen has a minimal impact on viability of hDPSCs and d-hDPSCs 

4.2.2.1 Cell viability assessed using membrane-integrity assay 

Isotropic stabilised collagen hydrogels seeded with hDPSCs or d-hDPSCs were 

evaluated for the levels of cell death after incubation for 24 hours in differential 

ambient oxygen conditions of 1%, 3% and 16% oxygen (Figure 4.4a). Highest cell 

death levels were observed for undifferentiated hDPSCs (7.9%-14.2), where cell death 

was the lowest at 3% oxygen condition, highest in the 1% and 16% condition. With 

regard to d-hDPSCs, cell death was greater in the 1% and 3% oxygen condition with 

d-hDPSCs and lowest in the 16% condition (Figure 4.4, b-d). However, only 

differences in cell death of hDPSCs at different oxygen concentrations were 

demonstrated to be statistically significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Cell death following 24 h incubation of hDPScs or d-hDPSC seeded in collagen 
hydrogels exposed to 1%, 3% or 16% oxygen, 37 C/5% CO2.  
Stabilised hydrogels were stained with Syto11 and PI. Two-way ANOVA revealed no interaction 
between hDPSC and d-hDPSCs and oxygen concentration, though statistical significance was detected 
among oxygen level. Data are means ± SEM; n = 6; **p<0.05. Representative micrographs of cell 
viability of d-hDPSCs seeded in hydrogels where Syto-11 is shown in green and PI is shown in red (b-
d). Scale bar = 100 μm. (Results obtained by Magdalena Plotcyzk.) 
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4.2.2.2 Cell viability assess using CellTiterGlo® 3D metabolic assay 

The exposure of hDPSCs and d-hDPSCs seeded in isotropic stabilised constructs to 

low oxygen levels of 1% oxygen caused a decrease in metabolic activity after 

incubation for 24, compared to culture in 16% oxygen. There was a pattern of 

increasing metabolic activity with increasing oxygen percentage in hDPSCs. 

Moreover, although hDPSCs showed the highest metabolic activity when incubated 

for 24 hours in 16% oxygen, d-hDPSCs showed the highest metabolic activity in 3% 

oxygen, but the differences were not significant.  

 

 

 

 

 

 

 

 

  

Figure 4.5 Metabolic activity of isotropic collagen gels seeded with hDPSCs or d-hDPSCs 
incubated for 24 h at 1%, 3% and 16% oxygen at 37 °C/5% CO2.  
Analysis conducted using CellTiterGloÒ 3D Cell Viability assay. Luminescence values presented as 
relative luminesce units (RLU). N=6, data are means ± SEM. Two-way ANOVA revealed a main effect 
of oxygen concentration *P<0.05; but no significant difference between differentiated and 
undifferentiated cells, or the interaction between cells and oxygen concentration. Tukey’s multiple 
comparison test showed statistical significance between d-hDPSCs exposed to 1% and 3% oxygen 
condition, **p<0.01.  
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4.2.3 Qualitative assessment reveals no change in morphology when culturing 

hDPSC and d-hDPSC in low oxygen conditions  

Phase-contrast micrographs were captured of hDPSC and d-hDPSC cultured for 24 h 

in 1%, 3% oxygen and compared to those cultured in 16%. As shown earlier there is a 

clear morphological difference between hDPSCs and d-hDPSCs but there does not 

appear to be different in morphology when culturing hDPSCs or d-hDPSCs in low 

oxygen conditions compared with 16% condition.  

 

 

 

 

 

 

 

 

 

4.2.4 Optimisation of RNA extraction protocol 

The effect of different RNA extraction protocols was investigated on the purity and 

yield of RNA isolated from collagen gels seeded with hDPSCs or d-hDPSCs. The 

quality of RNA was determined quantitively using the 260/280 absorbance ratio. A 

ratio of 1.8 – 2.2 is indicative of high-quality RNA. Furthermore, the RNA 

concentration was assessed to ensure a yield of over 5 ng/µL was obtained (This was 

the minimal RNA concentration required from collagen hydrogels seeded with d-

hDPSCs to yield an appropriate amount of cDNA for qPCR since lower than this had 

low 260/280 ratio and variable cDNA concentrations hence a minimal 5 ng/µL 

determined from previous optimisation experiments. Data not shown).   

Figure 4.6 Qualitative assessment of the effect of oxygen conditions on hDPSC and d-hDPSC in 
culture (2D).  
HDPSCs and d-hDPSCs at 1% oxygen (a, b) at 3% oxygen (c,d) at 16% oxygen (e,f). Scale bar = 100 
μm. 
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4.2.4.1 RNeasy offers higher quality RNA than TRIzol method 

Initially, two commonly used RNA extraction kits, namely TRIzol and RNeasy were 

used to investigate the quality of RNA and concentration. Both methods were unable 

to extract high-quality RNA, as reflected by their 260/280 ratios, but were able to 

produce yield significantly higher than the minimal amount required for cDNA 

conversion (Figure 4.7).  

The ratio for both cell types were approximately 1.5-fold greater when using the 

RNeasy method, but still lower than the minimally acceptable amount. For hDPSCs, 

the 260/280 ratio had a mean value of 1.15 ± 0.16, this corresponding value using the 

RNeasy kit was 1.45 ± 0.18. The d-hDPSCs had a mean 260/280 ratio of 1.02 ± 0.16 

using the TRIzol method but 1.63 ± 0.10 using the RNeasy kit.  

The RNA concentration for both methods of RNA extraction were above the minimum 

amount recommended for cDNA conversion. TRIzol produced yields approximately 

4.6-fold greater than the minimal required amount for both cell types. Whereas, 

RNeasy revealed 7 and 7.5-fold increases in RNA concentration produced from 

hDPSCs and d-hDPSCs, respectively. The concentration followed a similar statistical 

trend to the 260/280 ratio, whereby a two-way ANOVA revealed a main effect of 

extraction method used, but no significant difference between differentiated and 

undifferentiated cells, or the interaction between method of extraction and cell type. 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 4.7 The effect of TRIzol method and RNeasy kit on the quality and concentration of 
extracted RNA from stabilised collagen hydrogels.  
The dotted line in (a) represents the minimum ratio for acceptable RNA purity, whereas the dotted line 
in (b) represents the minimum concentration of RNA cited in the literature. Statistical analysis 
performed using two-way ANOVA which revealed a main effect of extraction method used, but no 
significant difference between differentiated and undifferentiated cells, or the interaction between 
method of extraction and cell type. Post hoc Sidak’s multiple comparison test comapring results to (a) 
260/280 ratio: 1.8 (b) Minimal required concentration for cDNA conversion: 5 ng/µL. Data are means 
± SEM; N =3; *p<0.01, **p<0.05; ***p<0.001. 
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4.2.4.2 Low oxygen concentration does not impact RNA purity or yield 

Considering that this study is exploring different oxygen concentrations it was 

important to investigate whether the oxygen concentration impacted the quality of 

RNA or concentration. The 260/280 ratio for hDPSCs and d-hDPSCs at 1% and 3% 

oxygen remained below 1.8, but similar to the control (16% oxygen) (Figure 4.8 a). 

Ratios for hDPSCs exposed to 1%, 3% and 16% oxygen are 1.48 ± 0.23, 1.39 ± 0.35 

and 1.55 ± 0.12, respectively. With regard to the d-hDPSCs these values are, 1.64 ± 

0.12 for 1%, 1.35 ± 0.30 for 1% oxygen and 3% oxygen and 1.56 ± 0.13 for 16% 

oxygen. Ratio values remained consistent across the oxygen concentrations.  

Despite modest fluctuations in concentrations all RNA concentration levels remained 

similar across the different oxygen concentrations. Furthermore, RNA concentrations 

were approximately 7.5- and 8- fold greater than the baseline 5 ng/µL for hDPSCs and 

d-hDPSCs, respectively (Figure 4.8b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 4.8 The effect of oxygen concentration on RNA quality and concentration stabilised 
collagen hydrogels seeded with hDPSCs or d-hDPSCs.  
The dotted line in (a) represents the minimum ratio for acceptable RNA purity, whereas the dotted line 
in (b) represents the minimum concentration of RNA cited in the literature. Passed Shapiro-Wilk 
normality test. Statistical analysis performed using two-way ANOVA which revealed no interaction 
between cell type and oxygen concentration. Post hoc Tukey’s multiple comparison test comapring 
results to (a) 260/280 ratio: 1.8; no significance detected except for d-hDPSC condition exposed to 
16% oxygen (b) Minimal required concentration for cDNA conversion: 5 ng/µL. Data are means ± 
SEM; N =3; **p<0.05; ***p<0.001. 
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4.2.5 RNA extraction at 4°C provides high-quality RNA 

Conducting the RNA extraction protocol on ice (4 °C) was allowed for the isolation 

of high-quality RNA from stabilised hydrogels containing hDPSCs and d-hDPSCs. 

Figure 4.9 shows that 260/280 ratio for hDPSCs and d-hDPSCs at 4°C were, 2.00 ± 

0.04 and 2.06 ± 0.09, respectively. This was within the acceptable range of high-

quality RNA (1.8 -2.2) (Figure 4.9 a). RNA extraction from stabilised hydrogels with 

hDPSCs and d-hDPSCs conducted at room temperature (21 °C) revealed low quality 

RNA with 260/280 ratios less than 1.8. This was statistically significant compared to 

the 260/280 ratio of the samples at room temperature which had ratio values of 1.39 ± 

0.07 and 1.65 ± 0.09 for hDPSC and d-hDPSC, respectively.  

RNA concentration levels were above the minimum amount required for both 

temperature and for both cell types. Stabilised hydrogels with hDPSCs and d-hDPSC 

showed between 6- to 8-fold increase in RNA concentration compared to the basal 5 

ng/µL (Figure 4.9 b).  Two-way ANOVA revealed no statistical significance between 

temperate and corresponding RNA concentrations.  

 

 

 

 

 

 

 

  

Figure 4.9 The effect of temperature on the purity and concentration of RNA extraction from 
stabilised collagen hydrogel seeded with hDPSCs or d-hDPSCs.  
The dotted line in (a) represents the minimum ratio for acceptable RNA purity, whereas the dotted line 
in (b) represents the minimum concentration of RNA cited in the literature. All data are means ± SEM; 
N = 3 and passed Shapiro-Wilk test for normality. For (a), Two-way ANOVA revealed a main effect 
of temperature (**p<0.05;) but no significance between cell type nor a significant interaction between 
both. Post hoc Sida’s multiple comparison test revealed statstical signifncance between hDPSC at 4 °C 
and 21 °C, but no signifncance between d-hDPSC at 4 °C and 21 °C; *p<0.01. For (b) Two-way 
ANOVA followed by Tukey’s multiple comparison test revealed statsticaly siginfcant RNA 
concentration values compared with 5 ng/µL, ***p<0.001 (dotted line).   
 

(a) (b) 



 201 

4.2.6 Amplification efficiency and specificity of primers 

Standard curves for amplification efficiency for the primers for each gene are shown 

in Table 4.3. Primers revealed efficiencies close to 100% or above 100% in the case 

of BDNF.  

Table 4.3 Primer efficiency for VEGA, BDNF and NGF with corresponding R2 values 
 VEGF-A BDNF NGF 

Efficiency 98% 105% 99% 

R2 0.992 0.986 0.983 

 

The results shown in Figure 4.10 demonstrate the effect of using custom-made 

primers. It is clear that the primers were specific for their intended gene target., 

whereby the forward and reverse primers bind to the regions of the amplified gene. 

The melt curves attained show that VEGF-A, BDNF, NGF and 18 S, peak between 

80-85 °C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

VEGF-A BDNF 

NGF 18S 

Figure 4.10 Melt curves for VEGF-A, BDNF, NGF and 18S show that primers are 
specific to their gene targets.  
Where temperature (oC) is plotted on the x-axis and the derivative reporter on the y-axis) 
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4.2.7 Low oxygen conditions induce modest changes in VEGF-A, BDNF and NGF 

mRNA levels  

Having optimised the RNA extraction protocol to achieve high quality RNA and 

appropriate yield stabilised collagen hydrogels seeded with hDPSCs or d-hDPSCs 

were exposed to low oxygen conditions (1% and 3% oxygen) and standard cell culture 

oxygen (16% oxygen) for 24 h. Following this the collagen hydrogels were processed 

for RT-qPCR. Figure 4.11 shows that at 1% oxygen, undifferentiated and 

differentiated cells showed an up-regulation of VEGF-A, where hDPSC revealed ~1.5 

fold up-regulation and d-hDPSC showed a ~1 fold up-regulation compared to the 16% 

oxygen control. For the hDPSC group at 1% oxygen, this revealed a statistically 

significant change compared to the 16% oxygen condition, but no significance was 

detected between d-hDPSC group and the control. At 3% oxygen, both cell types 

showed a down-regulation of mRNA VEGF-A, where hDPSC construct showed 

approximately 0.5-fold down-regulation and d-hDPSC showed ~1.5 fold down-

regulation.  

 

 

 

 

 

 

 

 

 

Figure 4.11 mRNA VEGF-A expression from collagen hydrogels seeded with d-hDPSC after 24 h 
culture at 1%, 3% or 16% oxygen concentrations (37 °C/ 5% CO2).  
All data normalised to the standard cell culture oxygen (16%) and expressed as a fold-change from this 
control. Data are means ± SEM; N=5. Statistical analysis performed by Two-way ANOVA which 
revealed a main effect of oxygen concentration and no statistical difference between hDPSCs and d-
hDPSCs or the interaction between oxygen concentration and cell type. Post hoc Sidak’s multiple 
comparison test to compare each transcript factor expression to the normoxia (16%) values and revealed 
statistical significance between the control and hDPSC and d-hDPSC fold changes; **p<0.01; 
***p<0.001.  
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With regard to mRNA BNDF levels, 1% and 3% oxygen revealed very modest 

changes compared to the 16% control (Figure 4.12). The response at 1% and 3% was 

smaller than the mRNA VEGF-A expression. At 1% oxygen there was ~1-fold up-

regulation of BDNF from hDPSC and d-hDPSC. Both cell types revealed statistically 

significant up-regulation compared to the 16% oxygen control. At 3% there was a very 

small up-regulation noted in the hDPSC samples (Mean fold-change: 0.17 ± 0.31; no 

statistical significance compared to control), but a clear yet small down-regulation 

with the d-hDPSC samples (~0.5).  

 

 

 

 

 

 

 

 

  

Figure 4.12 mRNA BDNF expression from collagen hydrogels seeded with d-hDPSC after 24 
h culture at 1%, 3% or 16% oxygen concentrations (37 °C/ 5% CO2).  
All data normalised to the standard cell culture oxygen (16%) and expressed as a fold-change from 
this control. Data are means ± SEM; N=5. Statistical analysis performed by two-way ANOVA that 
revealed a main effect of oxygen concentration but no significance was detected between hDPSCs 
and d-hDPSCs, but a significant interaction between these factors was detected (*p<0.05). Post hoc 
Dunnett’s multiple comparison test to compare each transcript factor expression to the normoxia 
values where **p<0.01; ***p<0.001. 
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Analysing the expression of mRNA NGF at 1% oxygen revealed ~ 1-fold down-

regulation in hDPSC seeded constructs but ~ 2-fold up-regulation in d-hDPSC seeded 

construct (Figure 4.13). At 3% oxygen concentration there was a down-regulation in 

hDPSC constructs (~1.5 fold) and d-hDPSC constructs (~0.5-fold) (Figure 4.13).  

Interestingly, expression of VEGF-A and BDNF was up-regulated in all samples at 

1% oxygen, however NGF was up-regulated in d-hDPSC samples but down-regulated 

in the hDPSC samples. At 3% oxygen VEGF-A and NGF all samples revealed a down-

regulation, however with regard to BDNF, there was also a down regulation in d-

hDPSC samples but a slight up-regulation in BDNF mRNA levels for the hDPSC 

samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.13 mRNA NGF expression from collagen hydrogels seeded with d-hDPSC after 24 h 
culture at 1%, 3% or 16% oxygen concentrations (37 °C/ 5% CO2).  
All data normalised to the standard cell culture oxygen (16%) and expressed as a fold-change from 
this control. Data are means ± SEM; N=5. Passed Shapiro-Wilk normality test. Statistical analysis 
performed by two-way ANOVA revealed a main effect between undifferentiated and differentiated 
cells (***p<0.001, the effect of oxygen concentration was also statistically significant  
(***p<0.001), furthermore there was a statistical significance was detected between the interaction 
of these two factor (**p<0.01).Post hoc Sidak’s multiple comparison test to compare each transcript 
factor expression to the normoxia values; (***p<0.001). 
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4.2.8 HUVEC culture in secretome of hDPSCs and d-hDPSCs in low oxygen 

conditions  

AlamarBlue® metabolic assay was used to assess the effect of hDPSC (Figure 4.14a) 

and d-hDPSC (Figure 4.14b) secretome on HUVECs. HDPSCs and d-hDPSCs were 

cultured in 1%, 3% or 16% oxygen for before conditioned media from these cultures 

was collected and placed onto HUVECs for 24, 48 and 72 h. All fluorescence values 

were within the minimum and maximum range of the of the positive (10% FBS) and 

negative controls (no FBS) showing that the values were within the range of the assay. 

The florescence readings for the metabolic activity detected for HUVECs cultured in 

media from hDPSCs and d-hDPSC showed similar trends. That is, fluorescence 

readings showed highest values at 48 h and lowest values at 72 h. The 16% control 

showed a similar trend, although. Moreover, HUVECs cultured in either secretome 

showed similar readings, between the range of 3500 and 5000 relative fluorescence 

units.  

 

 

 

 

 

 

 

 

 

 

 

 

hDPSC conditioned-media d-hDPSC conditioned-media 

Figure 4.14 AlamarBlue®assay for HUVECs cultured in hDPSC (a) or d-hDPSC (b) secretome 
for 24, 48 or 72 h.  
Standard culture media with 10% FBS (positive control) and without 10% FBS used as a negative control. 
Data are means ± SD; n = 3. Results obtained and graph plotted by Magdalena Plotcyzk.  
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4.2.9 Secretome from hDPSCs and d-hDPSCs cultured in 3% oxygen enhanced 

proliferation of endothelial cells  

HDPSCs and d-hDSPCs were cultured in 1%, 3% or 16% oxygen for 24 h. Their 

secretome was then collected and HUVECs were cultured with either secretome for 

24 h, 48 and 72 h in standard cell culture condition, after which HUVECs proliferation 

was assessed. HUVECs were stained for Ki67+ cells, an established proliferation 

marker (Figure 4.14) (Scholzen and Gerdes, 2000). To ensure an appropriate number 

of fields-of-view were analysed to provide a representative answer, a sampling method 

was carried out. Figure. 4.16a shows the relationship between the number of fields of 

view and the standard deviations of the percentage of proliferating cells. The analysis 

of five pre-determined field of view was decided based on empirical data showing the 

smallest standard deviation compared to the other fields-of-view. Statistical analysis 

of each data set is summarised in Table 4.4. 

Notably, proliferation of HUVECs cultured in the secretome of hDPSCs and d-

hDPSCs exposed to 3% oxygen showed approximately twice as many cells 

proliferating after 24 h compared to secretome from hDPSCs and d-hDPSCs cultured 

in 1% and 16% oxygen (Figure 4.16b). When using the secretome of hDPSCs and d-

hDPSCs cultured at 3% oxygen, HUVEC proliferation values were 42 ± 6% (hDPSC 

secretome) and 45± 4% (d-hDPSC secretome) compared to between 15-20% for 

HUVECs cultured in secretome from hDPSC and d-hDPSC cultured in 1% and 16% 

oxygen.  

At 48 h, Figure 4.16c shows HUVECs cultured in low oxygen conditions did not show 

a difference in proliferating cells compared to the normoxic control (16%). 

Interestingly, for HUVECs cultured with secretome from hDPSCs at 48 h, there was 

approximately a 5% increase in the number of proliferating cells when cultured in 

secretome from 1% and 16% oxygen conditions, compared to 24 h. This was similar 

to the trend d-hDPSC although the normoxic control (d-hDPSCs cultured at 16% 

oxygen) showed a decrease in the number of proliferating cells.  

There is a decrease in the proliferating HUVECs cultured in the secretome from 

hDPSC and d-hDPSC cultured in 3% oxygen condition. With regard to HUVECs 

cultured in conditioned media from hDPSCs, HUVEC proliferation rate decreased 
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from approximately 43% of proliferating HUVECs at 24 h to 24% proliferating 

HUVECs at 48 h. With regard to HUVECs cultured in conditioned media from d-

hDPSC exposed to 3 % oxygen; 45% proliferating HUVECs at 24 h decreased to 34% 

proliferating HUVECs at 48 h.  

The percentage of proliferating HUVECs cultured in secretome from hDPSCs exposed 

to 3% oxygen for 24 h were comparable to HUVEC proliferation rates from hDPSCs 

and d-hDPSCs exposed to 1% and 16% oxygen conditions. Although, with regard to 

HUVECs cultured in secretome from d-hDPSCs, the percentage of proliferating 

HUVECs from the secretome exposed to 3% oxygen was slightly higher than the 

proliferating HUVECs exposed to secretome from d-hDPSC cultured in 16% oxygen, 

but comparable to the HUVEC proliferation rate from culturing HUVEC in secretome 

from d-hDPSCs exposed to 1% oxygen condition.  

Following 72 h incubation, HUVECs cultured in hDPSC and d-hDPSC secretome 

exposed to 1% oxygen showed comparable levels of proliferating cells to the 

secretome from the 16% control. However, HUVECs cultured in secretome from 

hDPSC and d-hDPSC cultured in 3% oxygen showed an increased number of 

proliferating cells compared the effect of secretome from hDPSCs and d-hDPSCs 

exposed to16% oxygen (Figure 4.16d). Despite this, no statistical significance was 

noted between low oxygen secretome and normoxic culture conditions on the 

proliferation of HUVECS at 72 h.  

Table 4.4 Summary of two-way ANOVA results on percentage of proliferating HUVECS for 24, 
48 and 72 h when cultured in secretome from hDPSCs or d-hDPSCs exposed to 1%, 3% and 
16% oxygen for 24 h .  
When HUVECs were cultured for 24 h in secretome from hDPSCs and d-hDPSC exposed to 1%, 3% 
and 16% oxygen for 24 h, a two-way ANOVA revealed a main effect of oxygen (***p<0.001), no 
significance between cell type or an interaction between both.  When HUVECs were cultured for 48 h 
in secretome from hDPSCs and d-hDPSC exposed to 1%, 3% and 16% oxygen for 24 h, a two-way 
ANOVA revealed a main effect of the interaction between oxygen concentration and cell type (*p<0.05) 
but no significance of the oxygen concentration or cell type, independently. When HUVECs were 
cultured for 72 h in secretome from hDPSCs and d-hDPSC exposed to 1%, 3% and 16% oxygen for 24 
h, a two-way ANOVA revealed a main effect of the cell type, showing statistical significance between 
hDPSCs and d-hDPSCs (*p<0.05) but not significance of oxygen concentration of an interaction 
between both.  

 HUVEC culture time 
 24 h 48 h 72 h 
Interaction ns * ns 
Oxygen concentration *** ns ns 
Cell type ns ns * 
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Figure 4.16 Effect of secretome from hDPSC and d-hDPSC cultured in different oxygen conditions 
on percentage of proliferating HUVECs, whereby proliferating cells were Ki67+.  
(a) Identifying the number of fields of to count. (b) % proliferating HUVEC at 24 h, (c) proliferating 
HUVECs at 48 h, % proliferating HUVECs at 72 h. Data are means ± SEM; n = 6; passed normality test. 
Two-way ANOVA was performed on each time-point. Results revealed a main effect of oxygen 
concentration on HUVEC proliferation but no significant effect between hDPSCs and d-hDPSCs nor a 
significant interaction between both. Post hoc Sidak’s test compared to 16% condition at each time-point. 
Where **p<0.01; ***p<0.001.  
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Figure 4.15 Micrographs of proliferating HUVECs (stained positive for Ki67) incubated for 24 h, 
48 h and 72 h time points with secretome from (a) 1% oxygen ; hDPSC and d-hDPSC (b) 3% 
oxygen; hDPSC and d-hDPSC, and (c) 16 % oxygen; hDPSC and d-hDPSC.  
Images captured using a fluorescence microscope with 20x maginifcation. Scale bar = 200 µm. (sec. = 
secretome). 
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4.2.10 Neurons exposed to low oxygen conditions present with increased number of 

neurites but reduced neurite length  

Differentiated and undifferentiated hDPSC were exposed to 1%, 3% or 16% oxygen 

for 24 h. DRG dissociated neurons were incubated with conditioned media of either 

hDPSCs or d-hDPSCs exposed to different oxygen conditions for 48 h (Figure 4.17). 

Immunocytochemical staining for bIII-tubulin was performed. Number of neuronal 

sprouts per cell body (Figure 4.18) and neurite length (Figure 4.19b) was measured 

from 5 pre-determined fields of view (Figure 4.19a). Culturing DRG dissociated 

neurites in secretome from hDPSC and d-hDPSC resulted in an increased number of 

neurites per neuronal cell body compared with the 16% control (Figure 4.18). The 

mean number of neurites emanating from hDPSC secretome cultured in 1% and 3% 

oxygen were 4 ± 2 neurites and 4 ± 1 neurites, respectively, compared with secretome 

from hDPSC cultured in 16% oxygen which showed 2+1 neurites emanating from the 

neuronal cell bodies. The number of neurites emanating from the their cell bodies 

when exposed to media from d-hDPSC cultured in 1%, 3% and 16% oxygen were 4 ± 

1 neurites, 4 ± 2 neurites and 3 ± 1 neurites, respectively. 
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Figure 4.17 Micrographs for DRG neurites cultured in secretome for 48 h from hDPSCs and d-
hDPSC exposed to 1% oxygen, 3% or 16% oxygen for 24 h.  
Number of cell bodies did not change. Samples captured using x 20 maginfication. Scale bar = 100 µm 
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Secretome from hDPSCs and d-hDPSCs cultured in 1% and 3% oxygen elicited 

shorter DRG dissociated neurite lengths compared with the secretome cultured in 16% 

oxygen condition (Figure 4.19b; Table 4.5). In addition, neurites cultured in secretome 

from d-hDPSCs exhibited slightly longer neurite outgrowth compared with neurites 

cultured in secretome from hDPSCs (Figure 4.19b). Table 4.5 summarises the mean 

values for neurite length. With regard to DRG dissociated neurons exposed to 

secretomes from hDPSCs, there was approximately a 2-fold increase in neurite length 

in neurons cultured in secretome from hDPSCs exposed to 16% oxygen compared with 

those neurons exposed to secretome from hDPSCs exposed to 1% oxygen. 

Furthermore, there was approximately a 1.5-fold increase in neurite length with 

hDPSC secretome exposed to 16% oxygen compared to hDPSC secretome from 

exposure to 3% oxygen. A similar pattern was noticed with the DRG exposed to 

secretome from d-hDPSC exposed to different oxygen condition whereby there was a 

1.8-fold increase in neurite length from secretome of d-hDPSC s exposed to 16% 

oxygen compared with secretome collected from d-hDPSC exposed to 1% oxygen. 

Moreover, there was a 1.5-fold increase in neurite length when neurons were exposed 

to secretome from d-hDPSC cultured in 16% oxygen compared with secretome from 

d-hDPSCs cultured in 3% oxygen.  

Figure 4.18 DRG neuron outgrowth when cultured with secretome from hDPSCs and d-hDPSCs 
exposed to 1%, 3% and 16% oxygen.  
Low oxygen conditions (1% and 3%) resulted in increased neurite outgrowth per neuronal cell body 
compared with 16% control Two-way ANOVA revealed a main effect of oxygen concentration between 
low oxygen concentration (***p<0.001) but no effect between hDPSCs and d-hDPSCs or an interaction 
between both. Data are means ± SD; n=6; Post hoc Sidak’s test revealed statistical significance between 
low oxygen conditions and 16% control (***p<0.001).  
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Table 4.5 Mean neurite length (µm) for DRG dissociated neurons cultured in secretome of 
hDPSCs or d-hDPSCs exposed to either 1%, 3% or 16% oxygen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1% 3% 16% 

hDPSC 84.6 ± 3.2 123.6 ± 6.5 184.1 ± 8.5 

d-hDPSC 101.4 ± 4.2 125.9 ± 6.5 190.6 ± 8.0 

Figure 4.19 DRG neurite length after 48 h culture in conditioned media from hDPSC and d-
hDPSC exposed to 1%, 3% and 16% oxygen.  
Where (a) Effect of mean neurite length and increasing number of fields of view. (b) Neurite outgrowth 
was significantly reduced with exposure to conditioned media in a hypoxic microenvironment from 
hDPSCs and d-hDPSCs. Data are means ± SEM; n=6; Two-way ANOVA revealed a main effect of 
oxygen concentration (***p<0.001) but no significance between cell type or the interaction between both. 
Post hoc Dunnett’s test compared the effect of secretome from low oxygen condition and 16% oxygen on 
neurite length. The latter test revealed strong statistical significance between neurons cultured in 
secretome from 1% and 3% oxygen condition compared to secretome from being cultured in 16% oxygen; 
***p<0.001.  
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4.2.11 Using an oxygen-generating agent to increase local oxygen concentration 

In an attempt to address the issues of low local oxygen concentration an oxygen carrier, 

Heptacosafluorotributlyamine (HFTBA) was incorporated with EngNT-dhDPSC to 

increase the amount of local oxygen over a period of time to eventually reach optimal 

conditions to ensure better neuronal regeneration through the EngNT-d-hDPSC 

constructs without compromising any angiogenic capacity. 

4.2.11.1 Addition of HFTBA does not affect cell viability of d-hDPSCs 

Figure 4.20 describes the cell death and metabolic activity of using various 

concentrations of HFTBA emulsion in stabilised collagen hydrogels seeded with d-

hDPSCs. Figure 4.2 (a) shows that the average cell death was comparable to the 

control stabilised collagen hydrogel with no HFTBA over the course of 72 h. Cell 

death remained between 75 – 90% with two-way ANOVA showing no main effect or 

interaction between HFTBA emulsion concentration and time.  

There was a decrease in metabolic of d-hDPSC from 24 h to 72 h. Stabilised hydrogels 

with various concentrations of the HFTBA concentration emulated the general pattern 

that was observed with the control sample. Metabolic activity in the hydrogels with 

HFTBA was similar to the control between 24 and 72 h. Two-way ANOVA revealed 

a main effect of time in culture and statistical significance was detected between the 

concentrations of HFTBA (*p<0.05) but no significance between the interaction of 

concentration and time in culture. 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 4.20 The effect of low oxygen conditions on the viability of d-hDPSC in stabilised collagen 
hydrogels with the addition of varying concentrations of HFTBA emulsion cultured for 24, 48 
and 72 h.  
Cell death is presented in (a) showing the mean percentage live cells per field of view. Cell metabolic 
activity is presented in (b). Statistical analysis on the latter results with a two-way ANOVA revealed a 
main effect of time in culture (***p<0.001) and statistical significance was detected between concertation 
of HFTBA (*p<0.05), but no significance between the interaction of concentration and time in culture. 
Post hoc Dunnett’s multiple comparison test to compare the metabolic activity of each condition to the 
control. Statistical significance was detected at 5% and 10% HFTBA emulsions cultured for 48 h 
compared to the control. Data are means ± SEM; N=4, *p<0.01; **p<0.05. 
 



 213 

4.2.11.2 HFTBA emulsion provides short-term oxygen release in collagen 

hydrogel seeded with d-hDPSCs 

Fully hydrated collagen hydrogels seeded with d-hDPSCs with and without HFTBA 

were exposed 1% oxygen and their local oxygen concentration within the hydrogels 

was measured using oxygen probes. A full hydrated hydrogel seeded with d-hDPSCs 

was also incubated in standard cell culture conditions, that is, at 16% oxygen to act as 

a positive control. Figure 4.21 shows that the collagen hydrogel with HFTBA was able 

to release oxygen at a similar level to a hydrogel seeded with d-hDPSC but incubated 

in standard cell culture oxygen conditions (that is, 16% oxygen) for up to 1 h. After 

1h, there was a steep decline in the oxygen within the hydrogel containing HFTBA. 

The collagen hydrogel without any HFTBA showed a decline in oxygen concentration 

from the onset of exposure to low oxygen condition.  

The fully hydrated hydrogels containing d-hDPSCs stored in standard cell culture 

conditions showed that oxygen conditions remained constant in these hydrogels at 

approximately 144.7 ± 1.9 mmHg, suggesting that the positive control worked and the 

probes were successfully able to detect difference in 15% oxygen condition and low 

oxygen conditions. After 24 h incubation, there was no difference in the oxygen 

concentration in fully hydrated hydrogels with and without HFTBA. Both sets of 

hydrogels reached a minimum mean oxygen concentration of 15 mmHg. Sidak’s post 

hoc test revealed statistical significance between collagen hydrogels cultured in 1% 

oxygen with and without HFTBA at 0.5, 1 and 2 h (***p<0.001).  
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Figure 4.21 The effect of HFTBA on local oxygen concentration within collagen hydrogels seeded 
with d-hDPSC at 1% oxygen tension. Measured between 0.25 and 4 h, then at 24 h.  
Data are means ± SEM; N = 3; Passed normality test (Shapiro-Wilk test). Positive control at 16% O2. 
Statistical analysis conducted between low oxygen conditions with and without HFTBA. Two-way 
ANOVA was used to compare the low oxygen conditions with and without HFTBA. The statistical test 
revealed a main effect of time in culture (***p<0.001), and statistical significance with use of HFTBA 
(10%) emulsion (**p<0.01). The analysis shows a significant interaction between the use of the emulsion 
and the time in culture (***p<0.001) Post hoc Sidak’s multiple comparison test detected statistical 
signficance between collagen hydrogel with HFTBA and without HFTBA at 0.5 h, 1h. and 2 h 
(***p<0.001). There was no significance detected between these sets of hydrogels at all other time-
points. 

*** 

*** 

*** 
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4.3 Discussion 
The aim of this study was to investigate the effect of low oxygen conditions on the 

behaviour of d-hDPSCs and the angiogenic and neurotrophic implications this may 

have in vitro. The results demonstrate that d-hDPSCs are sensitive to low oxygen 

conditions and impact neurite sprouting, elongation and endothelial cell proliferation. 

The effect of oxygen tension on the efficacy of EngNT-d-hDPSC is clinically relevant. 

In this section the results will be discussed sequentially.  

4.3.1 Differentiation and characterisation of d-hDPSCs 

The expression of well-established markers of differentiation were assessed. HDPSCs 

and d-hDPSCs both expressed GFAP, P75, Laminin and did not express βIII-tubulin. 

These results for P75 and Laminin are in agreement with the literature (Martens et al., 

2014, Pan et al., 2016). Martens and colleagues (2014) did not find the expression of 

GFAP in their stem cell population however this was noted in the present study and is 

confirmed by other authors (Bray et al., 2014, Chang et al., 2014). Interestingly, 

Martens et al., (2014) detected a small sub-population (~4%) of p75+ cells in their 

study. Comparatively Pan et al. (2016) detected a high sub-population of p75+ cells in 

their hDPSC population. This highlights the heterogenous nature of hDPSCs and 

explains various conflicting results in the literature with regard to cell marker 

expression. Previous work has shown hDPSC to express β-III-tubulin (Martens et al., 

2014), but this was not seen in the present study which can be explained by the 

heterogeneity of the stem cell population. Nestin and CD29 were expressed by 

hDPSCs but not expressed by their differentiated progeny. This is also in agreement 

with previous finding where nestin and CD29 (markers of stemness) have been shown 

to be highly expressed in hDPSCs but not in mature differentiated cells, suggesting a 

change in phenotype and a positive indication that the cells are differentiated (Martens 

et al., 2014, Martens et al., 2012, Zhang et al., 2018, Suchanek et al., 2010).  

The morphology of d-hDPSCS correlated well with the well-established spindle-

elongated morphology of Schwann cells, compared to undifferentiated hDPSCs 

(Terenghi et al., 1998, Xu et al., 2016).  
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4.3.2 Impact of low oxygen environment on d-hDPSCs viability 

To understand whether a low oxygen environment could be responsible for cell death 

in EngNT-d-hDPSC, hDPSCs and d-hDPSCs were seeded in collagen hydrogels that 

were then stabilised and exposed to 1% and 3% oxygen, with 16% oxygen used as a 

positive control. Isotropic constructs incubated in low oxygen conditions exhibited 

low cell death, that was comparable to samples incubated to the 16% oxygen culture 

conditions. Furthermore, similar levels of metabolic activity in all oxygen conditions 

were also noted following 24 h incubation. This is in good agreement with the 

literature on viability of hDPSC in low oxygen conditions (Ahmed et al., 2016, Kwon 

et al., 2017).  

Ahmed et al. (2016) exposed hDPSCs to 3%, 5% and 20% oxygen and manually 

counted cells. They found that the number of cells at 24 h was in the low oxygen 

conditions and cultured in 20% oxygen condition, were equivalent. After 5 days, the 

number viability cells in the 5% oxygen condition was greater than in 3% or 20% 

oxygen conditions. However, to evaluate cell viability, live-dead assays counting cells 

should complemented with metabolic assays. Kwon et al. (2017) investigated the 

effect of 5% oxygen on DPSC metabolic activity using CCK-8 assay. Their results are 

in agreement with this study where no difference was seen between standard cell 

culture oxygen and the low oxygen condition at 24 h. Interestingly, hDPSCs culture 

for 5 days in 5% oxygen had an increased metabolic activity compared with the 21% 

oxygen condition control, although metabolic activity levels were similar prior to this 

time-point. This latter is also in agreement with Ahmed et al., 2016 and other studies 

that exposed various stem cells such as, BMSC, USCs, and ADSCs to low oxygen 

conditions and quantified cell viability and noticed similar patterns (Kwon et al., 2017, 

Roemeling-van Rhijn et al., 2013). Notwithstanding, low oxygen conditions have been 

widely reported to trigger various cellular responses that can directly affect cellular 

metabolic activity (Snyder and Chandel, 2009, Michiels, 2004).  
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4.3.3 Expression of angiogenic and neurotrophic markers under low oxygen 

conditions  

In the present study, low oxygen conditions revealed modest changes in mRNA 

expression of neurotrophic and angiogenic markers compared with the 16% oxygen 

conditions for hDPSC and d-hDPSC constructs. On one hand, the 1% oxygen 

condition up-regulated mRNA expression of VEGF-A, BDNF in constructs seeded 

with hDPSCs and d-hDPSCs and NGF in constructs seeded with d-hDPSCs (but not 

hDPSCS) compared to 16% oxygen condition. On the other hand, exposure to 3% 

oxygen down-regulated expression of these factors. This result correlates favorably 

with the literature and shows that low oxygen does impact the expression of 

neurotrophic and angiogenic factors substantiating previous findings (Dachs and 

Tozer, 2000, Krock et al., 2011). The up-regulation and down-regulation of transcript 

levels at 1% and 3% were between the range of 0.5 – 2-fold changes compared to the 

16% oxygen control.  

Ahmed et al. (2016) investigated the expression of angiogenic and neurotrophic factors 

in hypoxic cultures of hDPSCs. Their results concur with the results attained in this 

thesis and revealed minimal mRNA expression levels of VEGF, NGF and BDNF at 

3% oxygen conditions compared to the 20% oxygen condition. In fact, the largest fold-

change they noted at 3% oxygen condition was in VEGF expression (~0.5-fold 

increase) compared with the 20% condition. Their analysis of BDNF showed a 

minimal down-regulation at 3% oxygen but otherwise compared well to BDNF 

expression at 20% oxygen condition. They also noted a minimal upregulation (~0.25-

fold) in NGF at 3% oxygen compared to 20%. Furthermore, no statistical significance 

was noted between gene expression of these factors at 3% and 20%, however the 

results attained in this thesis noted a statistical significance in the down-regulation of 

VEGF-A, BDNF and NGF transcript levels at 3% compared with 16% oxygen 

condition.  

These modest changes in hDPSC mRNA expression at low oxygen conditions can be 

attributed to the innate ability of hDPSCs and their differentiated progeny to express 

high levels of VEGF-A, BDNF and NGF in standard culture conditions and matches 

well with previous studies (Li et al., 2017b, Dissanayaka et al., 2015, Kolar et al., 

2017).  
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4.3.4 The response of HUVECs to secretome from hDPSC and d-hDPSCs exposed to 

low oxygen conditions 

In the present study, human umbilical vein endothelial cells (HUVECs) were 

incubated with conditioned media collected from hDPSC and d-hDPSCs incubated for 

24 h under 1%, 3% and 16% oxygen. HUVECs were analysed at three time points: 24, 

48 and 72 h.  

Previously, it has been suggested that the angiogenic potential of hDPSCs is enhanced 

by hypoxic culture conditions or secretome from low oxygen conditions (Ceradini et	
al., 2004; Aranha et	al., 2010). The results for proliferation of HUVECs at 24 and 48 

h when cultured with hDPSC secretome from 1% and 16% oxygen are in agreement 

with previous findings from Aranha et al. (2010). They evaluated the effect of hDPSC 

conditioned medium in 1% and 21% on HUVEC proliferation and assessed this using 

the WST-1 assay and found comparable proliferation rates between the two oxygen 

conditions. Although the results differ by 72 h, where they noted an increase in 

proliferation from 48 – 72 h however in the results section it is clear that the number 

of proliferating HUVECs in hDPSC and d-hDPSC media resumed to a similar number 

of proliferating cells at 24 h. Intriguingly, HUVECs cultured in secretome from 

hDPSC and d-hDPSC exposed to 3% oxygen revealed approximately double the 

number of cell proliferating compared to the 1% and 16% condition which 

subsequently reduced to similar levels of the HUVEC cultured in 1% and 16% oxygen 

by 48 and 72 h.  

Interestingly, Gharaei et al. (2018) noticed the strong effect of conditioned media, 

which was able to alter HUVEC behavior as more than endothelial growth medium. 

They noticed a similar pattern in number of proliferating by detecting mRNA 

expression of ki67. They noted a gradual decrease in expression of mRNA Ki-67 in 

HUVECs cultured with conditioned media compared to the fresh media control which 

saw an increased in expression mRNA ki67 from 24-48 h but a decrease from 48 – 

168 h (7 days). MTT results presented by Gharaei and colleagues (2018) reflected well 

with the metabolic assay conducted on this study, showing an increased in metabolic 

activity from 24-48 h and then a decrease by 168 h.  

 



 219 

de Cara et al. (2019) who evaluated the effect of hDPSC conditioned media on the 

viability, proliferation, differentiation and gene expression of HUVECs. The 

conditioned medium was seen to elicit significantly less cell death in the HUVECs, in 

agreement with the present study. Their results showed that culturing the HUVECs in 

conditioned media did not have an effect on proliferation since all the cells were noted 

to be proliferating. This is contrasting to the results achieved in the present study using 

conditioned media in standard cell culture conditions which was approximately ~15- 

20% for both, hDPSC and d-hDPSC at 72 h. However, it should be noted that the 

previous study (Cara et al., 2019) had different culture conditions to the present study 

which could explain the differences noted. For example, they cultured HUVECs on 

well-plates that were coated with 0.5% gelatin which has been shown to be optimal 

for culturing HUVECs than uncoated tissue culture plastic (Smeets et al., 1992, Relou 

et al., 1998)..  

4.3.5  The response of primary sensory neurons to hDPSC and d-hDPSC secretome 

exposed to low oxygen conditions 

In this study, two key findings were observed when culturing dissociated DRG neurons 

with secretome from hDPSCs and d-hDPSC exposed to low oxygen conditions. First, 

the number of neurites sprouting from the neuronal cell body increased in low oxygen 

conditions compared with 16% control. Second, neurite length was reduced in 

conditioned media from low oxygen conditions compared to media from the 16% 

control. This is an intriguing result since not only does it provide an explanation for 

the in vivo results described by Sanen et al. (2017) but it corroborates well with the 

original hypothesis , that is, that the low oxygen environment in vivo altered the 

implanted cell phenotype such that angiogenesis, rather than neuronal regeneration, 

was promoted.  

Considering the study by Sanen et al. (2017) study where EngNT-d-hDPSCs were 

used to repair a critical gap nerve defect. Analysis of the mid-distal part of the device 

(10.5 mm into the device) saw approximately 80% of neurites from the allograft but a 

meagre 30% of neurites made it through to this region in the EngNT-hDPSC group. 

This gives credit to the aforementioned premise, that low physiological oxygen 

condition would cause a reduction in neurite length, evidenced by reduced number of 
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neurites at the mid-distal part of the conduit which was 6 mm away from the first mid-

proximal cross-section.  

These in vitro results are in strong agreement with previous findings using chick and 

rat DRG dissociated neurons, whereby low oxygen conditions result in a reduction of 

neurite length (Bar, 1995, Gladman et al., 2010). Notwithstanding, these results differ 

considerably from those of Ahmed et al. (2016), Sart et al. (2014) and Teixeira et al. 

(2015). The latter studies describe increased neurite length when using hypoxia-

conditioned secretome compared to a normoxic control (21% oxygen). In particular, 

Ahmed et al. (2016) cultured serum-starved SH-SY5Y cells in secretome from hDPSC 

exposed to 3%, 5% or 20% oxygen conditions for 48 h. Their data demonstrates that 

low oxygen conditions produce increased neurite length compared with the 20% 

oxygen condition. Furthermore, secretome from 5% oxygen condition was more 

effective at extending neurite length compared with secretome from the 3% oxygen 

condition. 

It should be duly noted that the SH-SY5Y neurons used in the previous study have 

been derived from a human neuroblastoma bone tumour biopsy. Traditionally, these 

are robust cells that thrive under hypoxic conditions (Al Tameemi et al., 2019, 

Subramanian et al., 2008, Subramanian and Feng, 2007, Bhaskara et al., 2012, 

Cimmino et al., 2015, Yeh et al., 2008). This is confirmed by an independent study 

from Genetos et al. (2010) who cultured PC12 neurons in different oxygen conditions 

and measured neurite length. Like the SH-SY5Y cells, PC12 cells were also derived 

from a tumour but from rat adrenal glands. Their results showed short sporadic 

outgrowth of PC12 neurites at 21 % oxygen but the formation of longer and more 

frequent neurites when PC12 cells were cultured in 1%, 4% and 12% oxygen. The 

most frequent and longest nerites were observed in the 4% oxygen condition. The 

primary neurons used in this thesis are perhaps a more representative as to the effects 

of hypoxia than using cell lines to determine the effect of hDPSC and d-hDPSC 

secretome.  

Zhou et al., (2016) conducted a study elucidating the metabolic and energy-generating 

pathways of DRG neurons by culturing adult DRG neurons in a standard cell culture 

incubator (16% oxygen) and 1.5% oxygen. They observed an increase in neuronal 

branching from the neuronal cell body under hypoxic conditions which is concurrent 
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with the findings in this chapter suggesting that low oxygen conditions can cause great 

neuronal branching. 

4.3.6 The use of perfluorocarbons for sustained oxygen release 

Recently, perfluorocarbons have been used as synthetic oxygen carrying biomaterials 

that can be incorporated into hydrogels. In an attempt to address the issues of low local 

oxygen concentration an oxygen carrier, HFTBA was incorporated with EngNT-

dhDPSC to increase the amount of local oxygen over a period of time to eventually 

reach optimal conditions to ensure better neuronal regeneration through the EngNT-d-

hDPSC constructs without compromising any angiogenic capacity.  

Incorporating HFTBA into a bovine collagen hydrogel seeded with d-hDPSCs did not 

seem to affect the live-dead results or metabolic activity of the hydrogel compared to 

a hydrogel incubated in standard oxygen conditions. This data on hydrogel viability is 

in good agreement with the literature (Ma et al., 2013, Kimelman-Bleich et al., 2009) 

The present study detected local oxygen concentration in fully hydrated hydrogels 

using an oxygen probe. Oxygen concentration was able to be detected in a fully 

hydrated collagen hydrogel seeded with d-hDPSCs and incorporated with 10% 

HFTBA emulsion (v/v)% compared with a fully hydrated hydrogel seeded with d-

hDPSCs but no HFTBA. In fact, the hydrogel with HFTBA was had released high 

concentration of oxygen for 1.5 h before plateauing and reaching a similar oxygen 

concentration values to the hydrogel with no HFTBA. This is in contradiction to 

previous findings which show that the hydrogel can release oxygen similar to the 

normoxic control for up to 96 h (Ma et al., 2013, Ma et al., 2018). An explanation for 

the different release kinetics could be due to the biomaterial used. For example, 

previous studies have incorporated the PFTBA emulsion with a fibrin hydrogel 

(Kimelman-Bleich et al., 2009, Ma et al., 2013, Ma et al., 2018).  
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4.4 Conclusion and future work 
In conclusion, this study explored the effect of oxygen concentration on the behaviour 

of hDPSCs and d-hDPSCs in vitro. Differentiated and undifferentiated cells showed 

similar properties and responses to low oxygen. The low oxygen conditions had a 

minimal effect on cell viability and metabolic activity. RT-qPCR revealed modest 

changes in VEGF-A, BDNF and NGF expression in hDPSCs and d-hDPSCs, although 

d-hDPSC cultured at 1% showed a 3-fold upregulation in NGF compared with the 

hDPSCs suggesting greater neurotrophic potential than hDPSCs.  

HUVECs that were incubated in the secretome collected from exposure of hDPSCs 

and d-hDPSCs to 3% oxygen was seen to increase HUVEC proliferation 2-fold 

compared with secretome collected from exposure for hDPSCs and d-hDPSCs to 1% 

oxygen and 16% oxygen. Although, at 48 and 72 h the effect of HUVEC proliferation 

after incubation with hDPSCs and d-hDPSCs secretome from exposure to 1%, 3% and 

16% oxygen were all similar.  

The number of neurites extending from dissociated DRG neuronal cell bodies was seen 

to increase when using secretome from hDPSCs and d-hDPSCs that had been exposed 

to low oxygen conditions. In addition, mean neurite length was reduced by almost a 

half when cultured in secretome from hDPSCs and d-hDPSCs exposed to low oxygen 

condition, compared to secretome from hDPSCs and d-hDSPSCs exposed to 16% 

oxygen. These findings are in agreement with previous literature and our initial 

hypothesis which was that a low oxygen environment in vivo altered the implanted 

cell phenotype such that angiogenesis, rather than neuronal regeneration, was 

promoted. These results could offer an explanation for the increased blood vessel 

count, but reduced neurite length observed in vivo by Sanen et al., (2017).  

In an attempt to address the issues of low local oxygen concentration an oxygen carrier, 

(HFTBA) was incorporated to improve the nerve regeneration capacity EngNT-d-

hDSPCs without compromising any angiogenic capacity. The incorporation of 

HFTBA into a collagen hydrogel seeded with d-hDPSCs did show potential to increase 

the amount of local oxygen concentration, although this was only for 1.5 h before 

oxygen concentration levels were equivalent to a hydrogel without any HFTBA. The 

administration of an oxygen carrier such as HFTBA could prove beneficial if it can be 
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appropriately incorporated with the ECM of EngNT. The currently used bovine 

collagen for EngNT releases oxygen rapidly therefore it could be interesting using 

fibrin in combination with collagen to create EngNT (Schuh et al., 2018), since 

previous work shows sustained gradual oxygen release when the oxygen carrier is 

incorporated with a fibrin hydrogel (Kimelman-Bleich et al., 2009, Ma et al., 2013, 

Ma et al., 2018). 

Future work would involve conducting an ELISA or a Western Blot assay to quantify 

protein expression of VEGF-A, BDNF, and NGF secreted under low oxygen 

conditions using. It would also be interesting to characterize HIF-1α in this analysis 

since it has been highlighted as a key regulator of various hypoxia-induced responses.  
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Chapter 5 

Investigating the mechanical properties of 

materials for the delivery of EngNT 
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5 Investigating the mechanical properties of materials for 
the delivery of EngNT  

 
5.1 Introduction 
The need to investigate potential biomaterials to serve as conduits or wraps for the 

delivery of engineered tissues is comprehensively described in the Chapter 1. The 

mechanical properties of potential nerve guidance conduit (NGC) materials should 

support the physiological function of EngNT. Numerous natural, synthetic and hybrid 

materials to fabricate NGCs have been subject to extensive investigation, discussion 

and iterative development (Nectow et al., 2012, de Ruiter et al., 2009, Magaz et al., 

2018, Boni et al., 2018). These conduits are often much stiffer than native nerve tissue, 

making them difficult to handle, suture and have been shown to lead to increased 

fibrosis in vivo (Singh et al., 2018, Wang et al., 2019b). Nevertheless, if the conduit is 

too thin, then it will be unable to support growth and collapse in on itself (Pixley et al., 

2016). Clearly, the mechanical properties of the conduit directly impact the efficacy 

of the device.  

In chapter 1, the distinct tissues of the nerve are defined and consist of an epineurium, 

perineurium, and endoneurium. The epineurium is the outer membrane of the nerve 

that retains structural integrity and, along with the perineurium, holds the delicate 

internal framework; the endoneurium, that consists of the sensitive neuronal and non-

neuronal elements. When the nerve is pulled apart the remaining components are a 

nerve sheath and core. The structural tissues of the sheath consist of the epineurium 

and most of the perineurium, and the core consists of the endoneurium and half of the 

innermost perineurial cell layer. From a tissue-engineering perspective, it is 

hypothesised that an ideal NGC that would hold engineered neural tissues would bare 

resemblance to the nerve sheath. However the literature delineating mechanical 

properties of the sheath are scarce (Georgeu et al., 2005). To gain an understanding of 

the mechanical properties that potential replacement materials should possess requires 

a thorough understanding of the mechanical contributions of the key structures within 

nerves.  

  



 226 

5.1.1 Target mechanical properties for NGC materials 

Designing an NGC or using a material that is suitable for carrying engineered tissues 

can be a diverse process due to various chemical, physical and mechanical 

considerations. Various authors have attempted to ascertain key features of NGC, these 

include, but are not limited to, choice of material (natural, synthetic, hybrid) and 

corresponding stiffness to match native tissue, porosity/permeability, growth factors, 

therapeutic cells, biodegradable, external and internal topography, conductivity, 

flexibility (Nectow et al., 2012, Daly et al., 2012, de Ruiter et al., 2009).  

Previous work shows where the material is too stiff can cause a modulus mismatch 

and triggers a host response leading to increased fibrosis (Nectow et al., 2012). This 

was seen in Neurolac® tubes and led to them being discontinued (Haug, 2009).  

Current commercially available NGCs have historically been plagued by mismatched 

mechanical properties that lends them to have poor in vivo compatibility for long-gap 

repairs. They typically have a higher stiffness than native nerve tissue since they are 

designed to be used as hollow conduits and retain a patent lumen. They are often able 

to resist collapsing and kinking but make them difficult to handle and suture.  

Conversely, conduits with an internal framework, such as EngNT can have a reduced 

stiffness. 

The NGC wall thickness can have a large influence on the stiffness of these material 

whereby a larger wall thickness confers a greater stiffness to the material, but this also 

impact the nerve regeneration. For example, Nicoli Aldini et al. (2000) report that 

axons grew longer in tubes with an average wall thickness of 0.81 mm when compared 

to a tube with a 75% thicker wall.  

Currently, there are not any commercially available NGCs used for peripheral nerve 

repair with a wall thickness of less than 100 μm. Nevertheless, an NGC with a thin 

wall is more prone to collapse. For example, Simon et al. (2007) report that an NGC 

created with poly(D,L-lactide-ε-caprolactone) with a wall thickness of approximately 

170 μm collapsed 26 weeks postoperatively. Similarly, Meek et al. (1999) have 

previously reported a 40% collapse of all nerve tubes made of electrospun PCL/PLGA 

fibres with a wall thickness of 150 μm by four months after surgery. 
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The transverse cross-sectional area of the conduit should also match the repair nerve 

size well, since if it is too tight this will cause constriction at the damaged proximal 

stump, whereas too large may not direct regeneration as well. The device should also 

remain strong enough to keep a patent lumen and prevent kinking that will obstruct 

regeneration. The rigidity of the NGC directly impacts the compliance which is a key 

factor when considering if the nerve injury is over a joint or non-joint area. For 

example, Neuroflex™ is, as the name suggests, a flexible NGC reported be kink-

resistant up to 60°, however the maximum length available is 2.5 cm (Stryker, 2019a).  

From a clinical perspective, it is essential that the material can be handled with ease 

and is capable of being suturing. If the material is too stiff it will either (a) not be 

penetrable by a suture, or (b) the suture will break in vivo, displacing the device and 

even gradually coming away from the injury site. When leaving the NGC tight could 

impede regeneration. NGC are often secured with sutures, but if the material is too 

stiff this would limit the type of suture used.  

Notwithstanding, it is still essential to consider post-implantation challenges that have 

been experienced with commercially available NGCs, for example concerns regarding 

calcification, extrusion, the formation of a fistula, and the host response to a stiff 

material, particularly in areas with thin overlying tissue or on and around joints.  

From a mechanical engineering perspective, an ideal NGC that deliver engineered 

tissue for peripheral nerve repair would resemble similar mechanical properties to 

natural nerve tissue, in essence the nerve sheath as described in Table 5.1.  

Table 5.1 Target properties for potential NGC material 
Property Target profile 

Thickness 50 – 113 µm (Islam et al., 2012)  

Tensile strength ~4 N (Georgeu et al., 2005) 

Minimum cross-sectional area of 
tube 

0.61 ± 0.02 mm2 (Cross-sectional area of a nerve) 

Suture 
Easily pierced and retains a 10-0 suture to the same degree as 
epineurium 

Handling Kink-resistant 

Shape Cylindrical 
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5.1.2 Potential materials for NGCs to deliver EngNT 

The objective of this study was to measure the tensile mechanical proprieties of three 

collagen-based grafts; namely, Collagen Solution material 1 (CS1), Collagen 

Solutions material 2 (CS2) and Durepair™ and one synthetic graft; ReDura™ for use 

in nerve tissue-engineering to deliver EngNT. The main mechanical considerations for 

NGC that will carry EngNT include the maximum tensile strength, maximum tensile 

strain, stiffness and Young’s Modulus of the materials.  

5.1.2.1 Collagen Solutions materials 1 and 2 

The CS1 and CS2 materials were provided by Collagen Solutions. CS1 is an 

anisotropic collagen-based sheet with approximate thickness of 45 um ± 11 µm and 

CS2 is an isotropic collagen-based sheet with approximate thickness of 64 ± 12 µm. 

Initial tensile tests on CS1 showed that it was stronger when tested parallel to the 

direction of anisotropy. Both materials can be hydrated and form hollow tubes by 

conforming around a glass rods which are removed once the material is removed, 

leaving a hollow CS1 or CS2 conduit. FTIR analysis (Appendix A: section 8.3.1) 

revealed an absorption spectrum similar to a collagen structure with traces of 

glycerine, where CS2 presented with a stronger spectrum for glycerine suggesting it 

has a greater component of glycerol compared to CS1.   

5.1.2.2 Dura substitutes as a potential source of repair materials for NGCs 

In the CNS, the dura mater is a continuous anisotropic outer membrane that envelops 

the spinal cord and brain, although the composition of the spinal dura mater is different 

to the cranial dura mater (Protasoni et al., 2011). The dura mater is predominantly 

composed of tightly packed collagen and elastic fibres, attributing it with viscoelastic 

properties (Protasoni et al., 2011). Moreover, the spinal dura mater is composed of 

fibres arranged longitudinally in a cranio-caudal direction conferring greater tensile 

strength and stiffness (Maikos et al., 2008). In addition to being a sheath around the 

CNS, the dura mater allows for local attachments of ligaments and successive roots 

(Protasoni et al., 2011). Similarly, to the peripheral nerves the dura mater varies in 

composition and stiffness at different anatomical locations (Maikos et al., 2008). 
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Currently, options for dura repair substitutes, such as autografts (from muscle), 

allografts from human cadavers (skin or dura mater), xenografts and various synthetic 

graft materials. Many of the functions of synthetic dura substitute materials are similar 

to what would be required from an epineural graft. For example, the materials should 

completely seal the affected area to prevent the leakage of cerebrospinal fluid (Kinaci 

et al., 2018). Similarly, an epineural graft should hold the EngNT in the afflicted site 

and prevent the leakage of essential neurotrophic factors. The mechanical properties 

of a dura substitute should be strong enough to withstand any shear stresses or tension 

but facilitate suturing and be compliant to the structures it is placed upon. The same 

applies for an epineural graft. Lastly, and similarly to an epineural graft the dura mater 

substitute material should encourage vasculature to expedite the regenerative process 

to repair the dura and encourage the infiltration of therapeutic cells whilst minimising 

fibrosis (Divan et al., 2018).  

Considering various synthetic ‘off-the-shelf’ dura mater substitutes exist it is 

reasonable to explore the use of these substitutes as potential sources of epineural graft 

replacements. The human dura mater has been shown to have an ultimate stress of ~ 

5.5 MPa, and an ultimate tensile strain of 25%. Table 5.2 describes common 

commercially available materials that have been used for repairing the dura mater. The 

highest tensile strength was seen in Cerafix® despite this the composition lends it to 

good malleability and handling, however there is no information regarding the 

thickness of this material. DuraGen® had the lowest tensile strength and would not be 

able to hold a suture. Comparatively, DuraMatrix® Suturable has a very high suture 

strength compared with DuraMatrix®. As a compromise material Durepair™ has a 

Figure 5.1 Illustration of the duramater on the brain (left) and around the spinal cord 
(right).  
Images extracted from Wikipedia (2019) and Spinalcsfleak (2019).  
 



 230 

suture strength between both materials. According to Georgeu et al. (2005) the tensile 

strength of the sheath was ~ 4 N, this suggests that DuraMatrix® is perhaps the most 

appropriate material to be used as a replacement material, however this product was 

unavailable at the time of the study. Accordingly, ReDura™ was selected for testing 

and Durepair™ owing to their thin structure and similar mechanical properties that 

will be well-suited to an epineural replacement. Synthecel (not mentioned in the table) 

is a dura material made by DePuy, is composed of Gluconacetobacter xylinus a 

biosynethsised bacterial cellulose, was recalled due to issues with adhering to various 

anatomical structures post implantation, potentially causing risk to patients in the event 

a surgeons would need to remove the implant, as a results this product has been 

terminated.  
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Table 5.2 Mechanical properties to commercially available Dura substitutes 
Dura 

substitute Material Thickness Tensile strength Suture pull out 
strength 

Degradation 
rate Company Reference 

Cerafix® Poly(lactic-co-glycolic acid) 
 n/a ~27 N ~ 6.3 N 3-6 months Bennet 

Health 
(DuraGen, 

2019) 

DuRepair™ Type I and type III foetal bovine collagen 0.5 ± 0.02 (>11.67 ± 4.12 N) 11.67 ± 4.12 N 
12.38 ± 2.1 4 – 6 months Medtronic (Stryker, 

2019c) 

 
DuraMatrix® 

 
Type 1 bovine collagen 

 
0.3 mm 

 
(4.12 ± 0.29) 

 
4.12 ± 0.29 N 

 
6 – 9 months 

 
Stryker 

 
(Duramatrix, 

2019) 

ReDura™ 

 

poly (l-lactic acid) 

 

0.2 mm 
 

11.86 ± 2.24 N 
 

 
(<11.86 ± 2.24 N) 

 
3-6 months Medprin (Medprin, 

2019) 

DuraMatrix® 
Suturable Type 1 bovine collagen 0.8 mm (>20.4 ± 1.54 N) 20.4 ± 1.54 N 10 months Stryker (Stryker, 

2019d) 

DuraGen® 

Type 1 bovine collagen with 
hydroxypropyl methylcellulose (HPMC) 

layer 
 

0.3 mm ~ 10 N ~ 0.25 N 6-9 months Integra Life 
sciences 

(Integra, 
2019b) 

 

 



 232 

5.1.3 Tensile dynamic mechanical analysis for characterising peripheral nerve tissue 
and NGC replacement material mechanical properties 

Peripheral nerve mechanics and certainly their applications are nonlinear and exhibit 

viscoelastic properties, typically with a low-stiffness toe-region and higher stiffness 

linear region. Previous literature describes plethora of static tensile tests to describe 

bulk nerve biomechanics. Whereas, stress relaxation and creep tests have been used to 

elucidate nerve viscoelastic properties. These tests are typically destructive, static tests 

created by ramping, holding and de-loading at specific strain rates.  

Dynamic mechanical analysis (DMA) is a non-destructive technique that uses a 

sinusoidal force to describe the viscoelastic properties of materials and biological 

tissues (Menard and Menard, 2015). This can often be analysed over variable strains, 

frequency, temperatures and times (Gearing et al., 2010, Kiyono and Tsujimoto, 2016, 

Bartolini et al., 2018). Once an initial sinusoidal force is applied to the specimen, it 

responds with a corresponding sine wave from which the complex modulus of the 

specimen can be calculated (Figure 5.2). In particular, the complex modulus can be 

broken down into the storage modulus and loss modulus to better understand the 

response of the material to a known force (Menard and Menard, 2015). The storage 

modulus is not the same as the Young’s modulus and allows for the quantification of 

the modulus at a particular strain from an oscillation. The loss factor also known as 

tan !	(tan	delta)	is the ratio of the loss modulus to the storage modulus and a good 

way to quantify the behaviors of a material by removing the error of cross-sectional 

area.  

The aforementioned advantages of DMA with allows for the first-time a 

comprehensive investigation into the viscoelastic properties of native nerve tissue. 

Typically, studies attempt to match the bulk properties of a nerve to a NGC, however 

the nerve and its sheath are viscoelastic materials. By understanding the viscoelastic 

properties of the nerve and sheath and their responses to factors such as frequency 

allow for a suitable material to be selected as potential sheath replacement, not only in 

terms of its bulk mechanical properties but also viscoelastic properties. To date, no 

peer-reviewed published studies have used DMA to analyse peripheral nerve tissue 

however this technique has been used to analyse NGC materials (Salmoria et al., 2016, 

Tao et al., 2017).   
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Figure 5.2 Relationship of applied sinusoidal stress (y-axis) to strain (x-axis) and material 
response.  
Sine wave generated from loading condition displayed in black. LVDT = Linear Variable  Differential 
Transformer; this is the sample response measurement (Red). Phase lag describes the difference 
between the applied stress and material response (Extracted from Perkin Elkin DMA Electroforce 
Handbook (Elmer, 2013)) 
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5.1.4 Aim and objectives 

The main objective of this part of the study was to investigate potential materials that 

would be suitable nerve guidance conduit materials to be an outer sheath to deliver 

EngNT in a critical gap defect.  

The following specific aims were addressed:  

1. The first aim involved detailed mechanical characterisation of the whole nerve 

and the nerve sheath. The mechanical properties of the sheath and endoneurium 

has been largely neglected and to our knowledge, the regional dynamic 

viscoelastic properties of the sciatic nerve or the nerve constituent parts has not 

been characterized in the past. Therefore, a thorough analysis of the bulk 

tensile properties and in particular the viscoelastic properties of nerve tissue 

would aid in matching these properties with potential NGC material 

alternatives. 

 

2. The second aim involves conducting the same mechanical tests on potential 

materials for NGCs. These materials are, CS1 and CS2 which were provided 

by Collagen Solutions. In addition, testing Dura mater repair materials; 

ReDura™ and Durepair™. Then, the mechanical properties of potential NGC 

materials can be benchmarked against that of nervous system tissue.  

 

3. Finally, the intra-operative suitability and clinical utility of the potential NGC 

materials are investigated in terms of kink angle and suture-retention force. 
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5.2 Results 

5.2.1 Nerve sheath exhibited lower breaking forces than the whole nerve 

Representative results from a ramp test of the whole nerve, sheath and core can be seen 

in Figure 5.3 and corresponding data for the ultimate tensile force, stress, strain and 

Young’s modulus is shown in Table 5.3. The whole nerve specimens withstood a mean 

ultimate breaking force of 2.48 ± 0.27 N whereas the nerve sheath and core withstood 

had ultimate tensile forces ~ 5 times lower than the nerve; 0.50 ± 0.05 N and 0.34 ± 

0.05 N, respectively (Figure 5.4a). Clearly, the presence of a nerve sheath in an intact 

nerve makes a dominant contribution to the strength of whole nerve and rupture caused 

by separating the core and the sheath undermine the nerve strength. Notwithstanding, 

the sheath exhibited the greatest ultimate tensile stress, (5.21 ± 0.52 MPa) which was 

most similar to the whole nerve (4.06 ± 0.44 MPa) showing that per cross-sectional 

unit area, the sheath can withstand the most force. The nerve core presented the lowest 

ultimate stress (0.77 ± 0.11 MPa) (Figure 5.4b). The mean ultimate strains are shown 

in Figure 5.4c, where the sheath saw the largest ultimate strain value of 1.02 ± 0.06, 

followed by the core 0.83 ± 0.11, which was most similar to the whole nerve; 0.78 ± 

0.06. By observation it was also clear that the sheath was able to elongate the longest 

before reaching failure but not significantly different to the core. Figure 5.4d shows 

that the Young’s modulus of the whole nerve and sheath was similar, but the core 

presented with the lowest Young’s modulus.  

 

 

 

 

 

 

 

Figure 5.3 Representative force-strain curve for a fresh whole nerve, sheath, core.  
Demonstrating ultimate breaking force, strain, and Young's modulus of elasticity (slope of ascending 
portion of the curve) at a strain rate of 10 mm/min. 

Nerve sheath 
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Table 5.3 Results for cross-sectional area force at failure, Ultimate tensile stress, Ultimate strain, Young's modulus for a whole nerve, sheath, and core.  
All data are displayed ± SEM 

Tissue Cross-sectional 

area (mm 2) 

Force at 

failure, N 

Ultimate tensile stress, 

MPa 

Ultimate strain Young’s 

Modulus, 

MPa 

Whole nerve 0.61 ± 0.02 2.48 ± 0.27 4.06 ± 0.44 0.78 ± 0.06 0.10 ± 0.13 

Sheath 0.12 ± 0.01 0.50 ± 0.05 5.21 ± 0.52 1.02 ± 0.06 0.10 ± 0.01 

Core 0.50 ± 0.01 0.34 ± 0.05 0.77 ± 0.11 0.83 ± 0.11 0.02 ± 0.01 

 

 

 

 

 

 

Figure 5.4 Ultimate tensile force (a) ultimate tensile stress (b) and ultimate tensile strain (c) and Young’s modulus (d) for Whole Nerve, sheath and core.  
Data are means ± SEM, n = 12. Data passed Shapiro-Wilk test for normality (a-c). One-way ANOVA with post hoc Tukey’s multiple comparison test; *p<0.05; *** p< 0.001. 
Data set for (d) failed normality test. Kruskal-Wallis non-parametric test revealed statistical significance between nerve and the core and sheath and the core; *** p< 0.001. 
 

(a) (b) (c) (d) 
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5.2.2 Mechanical properties of potential NGC materials 

Although the initial aim was to benchmark potential NGC material to the mechanical 

properties of the nerve sheath, from Figure 5.4a it is clear that the separated nerve 

sheath is inherently weak, with a low breaking force. This is further confounded by 

the evidence that the summation of the ultimate tensile forces for the nerve sheath and 

core are not equivalent to that of the whole nerve. Considering this, it is more 

appropriate to match the mechanical properties of potential NGC materials to that of a 

whole nerve (Table 5.4, Figure 5.5a). 

 

Since potential NGC materials had different thickness values which directly impact 

their breaking force, it is more suitable to consider their respective cross-sectional 

areas and compare ultimate tensile stress values (Figure 5.5b). CS1and ReDura™ had 

ultimate stress values that were lower than the whole nerve by ~6% and ~17%, 

respectively. On the other hand, CS2 had an ultimate stress value that was ~ 15 % 

greater than that of a whole nerve. Owing to its large breaking force, Durepair™ 

presented an ultimate tensile stress most similar to the nerve sheath 5.24 ± 0.22 MPa, 

which is ~ 22% larger than that of whole sciatic nerve (4.06 ± 0.44 MPa). Therefore 

CS1, CS2 and ReDura™ presented ultimate stress values closest to that if a whole 

nerve.  

 

Notwithstanding, compared with CS1 and Durepair™, ReDura™ and CS2 materials 

had a breaking force most similar to a full nerve and did not reveal any statistical 

significance compared to the nerve (Figure 5.5 a). Interestingly, ReDura™ had a force 

at failure of 3.69 ± 0.25 N, revealing that it is 1.5 times stronger than nerve but a similar 

ultimate strain rate. Comparatively, CS2 had a breaking force 25% lower than that of 

nerve but failed at a strain rat approximately half of that of a whole nerve (Figure 5.5c). 

On the other hand, CS1 and Durepair™ were polar opposites in terms of breaking 

force. CS1 was very weak in comparison to all the materials with a force at failure of 

0.69 ± 0.13 N (Figure 5.5a). Durepair™ has the largest tensile strength of all the 

materials with a breaking force almost 10 times that of a whole nerve.  
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Table 5.4 Summary of the mechanical properties of potential NGC materials.  
Whole nerve mechanical properties added for comparison and completeness 
 

 

 

 

Group 
Cross-sectional area 

(mm 2) 
Force at failure, N 

Ultimate tensile stress, 

MPa 
Ultimate strain 

Young’s modulus, 

MPa 

Whole nerve 0.61 ± 0.02  2.48 ± 0.27 4.06 ± 0.44 0.78 ± 0.06 0.10 ± 0.13 

CS1 0.18 ± 0.04 0.59 ± 0.13 3.83 ± 0.09 0.27 ± 0.13 0.06 ± 0.47 

CS2 0.32 ± 0.06 1.82 ± 0.18 4.75 ± 0.11 0.43 ± 0.12 0.11 ± 0.31 

ReDura™ 1.64 ± 0.12 3.69 ± 0.25 3.35 ± 0.13 0.78 ± 0.17 0.13 ± 0.25 

Durepair™ 4.17 ± 0.36 21.87 ± 1.20 5.24 ± 0.22 1.12 ± 0.04 0.58 ± 0.55 

Figure 5.5 Ultimate tensile force (a), Ultimate tensile stress (b) and ultimate strain (c) for whole nerve and conduit replacement materials (d) Young's 
modulus of nerve, epineurium, core and potential NGC materials. Samples tested positive for normality via Shapiro-Wilk test. One-way ANOVA, namely, 
CS1, CS2, ReDura™ and Durepair™.  
Data are mean ± SEM, n = 6. Blue dotted line represents mean value for whole nerve and the red dotted line represents mean value for the epineurium. Parametric data 
analysed using one-ANOVA with post hoc Dunnett’s test to compare replacement materials to mechanical properties of a whole nerve; * p<0.05, ** p<0.01, *** p< 
0.001 
 

(a) (b) (c) (d) 
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5.2.2.1 ReDura™ and CS2 present similar Young’s modulus to whole nerve and 

sheath  

Figure 5.5d describes the tensile Young’s Modulus values for a whole nerve, sheath, 

core and potential NGC materials. The whole nerve specimens and sheath displayed 

comparable Young’s modulus value of 97.6 ± 13.0 kPa and 95.6 ± 7.8 kPa, 

respectively. The Young’s modulus of CS2 and ReDura™ was most similar to these 

tissues, 110.5 ± 2.6 kPa and 113 ± 0.3 kPa, respectively. No statistically significant 

difference was noted between these specimens. The nerve core had a Young’s modulus 

approximately 6.5 times lower than both whole nerve and sheath (15.4 ± 2.5 kPa). This 

was also statistically significant compared with the whole nerve and sheath (p<0.001). 

The Young’s modulus of CS1 the lowest out of all the materials (60.0 ± 0.5 kPa), 

whereas Durepair™ was the stiffest of all materials ~ 6 times stiffer than the whole 

nerve and sheath. 
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5.2.2.2 Layering sheets of CS1 and CS2 increases material strength to be equivalent 

to nerve  

Considering the CS1 and CS2 materials had lower tensile strength than a full nerve, 

layering the materials together increased the breaking force and made it more 

comparable to nerve. Figure 5.6a shows that 7 layers of CS1 material were required to 

produce a breaking force similar to that of a whole nerve. As the layers increase 

consequently the thickness of the complete material increases (Figure 5.6b). Therefore, 

reveals that in order to produce a breaking force comparable to a whole nerve with 

CS1 the device would be approximately 400 µm thick. On the other hand, CS2 would 

require 3 sheets of material direction to produce a breaking force equivalent to that of 

a whole nerve and a corresponding thickness of approximately 180 µm (Figure c,d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

Figure 5.6 The effect of layering sheets of CS1 and CS2 on the breaking force of the material.  
Where (a) represents the breaking force for CS1, and the corresponding thickness (b). Where (c) 
represents the breaking force for layers of CS2 and the corresponding thickness values (d). Blue dotted 
line represents mean breaking force value for whole nerve and the red dotted line represents mean 
thickness values for the epineurium. Data are means ± SEM; n = 3.  One-way AOVA performed on 
breaking force data with post-hoc Dunnett’s test comparing all means to the whole nerve.   
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5.2.3 Determination of pre-strain value for nerve tissue samples by elucidating the 
linear region for a whole nerve, sheath and nerve core 

To characterise the viscoelastic properties of each tissue it is important to test within 

the linear region of each specimen. This was determined from the force – strain curves, 

an example is shown in Figure 5.7a. Figure 5.7b shows that the whole nerve and core 

began with similar length of the toe-region of 28.0 ± 5.1 % and 27.0 ± 6.6 %, whereas 

the sheath had a longer toe-region and entered the linear region after reaching a strain 

rate of 45 %. The whole nerve, sheath and core reached their yield points at 57.5 ± 5.0 

%, 70.6 ± 9.0 % and 65.2 ± 8.4 %. The core had the largest elastic linear region, 

yielding approximately 2.5 times further than its toe-region and the sheath had a linear 

region approximately 1.5 times that of its toe-region. The whole nerve had a linear 

region 2 times that of its toe-region. Interestingly, this was the opposite when 

considering the region of plastic deformation until failure. The core withstood the least 

deformation until failure, 18.1 ± 2.47 %. The sheath was able to plastically deform 

almost double this core strain until failure, presenting a plastic strain until failure of 

31.3 ± 0.65 %. The whole nerve was able to be strained by 24.2 ± 0.25 % until reaching 

failure. The relative forces corresponding to each strain is presented in Figure 5.7c. 
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Table 5.5 Beginning and end of the linear region strain and force values for the whole nerve, sheath and core 
 

 

 

 

 

 

 

 

 Beginning of linear region End of linear region   
Tissue Strain (%) Force (N) Strain (%) Force (N) Strain difference 

(%) 
Force difference 

(N) 
Whole Nerve 28.0 ± 5.1  0.68 ± 0.10 57.5 ± 5.0 1.94 ± 0.26 30 ± 0.07 1.26 ± 0.16 

Sheath 44.1 ± 5.8 0.08 ± 0.02 70.6 ± 9.0 0.35 ± 0.04 26 ± 3.3  0.27 ± 0.03 
Core 27.0 ± 6.6 0.04 ± 0.01 65.2 ± 8.4 0.27 ± 0.04 38.3 ± 1.80 0.23 ± 0.03 

Figure 5.7 Quantification of the linear region for whole nerve, sheath and core.  
Representative image of a force-strain curve with highlighted beginning and end of liner region Where (a) corresponding strains (b) shows corresponding forces. Data (b-c) 
are means ± SEM; n=6. 
 

(a) (b) (c) 

Sheath 
Sheath 
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5.2.4 Determination of the linear viscoelastic range for whole nerve and the nerve 
sheath by DMA 

DMA can be used to characterise the viscoelastic properties of nerve and potential 

NGC materials, where a sinusoidal strain within the linear viscoelastic limit is applied 

to the test specimen and the corresponding response measured. The linear viscoelastic 

region is the range of strain within which the stress varies linearly with strain for the 

test specimen. Within this region, the strain is directly proportional to the stress and 

the material response that is recorded reflects the material structure. Furthermore, the 

frequency of the input and output stress is equivalent which is essential in determining 

an accurate modulus and tan delta values to understand material properties. The limit 

is this point at which the stress or strain are no longer linear. If DMA is conducted 

outside of this limit the data is inaccurate since this range causes permanent 

deformation in the material.  

Values of storage (Figure 5.8a) and loss (Figure 5.8b) modulus for all the whole nerve 

and nerve sheath were maximal at lower strain frequencies and decreased 

logarithmically with increasing strain. The linear viscoelastic region for the whole 

nerve, sheath and core was defined between 0.05 % - 1 % strain. Dynamic properties 

for the whole nerve and its independent parts were approximately linear below 1% 

strain. Tissue properties demonstrated non-linear behaviour at strain rates greater than 

1%. To ensure testing was conducted within this range, the strain viscoelastic limit for 

the whole nerve, sheath and core was taken at 0.75% 

 

  



 244 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

(a) 

(b) 

Figure 5.8 Determining linear viscoelastic region for the whole nerve and sheath. Strain sweep 
data demonstrating storage modulus (a) and loss modulus (b) versus a range of strain (0.05 % - 8 
%) for the whole nerve, sheath plotted on logarithmic axes.  
Data are means ± SEM, n =3. Region enclosed by dotted lines labelled with LR represents the linear 
viscoleastic region.  
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5.2.5 Frequency-dependant nature of a rat sciatic nerve and sheath 

Within the linear viscoelastic range, material properties will vary proportionally with 

frequency. To assess the viscoelastic response of materials, rat nerve was tested 

between 1 and 30Hz to study material properties as a function of frequency as 

described in ‘Aim 1’. Rat sciatic nerve displayed viscoelastic behaviour throughout 

the tested frequency range. Figure 5.9a shows the frequency dependent trend of 

complex modulus, E*, where E* increased with increasing frequency. The complex 

modulus for the whole nerve increased from 130.3 ± 27.6 kPa at 1Hz to 175.6 ± 30.5 

kPa at 30 Hz, representing a 35% change.  

The elastic and viscous components of the complex modulus are shown in Figure 5.9b. 

Similarly, the storage modulus increased by 35% from 126.7 ± 28.1 kPa to 171.3 ± 

31.3 kPa. The loss modulus showed a similar trend to a lesser extent, changing by 

18%, from 30.1 ± 6.8 kPa at 1 Hz to 35.5 ± 7.2 kPa at 30 Hz. Interestingly, the 

percentage change of E’ across the frequency range was two-fold greater than the loss 

modulus. Tan delta (!) displayed in Figure 5.9c remained approximately constant 

throughout the frequency range with an average value of 0.24 ± 0.02 and revealed no 

statistical significance.  

Sheath displayed a frequency dependent response, whereby the modulus increased 

with increasing frequency. Figure 5.9d describes the complex modulus response which 

increases from 59.6 ± 13.3 to 132.1 ± 35.0 kPa, describing 2.2-fold increase and a 

statistical statistically significant difference from 1 Hz to 30 Hz. The sheath revealed 

more dynamic response to frequency compared with the whole nerve, although 

absolute values for the sheath complex modulus (E*) were approximately half that of 

the whole nerve. The storage modulus of the sheath increased from 56.3 ± 10.6 kPa at 

1 Hz to 107.3 ± 27.7 kPa at 30 Hz, almost twice that displayed by the whole nerve, 

though this was not statistically significant (Figure 5.9e). There was a corresponding 

increase the loss modulus from 13.6 ± 3.2 kPa at 1 Hz to 20.99 ± 7.2 at 30 Hz, showing 

a 54% increase. Similar to the whole nerve, across the frequency range, the percentage 

change in E’ increased was approximately twice as much as the percentage change for 

E’’. Figure 5.9f described the tan delta which had a mean of 0.26 ± 0.03, comparing 

well to the whole nerve.
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(a) (b) (c) 

(d) (e) (f) 

Figure 5.9 Frequency dependant response of rat sciatic nerve (a-c) and sheath (d-f).  
Response of rat sciatic nerve and sheath exposed to frequencies ranging from 1Hz to 30 Hz. All data sets for the nerve passed the Shapiro-Wilk normality test. Data are 

presented as means ± SEM, n =12. The material response is described in (a,d) by the complex modulus. One-way ANOVA showed no-significance between means of complex 

moduli. The, complex, storage modulus showed statistical significance between data sets for 1 Hz (**p<0.01) and 30 Hz (***p<0.001)., tested using a One-way ANOVA. The 

dissipation factor remained constant through the range of frequencies and showed no statistical significance (tested using One-way ANOVA).  
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5.2.6 Determination of the linear viscoelastic region of potential NGC replacement 
materials 

The strain rate within the linear viscoelastic region for all potential NGC materials was 

less than that for the whole nerve and sheath. Strain sweep test was performed on all 

materials to verify the viscoelastic regions (Figure 5.10). There was also variability 

among samples. CS1 and Durepair™ shows that the amplitude must be set at less than 

0.05% to prevent damaging the sample (Figure 5.10 a,d). CS2 and ReDura™ required 

any strain less than 0.1% (Figure 5.10b,c). Generally, solids are linear at strain rates 

less than 0.1% (Turi et al., 1997). Strain rate values for all potential replacement 

materials and that of the whole nerve and the sheath are summarised in Table 5.6.  

Table 5.6 Summary of strain rates corresponding to the linear viscoelastic region for DMA 
tensile testing 

 

 

 

 

  

Specimen Whole 

nerve 

Sheath CS1 CS2 ReDura™ Durepair™  

Strain rate, % <1  <1 <0.05 <0.1 <0.1 <0.05 
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(a) CS1 

    (b) CS2 

     (c) ReDura™ 

    (d) Durepair™ 

Figure 5.10 Strain sweep results for CS1, CS2, ReDura™, Durepair™ demonstrating storage 
modulus (a) and loss modulus (b) versus a range of strain (0.05 % - 8 %) for the whole nerve, 
epineurium and core plotted on logarithmic axes.  
Data are means ± SEM, n =3. Region enclosed by dotted lines labelled with LR represents the linear 
viscoleastic region.  
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5.2.7 Potential NGC replacement materials exhibit viscoelastic beviour  

The classical behaviour of viscoelastic materials can be observed from the DMA 

results seen in Figure 5.11. Sheets of potential NGC materials were tested at a strain 

frequency that corresponded to their respective linear viscoelastic regions. CS2 

presented the closest frequency response pattern to the sheath and similar modulus 

values (Figure 5.11c,d). The percentage difference at 1Hz and 30 Hz in the storage 

modulus was greater than that of the loss modulus. Similarly, ReDura™ had closely 

matching modulus values to the sheath but did not display an equivalent response with 

increasing frequency and presented the lowest loss modulus of all the materials (Figure 

5.11 e,f). CS1 had a larger change over the storage modulus than the loss modulus 

between 1 Hz and 30 Hz, similar to CS2 and ReDura™ but presented modulus values 

that were too low (Figure 5.11 a,b). Interestingly, Durepair™ had a larger fold-change 

over the loss modulus, than the storage modulus but presented approximately 3 times 

higher modulus values than the sheath (Figure 5.11g, h). 

Durepair™ was the stiffest of the four materials with a mean E* value of 224.94 ± 

8.38 kPa at 1 Hz increasing to 285.13 ± 12.25 kPa. CS1, CS2 and ReDura™ had 

considerably lower E* values. ReDura™ presented an E* approximately five times 

lower than Durepair™, 80.34 ± 1.56 kPa at 1 Hz, increasing to 86.31 ± 3.72 kPa at 30 

Hz. The values for ReDura™ at the higher frequencies were more similar to that what 

was observed with sheath. CS2 revealed similar most similar to the response of the 

sheath although values at 1 Hz were much lower than that of sheath; 30.66 ± 1.85 kPa 

and rising to 137.69 ± 8.29 kPa at 30 Hz. CS2 has a more dynamic response to the 

applied stress compared with all the other materials. CS1 had a more elastic response 

than CS2 and presented complex modulus values much lower than that of the sheath. 

The E* for CS1 at 1 Hz was 16.10 ± 8.05 kPa and increased to. 26.94 ± 13.47 kPa at 

30 Hz.  

Each material revealed a frequency-dependent response, where E*, and E’ increased 

with increasing frequency.  For the storage modulus, this was particularly notable with 

CS2 which showed a 4-fold increase in E’ from 1 Hz (28.42 ± 3.45 kPa) to 30 Hz (146 

± 11.53 kPa). Despite an increase in E’ in CS1, ReDura™ and Durepair™ this was not 

as dramatic as seen in CS2, although the response of CS2 bared true likeliness to that 

of the sheath. The CS1 material showed a 66% increase from 1 Hz to 30 Hz, whereas 
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Durepair™ show a 26 % increase in E’ from 1 Hz to 30 Hz. Interestingly, ReDura™ 

showed minimal response to frequency, changing by 7 % from 82.73 ± 6.74 kPa at 1 

Hz to 88.86 ± 5.33 kPa at 30 Hz.  

Correspondingly, ReDura™ had the lowest loss modulus, E’’, with a mean at loss 

modulus of 2.36 ± 0.4 kPa at 1 Hz and 2.26 ± 1.53 kPa at 30 Hz. The E’’ remained 

relatively consistent from 1 Hz to 30 Hz as also be can be noted from the small 

associated SEM value. The E’’ value for Durepair™ tended to increase with greater 

frequencies from 20.70 ± 0.49 kPa at 1 Hz to 36.60 ± 1.4 kPa at 30 Hz, a 77% increase. 

Statistical analysis revealed significance between the storage and loss modulus where 

**p<0.01 for frequencies ranging from 1 – 15 Hz and ***p<0.001 for 20 Hz and 30 

Hz. CS1 showed a 37% increase in E’’, from 2.98 ± 0.42 kPa at 1 Hz to 4.08 ± 0.90 

kPa at 30 Hz. CS2 showed a 3-fold increase in the loss modulus from 1 Hz (6.01 ± 

0.51 kPa) to 30 Hz (24.68 ± 2.08 kPa).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 

(b) 
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Figure 5.11 Frequency dependant response of CS1, CS2, ReDura™ and Durepair™ with complex modulus superimposed with response of the sheath (a, 
c, e, g) and corresponding storage and loss modulus components for each material ((b – CS1, d – CS2, f- ReDura™, g – Durepair™).  
Materials exposed to frequencies ranging from 1Hz to 30 Hz. Data are presented as means ± SEM, n =4. The material response is described in (a,d) by the complex 
modulus. Statistical analysis performed with a one-way ANOVA.   
 

(c) 

(d) 

(e) 
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Table 5.7 Mean modulus for rat sciatic nerve, CS1, CS2, ReDura™ and Durepair™ between 
1Hz and 30Hz at 0.75% strain.  
Where E*, E’ and E’’ represents the complex modulus, storage modulus and loss modulus, respectively.  
Data are means ± SEM; n = 4-12.  

 

5.2.8 Tan delta of CS1 and CS2 most comparable to nerve and sheath 

DMA measures the mechanical properties of a material in terms of stiffness and 

damping. The stiffness is reported as the modulus, whereas the tan delta can be used 

to describe the damping. The tan delta is the ratio that of the loss modulus to the storage 

and is a measure of the dissipation of a material. When assessed at different 

frequencies this can tell us how elastic or viscous a material is behaving. If tan delta 

has a value close to ‘0’ this material is commonly an elastic solid, as this value tends 

to ‘1’ the material is said to be more viscous.  

Figure 5.12a describes the variation of tan delta with increasing frequency. The highest 

tan delta value was observed with the CS1 material, and the lowest was observed with 

ReDura™. The tan delta of CS1 increased by 26% from 1 Hz to 30 Hz. CS2 revealed 

a higher tan delta value than Durepair™ up to 10 Hz, after which the values were 

similar. Although CS2 showed a slight decrease (9%) from 1Hz to 30 Hz and 

Durepair™ showed a 33% increase in tan delta value over the same frequency range.  

ReDura™ did not show different tan delta values at 1Hz and 30 Hz although showed 

~33% higher values between 7.5 Hz and 15 Hz. 

The whole nerve and sheath have mean tan delta values of 0.19 and 0.21, respectively, 

over the frequency range. These tan delta values were compared to the mean tan delta 

values of the materials in Figure 5.12b. Comparatively, CS2 and Durepair™ showed 

similar tan delta value to the nerve and sheath. CS1 showed the highest tan delta value 

which tended to increase with increasing frequency, whereas CS2 tended to decrease 

tan delta with increasing frequency. ReDura™ presented the tan delta value least 

 E* E’ E’’ 

Whole nerve 140 ± 26.10 130.4 ± 5.6 31.9 ± 2.20 

Sheath 83.56 ± 18.42 73.6 ± 14.6 21.9 ± 7.2 

CS1 21.5 ± 3.02 20.3 ± 1.15 3.45 ± 0.24 

CS2 90.2 ± 3.94 94.2 ± 14.9 15.3 ± 2.2 

ReDura™ 86.05 ± 8.26 88.6 ± 8.5 3.18 ± 0.37 

Durepair™ 252.56 ± 8.96 200.1 ± 5.29 27.7 ± 1.74 
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similar to nerve or sheath, although unlike the other materials tested, this value was 

consistent across the frequency range which resembled the trend of the tissues.  

 

 
  

Figure 5.12 Tan delta value for nerve, sheath and potential NGC materials.  
Tan delta value for materials over a frequency range from 1Hz to 30 Hz (a). Data are means ± SEM; n =4. 
Comparison of tan delta of materials to the whole nerve and sheath obtained by taking a mean across 1-
30 Hz frequency range for each sample (b). One-way ANOVA with post hoc Dunnett’s test compared all 
values to the sheath.  
 

(a) 

(b) 
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5.2.9 Clinical utility of nerve graft materials 

5.2.9.1 Addition of engineered tissue increases kink angle 

Kink tests were performed to assess the angle at which the rolled materials can be bent 

before luminal occlusion occurs. Conduits were bent at either end with glass pipettes 

until a kink occurred. The rolled constructs with EngNT in the lumen demonstrated 

superior kink-resistance, in comparison to the material rolled with an empty lumen 

(Figure 5.13). For the CS1 material a visible kink in the tube occurred at 15.1 ± 2.0°, 

when this was a carried EngNT this provided an extra 8° of bending without kinking. 

CS2 was more resilient to kinking than CS1 with a kink angle of 35.4 ± 3.9° and this 

almost doubled when EngNT was in the lumen. ReDura™ and Durepair™ materials 

did not show any statistical difference when the EngNT was included in the lumen, 

suggesting that the stiffness of the conduit dominate over any structural support 

EngNT may confer. The ReDura™ material with a hollow lumen kinked at 50.4 ± 4.0° 

and Durepair™ kinked at 66.5 ± 4.5°, respectively. When the materials were rolled 

with EngNT in the centre the kink angles were 60.0 ± 3.6° and 70.5 ± 1.55°, 

respectively.  The data reveals that CS1 material had the least resistance to kinking 

followed by the CS2 and ReDura™ material and then Durepair™ had the largest 

resistance to kinking. CS2, ReDura™ and Durepair™ were able to resume their 

original shape after the bending when the pipette tips were removed, whereas CS1 

conduits did not resume their original shape. 

 
  

Figure 5.13 Quantification of kink angle of potential NGC materials.  
Kink tests were performed on (a) CS1, (b) CS2, (c) ReDura™ and (d) Durepair™ by bending the 
conduits on either end using a glass pipette until a kink in the lumen occurred. Conduits were either 
hollow or contained EngNT held together with fibrin. Data are means ± SEM; n =3. 
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5.2.9.2 10-0 suture gauge increases suture pull-out force in a whole nerve and tested 

materials 

The main aim of this study was to compare materials in terms of their ability to hold a 

suture. This was assessed by using two suture gauges, a 10-0 suture gauge and 

thickness 3-0 suture gauge. The influence of varying suture thickness was also 

assessed. Figure 5.14e shows that a thicker 3-0 suture results in lower-suture-pull out 

forces compared with the 10-0 sutures. CS1 and CS2 had similar suture pull-out forces 

that were lower than that of the whole nerve when tested with a 3-0 suture. ReDura™ 

presented similar pull-out force to the whole nerve when tested with the 3-0 suture and 

Durepair™ had the largest suture pull-out force. Interestingly, Durepair™ was able to 

hold a 3-0 suture but not the 10-0 suture. Figure 5.14d,e showed SEM images of the 

suture that was unable to tear through the Durepair™ material. CS2 presented with a 

similar pull-out force to the whole nerve when using a 10-0 suture which was exceeded 

by ReDura™.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

(a) (b) 

(c) (d) 
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5.2.9.3 Minimum suture bite depth required to produce equivalent suture-pull out 

force to the whole nerve  

Durepair™, CS2 and ReDura™ showed comparable suture pull-out forces to the nerve 

tissue. CS1 had a very low suture pull out-force compared to whole nerve at 1 mm and 

2 mm bite-depths. Increasing the bite depth to 2 mm, required a greater force to pull 

the suture from the material  

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 5.14 The effect of suture gauge on suture pull-out force. 
 (a) shows the suture pulling out of the material before crack and (b) at propagation as it begins to tear 
the material (red outline indicates the crack). (c) and (d) SEM micrographs showing the suture attempt 
at tearing through the material before reaching failure (highlighted in red). Scale bar (c) = 200 µm, (d) 
= 100 µm. (e) Increased suture gauge length led to lower suture pull-out force. Data are means ± SEM; 
n = 3. 
 
 

Figure 5.15 Influence of suture bite depth  suture pull-out force for whole nerve where the suture 
(10-0 gauge) was place through the epineurium and for CS1, CS2, ReDura™ and Durepair™.  
Passed Shapiro-Wilk normality test. One-way ANOVA revealed no significance between the pull-out 
force compared to the whole nerve. Data are means ± SEM; n= 3. 

(e) 
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5.3 Discussion 
In the last couple of decades, there has been various authors have elucidated peripheral 

nerve mechanical properties and applied these findings to design and develop hollow 

NGCs and those that are suitable for supporting engineered tissues (Belanger et al., 

2018, Clements et al., 2016, Singh et al., 2018). The overarching aim of this chapter 

was to investigate potential NGC materials to deliver EngNT. Ideally, the tensile 

strength of potential materials should match that of the nerve sheath. However, the 

literature review highlighted that little is known about the mechanical properties of the 

sheath. In addition, there are many conflicting results with regard to mechanical 

properties for a whole nerve and the role of the sheath in the nerve (Borschel et al., 

2003, Belanger et al., 2018, Brushart, 2011). First, it necessary to ensure nerve 

dimensions were measured in an accurate and reproducible manner. Second, 

charactering the bulk and viscoelastic properties of a whole nerve, nerve sheath and 

potential NGC materials. Finally, investigating the clinical utility of these potential 

materials. 

Tissue and material dimensions can have a profound impact on mechanical properties 

that consider the cross-sectional are in their calculation for example, stress or Young’s 

modulus. The nerve cross-sectional area measurements found by match well with 

Mason et al., (2011). They found the rat sciatic nerve cross-sectional area to be 0.59 ± 

0.04 mm2, compared to 0.61 ± 0.02 mm2 in this study. There are numerous sources of 

variability between studies such as the rat strain, age, sex, time-delay post-mortem, 

fixation, tissue hydration, dissection and measurement method and whether nerves 

were measured under in situ tension (Wehrl et al., 2015, Thavarajah et al., 2012, Tran 

et al., 2017, Fix and Garman, 2000). For example, Appendix A (section 8.3.2) 

describes calculation of the nerve cross sectional area by measuring diameter using 

callipers and a contact angle goniometer. This method describes a cross-sectional 

value of 1.33 ± 0.06 mm2. Although this measurement closely reflects that of 

previously reported studies that report the nerve cross-sectional area as 1.1 ± 0.1 mm2 

(Ju et al., 2017, Abrams et al., 1998, Piao et al., 2018) but it is largely different to the 

aforementioned value calculated from transverse cryosections.  
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5.3.1 Elucidating the mechanical properties of a rat sciatic nerve 

5.3.1.1 Force to failure 

The tensile strength of a whole peripheral nerve was overall higher than that of the 

sum of the separate core and sheath parts in isolation. The measurements of the 

peripheral nerve and its constituent components extend the previously limited number 

of tensile tests to elucidate peripheral nerve mechanical properties. 

 The absolute values of rat sciatic nerve force to failure attained in this study (2.48 ± 

0.27 N) agrees with Abrams et al. (1998) 2.63 ± 0.18 N. This is also in good agreement 

with Borschel et al. (2003), Belanger et al. (2018) and Georgiou (2013) where the 

breaking force of a rat sciatic nerve was 2.14 ± 0.76 N and 2.23 ± 0.45 N and non-

specifically stated between 2-3 N, respectively. These results differ from Walbeehm 

et al. (2004) who also tested in situ tension and describe the breaking force of a rat 

sciatic nerve as approximately 6.5 N.  

In comparison to the breaking force of the peripheral nerve, this study found much 

lower values for the sheath force to failure with respect to those reported by Georgeu 

et al. (2005), this was in contrary to the original hypothesis. Where the present study 

produced a value akin to the nerve core (0.5 N), Georgeu et al. (2005) attained a value 

of approximately 4 N. To test the outer sheath Georgeu et al., (2005) made a 

circumferential incision at the proximal and distal ends of the nerve to remove the core 

at either end of the nerve so the sheath can be attached to the jig using sutures. Notably, 

the tensile forces would be applied to the sheath despite the core still being in the nerve 

and vice versa for the core. This ensures retention of collagen fibrils and vasculature 

that runs obliquely between the epineurium and perineurium, which may also 

contribute to the mechanical strength. In contrast, to test the sheath and core 

independently in this chapter, the sheath was completely pulled away from the nerve 

core, leaving a completely empty sheath. In doing so, rupturing any adhesion between 

the sheath and core.  

This result offers compelling evidence that the strength of the epineurium is highly 

dependent on the integrity of interaction between the endoneurium-perineurium and 

core. This study provides compelling evidence demonstrating that the integrity of the 

perineurium is essential for the mechanical strength of the sheath. Once these 
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connections are disturbed, they drastically change the sheaths load-bearing potential, 

reducing it to the strength of the core. Considering the initial aim was to compare 

mechanical properties for potential NGCs directly to the values of the sheath. By 

dismantling the nerve, the true strength of the sheath as highlighted by Georgeu et al., 

(2005) has been compromised. Therefore, material comparisons of bulk properties 

were compared to a whole nerve.  

In comparison to a whole nerve, ReDura™ had the most similar breaking force 

whereas Durepair™ was almost 8 times stronger than a whole sciatic nerve. CS1 had 

a comparable breaking force to the sheath and CS2 was weaker than the breaking force 

of a nerve. To increase the mechanical strength, the CS1 and CS2 sheets can be layered 

together. It was seen that 7 sheets of CS1 would be required to provide the equivalent 

strength of a nerve, however the wall thickness of the hollow NGC would be 

approximately 400 µm. A major drawback with this method was the corresponding 

increasing in wall thickness. Previous research has revealed a relationship between the 

wall thickness and extent of regeneration, with increased wall-thickness corresponding 

to less regeneration (Stang et al., 2009, Nicoli Aldini et al., 2000). This can be 

attributed to lack of nutrient diffusion and wall porosity which were shown to have 

important roles in nerve regeneration (Ezra et al., 2016, Nectow et al., 2012). The 

additional layers of CS1 to offer similar breaking force to nerve would make surgical 

handling of this material difficult. On the other hand, CS2 required 3 sheets to provide 

an equivalent breaking force to the nerve present a wall thickness value of ~180 µm, 

more than half the thickness of CS1 (7 sheets).  

5.3.1.2 Strain 

The ultimate strain for rat sciatic nerve occurred at approximately 80%, this correlates 

well with the results obtained by Borschel et al., 2003 and Belanger et al., 2018. 

However, these results are in contradiction with Abrams et al., 1998 and Walbeehm et 

al., (2004) who describe the ultimate strain between 15 -30%. In contrast, Georgiou 

(2013) described the ultimate strain as approximately 225%.  

The sheath had an ultimate strain value of ~120% compared to an ultimate strain of 

~80 as seen for the whole nerve. Brushart (2011) argues that the sole purpose of the 

epineurium is to provide elasticity and not contribute mechanical strength. The 

epineurium has been described of predominantly collagen gathered into bundles of 10-
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20 µm width loosely arrayed around the circumference of the nerve and more densely 

packed adjacent to the perineurium and interlaced throughout by another meshwork of 

collagen (Brushart, 2011). This suggests that epineurium is adapted to accommodate 

stretch and the maximal stress will be located towards the perineurium layers rather 

than away, due to an increase in the number of collagen fibres per cross-sectional area. 

The epineurium also contains elastic fibres that are more concentrated adjacent to the 

perineurium which further suggests that the epineurium is predominantly elastic and 

protects against stretch and bending (Stolinski, 1995).  

ReDura™ had a similar ultimate tensile strain to the peripheral nerve, 80%, whereas 

CS1 showed values of approximately 30 and 40%, more in line with Walbeehm et al., 

(2004) and Abrams et al., (1998). 

5.3.1.3 Ultimate stress and Young’s Modulus 

Large discrepancies were seen between this study and that of the literature between 

ultimate stress and young’s modulus values of the whole nerve. This could be 

attributed to the error associated with cross-sectional area as mentioned earlier. This 

study found that the ultimate stress was 4.06 ± 0.44 MPa whereas Borschel et al., 2003, 

Belanger et al., 2018 and Abrams et al., 1998 presented values of 2.7, 2.6 and 2.5 MPa, 

respectively. Borschel and colleagues (2003), Abrams et al., (1998) and Walbeehm et 

al., (2004) have not confirmed method of measuring cross-sectional area and the latter 

study presented a higher ultimate stress value of 6.15 MPa.  

The ultimate tensile stress for the sheath was greater than a whole sciatic nerve, owing 

to the small cross-sectional area of the sheath. The core presented with the lowest 

ultimate stress value of 0.77 MPa. Interestingly, CS1 and CS2 had the most similar 

ultimate stress values to the whole nerve, followed by ReDura™. Durepair™ had the 

largest stress value  

The Young’s modulus of the sheath was similar to that of the sciatic nerve and within 

the range stipulated for soft tissues (Akhtar et al., 2011). Comparatively the Young’s 

modulus of the core was five-times smaller than the nerve and sheath. Comparatively, 

CS2 and ReDura™ had similar Young’s Modulus values to the whole nerve and the 

sheath where ReDura™ was six-times stiffer than either of these tissue and the CS1 

material was stiffer than the core but more compliant than the sheath and nerve. 
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The Young’s modulus value recorded from nerve tissue in the present study was 0.11 

MPa which corresponds well to values reported for soft tissues (Akhtar et al., 2011). 

However, Young’s modulus values showed much variation across different studies. 

For example, Borschel et al., (2003) (cross sectional area: 0.77 mm2) have shown that 

the Young’s modulus for rat sciatic nerve was ~0.6 MPa whereas Belanger et al., 

(2018) describe this as 3.6 MPa and Walbeehm et al, show a much stiffer value of 

24.24 MPa.  

Despite the agreement in force to failure values in this work and the literature, the 

results from Tillett et al. (2004)  study show that the rate of extension directly impacts 

the values attained. The effect of variable extension rates on bulk mechanical 

properties and viscoelastic properties of peripheral nerve remains unresolved. Wong 

(2005) stretched a nerve at 0.02 mm/s and 0.2 mm/s and calculated an elastic modulus 

of 6.58 MPa and 12.56 MPa, respectively. The rate of extension in the previously 

mentioned studies was lower than the 0.17 mm/s used in this study. For example, 

Abrams et al. (1998) and Borschel et al. (2003) tested at 0.10 mm/s and 0.11 mm/s, 

respectively whereas Belanger et al. (2018) tested at 0.06 mm/s extension. Tillett et al. 

(2004) tested different loading velocities to investigate the mechanical behaviour at 

the core-sheath interface. They found that maximum-pull out force and modulus of 

stiffness follows a rate-dependent trend which increases proportionally with extension 

rate. Considering the complex viscoelastic nature of peripheral nerves this suggests 

that different loading rates will yield different mechanical responses from the nerve.  

5.3.2 Viscoelastic behaviour of nerve tissue and potential NGC materials 

This part of the study compares the frequency-dependent viscoelastic properties of a 

whole sciatic nerve, the nerve sheath and potential nerve replacement materials. This 

is the first study to characterise the regional dynamic viscoelastic properties of these 

tissues. Importantly, these properties for nerve tissue will be of particular relevance 

when evaluating the mechanical properties of NGC materials to deliver EngNT.  

The complex, storage and loss modulus of nerve tissue and all materials showed an 

increasing modulus with frequency, characteristic of classic viscoelastic behaviour. 

The sheath showed the largest change in complex modulus from 1 Hz to 30 Hz, 

compared to the whole sciatic nerve. Moreover, the increasing of the complex modulus 
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of nerve tissue with increasing frequency was reminiscent of the behaviour of 

collagenous tissues to quasi-static loading (Shen et al., 2011). Commonly, these have 

been shown to display nonlinearity, which is evident from the results obtained.  

Interestingly, the loss modulus increased with frequency for the sheath up to 20 Hz, 

compared to the whole nerve, where it remained relatively consistent throughout the 

tested frequency range. At 30 Hz the loss modulus for the sheath returned to the level 

of 2.5 Hz. The increase in storage modulus up to 30 Hz but the tan delta results show 

that a low amount of energy dissipated at the higher frequencies.  

The stiffness values attained for the whole nerve and the sheath compare well to 

modulus values specified in the literature for soft tissues (Akhtar et al., 2011) and 

specifically peripheral nerve tissue, where Chen et al. (2010) found a Young’s 

modulus of 116.3 kPa, compared with ~140 kPa, achieved in this study. It should be 

noted that the Young’s modulus is not equivalent to the complex modulus. The 

Young’s modulus is obtained as a result from a static ramp test but to appropriately 

describe the modulus of a viscoelastic material such as nerve the complex modulus is 

calculated through DMA which applies a dynamic sinusoidal wave over a range of 

frequencies after a pre-strain. 

In their recent thesis, Kayal, (2019) reports a value for rat sciatic nerve stiffness as 

53.5 ± 5.3 kPa. However, they pre-strained samples by 10% and according to the data 

in the present study this region lies within the toe-region and not the ‘linear region’ 

which is at~30%, consequently their value is lower than the value obtained in this 

chapter. Kayal (2019) compared their values to Ju et al., (2004), Ju et al., (2006) and 

Rosso et al, (2017) who obtained values of 41.6 ± 5.0 kPa, 66.9 ± 8.0 kPa, and 31.4 ± 

8.8 kPa, respectively. The latter experiments were conducted in compression mode 

hence cannot be compared to the DMA tensile tests conducted by Kayal (2019) and 

herein. Notwithstanding, viscoelastic materials can have a range of values different 

depending on the mechanical tests conditions hence each modulus value reported is 

only true for that particular strain rate and testing condition.  

The tan delta values fit well with that of similar soft tissues. For example, Bergel 

(1961) and Patel et al. (1970) describe arteries to have a tan delta value between 0.07 

and 0.17 following dynamic testing. Interestingly, the tan delta value increase with 
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frequency for CS1 and Durepair™, suggesting these materials show more viscoelastic 

behaviour at higher frequencies. In contrast, the tan delta of CS2 decreases with 

frequency showing that at higher frequencies the materials behave more like an elastic 

solid. The tan delta of ReDura remained relatively consistent over the frequency range 

but was highest between 10 Hz and 20 Hz but was lower than 1 Hz at 30 Hz. This 

suggests that between 10 Hz – 20 Hz the displays more viscous-like properties 

compared with all of the other frequencies less than 10 Hz and greater than 20 Hz, 

where it behaves more like an elastic solid With regard to mean tan delta values, CS2 

showed the most similar tan delta values to whole nerve and the sheath. Furthermore, 

it showed little change over the frequency range, much like the nerve tissue where the 

tan delta remained relatively consistent over the frequency range. For nerve tissue, this 

suggests that the conserved mechanical energy in response to changing frequency 

remains consistent.  

The complex modulus of CS2 showed the largest change in modulus from 1Hz to 30Hz 

compared to the other materials. This response was similar to the response of the nerve 

sheath, in addition it revealed equivalent complex modulus values to the sheath 

suggesting that it would be a suitable NGC material in terms of its tensile viscoelastic 

properties. Comparatively, ReDura™ showed a storage modulus value in the same 

range as the sheath and low loss modulus, although considering the aforementioned 

tan delta values it does not have reveal a similar viscoelastic response to the sheath. 

The complex modulus showed a minimal change between 1Hz and 30Hz and the loss 

modulus did not change over the frequency. On the other hand, CS1 presented the 

highest tan delta value and showing it is more responsive to frequency. but 

approximately half the stiffness of the sheath. Interestingly Durepair™ had a similar 

tan delta value to the sheath suggesting that despite tits viscoelastic response is similar 

to the sheath in terms of the manner in which it stores and dissipates energy, However, 

Durepair™ showed a modulus approximately 3-fold larger than the sheath making it 

unsuitable as an NGC due to modulus mismatch.  

This is the first study to elucidate nerve and sheath viscoelastic properties using tensile 

DMA hence detailed comparisons to the literature are not meaningful since previous 

tests have used static stress relaxation and creep tests to elucidate viscoelastic 

properties, as opposed to DMA (Kwan et al., 1992, Topp and Boyd, 2006).  
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5.3.3 Clinical implications for NGC replacement materials 

To assess the clinical utility of each NGC material, the kink angle and suture pull-out 

force were assessed. All materials were rolled into conduits and bent until a kink 

appeared in the material to assess the maximum angle at which luminal occlusion 

occurs. For CS2 and ReDura™, the empty conduits kinked between 40 – 50° in 

comparison to CS1 which kinked at 15°. The addition of EngNT rod and fibrin glue 

made all the materials more resistant to kinking whereby CS2 and ReDura™ kinked 

at approximately 60° although to no avail for CS1 which kinked at approximately 15°. 

Durepair™, the thickest material presented a kink angle of ~ 65° which remained 

similar even with the addition of an internal framework.  

These results highlight that CS2 and ReDura™ and Durepair™ are highly resistant to 

luminal occlusion, unlike CS1 which would not be suitable to use as single layer NGC, 

especially around areas of high flexion. On the other hand, CS2, ReDura™ and 

Durepair™ would be able to maintain a patent lumen up to their respective kink angles. 

These materials showed greater kink angle that NeuraGen, which is reported to be 55° 

(Clements et al., 2016). Since none of the conduits had a kink angle greater than ~ 70° 

this limits their physiological application, for example, in areas where there is large 

flexion such as elbows, fingers, knees. Nonetheless, the kink angle for CS2, ReDura™ 

and Durepair™ was less than those achieved by Clements et al., 2016 described the 

use of a braided poly(DTE) carbonate NGC which was able to bend more than 125°. 

More recently, Singh et al., (2018) developed a poly(glycerol sebacate methacrylate) 

NGC and showed they were able to flex almost 90° and presented similar mechanical 

properties to native nerve.  

A concern regarding Durepair™ is its high stiffness, although this material kinks at a 

similar value as CS2 and ReDura™. Durepair™ is too stiff compared to normal nerve 

tissue so would cause a modulus mismatch. Furthermore, there is the risk that if a kink 

results in vivo, not only would this occlude the lumen but also potentially damage 

regenerating nerve tissue at the bending point.  

Every potential NGC material revealed a tearing prior to the suture completely pulling 

away. Although the latter was measured for the present study, to should be considered 

the initial tear point this should be classified as the material failing since this would 
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flaw the NGC. This is in agreement with Pensalfini et al. (2018) who described that 

the initial tear point and the final pull-out force differ. In addition, they explain the 

insertion of the suture induces a notch in the tested material which is responsible for 

the crack propagation/tear as the suture is pulled.  

To remedy this, Mine et al. (2010) produced pinholes for suture insertion prior to 

conduit use, and did not notice a crack-like defect prior to suture pull-out. Comparative 

studies have defined the suture retention stress by normalising them measured force to 

the thickness and thread diameter used; F/(D*to), F being the measured pull-out force, 

‘D’ the suture thread diameter, and ‘to’ the specimen thickness). However, when 

testing hydrogels or tissues where the thickness can vary due to hydration levels or 

otherwise (as discussed earlier), using a force-based quantity can prevent 

misinterpretations.	

Pensalfini et al. (2018), highlight that various factors can affect the suture pull -out 

force such as material geometry, suture, bite-depth and suture gauge. Furthermore, 

though these tests are widely used there is little standardisation and tensile testing 

conditions such as pulling rate have also been shown to affect the suture pull-out force.  

In agreement with Pensalfini et al., (2018) and Cooney et al. (2017), the size of suture 

and distance bite-depth have both shown to affect the suture pull-out force. By 

increasing the bite depth from 1 mm to 2 mm into the material the additional material 

provided more resistance to the 10-0 suture, thereby increasing the pull-out force. This 

provides useful guidance for a minimum bite depth (1 mm) to be used when suturing 

the materials as a NGC in vivo. For example, if the nerve defect is in an area where 

the nerve would be prone to large tensile forces (perhaps around a joint) then it would 

be advisable to use a 2 mm bite depth rather than the minim of 1 mm to withstand the 

in vivo tensile force and prevent suture-material failure.  

The effect of suture gauge on suture pull-out force was also investigated. It would also 

be advisable to use a 10-0 gauge since a larger gauge, for example 3-0 tested in this 

study led to a reduced suture pull-out force. Notwithstanding the size of the nerve and 

location would also be factors to consider when using a particular gauge length. For 

example, when repairing human nerve with the materials, a 10-0 suture may break 

from the epineurium of the human nerve, hence a larger suture gauge length would be 
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required. This highlights an important factor that the suture gauge does affect the 

suture retention force and should be considered depending on the application.  

5.4 Conclusion and future work 
The aim of the chapter was to the investigate the mechanical properties of potential 

NGC materials. Initially the focus was to elucidate the bulk and viscoelastic 

mechanical properties of different components of natural nerve tissue, to provide a 

target profile for benchmarking the materials. The results present compelling evidence 

suggesting that without the structural integrity of the whole nerve the tensile strength 

of the sheath is reduced to that of the core. This is the first study to offer a 

comprehensive analysis of the viscoelastic properties of fresh peripheral nerve tissue 

through tensile DMA at the in situ tension. These results directly contribute a new 

dimension to existing static mechanical tests elucidating peripheral nerve viscoelastic 

properties (Topp and Boyd, 2006).  

The material properties of CS2 were found to be most favourable for peripheral nerve 

repair to serve as a potential NGC material to deliver EngNT in a critical gap defect. 

The material showed appropriate bulk material properties similar to the whole nerve 

and viscoelastic properties with similar frequency-dependent profiles to the sheath. In 

addition, resistance to kinking up to 60° when their lumen was filled with EngNT the 

ability to retain 10-0 sutures highlights its suitability for delivering EngNT in a long-

gap repair.  

Interestingly, despite similar bulk mechanical properties to the nerve, ReDura™ did 

not show the similar frequency-response to the sheath. This result further highlights 

the need for dynamic viscoelastic analysis to compliment traditional bulk material 

testing.  

Comparatively, Durepair™ was extremely stiff, thick and did not present similar 

viscoelastic properties to the sheath. Furthermore, it was not able to retain a 10’0 suture 

making it clinically unsuitable for repairing nerve defects. CS1 presented similar 

ultimate stress to the whole nerve, but it was a weak sheet on its own. Although 

layering sheets of CS1 increased the breaking force, the resulting thickness is 

impractical for surgery. Furthermore, CS1 had the lowest suture pull-out force with a 
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10-0 suture and kinked at less than 20° bending with an internal framework of EngNT 

and fibrin. 

Future work would involve transplanting CS2 with EngNT in a rat sciatic nerve critical 

gap-defect to assess the in vivo suitability of CS2 as an NGC. Further work also 

involves assessing degradation rate of CS2 to ensure it is synchronous with that of 

EngNT. 
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Chapter 6 
 

Investigating methods for long-term preservation 
of EngNT 
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6 Investigating methods for the long-term preservation of 
EngNT 

6.1 Introduction 
The cryopreservation of engineered tissues is critically important to the 

commercialisation and quality assurance of advanced therapy medicinal products 

(Costa et al., 2012, Archer and Williams, 2005, Nerem, 2006, Ikada, 2006, Pancrazio 

et al., 2007). Providing ‘off-the-shelf’ availability for EngNT is critical for global 

distribution and storage in or near treatment centres (O'Rourke et al., 2018). However, 

the post-thaw functionality of engineered tissues, in particular, EngNT is not 

comparable to a fresh control and preservation methods and media require 

development (Grant et al., 2019, Costa et al., 2012, Day et al., 2017). This challenge 

is primarily due to the multifaceted aspects of preserving composite tissues which have 

different biological and mechanical properties (Bakhach, 2009). 

As mentioned in Chapter 1, EngNT contains columns of aligned therapeutic cells in 

an aligned collagen matrix (Georgiou et al., 2013). To this end, both the cellular 

viability and arrangement as well as the structure of extracellular matrix (ECM) of 

EngNT needs to be preserved throughout cryopreservation. The thesis by Bhangra 

(2015) thoroughly describes the preservation of EngNT using hypothermic storage or 

cryogenic conditions. The results focus on cell viability and show that Hibernate®-A 

is suitable for short-term storage at 4°C whereas using a combination of 60% DMEM 

with 30% FBS and 10% DMSO is appropriate for long-term frozen storage. However, 

the ability of the engineered tissue to support neurite growth post-preservation was not 

investigated and is presented in this chapter.  

Considering long-term preservation of EngNT, the aforementioned study prescribes 

cryogenic storage using a media containing 30% FBS. Serum is a commonly used 

supplement in tissue culture that consists of a broad spectrum of proteins, hormones 

and growth factors that enrich the in vitro microenvironment (Gstraunthaler, 2003). 

Furthermore, its use in varied concentrations in cryogenic media as a non-penetrating 

cryoprotectant is controversial and ambiguous (Castro et al., 2011, Bakhtiari et al., 

2012, Izadyar et al., 2002). While certain studies have shown that it is an indispensable 
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part of the cryogenic media (Grilli et al., 1980, Jang et al., 2017), other studies, for 

example, freezing of testicular tissues and cells have shown that it is a dispensable 

component of the freezing medium (Wu et al., 2014). Despite its prevalent use, serum 

remains largely ill-defined, it carries biosafety concerns and from an ethical standpoint 

its use remains unaligned with the 3Rs (replacement, reduction and refinement) theme 

(Gstraunthaler et al., 2013, Sneddon et al., 2017). This thesis therefore also explores 

the use of serum-free preservation media for the cryopreservation of EngNT.  

As mentioned in Chapter 1, cryopreservation media can be divided into penetrating or 

non-penetrating chemicals, where the former have been shown to preserve tissue better 

but elicit concerns regarding toxicity at room temperature (Szurek and Eroglu, 2011, 

Wewetzer and Dilmaghani, 2001). Table 6.1 describes cryoprotectants reported for the 

preservation of tissues, cell-seeded scaffolds and cells, although no studies have 

specifically been conducted on the cryopreservation of artificial nervous system tissue 

aside from Day et al., (2017).  

In the search for serum-free alternatives it is important to consider the disadvantages 

of the various cryoprotectants. Polyethylene glycol has been shown to metabolise into 

oxalic acid which is toxic in the human body (Brent, 2001). On the other hand, 

propylene glycol can be found in various food and cosmetic products and has not been 

shown to be toxic to human (Fowles et al., 2013), although a study by Damien et al. 

(1990) showed that above 2.5 M, propylene glycol can impair mouse zygote 

development. DMSO has been shown to have low toxicity at concentrations less than 

10% but reduce cell viability at concentrations above 10% (Galvao et al., 2014). 

Notwithstanding, the use of DMSO has been noted to cause large changes in 

microRNAs that alter the epigenetic landscape, ergo DMSO cannot be considered inert 

(Verheijen et al., 2019). Despite this, DMSO has consistently been used in the 

cryopreservation of various cells and tissues. For example, a study by Kofron et al. 

(2003), investigated the cryopreservation of osteoblast-like cells on PLAGA scaffolds 

in 10% DMSO vs. 10% ethylene glycol vs 10% glycerol. Glycerol preserved only ~ 

8% cells compared to ~ 80% and 60% for DMSO and ethylene glycol groups, 

respectively.  
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Non-penetrating cryoprotectants have also reported to show sign of toxicity. For 

example, Hydroxyethyl starch (HES) was used a s cryopreservative and showed to 

high cell survival in tissues and cells post-thaw. However, the European Medical 

Agency has recently suspended marketing authorisation of HES due to HES-related 

coagulopathy causing a risk of bleeding in patients and this remains a current topic of 

debate (Roberts et al., 2018a, Chappell and Jacob, 2018, Roberts et al., 2018b). 

Sucrose has been widely used to cryoprotect fixed tissue during histological processing 

but has been found to yield poor survival rates of cells unless it is combined with a 

cryo-penetrating agent (Tran et al., 2017, Eroglu, 2010). On the other hand, trehalose, 

another extracellular sugar has been used as a cryoprotectant and widely been reported 

to  show minimal toxicity to cells and tissues and has led to functional cells and tissue, 

post-thaw (Beattie et al., 1997, Hare et al., 2014, Wang et al., 2017c, Tang et al., 2017, 

Bissoyi et al., 2014). Polyvinylpyrrolidone PVP is a non-penetrating polymer that has 

proven to be a suitable cryoprotective agent and presents minimal toxicity when used 

at varying concentrations (El-Shewy et al., 2004). It has previously been shown to 

preserve, adipose tissue, adipose-derived stem cells, red blood cells, and islet cells, to 

mention a few (Chagas et al., 2017, El-Shewy et al., 2004, Thirumala et al., 2010). 

Interestingly, Table 6.1 shows that penetrating and non-penetrating chemicals are 

combined together and seldom alone.  

After reviewing the cryoprotective agents and considering their applications, relative 

toxicity and concentrations from Table 6.1, it appears that polypropylene, trehalose 

and PVP are the most promising chemicals to use to develop a serum-free 

cryoprotective media for EngNT. Predominately this is due to their minimal toxicity 

and previous successes at cryopreservation of various cells and tissues in terms of high 

post-thaw viability, albeit these relative concentrations have not been tested with nerve 

tissue or artificial nerve tissue. 
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Table 6.1 Penetrating and non-penetrating cryogenic media for the preservation of tissues and cells.  
Cryoprotectant and relative 

concentration Tissue/construct/cells Duration of 
cryopreservation Outcome Reference 

Polyethylene glycol 

(1.5 M) 
Human embryos 1 day 

Post-thaw survival rate of cells was 
80.6% 

(Chi et al., 2002) 

60% DMEM + 30 % FBS + 10% 
DMSO 

EngNT 3 day 
Preservation of EngNT up to 3 days 
with ~ 60% cell survival post-thaw. 

(Bhangra, 2015, Day et 
al., 2017) 

Polypropylene glycol (0, 0.5, 1, 
1.5, 2, 2.5 M) 

Ovine primordial follicle 7 days 

The number of live follicles decreases 
with increasing propylene glycol 

concentration; 4216, 3880, 3560, 1812, 
704 and 568 follicles/ mL. 

(Amorim et al., 2004) 

70 % DMEM + 20% FBS + 10 
DMSO 

Starch and poly(caprolactone) 
scaffolds with goat bone marrow stem 

cells 
 

7 days 
Approximately 50% reduction in cell 
viability after 7 days cryopreservation 

(Costa et al., 2012) 

Glycerol (0, 0.5, 1, 1.5, 2, 2.5 M) Ovine primordial follicle 7 days 

Largest number of live cells occurred 
with 1.5 M. Number of live cells 

increased until 1.5 M, after which it 
decreases; 0, 12, 36, 100, 84, 68 

follicles/ mL. 

(Amorim et al., 2004) 

Cold modified University of 
Wisconsin (no HES) + 5% 
Propylene ethylene glycol 

Porcine islets 21 days 
Insulin content in cryopreserved islets 
was slightly lower than in fresh islets. 

However, islets cryopreserved in 
University of Wisconsin + PEG media 

(Monroy et al., 1997) 
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secreted significantly more insulin than 
islets cryopreserved in DMSO 

 

60% DMEM + 20% FBS + 10% 
DMSO 

Rat bone marrow mesenchymal stem 
cells encapsulated with collagen (type 

I) 

2 days 
Clumps of stem cell/extracellular matrix 

did not decrease cell viability post-
preservation. 

(Motoike et al., 2018) 

1.25 M propylene glycol + 30% 
HS + Sucrose 0.175 M 

Human ovarian tissue 28 days 

Low concentrations of sucrose 
combined with 1.26 M propylene glycol 

and 30% serum led to follicular cell 
preservation compared to higher 

concentration of sucrose. 

(Fabbri et al., 2010) 

40% PVP + 20% DMSO Rabbit cornea 1 day 

81% survival of the cell population 
when coupled with 20% DMSO. PVP 

and DMSO were non-toxic to the 
cornea at 0 °C 

 

(Madden et al., 1993) 

40 mM Trehalose + 40 mM Ectoin 
± 2.5% DMSO + 100 µg 

Antioxidant 

Human bone marrow mesenchymal 
cells on nanofibres 

7 days ~ 60% survival of hMSCs post-thaw (Bissoyi et al., 2014) 

5% HES and 5% DMSO Rat MSc 3 days 

HES alone does not provide sufficient 
cryoprotection for rat MSCs, but 
provides good cryoprotection in 

combination with DMSO, permitting 
the DMSO content to be reduced to 5%. 

 

(Naaldijk et al., 2012) 
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70% DMEM + 10% DMSO + 
20% HS + L-Glutamine + Sodium 

Pyruvate 

PEGDA seeded C2C12 myoblast 
rings 

1 day 
~ 90% metabolic activity compared 

with fresh control.  Lowest  metabolic 
activity was found in constructs with 

15% DMSO and 5% DMSO 

(Grant et al., 2019) 

DMEM: Dulbecco’s Modified Eagle media; HS: Horse Serum; Cold modified University of Wisconsin; FBS: Foetal Bovine Serum 
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6.1.1 Aims and objectives 

The aim of this work was to investigate the effect of hypothermic and cryogenic 

storage on the viability and alignment of EngNT seeded with SCl4.1/F7 cells. 

Furthermore, this study explores the use of serum-free cryopreservation media for 

preserving EngNT. 

This work follows on the study by Bhangra (2015) and Day et al. (2017) and includes 

initially assessing the effect on hypothermic and cryogenic storage conditions on the 

structure and alignment of EngNT. Second, this study explores various serum-free 

methods of preserving EngNT viability. Third, optimising the serum-free media for 

preservation of EngNT and lastly assessing the effect of the serum-free media to 

support and guide neurite outgrowth.  
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6.2 Results 
The work presented in the thesis by Bhangra, (2015) suggested the use of Hibernate®-

A solution for hypothermic preservation of EngNT for 2-3 days and preservation in a 

solution composed of 60% DMEM, 30% FBS and 10% DMSO for longer-time 

cryogenic preservation. Results showed that storage in Hibernate®-A provided 

adequate cell viability for 2-3 days, and cryogenic storage in 60% DMEM, 30% FBS 

and 10% DMSO maintained cell viability during long-term storage. Notwithstanding, 

the efficacy of EngNT in terms of its propensity to support neuronal regeneration was 

not investigated.  

6.2.1 Schwann cell alignment in EngNT and the effect on guiding neurite outgrowth 

after storage 

Co-culture experiments using primary rat DRG neurons were used to investigate 

whether EngNT preserved for 3 days in Hibernate®-A (hypothermic) or 60% DMEM, 

30% FBS, and 10% DMSO (cryogenic) would guide and support DRG neurons 

compared with EngNT maintained under standard culture conditions (DMEM 10% 

FBS) for 3 days (no preservation). Schwann cell alignment and neuronal growth and 

guidance did not appear to be affected by the preservation and scanning electron 

micrographs indicated that collagen alignment was also unaffected by the preservation 

(Figure 6.1a). Schwann cell alignment within preserved EngNT samples was not 

significantly different from control samples, with ~50% of cells showing a deviation 

of <30° from the long axis of EngNT (Figure 6.1b). A similar trend was seen in the 

alignment of neurites with no significant difference between preserved samples, where 

the orientation of 61% (Hibernate-A) and 55% (cryogenic) of neurites deviated by 

<30° from the long axis of EngNT, compared with 50% in control samples (Figure 

6.1c).  
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Control Hibernate®-A 60% DMEM + 30% 

FBS + 10% DMSO 

Collagen 

structure 

Schwann 

cells 

(S100) 

Neurite length 

(β-III tubulin) 

Figure 6.1 Collagen, Schwann cell, and neurite alignment in EngNT after cryogenic or 
hypothermic preservation. EngNT samples were preserved in hypothermic conditions in 
Hibernate-A or cryogenically in 60% DMEM, 30% FBS, and 10% DMSO or maintained 
in culture for 3 days, then co-cultured with neurons for 3 days.  
Scanning electron micrographs show collagen structure, and fluorescence micrographs (20x) show 

aligned Schwann cells (green, S100) and aligned neurite growth (red, βIII-tubulin) in control, 

hypothermic, or cryogenic EngNT samples (A). Confocal tile scan micrographs of each sample were 

used to calculate Schwann cell (B) and neurite (C) alignment in relation to the long axis of EngNT 

(n = 4 for preservation conditions and n = 3 for control, data are mean ± SEM). 
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6.2.2 Screening serum-free media for the cryopreservation of isotropic stabilised 

collagen hydrogels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Assessment of cell viability after 24 h cryopreservation in liquid nitrogen (-196 °C) 
in PPG, PVP or Trehalose.  
Viability assessed using Syto™21 and PI, where the black dotted line represents the mean number of 

live cells in a fresh tissue construct (a-c) and CellTiter-Glo® 3D viability assay (d-f). Positive control 

represents isotropic stabilised cellular collagen hydrogel cryopreserved for 24 h in liquid nitrogen (-

196 °C) in 60% DMEM + 30% FBS + 10% DMSO. Negative control represents constructs placed in 

ethanol for 60 minutes. Black dotted line represents the mean metabolic activity in a fresh tissue 

construct. Data are means ± SEM; n = 4. Statistical analysis performed using a one-way ANOVA and 

compared to the 60% DMSO positive control using post hoc Dunnett’s test; *p<0.05; **p<0.01; 

***p<0.001. 

 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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Metabolic assays coupled with live-dead assays were used to provide an indication of 

cell viability of cellular collagen constructs that were frozen in media containing 

different concentrations of either trehalose, PVP or PPG for 24 h. Metabolic activity 

levels of all thawed tissue constructs were not equivalent to that of the fresh tissue 

constructs control (black dotted line). Instead, metabolic activity levels were compared 

to the current gold standard for EngNT preservation, that is, 60% DMEM+ 30% FBS 

+ 10% DMSO (positive control), as described by (Day et al., 2017) to assess the 

potential of serum-free media to preserve tissue constructs to an equivalent or better 

capacity as the positive control.  

Preservation in increasing PPG concentration from 1 M, 1.5 M, 2 M and 2.5 M led to 

incrementally higher live cell percentage, that is, approximately 10%, 20%, 45% and 

65% respectively (Figure 6.2a). Preservation of isotropic collagen construct seeded 

with Schwann cells using PPG 2.5 M presented with a post-thaw cell survival most 

comparable to the positive control, compared to the other concentrations of PPG. The 

live/dead assay results of cell survival corresponded well with the results from the  

CellTiterGo ® 3D metabolic assay (Figure 6.2b). However, it is interesting that in the 

1 and 1.5 M samples there were cells that were not stained as dead, but the population 

had a minimal metabolic assay.  

Preserving constructs in 30% PVP presented approximately 55% live cell after 24 h, 

much lower than the fresh control but only approximately 25% lower than the positive 

control seen from the live/dead assay (Figure 6.2b). With both the live/dead assay and 

metabolic assay the 30% condition was better than all the others, but it was still not as 

good as the positive control (Figure 6.2e) 

Trehalose was not effective at preserving the constructs whereby only approximately 

10% of cells survived at 0.5 M concentration after thawing the constructs (Figure 

6.2c). The latter results was also seen in the metabolic assay (Figure 6.2f). Considering 

the poor cryoprotective ability of trehalose its use was not continued in further 

experiments.  
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6.2.3 Effect of storage time on metabolic activity of stabilised collagen constructs 

 
 
 
 
 
 
 
 
 
 
 

 

Following the previous experiment screening potential serum-free cryopreservation 

media in terms of protection of cells during 24h storage, the viability of Schwann cells 

in collagen constructs were measured via a metabolic assay after cryogenic 

preservation at 1,3,7,14 days (Figure 6.3). After 1-day cryopreservation in liquid 

nitrogen there was a decrease in metabolic activity detected in samples preserved with 

PPG and PVP, with the latter decreasing by ~ 65% compared to a 22% reduction with 

PPG. Aside from the original decrease, metabolic activity remained relatively 

consistent over the 14-day period.  

 
 
 
 
 
 
 
 
 
 
 
  

Figure 6.3 Comparison of Schwann cell metabolic activity in isotropic cellular collagen 
constructs using after cryogenic preservation with PPG (2.5 M) and PVP (30%) for 1, 3 ,7 and 
14 days.  
Day 0 represents an unpreserved control sample and saw a decrease metabolic activity of samples by 

Day 14. Two-way ANOVA revealed a main effect of the interaction between time and 

cryopreservation media (***p<0.001). Post hoc Sidak’s test revealed statistical significance between 

samples preserved in PPG and those preserved in PVP at day 1,3, 7 and 14; ***p<0.001.  

(***p<0.001). Data are mean ± SEM; n = 3.  
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6.2.4 Calorimetric analysis during warming from -80 °C to 37 °C of PVP and PPG 
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Figure 6.4 Representative DSC warming thermograms for PPG and PVP to observe pre-
melting endotherms.   
Thermogram shows heat flow versus temperature plot for cryoprotective media. (a) media control, 

(b) 30% PVP (c) 2.5 M PPG that undergo warming from -80 °C at a rate of 25 °C/min. 

 

Tm 

Tm 
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During the thawing or warming of samples, ice can cause damage to the cells. The 

presence of this can be detected by endotherm in a DSC thermogram. For each of the 

cryoprotective media, that is, PVP and PPG (with serum-free media as positive 

control), samples were heated to a temperature of 25 °C and then reduced the 

temperature to -80 °C at 10°C/min. After reaching -80 °C the samples were warmed 

at a rate of 25 °C/min to 37 °C, while monitoring for any endotherms. The peak seen 

in Figure 6.2 (a) represents the melting of ice. The area of the peak defines the enthalpy 

of fusion, that is the energy released in the change of state from solid to liquid.  

Since, PPG did not influence the phase transition a melting peak was not apparent. In 

the DSC thermogram. Warming PVP solution presented with an endothermic peak in 

the thermogram. This was also noted in the positive control (that is, serum-free media). 

The enthalpy of fusion value of PVP was 138 J/g, where the media control had a value 

almost twice as large at 254.4 J/g. This shows that between -80 °C and 37 °C, PVP 

(like the control) was a solid and changed phase to a liquid at 0 °C but PPG remained 

in its current viscous state throughout. 
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6.2.5 Addition of 10% DMSO to PPG and PVP solutions increases metabolic activity 

of the stabilised collagen constructs after cryopreservation  

 
 
 
 
 
 
 
 
 
 
 
 

In an attempt to improve survival of cells within samples cryopreserved in PPG and 

PVP to reflect metabolic activity values closer to the fresh control, 10% DMSO was 

added to each. Adding the DMSO to test samples increased the metabolic activity 

revealing statistically significant changes compared to their respective DMSO-free 

controls. With the addition of DMSO, the metabolic activity increased by 30 % in PPG 

samples and 62 % for the PVP samples. Despite the addition of DMSO the metabolic 

activity for PVP remained lower than the fresh control and the positive control. 

Interestingly, the addition of 10% DMSO increased the metabolic activity of PPG 

beyond that of the positive control although this still remained less than the fresh 

control.  

Figure 6.5 Metabolic activity of isotropic stabilised cellular constructs following preservation 
following 24 h cryopreservation in PPG or PVP, with or without 10% DMSO.  
Positive control represents a construct stored in 60% Media-30% FBS and 10% DMSO. Data are means 

± SEM; n=4. One-way ANOVA revealed statistical significance with the addition of DMSO; where 

*p<0.01; ***p<0.001. 
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6.2.6 Investigating the optimal DMSO concentration to couple with PPG for the 

preservation of stabilised cellular collagen hydrogels 

 
 
 
 
 
 
 
 
 
 
 
 
 

The addition of DMSO can be detrimental to cell viability at room temperature and a 

lower concentration of DMSO is usually sought. With this in mind a comparative study 

investigated the effect of different concentrations of DMSO in PPG on Schwann cell-

laden collagen constructs. Figure 6.6 shows that the use of 7.5% DMSO with PPG 

resulted in cells exhibiting higher metabolic activity following cryopreservation and 

thawing compared with using PPG with 10% DMSO. In fact, the metabolic activity of 

constructs increased by 8%, 4% 10% between PPG with 7.5 % DMSO compared to 

PPG with 10 % DMSO at 24 h, 72 h and 168 h, respectively. Despite cryopreservation 

keeping metabolic activity of samples over the time period relatively consistent there 

were small fluctuations in metabolic activity with the time. Each reading was 

associated with large standard error of the means and statistical analysis between the 

samples revealed no significance between 24 h and 168 h samples.  

 
 
 
  

Figure 6.6 Metabolic activity of isotropic cellular collagen constructs cryopreserved in PPG 
with different concentrations of DMSO for 24, 72 and 168 h.  
Data are means ± SEM; n=3. Two-way ANOVA revealed statistical significance between PPG and 

DMSO (*p<0.05) but no significance between time or an interaction between both.  
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6.2.7 Qualitative analysis of EngNT collagen structure after cryopreservation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EngNT was cryopreserved in PVP and PPG with and without DMSO for 24 hours, 

then thawed. SEM micrographs were compared with the fresh control and 60% 

DMEM + 30% FBS and 10% DMSO condition. PVP and PPG without DMSO shows 

disorganisation in collagen fibres compared to the fresh control and positive control 

shows a structure most similar to this. The addition of DMSO seems to increase the 

density of collagen fibres, whereby the fibres are closer together and the overall 

structure more compact.  

 
 
 
  

30% PVP 30% PVP + 10% DMSO 

2.5 M PPG 2.5 M PPG + 7.5% DMSO 

Fresh EngNT 60% DMEM +30% 
FBS + 10% DMSO 

Figure 6.7 Scanning electron micrographs of EngNT  
Where (a) fresh or cryopreserved and thawed in (b) 60% DMEM + 30%FBS + 10% DMSO; (c) 30 % 

PVP; (d) 30% + 10% DMSO; (e ) 2.5 PPG; (f) 2.5 M PPG + 7.5% DMSO. Magnification: 2500x. 

Scale bar = 10 µm. White arrow represents longitunidal axis of EngNT.  
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6.2.8 Effect of cryopreservation in PPG + 7.5% DMSO on ability of EngNT to guide 

neurite outgrowth 

 
 
 
 
 
 
 
 
 
 
 
 

 

Co-culture experiments using primary rat DRG dissociated neurons were used to 

investigate whether EngNT preserved for 24 h in PPG + 7.5% DMSO was capable of 

supporting neurite outgrowth. The thawed PPG + 7.5% DMSO constructs were able 

to support neurite outgrowth whereby neurites extended to ~ 120 µm on EngNT 

preserved in PPG + 7.5% DMSO and ~210 µm on the positive control, that is, ~40 % 

longer. The majority of number of neurites deviated between 20 – 40° from the 

longitudinal axis of the construct when preserved in PPG + 7.5% DMSO, compared to 

between 15-25° deviation when seeded on the positive control samples. 

 
 
 
 
 
 
 
  

Figure 6.8 DRG dissociated neuron co-culture on EngNT cryopreserved in PPG 7.5% DMSO.  
EngNT samples were cryogenically preserved in PPG with 7.5 % DMSO or 60% DMEM + 30% FBS 

+10% DMSO (Positive control) for 24 h then incubated with DRG dissociated neurons seeded on the 

thawed constructs for 72 h. (a) Bar graph showing mean neurite length after 72 h culture; data are 

means ± SEM; n=3. (b) Box plots describing neurite deviation from the long-axis of the construct.  
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6.3 Discussion 
A key criterion in the development of EngNT and tissue-engineered products concerns 

logistics and storage. Moving towards clinical translation and eventually global 

distribution of EngNT, it is pertinent to consider preservation methods to offer an ‘off-

the-shelf’ product. Accordingly, it is necessary to ensure EngNT retains high cell 

viability and structural integrity post-preservation. The aim of the present study was 

to investigate different cryoprotectants for the storage of EngNT. The study evaluates 

the efficacy of EngNT post-preservation through cell viability and functional assays.  

6.3.1 Hypothermic and cryogenic preservation of EngNT can support and guide 

neurite outgrowth 

Previously, it has been shown that hypothermic and cryogenic preservation methods 

using Hibernate®-A and 60% DMEM +30% FBS+10% DMSO, respectively are able 

to preserve cell viability of EngNT post-preservation (Bhangra, 2015, Day et al., 

2017). It was found that storage of EngNT in hypothermic media was suitable for 

short-term preservation (2-3 days) whereas long-term preservation was possible in 

cryogenic preservation conditions (Day et al., 2017). To evaluate the effect of 

preserved EngNT to support and guide neurite outgrowth, dissociated DRG neurons 

were seeded on top of preserved EngNT. Confocal image analysis of Schwann cell 

alignment and alignment of co-cultured dissociated DRG neurons indicated that 

cryogenic preservation methods using the optimal medium formulations and timing 

for cell survival were not detrimental to EngNT structure, with Schwann cell alignment 

and neurite alignment in	vitro	being equivalent to previous studies (Georgiou et al., 

2013, Martens et al., 2014).  

6.3.2 Capacity of serum-free cryogenic media to preserve isotropic cellular collagen 

constructs 

Considering the above, the current best cryopreservation solution for long-term 

preservation of EngNT is a solution consisting of 60% DMEM + 30% FBS and 10% 

DMSO. As mentioned in the introduction of the chapter, despite the ubiquitous use of 

FBS or, in general, serum in cell culture and cryopreservation media there remain 

concerns with its use (Gstraunthaler, 2003, Gstraunthaler et al., 2013). For example, it 

remains an ill-defined solution with a broad spectrum of hormones and growth factors 
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to mention a few. Furthermore, they carry large risks of infection and can easily 

bacterially or virally contaminate the cell culture (Gstraunthaler, 2003, Gstraunthaler 

et al., 2013). Accordingly, serum-free cryopreservation media for the preservation of 

EngNT are readily considered. Three serum-free cryopreservation media were used to 

preserve isotropic collagen constructs seeded with Schwann cells, namely, PPG, PVP 

and trehalose. Following cryopreservation, samples were thawed, and cell viability 

was assessed using a metabolic assay (CellTiter-Glo® 3D) and also live/dead assay 

(Syto®21 with PI). Samples preserved in PPG revealed the highest metabolic activity 

post-preservation compared with PVP and trehalose. Trehalose showed to the lowest 

metabolic activity of isotropic cellular collagen constructs post preservation and was 

not within the acceptable range for commercial scale-up. 

6.3.2.1 Cryopreservation using trehalose 

The results in this study for preserving isotropic cellular collagen construct with 

trehalose are in contrast to and considerably lower than that reported across various 

tissues and in particular mammalian cell lines  (Eroglu, 2010, Lee et al., 2013, Limaye 

and Kale, 2001, Wikstrom et al., 2012, Serra et al., 2011, Zhang et al., 2016). For 

example, Bissoyi et al. (2014) cryopreserved hMSC seeded silk nanofibre engineered 

constructs in 0.04 M of trehalose and this corresponded to approximately 45% cell 

viability after 24 h preservation, which is much higher than the meagre 10% that was 

observed in the present study. 

6.3.2.2 Cryopreservation using PPG 

The results revealed that preservation using PPG (2.5 M) led to approximately 60-65% 

live cells within the tissue constructs post-preservation seen from the live/dead assay. 

This result is agreement with the literature (Hu et al., 2015, Chi et al., 2002, Sztein et 

al., 2010).  Chi et al. (2002) who used 1.5 M propylene glycol to preserve human 

embryos and showed ~65% cell survival post-thaw, whereas von Bomhard et al. 

(2016) showed approximately 80% recovery of endothelial cells post-thaw when 

preserved in 3M propylene glycol. In contrast to the present study, Amorim et al. 

(2004) showed 2.5 M was toxic to primordial follicles and 1.5 M was optimal to 

cryopreserve this tissue, nevertheless previous work highlights that PPG in excess of 

2.5 M can impair development of mouse zygotes by directly decreasing intracellular 

pH levels (Best, 2015, Damien et al., 1990). Interestingly, when warming DSC from -
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80°C to 37°C, there was no detection of a melting point peak that is suggestive of 

crystallisation, further confirming that ice forming on warming may not be responsible 

for cell and tissue damage. However, the effect of freezing to -196°C and warming to 

-80 °C should be investigated. 

Typically, cryopreservation protocols use approximately 10% or 1.4 M DMSO for 

preservation and the concerns regarding the cytotoxicity of DMSO are well 

documented hence more studies have begun to reduce the amount of DMSO with care 

not to compromise cell viability rendering the low concentration of DMSO, ineffective 

at cryopreservation (Da Violante et al., 2002, Yoon et al., 2006). EngNT was 

cryopreserved with PPG with various concentrations of DMSO, but 7.5% DMSO led 

to the highest cell survival post-thaw (seen from live/dead assay) and metabolic 

activity (seen from CellTiterGlo® assay) in comparison to the 10% DMSO. Similar 

results were seen with Li and Ma (2000) who used a combination of 7.5% DMSO and 

2.5% PPG and showed improved hESC recovery by 30% compared to when using 

10% DMSO with PPG. Further studies have also highlighted optimal levels of DMSO 

for a specific application. For example, Smagur et al. (2011) preserved peripheral 

blood hematopoietic progenitors and showed that 10% DMSO led to high post-thaw 

survival of cells (60%) compared to with 7.5% DMSO (54%). 

6.3.2.3 Cryopreservation with PVP 

In the present study, 30% PVP with serum-free DMEM preserved approximately 55% 

cells per construct as seen from the live/dead assay. This study agrees with previous 

literature in that, that cell viability cryopreserved with PVP varied in a concertation-

dependent manner. In particular, 30% PVP was optimal for cryopreservation of 

isotropic collagen constructs containing SCL4.1/F7 cells. Notwithstanding, 10% PVP 

has been seen to be optimal and comparable to 70% DMEM+20% FBS+10%DMSO 

in terms of preserving adipose-derived stem cells (Thirumala et al., 2010). PVP is a 

macro-molecular polymer that has shown to decrease the freezing point and prevent 

the increase of extracellular salt concentration hence stabilising the cell membrane and 

protecting cells during the freezing phase (Woolgar, 1972). This is confirmed by the 

DSC thermogram for warming PVP from -80 °C to 37 °C, which showed an 

endothermic peak indicative of melting at -0.62 °C compared to 0 °C as seen in the 
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media control. This result is in agreement with the -0.60 °C reported by Thirumala et 

al. (2010). 

PVP concentrations below 30% may not be sufficient to offer cryoprotection to the 

isotropic collagen constructs, which could explain low levels of cell of live cells and 

corresponding low metabolic activity. Using 40% and 50% concentrations of PVP in 

DMEM showed also reduced cell viability of isotropic collagen constructs and could 

be attributed hypertonicity effects (Kuleshova et al., 2001). However, Thirumala et al., 

(2010) suggest the gradual and stepwise loading of high concentrations in 

incrementally high concentrations and this can offer protection, however exposing cell 

directly to a high concertation can cause osmotic shock to the cells.   

Adding 10% DMSO to 30% PVP increased the metabolic activity of engineered tissue 

preserved in this solution by 63% although the metabolic activity level of PVP samples 

after thawing remained lower than the fresh control and the positive control, hence this 

approach was not continued in functional assays. This result was also lower than that 

seen in the literature where Madden et al. (1993) cryopreserved rabbit corneas in a 

hypercalcium solution containing 3 M (20%) DMSO and 40% PVP and showed an 

81% survival of the cell population post-thaw. This suggests that to complement the 

action of PVP a higher concentration of DMSO must be used which is contrary to the 

efforts made to reduce DMSO usage due to concerns of toxicity (Pogozhykh et al., 

2015).   

6.3.3 Effect of cryopreservation in PPG + 7.5% DMSO on neurite elongation and 

deviation 

The anisotropic structure of EngNT consisting of aligned therapeutic cells and 

collagen extracellular matrix is important to support and guide neuronal regeneration 

(Georgiou et al., 2013). Initially, the effects of hypothermic storage of EngNT using 

Hibernate®-A and that of cryogenic preservation in 60% DMEM+ 30% FBS and 10% 

DMSO on Schwann cell alignment and collagen architecture were tested. Dissociated 

DRG neurons were seeded on top and results reveal that both preservation media were 

not detrimental to EngNT structure and neurite deviation from the long-axis of the 

construct being mainly 10-20°, that is similar to previous studies (Georgiou et al., 

2013). In contrast, dissociated DRG neurons seeded on top of EngNT preserved in 
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PPG + 7.5% DMSO revealed a larger deviation in their angle of alignment, 

predominantly between 20-30°, suggesting that the cryopreservation protocol using 

PPG + 7.5% DMSO solution alters the aligned tissue architecture as can be seen from 

SEM micrographs. Ranamukhaarachchi et al. (2019) adds basis to this and shows that 

PEG, (another penetrating cryoprotectant which has a similar molecular structure to 

PPG) used at high concentrations shortens collagen fibrillar length. From the SEM 

micrographs of the present study, the addition of DMSO to all samples appeared to 

closely pack collagen fibrils. This is agreement with Rylander et al., (2006) who 

suggest that water loss and dehydration typically occur in samples that have been 

frozen in cryopreservation media containing DMSO.  

6.3.4 General limitations 

Testing the viability of engineered tissues in vitro using this metabolic assays has its 

advantages for example, it is a useful screening assay for analysing the effect of 

numerous chemicals at different concentration and time-points (Riss et al., 2004). 

Furthermore, it allows the metabolic activity to be quantified through luminescence 

readings. However, this assay alone does not give a complete picture of tissue viability 

for example, it provides no indication of the specific cell cycle stage, nor does it 

provide an indication of the proliferation or directly how many cells are live, apoptotic 

or necrotic.  

Some metabolic assays, such as the MTT assay are commonly used in the literature 

for evaluating viability of cryopreserved cells or tissues. While some authors advocate 

the use of the MTT assay in this context (Fox et al., 2017), it should be noted that these 

assays carry their limitations such as lack of sensitivity and little is known about the 

penetration of MTT assay on tissues or  engineered tissues (Riss et al., 2004, Vernazza 

et al., 2019, Kijanska and Kelm, 2004, Promega, 2019). On the other hand, CellTiter-

Glo® 3D has been shown to penetrate tissues and hydrogels and revealed a greater 

sensitivity and signal-to-background ratio than alamarBlue® and the MTT assay 

(Promega, 2019). Nonetheless, such metabolic assays should be accompanied with 

additional cell viability assays to provide a more accurate indication of the viability of 

a cell within a tissue/ECM as seen in the present study.  
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The literature on preservation of engineered tissues, let alone in a peripheral nerve 

context is little to non-existent, and variations in freezing and warming protocols 

further makes cross-comparisons and deductions about the efficacy of cryoprotective 

agents a challenging task. Further, the cryoprotective capacity of each preservation 

agent is also dependent on the cell or tissue that is being frozen, Moreover, different 

authors expose the cells or tissues to the cryoprotectant for different durations before 

cryopreservation (as seen from Table 6.1). The majority of studies mentioned in the 

cited literature employ the MTT test to evaluate cell/tissue viability which carries the 

aforementioned disadvantages (Fox et al., 2017, Wang et al., 2009, Alotto et al., 2002, 

Castagnoli et al., 2003, Hughes et al., 2018, Franchini et al., 2009, Li et al., 2017a). 

6.3.5 Conclusion and future work 

The aim of this chapter was to investigate a method of long-term preservation of 

EngNT. Cryopreservation using 60% DMEM + 30% FBS and 10% DMSO was 

appropriate for long-term preservation (Bhangra, 2015) and functional assays revealed 

similar neurite growth orientation between cryopreserved samples and the fresh 

control. Although serum has often been a pivotal ingredient in cryopreservation media 

it carries disadvantages for example, being ill-defined and carrying safety and ethical 

concerns. In an attempt to move away from using a cryopreservation media with 

serum, potential serum-free alternatives were investigated. Results revealed that out of 

the non-penetrating cryoprotectants, PVP was better at preserving EngNT than 

Trehalose, although it did not preserve constructs as well as the penetrating agent, 

PPG. In addition, the combined use of DMSO showed higher construct viability.  

Preserving EngNT in PPG + 7.5% DMSO showed higher post-thaw viability 

compared to 60% DMEM + 30% FBS + 10% DMSO. The new formulation removed 

FBS but also reduced the amount of DMSO used within the preservation media. 

EngNT stored using PPG + 7.5% DMSO was able to support and guide neurite growth 

however neurites were observed to be approximately half the length of those cultured 

on EngNT preserved in 60% DMEM + 30% FBS and 10% DMSO. Furthermore, the 

majority of neurites deviated between 20-30% on EngNT preserved in PPG + 7.5% 

DMSO compared to constructs preserved in the 60% DMEM + 30% FBS and 10% 

DMSO condition which deviated between 0-20%, more in line with published results 

on fresh EngNT. 
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Future work will involve comprehensive testing of cryopreservation freezing and 

thawing protocols using PPG + 7.5% DMSO to attempt to achieve cell viability similar 

to the fresh control. Of these protocols, vitrification  (mentioned in chapter 1) will also 

be explored, since this has received much attention and shown to successfully preserve 

various tissues (Shi et al., 2017, Ohkawara et al., 2018, Decherchi et al., 1997, Fujihara 

et al., 2019). In particular, the loading of cryoprotectants and washing of 

cryoprotectant during thawing is particularly important and requires optimisation 

(Jang et al., 2017, Fahy et al., 2004). Interestingly, the use of ice crystallisation 

inhibitors such as poly vinyl alcohol could be used to prevent any build-up of ice on 

warming (Deller et al., 2016). The process of vitrification is known for using high 

concentrations of penetrating cryoprotectants (Fahy et al., 2004), hence the 2.5 M PPG 

combined with 1.4 M DMSO is a suitable candidate to use. Thus, combinations of 

these with the PPG + 7.5% DMSO solution and their synergistic effect in supporting 

neurite outgrowth needs to be investigated.  

Aside from PVP, ectoine is another non-penetrating cryoprotectant that has shown 

much promise in preservation of cells and tissues and could be investigated in the 

context of EngNT preservation (Sun et al., 2012a, Grein et al., 2010, Guven and 

Demirci, 2012) . Once an appropriate cryopreservation media has been chosen the 

respective loading protocol needs to be optimised, for example, the minimum exposure 

time to the cryopreservation media required prior to freezing. Furthermore, the 

SCL4.1/F7 Schwann cells used in this study are robust cells that may be rather tolerant 

to PPG, however when manufacturing EngNT with therapeutic cells suitable for 

clinical translation such as the clinical grade CTX cells, there may be toxicity to the 

cryoprotectant. Once an appropriate media has been chosen with the accompanying 

sample preparation and cryopreservation protocol has been developed samples will 

need to be frozen for a certain duration and placed in vivo and compared to a fresh 

EngNT control to assess the in vivo efficacy of the cryopreserved product.  
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Chapter 7 
 

General Discussion 
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7 General discussion 
 
The overall aim for this thesis was to investigate the delivery and integration of EngNT 

for peripheral nerve repair. As mentioned in chapter 1, there are four key aspects that 

are addressed in this thesis that are synonymous with the multi-faceted challenges in 

the development of tissue-engineered products, as highlighted in previous reviews 

(Ikada, 2006, Williams, 2019, Griffith and Naughton, 2002). These challenges include, 

but are not limited to, microenvironmental cues that affect the response of living 

artificial tissues as well as broader logistical concerns regarding the preservation of 

engineered tissues. To resolve these multi-faceted challenges requires a multi-

disciplinary approach for the strategic and holistic development of engineered tissues 

(Howard et al., 2008, Chan and Leong, 2008). The primary goals of this thesis were to 

investigate the use of contact guidance cues in the form of glass fibres to bridge the 

interface between damaged proximal stump and EngNT. The oxygen 

microenvironment of EngNT used for long-gap nerve repair was investigated. 

Moreover, materials for delivering EngNT that would not be as stiff as commercially 

available NGCs were explored. In addition, there are logistical challenges in terms of 

the storage and perseveration on EngNT for clinical use and global distribution.  

The main objectives were outlined in section 1.2: 

1. To use phosphate glass fibres to bridge the interface between damaged 

proximal stump and EngNT. 

2. To investigate the angiogenic and neurotrophic behaviours of hDPSC and their 

differentiated progeny in vitro following exposure to different levels of 

oxygen. 

3. To investigate potential materials that would be suitable nerve guidance 

conduit materials to be an outer sheath to deliver EngNT in a critical gap defect.  

4. To investigate the effect of hypothermic and cryogenic preservation on the 

viability and efficacy of EngNT.  

 

Chapter 3 involved extensive in vitro and in vivo testing to assess the suitability of 

PGF to bridge this interface between a damaged proximal stump and EngNT in an 

attempt to coax additional neurites from the damaged proximal stump into EngNT 
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(objective 1). In vitro testing showed the PGF were not toxic to glial cells, endothelial 

cells and neurons and could be functionalised with laminin and fibronectin which in 

turn led to increased neurite length. When incorporated into EngNT, results showed 

that PGF can encourage neurite growth, wherein neurites were 63% longer on EngNT 

+ PGF compared to EngNT and non-neuronal cells migrated approximately 2-fold 

further into EngNT + PGF, than EngNT. The study also defined a target product 

profile, based upon, rolled EngNT with an interface filled with PGF as shown by Kim 

et al. (2015). Further, the efficacy of EngNT incorporated with PGF was tested in a 

long-gap model, representative of a clinical situation where EngNT would be used. 

Results showed that while PGF were able to support neurite growth in vivo, neurites 

entered the construct and began elongating along the fibres up to the end of the fibres. 

When the neurites reached the end of the PGF this created a second interface for the 

neurites to migrate across.  

Moving away from the interface and into EngNT, chapter 4 investigated the effect of 

oxygen levels on the angiogenic and neurotrophic response of hDPSC and d-hDPSC 

(objective 2). Results showed that low oxygen levels result in modest changes in 

neurotrophic and angiogenic transcript levels. Furthermore, secretome from hDPSCs 

and d-hDPSCs cultured in low oxygen conditions reduced the length of DRG 

dissociated neurons compared to when the neurons were exposed to secretome from 

hDPSCs and d-hDPSCs exposed to 16% oxygen, which led to longest neurite length. 

Results also revealed an increase in endothelial cell proliferation after 24 h when 

cultured with secretome from hDSPCs and d-hDPSCs exposed to 3% oxygen 

compared to 16 oxygen. A method of increasing local oxygen concentration using 

oxygen releasing HFTBA incorporated into EngNT in low oxygen conditions revealed 

short-term (1.5 h) local oxygen release. This study shows that low oxygen conditions 

can influence the neurotrophic and angiogenic response of hDPSCs and d-hDPSCs 

and gives basis to our initial hypothesis (section 4.1.5).  

Low oxygen within an in vivo setting could occur through various mechanisms, as 

highlighted in section 1.1.7. Primarily nerve injury disrupts local vasculature 

supplying the nerve with oxygen, thus leading to a hypoxic microenvironment (Lim et 

al., 2015). Although the experiments in this study induced low oxygen to assess the 

neurotrophic and angiogenic capacity of the hDPSCs and d-hDSPCS, previous work 
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has shown that high cell density within a scaffold will have larger metabolic needs 

compared to a low cell density. Therefore, if a construct is seeded with cells that have 

a high metabolic demand this would create a need for a consistent oxygen supply 

(Rouwkema et al., 2009). If this oxygen supply not available, cells would experience 

the effect of a low oxygen or hypoxic microenvironment. 

Interestingly, the recent study by O’Rourke et al., (2018) used clinical-grade CTX cells 

in EngNT at a cellular density of 2x106 cells/mL of gel to repair a critical gap defect. 

They showed that with the aforementioned cell density the construct supported growth 

of neurites through the injury site and facilitated reinnervation of the target muscle. 

Moreover, they found a similar number of blood vessels proximal and distal ends of 

the construct that was similar to the autograft. On the other hand, Sanen et al., 2017 

seeded EngNT with 1 x106 d-hDPSCs /mL of gel and observed neurite growth similar 

to that in an empty tube but blood vessels in a similar range to the autograft.  Previously 

d-hDPSC have been shown to have larger metabolic or bioenergetic demands than in 

their undifferentiated state (Wang et al., 2016). Considering this, although a lower cell 

density of d-hDPSC was used in creating EngNT than used in the O’Rourke et al., 

(2018) study, comparison of the metabolic activity of these cells may show that d-

hDPSCs have a higher metabolic demand that CTX cells. Therefore, even at a density 

of 1x106 d-hDSPCs /mL of gel could lead to cell density-mediated local hypoxia in 

EngNT-d-hDPSC  (Rouwkema et al., 2009, Sheta et al., 2001). To this end, a minimal 

d-hDPSC cell density should be explored that would promote nerve regeneration in a 

critical gap defect without comprising hydrogel contraction for cellular alignment and 

the overall efficacy of the EngNT-d-hDPSC product. 

Mathematical modelling has emerged as a powerful tool to accelerate the development 

of engineered tissues (Coy et al., 2018). These computational models would allow for 

simulations to be run on a wide range of different combinations and spatial 

arrangements of biomaterials, cells, and the deposition of chemical factors. The 

outcomes from the simulations inform the design and direction of the next in vitro/in 

vivo experiments which then go on to further parameterise the mathematical model. 

This iterative refinement of the mathematical model and the interaction between the 

computational model and experiments is described as the experimental-theoretical 



 298 

feedback loop and described in Figure 7.1 and will reduce the number of in vitro and 

in vivo experiments and reduce financial costs and time taken to achieve a result.  

The results from chapter 3 and 4 directly contribute to a body of in silico work 

modelling EngNT. For example, the fibre diameter, EngNT+ PGF rod cross-sectional 

area and results from the in vitro assay, including the number of cells in EngNT and 

the rate of neurite outgrowth, have been collated and used to parametrise the 

mathematical model. Coy et al. (2018) described the integration of in silico models to 

be used as a tool to accelerate the design process of tissue-engineered devices, and in 

this case, EngNT with PGF. The results of the in vitro/in vivo experiments are 

compared with the simulation and the in silico model further refined. Thus, being a 

powerful tool in the development of tissue-engineered devise and commercialisation 

of medical technologies.  

 

 

 

 

Currently, work is being conducted to optimise the diameter of the fibres and the 

number of fibres to be used within EngNT. For example, Figure 7.2 describes the way 

in which an in silico model can be used to test the effect of ‘number of fibres’ within 

EngNT. Using existing data from chapter 3 to parameterise the dimension of the fibres 

and rate of neurite growth along a fibre, the computational model tested the effect on 

neuronal regeneration of having 5 fibres within EngNT compared with 100 fibres. 

Although the model can output quantitative results in terms of percentage of 

regeneration; qualitative assessment from figure 2 shows that 100 fibres within EngNT 

compared with 5 fibres should result in a greater number of neurites (red dots with the 

path drawn in black) reaching the distal target in an orderly fashion. Considering 

EngNT with 5 fibres, there appeared to be fewer neurites reaching the distal end of the 

Figure 7.1 Schematic illustrating the experimental -theoretical feedback loop.  
A mathematical framework parameterised by existing or new experimental data and iteratively refined. 

Adapted from Coy et al., (2017). 
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construct and a greater amount of disorganisation and misrouting compared to using 

100 fibres. This result suggests that if EngNT is to be created with PGF running 

through the construct, it should be created with 100 fibres rather 5 fibres for optimal 

neurite growth. This is an example of how mathematical modelling can reduce the 

number of experiments since an in vitro or in vivo analysis comparing 5 versus 100 

fibres was not conducted.  

Notwithstanding, it may become apparent that certain spatial arrangement of fibres 

may not be possible experimentally and this iterative cycle gives a first-hand insight 

into the feasibility of manufacture. For example, hypothetically speaking, the in silico 

model may suggest that for optimal nerve regeneration a certain amount of spacing is 

required between the fibres. In this study, fibres laid onto EngNT were made with 40 

µm spacing between each other (section 2.3.3). But, when EngNT was rolled into a 

rod, the PGF consistently clumped together, occupying any space between them. 

Therefore, if spacing between fibres is important for better nerve regeneration, then an 

alternative method needs to be investigated that would arrange the fibres with this 

separation from each other as suggested by the mathematical model. This example also 

stresses the importance of the feedback loop and communication between the 

experiments and the mathematical model. 

 

 

(A) 

(B) 

Figure 7.2 Two simulations of neurite behaviour in the presence of 5 (A) and 100 (B) fibres. 
3 data points are captured 0 h (AI, BI), 5 h (AII, BII) and 10 h (AIII, BIII). For the case of 100 fibres 

the fibre distribution was plotted separately (C) in order to allow visualisation of neurites. Figure 7.2 

produced by Dr Simão Laranjeira and used with permission. 
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The next step would be to simulate different cell densities within EngNT to investigate 

which cell density is optimal for neurite regeneration, as mentioned earlier. Creating 

EngNT as published by Georgiou et al (2013) suggests that a cell density of 4x106 

cells per mL of hydrogel is suitable for the desired gel contraction and alignment of 

the ECM and cells, this is further validated by O'Rourke et al. (2015). It has been 

previously seen for optimal regeneration and cell density threshold often exists (Ma et 

al., 2014). If the local tissue microenvironment is not able to nourish the tissue with 

oxygen and remove waste, the cells will become apoptotic (Rouwkema et al., 2009). 

Hence, modelling cellular densities with oxygen consumption parameters whilst 

considering the overarching goal of the tissue, (i.e. contraction for ECM and cellular 

alignment) would allow for an optimal cellular density to be determined through 

computational modelling. Previous studies have described in silico models of 

intracellular oxygen level, oxygen consumption and oxygen transport models (Qutub 

and Popel, 2006, Buchwald, 2009, Filas et al., 2013, Grimes et al., 2014). Once values 

to define the oxygen parameters have been collated, specific to EngNT these would be 

incorporated into the computational model.  

The work in chapter 4 has also uncovered a hole in the literature, wherein, the partial 

pressure of oxygen in native nerve tissue and injured tissue is unknown. Currently, 

there is no cited literature comparing oxygen levels of nerve tissue pre- and post- a 

nerve transection injury. The literature often refers to ‘hypoxia’, and defines it as a 

partial pressure of oxygen less than that found in a cell culture incubator (i.e. less than 

~130 mmHg) (Ahmed et al., 2016). In fact, the partial pressure of oxygen within the 

peripheral nerves could be equivalent to or below 25-53 mmHg as seen in tissue of the 

spinal cord (Hayashi et al., 1983a, Hayashi et al., 1983b, Wadouh et al., 1985, 

Zaharchuk et al., 2005). Assuming the latter oxygen reading for peripheral nerve 

would technically be classified as ‘normoxic’ for the nerve tissue and if partial pressure 

of oxygen below 25-53 mmHg is detected post-injury as hypothesised, this may 

provide an indication towards the in vivo partial pressure of oxygen within a long-gap 

nerve defect that is exhibited by an injured nerve and possibly EngNT. Clearly there 

is also an issue regarding nomenclature in this area but more importantly these findings 

with regard to in vivo oxygen measurements would impact future experiments by 

highlighting the critical range of low-oxygen conditions to conduct in vitro studies. 
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The corresponding response of the cells or tissue at this low oxygen level should be 

incorporated into the in silico model.  

Chapter 5 investigated the mechanical properties of nerve sheath and sought to find 

replacement biomaterials. In particular, there was a focus on bulk and viscoelastic 

properties of potential sheath replacement materials that were investigated through a 

series of tensile ramp load to failure and tensile DMA testing. Furthermore, suture 

pull-out and kink tests were employed to assess the clinical suitability of the materials. 

Results revealed that CS2 would be a suitable material to develop into a conduit to 

deliver EngNT in a critical gap defect.  

Having modelled PGF, cell densities and corresponding oxygen condition in silico, the 

next stage would involve informing the model after conducting a series of in vivo tests 

using the CS2 nerve sheath replacement material. A useful measure would be the 

internal pressure that is subjected to the engineered tissue which can be directly 

factored into the model as a pressure function.  

Future work may also involve sequestering drugs or growth factors into this material 

for sustained release. This type of therapeutic sheath to carry engineered nervous 

system tissues would be a novel and disruptive technology. Notwithstanding, the 

loading of the growth factors or drugs should not compromise any mechanical 

properties, that is, bulk or viscoelastic. Moreover, the degradation rate needs to be 

investigated to ensure that the sheath material does not degrade before the EngNT and 

that the release of any drug or growth factors is controlled. Furthermore, this is an 

additional feature than can be added to the in silico model, wherein, testing various 

growth factor or drug release parameters from the sheath material to help design of 

EngNT (Curtis et al., 2015, Messaritaki et al., 2018).  

Despite the various advantages of using and developing the in silico models their 

limitations should be appreciated (Sacan et al., 2012). The mathematical framework is 

based on assumptions despite the incorporation of real experimental results. 

Furthermore, they require initial parametrisation usually with a lot of experimental 

data which may not always be readily available or may be collated from a range of 

different experiments, ergo standardisation is amiss. If the experimental data used is 

limited then this will also result in large sources of error and under/over-predictions in 
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simulation outcomes, thus lacking accuracy. Nevertheless, the more experimental data 

that is fed into the models will increase the accuracy and will in turn accelerate and 

positively impact the development of EngNT and other engineered tissues whilst 

keeping aligned with the 3Rs theme of replacement, reduction and refinement 

(Tannenbaum and Bennett, 2015).  

In chapter 6, the preservation of EngNT was investigated. Initially, the effect of 

hypothermic storage and cryogenic on the alignment of endogenous Schwann cells 

and co-cultured dissociated neurites cultured on EngNT were investigated. After 

understanding that 60% DMEM + 30% FBS + 10% DMSO was suitable for long-term 

preservation of EngNT, a serum-free alternative was sought. Serum used as part of a 

cryopreservation media is a non-penetrating agent but also ill-defined, hence 

alternatives that were investigated include; trehalose, PVP and PPG. Results found 

PPG combined with 7.5% DMSO led to a cell viability better than preserving 

constructs with 60% DMEM + 30% FBS + 10% DMSO. However, qualitative analysis 

and functional assay revealed close packing of collagen fibres and majority of 

cocultured neurites deviated ~ 20°-30°. 

Once appropriate preservation media and freezing and thawing protocol have been 

developed, future work would involve preserving the complete device including the 

alternations suggested in this thesis. In such a case EngNT would be incorporated with 

PGF and potentially HFTBA being delivered in a CS2 conduit, held in place using 

fibrin glue and fabricated and frozen according to the development protocol. After 

thawing the EngNT, the product should be investigated for cell viability and its 

efficacy can be tested in vivo and compared to the efficacy of fresh EngNT delivered 

in CS2. If the outcome was poor cell viability or reduced efficacy, the thawing protocol 

would require revisiting, and may include steps such as thawing in a low oxygen 

incubator as this may be beneficial for the cells within the construct (Mas-Bargues et 

al., 2019, Tiede et al., 2011, Ahmed et al., 2016). The freeze-thaw protocol may cause 

microcracking within the PGF in EngNT. The presence of a crack line could 

potentially disrupt the path of neurite elongation in vivo. Moreover, it would need to 

be confirmed that freezing and thawing does not affect the mechanical properties (bulk 

and viscoelastic) of CS2 material. If results show that the sheath is damaged on 

thawing, this will also have storage/transport implications and further refinements 
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would need to be made to the product or the preservation methodology. Alternatively, 

EngNT could be transported as a frozen product whereas the sheath could be 

maintained at room temperature like currently available NGCs. This would create an 

additional step for surgeons as they would need to assemble the final construct by 

placing the thawed EngNT rods into the sheath prior to implantation.  

7.1 Conclusion 
The overall aim of this work was to develop EngNT by focussing on distinct 

challenges that have been noticed over the course of its translational development 

since 2013 (Georgiou et al., 2013). This thesis highlights that for the development of 

an ATMP such as EngNT for clinical translation and commercialisation, a multi-

disciplinary approach is necessary. This work teaches that PGF are strong guidance 

cues and if implemented in EngNT correctly can lead to robust nerve regeneration. 

This thesis also gives insights into the neurotrophic and angiogenic response of cell-

seeded hydrogels to different levels of oxygen and shows that low oxygen levels could 

be responsible for poor neurite growth but a positive angiogenic response from 

EngNT-dhDPSCs. It further highlights the sensitivity of the constructs and different 

cells to oxygen levels and provides suggestions for the incorporation of an oxygen 

release chemical (HFTBA). This thesis provides DMA viscoelastic information of the 

rat sciatic nerve and suggests the use of CS2 to deliver EngNT in a critical-gap defect. 

Lastly, it describes the use of a serum-free media, namely PPG with 7.5% DMSO for 

the cryopreservation of EngNT. These various independent aspects of EngNT can be 

developed and mutually tie-in together to develop the product as whole. Moreover, 

this thesis highlights the powerful potential of in silico models that will effectively 

change the manner in which experiments are conducted. As an increasing amount of 

data is fed into these models, it is expected that experiments and computational models 

will run simultaneously, interactively informing one another, thus allowing the 

research question to be answered in the most cost and time efficient manner possible 

in alignment with the 3Rs theme. This will result in the accelerated development of 

EngNT for patients suffering with critical-gap peripheral nerve injuries. 
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8 Appendix 

8.1 Appendix: Chapter 2 

8.1.1 Hydrogel stabilisation using RAFT™ and filter paper absorbers 

 

 

 

 

 

 

 

Figure 8.1 shows that placing filter absorbers on hydrogel for 5 min created stabilized 

construct with an equivalent thickness and percentage of live cells compared to the 

RAFT™ absorbers.  

8.2 Appendix: Chapter 3 

8.2.1 Hemisected DRG explant neurite outgrowth  

 

 

 

 

 

 

 

EngNT EngNT + PGF (a) (b) 

Figure 8.2 Box plot of individual values of neurite length per hemisected DRG explant. for 
(a) EngNT and (b) EngNT + PGF; n =12. 

Figure 8.1 Comparison of hydrogels seeded SCL4.1/F7 cells and stabilised using RAFT™ 
absorbers or filter paper (FP) absorber.  
RAFT™ absorbers were placed on hydrogels for 15 min and filter paper absorbers were placed on top 

of the hydrogel for 5, 10 or 15 mins, where (a) hydrogel thickness was measured using a contact angle 

machine and (b) Live/dead assay using Syto®21 and PI. 
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Figure 8.2 reveals there is a lot of variability between individual experiments when 

using primary neurons. Moreover, individual box plots contain less than 10 neurites.  

8.3 Appendix: Chapter 5 

8.3.1 FTIR spectra for CS1, CS2, ReDura™ and Durepair™  

Results of FTIR spectra classification are shown in Figure 8.3. The spectral interval 

for Figure 8.3a describes the absorption for amide I (1700 – 1600 cm-1) CH2 and CH3 

absorption (1490 – 1350 cm-1) and absorptions of amides III (1300 – 1180 cm-1) and 

carbohydrate moieties between 1100 – 1005 cm-1 allows for the classification of 

collagen. The absorption peak between 3000 cm-1 and 3400 cm-1 provide an indication 

for amine associated with a collagen structure. This spectrum is similar to the CS2 

material however a peak at 1744 cm-1 is assigned to an aldehyde. The addition of a 

double peak between 2800 – 2990 cm -1 provides indication of an amide group. The 

latter peaks resemble the FTIR absorbance spectra of glycerine. 

ReDura™ and Durepair™ (Figure 8.3 a,b) have been previously characterised by their 

respective companies, namely, Medprin and Medtronic, respectively. ReDura™ 

presented with the characteristic short and strong sinusoidal peak showing carbonyl 

stretching between 1790 – 1700 cm-1 and CH stretching at 3100 - 2800 cm-1. 

Durepair™ showed characteristic peaks for amide I and III, indicative of a collagen 

structure and a broad O-H region also existed between 3400 – 3000 cm-1. 
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Figure 8.3 Representative FTIR absorbance spectra for CS1 & CS2 (a), ReDura™ (b) and Durepair™ (c) materials with wavelengths ranging from 4000 
cm-1 to 500 cm-1. Each graph is annotated with key peaks and the corresponding wavelength and absorbance values. Three independent samples were analysed with 
a. total of 8 scans per sample.  
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8.3.2 Investigating methods of improving accuracy of nerve and NGC materials 
cross-sectional area measurments 

Two methods were compared to measure cross-sectional area of nerve, epineurium 

and core and that of potential NGC materials. Although the contact angle method was 

quicker at making measurements than freezing samples and cryosectioning and 

imaging, the latter was a lot more accurate, so that method was employed to determine 

cross-sectional area.  

Table 8.1Cross-sectional area of whole nerve, epineurium and core using Method 1 (Contact 
angle machine) 

 Whole Nerve Epineurium Core 
Cross sectional area 

(mm2) 1.33 ± 0.06 0.19 ± 0.02 0.67 ± 0.02 

 

Table 8.2 Cross-sectional area of the whole nerve, epineurium and core using different methods 
of freezing nerve tissue for cryosectioning 

  
Cross-sectional area (mm2) 

Condition of 
tissue 

Freezing medium Whole Nerve  Epineurium Core 

Fresh 
OCT 0.50 ± 0.02 0.09 ± 0.01 0.44 ± 0.02 

30% Sucrose + OCT 0.48 ± 0.02 0.07 ± 0.02 0.41 ± 0.02 

Fixed 
OCT 0.52 ± 0.02 0.09 ± 0.02 0.42 ± 0.01 

30% Sucrose + OCT 0.61 ± 0.02 0.12 ± 0.01 0.50 ± 0.01 

 

Table 8.3 Material thickness and cross-sectional area values of potential NCG material using 
Method 1 (contact angle machine) or Method 2 (Freezing followed by cryosectioning and 
imaging) 

 Method 1 Method 2 

Material 
Thickness 

(mm) 

Cross-sectional area 

(mm2) 

Thickness 

(mm) 

Cross-sectional area 

(mm2) 

CS1 0.29 ± 0.03 1.45 ± 0.15 0.05 ± 0.01 0.18 ± 0.04 

CS2 0.33 ± 0.02 1.65 ± 0.10 0.06 ± 0.01 0.32 ± 0.06 

ReDura™ 0.37 ± 0.03 1.85 ± 0.15 0.33 ± 0.02 1.64 ± 0.12 

Durepair™ 1.1 ± 0.02 5.50 ± 0.10 0.83 ± 0.07 4.17 ± 0.36 
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