
1 
 

 

 

 

Aligned endothelial cell and Schwann cell 

structures in 3D hydrogels for peripheral nerve 

tissue engineering 

 

 

Papon Muangsanit 

 

 

 

Thesis submitted in fulfilment of the requirements for the degree 

of 

Doctor of Philosophy 

 

 

Eastman Dental Institute 

University College London 

 

February 2020 



2 
 

Declaration 

I, Papon Muangsanit, confirm that the work presented in this thesis is my own. Where 

information has been derived from other sources, I confirm that this has been 

indicated in the thesis. 

 

 

Signed: _________________________ 

Date: ___________________________ 

  



3 
 

Abstract 

Peripheral nerve injury can be debilitating and may result in loss of sensory or motor 

function. Nerve autograft remains the gold standard to repair damage that results in 

long gaps. The efficacy of nerve grafts, however, can be limited by necrosis at the 

central region. This is also a limitation in the effectiveness of cellular biomaterials 

developed as tissue engineered repair approaches. Although vascularised nerve 

grafts were introduced, some limitations such as availability of nerves and donor site 

morbidity need to be overcome. Therefore, there is a need for vascularised tissue-

engineered nerve constructs.  

This study established an anisotropic nerve construct which contains self-aligned 

human umbilical cord vein endothelial cells (HUVECs) that form tube-like structures 

with and without aligned Schwann cells within a tethered collagen matrix. In an in vitro 

model, aligned tube-like structures supported and enhanced Schwann cell migration 

when compared to aligned Schwann cell-only constructs. Additionally, their efficacy 

to promote axonal regeneration in vitro was comparable to that of aligned Schwann 

cell constructs. In a rat sciatic nerve injury model, the aligned HUVEC tube-like 

structure constructs supported robust neuronal regeneration. HUVEC-only constructs 

also showed significantly improved vascularisation and Schwann cell migration at the 

repair site. 

In addition, the gel aspiration-ejection (GAE) technique offers a rapid and robust 

approach to produce stable anisotropic hydrogel scaffolds. This work optimised the 

GAE technique to generate aligned Schwann cells in collagen scaffolds. These 

scaffolds were stable and exhibited similar linear viscoelastic behaviours to rat sciatic 

nerves. They supported and promoted axonal regeneration in vivo when compared to 

the empty conduit groups.  

Together, this study has developed for the first time pre-vascularised tissue-

engineered nerve constructs and shown their potential in promoting vascularisation 

and axonal regeneration. A novel GAE technique has also been shown to be useful 

in producing aligned Schwann cell-containing hydrogel constructs. In the future, the 

GAE system can be potentially integrated with the pre-vascularisation concept to 

create vascularised engineered-nerve conduits. 
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Impact Statement 

Peripheral nerve injury can be debilitating to a patient’s quality of life, leading to severe 

disability along with a substantial social and personal cost. Annually, 200,000-300,000 

patients across the United States and Europe undergo peripheral nerve surgery with 

less than half of patients regaining nearly full motor or sensory function. Peripheral 

nerve injury is often associated with significant loss of nervous tissue, causing long 

nerve gaps which then result in a delay in nerve reinnervation and muscle atrophy. 

Although much awareness already exists in the development of the engineered nerve 

substitutes, effective repair constructs that ensure complete nerve recovery are yet to 

be achieved.  

This thesis has made progress in the field of peripheral nerve tissue engineering 

through the investigation of pre-vascularised engineered nerve conduits to improve 

regeneration. Vascularised nerve grafts have been shown to outperform conventional 

non-vascularised nerve grafts in a large gap injury in patients, but the lack of donor 

sites has limited this. Therefore, the development of pre-vascularised engineered 

nerve conduits using human umbilical cord vein endothelial cells and Schwann cells 

in collagen gels has started to address this unmet clinical need.  

This work has explored another novel approach, named gel aspiration-ejection, to 

generate an anisotropic dense collagen scaffold containing aligned Schwann cells for 

peripheral nerve repair. This technique offers a rapid and robust approach to produce 

an engineered nerve conduit with tuneable fibrillar densities and microstructure. This 

system has the potential to be automated, resulting in high-throughput engineering of 

nerve constructs which would enhance their clinical translation.  

Overall, this project has advanced the field of peripheral nerve tissue engineering 

through the development of pre-vascularised engineered nerve conduits as well as 

the novel approach of producing anisotropic nerve scaffolds to ultimately improve 

nerve regeneration. Potentially, these nerve repair constructs could accelerate the 

nerve regeneration rate, and the novel approach could provide an opportunity for ‘off 

the shelf’ artificial nerve tissue that could be made available to patients in the future. 
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 Introduction 

 Nervous system 

 

 

 

 

 

 

 

 

Figure 1.1 Central nervous system and peripheral nervous system. The central nervous 

system consists of the brain and spinal cord. The peripheral nervous system consists of the 

nerves that extend out to the rest of the body  (Amyot et al., 2008). 

The nervous system can be divided into two systems: the central nervous system and 

peripheral nervous system (Figure 1.1). The central nervous system (CNS) consists 

of the spinal cord and the brain. The peripheral nervous system (PNS), on the other 

hand, contains all the other nerves in the body. PNS serves as a communication relay 

between the brain and spinal cord with the rest of the body.  

 Nerve anatomy 
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Figure 1.2 Nerve anatomy. Schematic showing the structure of a peripheral nerve which is 

organised within layers of connective tissue, with an epineurium on the outside, perineurium 

around each fascicle, and endoneurium containing the individual nerve fibres (Berthod et al., 

2012). 

The peripheral nervous system contains billions of neurons. All neurons have a cell 

body and various fibres. There are two different types of nerve fibres: dendrites which 

carry information towards the cell body, and axons which carry information away from 

it. Support cells of the PNS are satellite glial cells which function in protecting neuron 

cell bodies, and Schwann cells, important in providing support to the axons which can 

include forming the myelin sheath. In general, peripheral nerves have three layers of 

connective tissues (Figure 1.2). Each nerve contains a number of axons. Each axon 

is enclosed by a layer of connective tissue called the endoneurium. Axons are often 

bundled into fascicles and each fascicle is surrounded by a layer of connective tissue 

called the perineurium. Finally, these fascicles are grouped together, and they build 

up nerves, which are wrapped around by the outermost layer of connective tissue 

called the epineurium.  

 Peripheral nerve injury and regeneration  

Peripheral nerve injuries (PNI) may result in pain and loss of motor or sensory 

function; symptoms depend on the severity of the injuries. Approximately 300,000 

people of working age in Europe suffer from PNI (Ruijs et al., 2005); not more than 

half of those people can regain complete nerve function after treatment (Isahara and 

Yamamoto, 1995;Kehoe et al., 2012). Traumatic injury to the peripheral nerves is 

common, with variable degrees of structural damage and approximately 2.8% of 

trauma patients experiencing permanent impairment and chronic pain (Noble et al., 

1998;Menorca et al., 2013).  According to the Seddon classification (1951), peripheral 

nerve injury can be categorised into five types based on the degree of damage to the 

nerve (Seddon, 1947). The mildest degree of nerve injury in which the nerve remains 

intact but the function is damaged is called neurapraxia (type 1). Type 2 is called 

axonotmesis which involves axonal damage, but surrounding connective tissue 

remains intact. Type 3 and type 4 involve spontaneous healing with an increasing 

degree of scarring and deficient recovery due to gradual damage to axons and 

connective tissue (Grinsell and Keating, 2014). Furthermore, in type 4, surgical repair 

is usually required. A type 5 lesion is a complete transection of the nerve. Recovery 

is not possible without appropriate surgical intervention. However, most nerve injuries 

are the combination of mixed types, and thus this classification has somewhat limited 
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clinical utility. The most common clinical scenario is the combination of types 2-4 (Pan 

et al., 2003). 

The peripheral nervous system has an intrinsic ability to repair if injured, unlike the 

central nervous system, where inhibitory factors are present. The difference between 

these two systems depends on the different molecular mechanisms within the 

neurons following injury as well as the response of the glial cells which modify the 

environment at the injury site (Schmitt et al., 2003;Jessen and Mirsky, 2016). In the 

peripheral nervous system, neurons and Schwann cells have regenerative potential 

to be differentiated into repair cells after injury. However, in the central nervous 

system, axons are myelinated by oligodendrocytes rather than Schwann cells, which 

are not reprogrammed to become repair cells. Oligodendrocytes exhibit different 

myelination patterns when compared with Schwann cells and do not express 

phagocytic potential and hence do not contribute to myelin debris clearance following 

injury, contributing to the failure of central nervous system neurons to regenerate 

(Brosius Lutz and Barres, 2014;Gomez-Sanchez et al., 2015). Astrocytes are 

abundant glial cells in the central nervous system that regulate overall homeostasis 

and they can become markedly reactive following injury leading to glial scarring. 

These glial scars can produce inhibitory substances that suppress remyelination and 

axon repair such as chondroitin sulfate proteoglycan (Toy and Namgung, 2013). Also, 

oligodendrocytes can produce myelin-associated inhibitors which are thought to 

impair axonal growth during injury in the central nervous system ( Huebner and 

Strittmatter, 2009) . While the central nervous system is generally considered to be 

inhibitory to regeneration following injury, injured peripheral nerves exhibit various 

mechanisms that are supportive of regeneration and further enhancing this natural 

ability is the focus of this thesis.    

In the peripheral nervous system, in general, when the nerve is transected, this 

triggers breaking up of myelin sheaths and degeneration of axoplasm distally by the 

interactions of Schwann cells and macrophages. This process is called Wallerian 

degeneration which serves as a cleaning mechanism that prepares the distal stump 

for nerve regeneration (Gaudet et al., 2011). Schwann cells distal to the injury then 

proliferate and form bands of Büngner, which are significant for guiding axons to grow 

from the proximal stump towards the distal end. Whilst axon sprouts regrow within 

bands of Büngner, the daughter Schwann cells also remyelinate the regrowing axon. 

The injury also affects the neuronal cell body, which is known as chromatolysis in 

which the nucleus migrates to the periphery of the cell body and the endoplasmic 
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reticulum disperses, but these changes are not marked (Burnett and Zager, 2004). 

Successful axon regeneration through the bands of Büngner results in the 

degeneration of unsuccessful axon sprouts as well as reinnervation and recovery of 

atrophied muscle. On the other hand, when axon sprouts fail to regenerate across the 

nerve injury region, which may either be from the formation of a scarring barrier or 

damage to a large section of nerve, it may result in the formation of a neuroma, nerve 

tissue tumour, as well as severe muscle atrophy.  

 

Figure 1.3 Mechanism of nerve regeneration (Deumens et al., 2010)..(A) Degeneration of 

axon begins at early phase after axonal injury (arrowhead). (B) During the intermediate phase, 

the Wallerian degeneration (anterograde) continues and is accompanied by macrophage 

infiltration to remove tissue debris. Schwann cells (SC) undergo mitosis. (C) After the first few 

weeks, some of the axonal sprouts from the proximal stump successfully grow and reach 

through the distal stump with the support by SC in the bands of Büngner. (D) Axons have 

successfully traversed through the bands of Büngner and reinnervated the target organ/tissue. 

(E) On the other hand, the failure of axonal sprouts to regenerate across the injury site leads 

to neuroma formation following by severe muscle atrophy.   

Nerves are capable of regeneration across a gap length less than 6 mm in mouse and 

even longer distances (>20-50 mm) in big animals like monkeys and rabbits 

(Mackinnon and Lee Dellon, 1990;Matsumoto et al., 2000). It is also possible to 

surgically reconnect short gaps less than 10 mm with microsutures (Scherman et al., 

2004), but when it comes to larger gaps, excessive tension occurs at the suture line 
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which increases the chance of clinical failure. Therefore, it is quite challenging in the 

medical field. In case of peripheral nerve injury, which results in gaps larger than 

approximately 1-2 cm, the current clinical gold standard treatment is to use the nerve 

autograft. This treatment, however, has numerous disadvantages including the 

limitation of donor site availability, extra surgery required, risk of neuroma formation 

at the donor site, and possible size dissimilarity (Gao et al., 2013). Several novel 

therapeutic strategies for promoting nerve repair are being studied and developed in 

many stages, including pre-clinical and clinical trials. It has been demonstrated in 

animal models that bioartificial nerve guidance conduits together with living cells such 

as Schwann cells can be efficiently used to repair larger nerve gaps by providing some 

regenerative factors and mimicking the favourable environment supplied by the nerve 

autograft (Gu et al., 2011;Wang et al., 2011b;Daly et al., 2012;Rodrigues et al., 2012). 

Therefore, the field of tissue engineering provides a promising novel approach to 

reconstruct a functional tissue-engineered nerve and hence overcome the drawbacks 

of conventional nerve grafts.  

 Vascularisation  

 Vascular system 

Blood vessel formation is characterised by vasculogenesis and angiogenesis, the 

former referring to the in situ formation of vessels through endothelial precursor cells 

(EPCs) during embryogenesis (Peak et al., 2015). In contrast, angiogenesis is 

initiated due to the presence of already existing vasculature and subsequent 

extracellular matrix (ECM) interactions (Figure 1.4). During angiogenesis, endothelial 

cells (ECs) respond to growth factors regulated by ECM mechanical organisation and 

composition, with cross-linked fibrin and type I collagen playing a central role in cell 

elongation, vascular sprouting and lumen formation (Senger and Davis, 2011). This 

concept has led to the design of collagen and fibrin 3D scaffolds seeded with 

microvascular endothelial cells. The role of endothelial cells in vascularisation is 

essential, as they develop physical interfaces between the blood and the vascular 

stroma through a basement membrane, a stabilising layer of collagen type IV and 

laminin, and can have organ-specific phenotypes (Fu and Wang, 2018). 
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Figure 1.4 Graphical image showing angiogenesis and vasculogenesis mechanisms. 

Vasculogenesis is the process of blood vessel formation from endothelial progenitor cell 

activation during embryogenesis. In contrast, angiogenesis is the process of vascular 

sprouting from an already existing vessel network for extravasation to different tissues and 

organs. Image was taken from Peak et al. (2015) (Peak et al., 2015). 

Angiogenesis is a complex process finely tuned by dynamic interactions between 

ECM components and endothelial cells with possible functional overlaps between 

different proteins and activation of multiple signalling pathways (Figure 1.5). In early 

stages of sprouting angiogenesis, fibrinogen is coagulated to fibrin to form a new 

temporary ECM along with the expression of other essential proteins such as 

fibronectin (Senger and Davis, 2011). This transformation causes the activation of 

quiescent endothelial cells to leaky, hyperpermeable cells that can begin sprouting in 

response to cytokine secretion, acquire lumens and construct neovessels, before 

being stabilised by the vascular basement membrane. In this model, the importance 

of integrin binding to associated receptors on ECs allows for adhesion-dependent 

activation of downstream pathways to support survival and proliferation. At least 

seven heterodimeric integrin proteins (including α1β1 and α2β1 forms) have been 

found to be expressed on endothelial cell surfaces and involved in the processes of 

vascular morphogenesis (Zovein et al., 2010). Migration is also essential for sprout 

formation, and evidence for both fibrin and collagen type I involvement in cytokine-

activated migration is abundant (Dejana et al., 1985;Nicosia and Ottinetti, 1990;van 

Hinsbergh et al., 2001;Senger et al., 2002;Zovein et al., 2010). Anastomosis to other 

vessels further establishes a tightly connected network for successful nutrient and 

oxygen exchange. 
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Figure 1.5 Schematic representation of endothelial cell response to growth factors, 

ECM degradation and basement membrane establishment for neovessel stabilisation. 

Abbreviations: NO: Nitrous oxide, VEGF: vascular endothelial growth factor, Ang1/2: 

Angiopoietin 1/2, MMP: matrix metalloproteases, EGF: endothelial growth factor, FGF: 

fibroblast growth factor, TGFβ:  transforming growth factor β, PDGF: platelet-derived growth 

factor, TNFα: tumour necrosis factor α. Image was taken from David et al. (2009) (David et al., 

2009). 

Morphologically, ECs can take different shapes that depend on the stage of 

development and are organ-specific. The presence of malleable ECM proteins allows 

for a series of contraction forces and ECM remodelling to bring cells together without 

a direct cell-cell contact by generating guidance tunnels (Kniazeva et al., 2011;Rao et 

al., 2012). In vitro 2D modelling studies of spontaneous angiogenesis determined that 

endothelial cells expressing collagen I form connected polygonal networks of hollow 

lumens linked by a continuous stretch of basal lamina (Figure 1.6) (Fouser et al., 

1991). Similarly, in 3D collagen type I scaffolds, ECs align to form tube-like structures 

through coalescence of intracellular vacuoles, further supported by ECM proteolysis 

(Figure 1.6). In both collagen I and fibrin matrices, lumen merging is additionally 

promoted through integrin-mediated actin polymerisation, further driving EC 
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contractility, tube alignment and plasma membrane fusion (Davis and Bayless, 

2003;Sweeney et al., 2003;Liu and Senger, 2004). 

Figure 1.6 The role of collagen type I in 2D and 3D in vitro angiogenic sprouting models.  

Degradation of basement membrane along with the exposure to collagen type I initiate 

morphogenesis of new capillary-like structures in proliferating endothelial cells. Image was 

taken from Davis et al. (2005) (Davis and Senger, 2005). 

 Vascularisation in tissue engineering 

Factors that limit complete nerve regeneration after transplanting tissue-engineered 

constructs are commonly low biocompatibility of the scaffolds and, especially, poor 

survival due to ischemic injury (Auger et al., 2013). One crucial and promising 

approach to overcome these difficulties is to prefabricate capillary-like networks in 

vitro in tissue-engineered constructs (Rivron et al., 2008;Novosel et al., 2011). 

Nowadays, the significance of vascularisation has been taken into account in 

constructing tissue-engineered living tissues. Many authors have described how pre-

vascularisation of tissue-engineered constructs improves blood perfusion and cell 

survival upon transplantation (Levenberg et al., 2005;Lesman et al., 2011;Gholobova 

et al., 2015). Therefore, these technologies are becoming beneficial in translatable 

clinical applications as well as disease modelling. 

In order to generate microvascular networks either in vitro or in vivo, the vital factor is 

to form mature and stable capillary-like structures so that they can be sustained in the 

longer term. Several approaches have been studied to generate microvascular 

networks in vitro. Some studies have attempted to form patterns with cells under in 

vitro conditions using techniques such as soft lithography (Whitesides et al., 2001), 

micropatterning (Folch A., 2000), and photolithography (Kaihara et al., 2000). 

However, a major drawback is that only thin tissues can be engineered. Bioprinting is 
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also an emerging field in tissue engineering. It focuses on organising cells and 

molecules in 3D in vitro, mimicking their distribution in organs in vivo, which in this 

case aims to design vascular-like structures. However, these technologies are still in 

relatively early stages of development and have some barriers in term of price, 

scalability, mechanical properties and ease of use (Campbell and Weiss, 2007). 

Another approach is employing the ability of endothelial cells to spontaneously form 

networks within scaffolds. Endothelial cells can spontaneously form capillary-like 

networks when they are 3D cultured in vitro under permissive conditions. They have 

been demonstrated to be able to form tube-like structures within hydrogels either by 

coculturing with other cell types like fibroblasts, pericytes or by adding angiogenic 

growth factors (Berthod et al., 2006;Berthod et al., 2012). Without external growth 

factors, endothelial cells in collagen gels can form tubule structures (Montano et al., 

2010;Saunders and Hammer, 2010). The vasculogenic spontaneous network 

formation of endothelial cells throughout a scaffold made by type I collagen gels has 

been demonstrated to be one of the most promising methods recently (Stratman et 

al., 2009;Chen et al., 2010;Davis et al., 2011;Rao et al., 2012). The study by Feng et 

al. (2013) determined a differential regulation of sprout angiogenesis of human dermal 

microvascular endothelial cells in either fibrin or collagen type I 3D scaffolds. They 

further reported a correlation between inhibition of collagen integrin receptor inhibition 

(integrin α2β1) and diminished sprout angiogenesis (Feng et al., 2013). Interestingly, 

applying a tethering system on a fibrin 3D construct seeded with human umbilical cord 

vein cells (HUVEC) led to the augmentation of microvessel contraction and alignment 

(Morin et al., 2013). Other studies have reported enhanced sprouting and network 

formation as a consequence of fibroblast-derived factors (Newman et al., 2011), and 

co-cultures of human endothelial cells and fibroblasts in collagen and fibrin/collagen 

microbead blends (Rioja et al., 2016). Several authors have described the impairment 

of EC survival when cultured alone in 3D hydrogels. To improve tube-like formation 

and stabilisation, researchers have achieved co-cultures of supporting cells 

(fibroblasts, pericytes or other tissue-specific cell types) with microvascular 

endothelial cells, an extremely attractive concept for the generation of lasting pre-

vascularised 3D constructs (Stratman et al., 2009;Chen et al., 2010;Morin et al., 

2013). 

 Angiogeneic cell sources 

There are a variety of angiogeneic cell sources, depending on the applications and 

the targeted organs/tissues. For tissue engineering purposes, numerous factors need 
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to be considered when selecting a cell type. Cells can be obtained from autologous, 

allogeneic or xenogeneic sources. Autologous cell sources are often the most 

desirable option because of their reduced risk of immune rejection. However, there 

are some limitations involved such as delayed time required to obtain a sufficient 

number of cells, variability and reduced regenerative capacity of the patient’s cells 

with age. Allogeneic cell sources may overcome these drawbacks, but there is also a 

risk for possible host immune rejection and disease transmission.   

Whether to use primary cells (isolated directly from human or animal tissues) or 

permanent cell lines (immortalised or continuous cells that can proliferate indefinitely), 

is also another important consideration. Although permanent cell lines can be 

expanded indefinitely, and easy to handle, through repeated passaging their 

phenotypic characteristics may have been altered such that they will not eventually 

mimic the original cells. As a result, although having a limited lifespan, primary 

isolated cells are often considered to be more clinically relevant and offer several 

advantages in tissue engineering studies. In this research, a primary endothelial cell 

type was chosen for investigation. 

Endothelial cells (ECs) are commonly used in several studies associated with the 

development and assessment of model systems for vasculogenesis and 

angiogenesis. Depending on vessel type, the structure and phenotype of endothelial 

cells can be different (Ghitescu and Robert, 2002). They can range from 

microvascular sources such as human dermal microvascular endothelial cells 

(HDMECs) (Unger et al., 2010;Spuul et al., 2016) to macrovascular sources such as 

human coronary artery endothelial cells (HCAECs) (He et al., 2005;Sakata and 

Matsuse, 2017). Species of origin of endothelial cells can also differ based on the 

justification of a study, but human cells tend to be preferred as they are most clinically 

relevant and translational. The selection of an endothelial cell source is, therefore, 

mainly dependent on the particular purpose of each study.  

Human Umbilical Vein Endothelial Cells (HUVECs) have been widely used in 

angiogenesis studies as well as in vitro vascularisation of tissue-engineered 

constructs. They have demonstrated the spontaneous formation of functional tube-

like structures both in vitro and in vivo (Correia et al., 2011;Shandalov et al., 2014;Bak 

et al., 2016;Liu et al., 2017). Compared to other endothelial cell sources, HUVECs 

can be easily extracted from the available supply of umbilical cords and can be 

expanded to large numbers.  They are mature cells and thus may not be suitable and 

readily available as autologous cell sources. On the other hand, endothelial progenitor 



30 
 

cells (EPCs) are promising autologous cell sources as they can be easily isolated 

from donor blood, and they can be differentiated into functional endothelial cells. They 

have been shown to potentially vascularise tissue-engineered constructs in vitro and 

revascularise injured tissues in vivo (Kalka et al., 2000;Losordo et al., 2007;Allen et 

al., 2011;Ghanaati et al., 2011;Teraa et al., 2015). Recently, researchers have 

investigated the potential of induced pluripotent stem cells (iPSCs) for tissue-

engineered vascularisation. iPSCs can differentiate into an indefinite number of ECs 

and improve vascularisation in injured tissues indicating their potential as an off-the-

shelf source of endothelial cells (Adams et al., 2013;Clayton et al., 2018;Tan et al., 

2018;Rosa et al., 2019). 

 Vascularisation and nerve regeneration 

Apart from nerve injury severity, vascular supply to the nerve bed also governs the 

timing of nerve repair (Durward, 1948;Siemionow and Sari, 2004;Terzis and 

Kostopoulos, 2010). Terzis and Kostopoulos (2010) clinically reported that 

vascularised nerve grafts provided faster nerve regeneration rate and significant 

functional outcomes in severely scarred upper extremities in patients in whom 

conventional nerve grafts had failed (Terzis and Kostopoulos, 2010). It is important 

that the engineered nerve construct can develop a network of blood vessels because 

cells within it need oxygen and nutrients and hence vascularisation is essential (Gao 

et al., 2013). 

 Vasculature of the peripheral nerve system 

 

Figure 1.7 Microcirculation system of peripheral nerve. The regional extrinsic vessels (EV) 

and branch radicular vessels (RV) supply the intrinsic circulation of the vasa nervorum. The 

intrinsic circulation consists of longitudinally oriented vessels that course to the perineurium 

(Peri) (Lundborg, 1988). 
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The vascular system of the peripheral nerve, the vasa nervorum, can be categorised 

into two systems: extrinsic and intrinsic (Best and Mackinnon, 1994). The extrinsic 

system comprises a series of arterioles and venules which mainly supply the 

epineurial and perineurial regions of the nerve and functionally serve as nutrient 

vessels. On the other hand, the intrinsic system operates independently from the 

extrinsic system. This system involves small arteries that provide blood supply to the 

inner, endoneurial nerve compartment.  

In the extrinsic blood supply, large external arteries and veins approach and run 

parallel along the section of a peripheral nerve (Cameron and Cotter, 2003). The 

extrinsic vasculature primarily regulates the peripheral nerve blood flow (Appenzeller 

et al., 1984;Zochodne, 2002). The intrinsic circulation, on the other hand, lacks the 

ability to autoregulate (Smith et al., 1977). As a result, this makes the nerve 

susceptible to ischemia and thus can lead to nerve hypoxia and damage. The 

endoneurial blood is mainly originated from the extrinsic blood vessels that penetrate 

the endoneurium. Another factor that makes the nerve prone to ischemia is that 

capillaries of the vasa nervorum usually have a large diameter and they are not as 

close together as in other tissues (Low et al., 1989). 

Conventional nerve grafting will interrupt both the extrinsic and intrinsic vascular 

system and this can be restored only by peripheral neovascularisation. The early 

ischemia of conventional nerve grafts influences graft necrosis and thereby degrades 

their capability for promoting axonal regeneration (Lind and Wood, 1986). 

Vascularisation in nerve tissue engineering, therefore, is needed.    

 Nerve vascularisation 

Vasculature plays a significant role in regeneration by supplying oxygen, nutrients and 

other growth factors crucial to support neuronal regeneration (Ronald and Robert, 

1995). Vascularisation, consisting of proliferation of endothelial cells and the 

formation of new vessels, is, therefore, an essential component of the regeneration 

response, especially in those cases where the nerve has been transected and must 

regenerate across a gap. Considerable attention has been focused on enhancing the 

efficiency of the conventional nerve graft by providing immediate vascular supply to 

the graft (Taylor and Ham, 1976;Koshima et al., 2003;Hasegawa et al., 

2004;Guntinas-Lichius, 2005;Terzis and Kostopoulos, 2010). Therefore, an 

understanding of nerve revascularisation mechanisms is important.  
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Revascularisation in a conventional nerve graft can be categorised into two methods: 

longitudinal inosculation where vessels within the graft are sources of 

revascularisation, and peripheral neovascularisation in which vessels from the 

surrounding area grow into the graft tissue (Best and Mackinnon, 1994). However, 

understanding which method of revascularisation is predominant is a controversial 

issue. According to several experimental studies performed in rat and rabbit sciatic 

nerve injury models, endoneural vessels from the proximal and distal nerve stumps 

as well as extraneural vessels from the surrounding vascular bed vascularise a nerve 

graft (McCullough et al., 1984;Penkert et al., 1988;Shibata et al., 1988;Ozcan et al., 

1993a). One theory suggests that the predominant source of revascularisation comes 

from the surrounding tissue bed based on the observation of greater blood flow in the 

epineurial connective tissue of the conventional nerve grafts compared to that of 

fascicular tissue, using a canine sciatic nerve injury model (Daly and Wood, 1985;Lind 

and Wood, 1986). It has been demonstrated in a 6 cm dog saphenous nerve injury 

model that in the middle region of a conventional nerve graft, there was much more 

blood flow compared to that of an entubulated graft in which vascularisation from the 

surrounding tissue bed was blocked, implying that revascularisation from the 

peripheral vascular bed is the primary method of nerve revascularisation to restore 

blood flow (Prpa et al., 2002). The ability to revascularise the centre of the nerve 

decreases, as donor nerve diameter increases (Bunnell and Boyes, 1939;Tarlove and 

Epstein, 1945). 

On the other hand, several researchers have argued against peripheral ingrowth as 

a predominant mechanism for revascularisation and instead suggested longitudinal 

ingrowth as a primary means of vascular infiltration (Best et al., 1999;Lee et al., 1999). 

It has been postulated that for nerve graft revascularisation longitudinal vascular 

ingrowth is more significant than peripheral ingrowth (Lee et al., 2016). According to 

microangiography of a 10 mm rat sciatic nerve injury model, revascularised vessels 

were developed from both the proximal and distal nerve stumps (Lee et al., 2016). A 

study by Maki et al. (1997) in a rat sciatic nerve model highlights the significance of 

the intrinsic blood supply of the peripheral nerve, proposing that nerves with long 

lengths could be supported with nutrients by the endoneurial microvasculature (Maki 

et al., 1997). 

 Angiogenesis and nerve regeneration 

Many studies have shown the importance of vascularisation for nerve regeneration 

as well as the relationship between these two processes. Tarlove and Epstein (1945) 
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reported that in a canine sciatic nerve model the rate of vascularisation seems to limit 

the growth of the axons into a peripheral nerve graft, although the physical substrate 

is present (Tarlove and Epstein, 1945). It has also been noted that in the region where 

blood vessels are abundant, axonal regeneration appeared to be largely promoted 

(Weddell, 1942). Increased rates of axonal regeneration have been found in the area 

where larger blood vessels are present as well. Changes in capillary number (Nukada, 

1988), and permeability (Weerasuriya, 1988;Weerasuriya, 1990) that rely on 

successful axonal regeneration suggest that there is an interaction between blood 

vessels and regenerating axons. Furthermore, Hobson et al. (1997) demonstrated 

morphological inter-relationships between angiogenesis and axonal regeneration 

(Hobson et al., 1997). According to the study in a rat sciatic nerve injury model, 

Schwann cells and axons appeared to regenerate the greatest in well-vascularised 

regions where vessels were aligned longitudinally; the blood vessel front preceded 

Schwann cell migration and axonal regeneration. Also, the endoneurial vasculature 

preceded the outgrowth of axons from the nerve proximal stump. Vascular endothelial 

growth factor (VEGF) significantly increased vascularisation and this enhanced 

axonal regrowth and Schwann cell proliferation, indicating that increased 

vascularisation improves and supports the growth of regenerating nerve fibres. A 

recent study done in the inferior alveolar nerve in mice also reported the significance 

of VEGF-VEGFR signalling in local angiogenesis which then triggers peripheral nerve 

regeneration (Nishida et al., 2018). 

According to the diameter and function of different blood vessels, the amount of 

connective tissue layer and smooth muscle layer in the vessel wall can vary. However, 

the inner endothelial lining is always present, which mainly consists of endothelial 

cells; they are known to synthesise several factors that are supportive of nerve 

regeneration. There is now substantial evidence for a direct interaction between 

angiogenesis and nerve regeneration, suggesting crosstalk between neural cells and 

vascular cells. This is illustrated by the fact that VEGF and Sema3A, which are 

proteins produced by endothelial cells and neurons, respectively, have opposing 

effects against neural cells and vascular cells (Miao et al., 1999;Bagnard et al., 2001). 

Sema3A, competing with VEGF, inhibits endothelial cell motility as well as axon 

motility, which are mediated by Neuropilin1-binding sites. In addition, VEGF 

antagonises apoptosis induced by Sema3A. Conditions, where neural activity is 

improved, are also seen to trigger angiogenesis (Black et al., 1990;Kokaia and 

Lindvall, 2003). Branching of nerves and blood vessels are molecularly associated; 

molecular cues from both nerves and blood vessels can dominate the branching and 
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patterning of one another. Moreover, when subventricular zone (SVZ) explants from 

the adult rat brain are co-cultured with endothelial cells, neurite outgrowth and 

migration of neurons are enhanced (Leventhal et al., 1999). Similarly, it is found that 

vitronectin and heparin sulphate proteoglycans, glycoproteins expressed on the 

surface of endothelial cells, are involved in neurite activity and growth (Isahara and 

Yamamoto, 1995). A recent study by Jauhiainen et al. (2019) showed for the first time 

that the fibronectin and leucine-rich transmembrane protein-3 (FLRT3), an axon 

guidance-related factor, also regulates both VEGF-signalling and endothelial cell 

functions (Jauhiainen et al., 2019). Furthermore, Grasman and Kaplan (2017) 

reported that HUVECs enhanced axonal growth by secreting neurotrophic factors, 

specifically brain-derived neurotrophic factor (BDNF), and growing axons were found 

to be in close proximity to clusters of HUVECs (Grasman and Kaplan, 2017). This 

suggests that endothelial cells could help promote neurite elongation by providing 

molecular cues in the early stage.  

Interestingly, apart from chemical cues released from endothelial cells that help 

neurogenesis and nerve regeneration, the surface of the blood vessel itself has been 

demonstrated to support Schwann cell migration (Cattin et al., 2015). To be more 

specific, the physical surface of the blood vessel is required for Schwann cells to 

efficiently migrate along and thus form bands of Büngner that help axonal 

regeneration. The relationship between Schwann cell migration and angiogenesis in 

damaged peripheral nerves would be of particular interest for peripheral nerve injury 

repair. Similarly, in a co-culture model of rat Schwann cells and HUVECs using poly 

(lactic-co-glycolic acid) nanofibres, the authors observed differential expression of key 

angiogenesis markers (e.g. VEGF) relative to HUVEC cultures alone, leading to the 

promotion of HUVEC migration and alignment (Ramos et al., 2015). In another study, 

Carmeliet et al. (2005) also demonstrated that blood vessels form the scaffolding, or 

supportive network, upon which axons can regenerate (Carmeliet and Tessier-Lavigne, 

2005). If the blood vessels are not healthy, which is determined by an intact endothelium, 

the axons cannot repair.   

To sum up, vascularisation plays significant roles in promoting nerve regeneration. In 

general, it provides nutrients and oxygen for cells within the construct and thus 

increases long-term survival. Endothelial cells, which are the main component of 

blood vessels, furthermore, secrete beneficial molecules for neurogenesis and nerve 

regeneration. Blood vessels also serve as tracks for Schwann cells to migrate along 
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and thus guide axonal growth. As a result, having vascularised artificial nerve conduits 

could greatly enhance nerve regeneration.   

 Peripheral nerve tissue engineering 

Tissue engineering is a multidisciplinary field that is attempting to integrate cells, 

scaffold materials, engineering methodology, and appropriate biologically active 

factors into functional replacement tissues that restore or improve biological functions 

(Langer and Vacanti, 1993). In general, its primary goal is to develop three-

dimensional scaffolds that mimic the native environment and architecture of tissues 

and thus help support cell growth and attachment. As a result, a scaffold plays a very 

significant role in the success of an engineered nerve construct. At the same time, the 

important strategy is to eliminate fibrosis and inflammation upon implantation of the 

nerve constructs. Tissue-engineered constructs involve both biological and 

physiochemical cues which are provided by cellular components and biomaterial 

scaffolds respectively.  

 Scaffolds 

Scaffold materials represent essential components required for successful tissue-

engineered grafts (Subramanian et al., 2009). Scaffolds serve as structural supports 

which can enhance the migration of cells from the surrounding tissue, which has been 

shown in the skin (Chalmers et al., 2010) and the bladder (Atala et al., 2006), amongst 

other tissues. The thickness, shape and pore size of the scaffolds influence cell 

behaviour, adhesion, proliferation and, importantly, the organisation of tissues. In the 

case of the neural scaffold, it should be able to provide multiple cues to promote 

neuron growth including mimicking native extracellular matrix, providing better contact 

guidance for neurite outgrowth between the proximal and distal ends of the nerve gap 

as well as promoting cell viability and proliferation (Subramanian et al., 2009). 

Scaffolds can be made from either synthetic materials or natural materials. The most 

widely used scaffolds for the reconstruction of a nerve both in vitro and in vivo are 

polymeric biomaterials, because of their tailored mechanical properties, degradation 

rate as well as porosity (Carbonetto et al., 1982;Schmidt and Leach, 2003;Nectow et 

al., 2012). 

Different types of synthetic polymers such as polyurethanes, aliphatic polyesters, and 

some electrically conducting polymers have been recently utilised as biomaterials in 

neural tissue engineering (Gu et al., 2014). The most significant disadvantage of using 

synthetic material scaffolds is that the scaffolds themselves or their degradation by-
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products can elicit inflammatory responses. On the other hand, natural material 

scaffolds can overcome this drawback since they are originally from biological 

sources which means they can be easily absorbed and degraded naturally by 

enzymes present in the human body (Gaalen et al., 2008). Additionally, natural 

scaffolds have bioactive properties which are useful to promote interactions between 

the cells and the scaffolds and thus improve the regeneration of tissues. Natural 

biomaterial scaffolds for nerve tissue engineering can be divided into two categories:  

(1) autologous and allogeneic neural tissues that have been treated with a 

decellularisation procedure (Schmidt and Leach, 2003), and (2) biological polymers, 

including components deriving from the extracellular matrix (ECM) such as collagen, 

fibrin, fibronectin, and laminin, and other polysaccharides (chitosan, alginate, 

agarose) and proteins (silk fibroin, keratin) (Khaing and Schmidt, 2012).  

 Extracellular matrix components in nerve tissue engineering 

In peripheral nerves, the presence of fibroblasts and Schwann cells sustain the 

production of ECM components including collagens, proteoglycans and glycoproteins 

to maintain the architecture and organisation of the axonal network. The ECM is 

abundantly rich in collagens, fibrillar structures that represent approximately 70% of 

total protein in the body, with collagen type I predominantly expressed (Alovskaya et 

al., 2007). Fibrillogenesis is initiated by the formation of the triple-helical procollagen, 

with high tensile strength and rich in amino acids proline and hydroxyproline (Figure 

1.8). The enzymatic action of procollagen peptidase leads to fibril assembly and 

subsequent packaging into collagen fibres (Alovskaya et al., 2007). 
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Figure 1.8 Collagen fibre assembly from primary sequence up to the fibril. Precursor α-

chains are assembled to form triple-helical procollagen molecules. Procollagen (triple helix) is 

converted to collagen by enzymatic cleavage of the propeptides. The collagen molecules self-

assemble into collagen fibrils. The fibrils assemble laterally into collagen fibres. The 67-nm 

periodicity is created by packing together rows of collagen molecules in which each row is 

displaced by one-fourth of the length of a single molecule. Image was taken from Murray et al. 

(2003) (Murray, 2003). 

During nerve damage, the degradation of the basal lamina triggers fibroblasts to 

upregulate their secretion of interstitial collagen throughout the injury, resulting in the 

augmentation of tensile tension of the impaired nerve, which then combines with the 

anisotropic architecture of the collagen fibrils to provide the sites of transduction for 

mechanical signals important for subsequent Schwann-cell mediated myelin coating 

of new axons (Chernousov et al., 2006;Houschyar et al., 2016;Belin et al., 2017). In 

particular, collagen type I has been associated by several authors with the promotion 

of Schwann cell migration and proliferation during repair (Allodi et al., 2012;Carriel et 

al., 2014;Houschyar et al., 2016). 

Fibrin is the most abundant protein found within a blood clot and plays a primary role 

in the wound healing process, whereby fibrin matrix deposition is followed by 

synthesis and secretion of collagens by fibroblasts (Alovskaya et al., 2007). The 

production of fibrin is a consequence of the enzymatic cleavage of monomeric 

fibrinogen by the protease thrombin, leading to its aggregation and polymerisation to 

form a dense mesh (Figure 1.9) (Lai et al., 2012). 
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Figure 1.9 The formation of cross-linked fibrin from fibrinogen. Fibrinogen is composed 

of 2Aα, 2Bβ, and 2γ-chains, which are arranged in a dimer of bilateral symmetry. The central 

E-region contains the N-termini of all 6 chains. The D-region, which is connected with the E-

region by a coiled-coil segment, is composed of the β- and γ-chain C-termini. The α-chain C-

termini fold back on the coiled-coil and interact with the E-region. Fibrin formation involves 

cleavage of fibrinopeptide A (FpA) (orange) by thrombin (fibrin I), which polymerises into 

protofibrils. Subsequently, fibrinopeptide B (FpB) (green) is cleaved by thrombin (fibrin II). FpB 

cleavage is associated with the release of the C-terminal α-domains, which interact for lateral 

aggregation. Image was taken from Undas et al. (2011) (Undas and Ariens, 2011). 

Unlike collagen, fibrin acts as a temporary repair ECM constituent, with the dense, 

sticky material frequently being used as ‘glue’ in surgery. Clinically, the use of fibrin 

scaffold matrices has been used to deliver growth factors and cells for both peripheral 

nerve and spinal cord repair (Shimada et al., 2006;Kalbermatten et al., 2008;Lee et 

al., 2011). 

In recent years, hydrogels have been widely studied and developed as appropriate 

nerve scaffold materials (Woerly et al., 1990;Drury and Mooney, 2003). Hydrogels 

provide suitable mechanical, chemical properties and spatial environment of a three-

dimensional network, which to some extent mimics the natural ECM, supporting 

cultured cells in 3D structures in vitro (Geckil et al., 2010;Aurand et al., 2012). ECM 

hydrogels, specifically collagen and fibrin hydrogels, have been demonstrated to 

(cross-linked fibrin 3D hydrogel) 
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improve peripheral nerve regeneration over long distances (Dillon et al., 

1998;Balgude et al., 2001). Also, it has been recently shown that collagen hydrogels 

can promote neurite outgrowth from rat DRGs (Deister et al., 2007). 

 Cells 

The lack of cells in acellular nerve grafts has been shown to limit their regeneration 

capacity (Krekoski et al., 2002;Jesuraj et al., 2014;Hoben et al., 2015). Therefore, for 

better outcomes of peripheral nerve regeneration, the scaffolds should contain 

support cells and other biochemical cues (Gu et al., 2014). 

Schwann cells are important glial cells for peripheral nerve regeneration. After nerve 

injury, Schwann cells are activated from their original myelinating or non-myelinating 

state to a proliferating state to be repair Schwann cells which specifically encourage 

regeneration (Walsh and Midha, 2009;Jessen and Mirsky, 2019). These cells secrete 

neurotrophic factors, elongate, branch and form regeneration tracks, called bands of 

Bünger which serve as scaffolds to guide axonal regrowth (Navarro et al., 2007). 

However, these repair Schwann cells are not stable, and their number gradually 

declines, reducing the successfulness of nerve regeneration, especially in a large 

nerve defect (Weinberg and Spencer, 1978;Hall, 1999). As a result, much research 

has focused on supplementing nerve conduits with Schwann cells. In this study, rat 

F7 Schwann cell lines were selected as a model Schwann cell type for investigations 

because of their ease of use, consistency and reproducibility of results. It has been 

shown that F7 Schwann cells exhibit molecular markers of primary Schwann cells 

including the calcium-binding cytosolic protein S100. Also, F7 cells are able to form 

myelin sheaths when transplanted in the rat peripheral nerve injury site in vivo 

(Haynes et al., 1994).  

 Nerve guidance conduits 

Historically, the use of nerve guidance conduits, a technique termed tubulisation, has 

been devised to allow axons to regenerate through growth-promotion instead of direct 

nerve implantation (Arslantunali et al., 2014). Whilst the nerve autograft is limited, not 

readily available, and involved with donor site morbidity, nerve conduits can effectively 

solve these problems by offering mechanical support and direction to the axons 

growing from the proximal to the distal nerve stumps (Figure 1.10). First-generation 

hollow and decellularised conduits have received FDA approval and are currently 

being used to bridge shorter gaps, with reasonable clinical response rates 

(Arslantunali et al., 2014;Carriel et al., 2014). 
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Despite the success of hollow nerve guidance conduits in bridging short nerve gaps, 

they fail to support axon regeneration across nerve injury gaps greater than 

approximately 20 mm (Brushart et al., 1995;Ribeiro-Resende et al., 2009). Several 

approaches, therefore, have been developed to overcome this limitation. The ideal 

nerve conduit should have the physical and chemical characteristics to support cell 

growth within the bridge. Microarchitecture within the nerve conduit is a crucial factor 

for the attachment and adhesion of regenerating cells to facilitate long-term 

regeneration. Incorporation of either a synthetic matrix or biologically-derived matrix 

into the hollow conduits can enhance axonal regeneration. ECM molecules such as 

collagen, fibrin, fibronectin and laminin have been widely used as they are 

biocompatible and beneficial towards nerve regeneration (Bailey et al., 1993;Labrador 

et al., 1998;Lee et al., 2012). Furthermore, these matrices can be designed to be 

aligned longitudinally to promote directional axonal outgrowth, which is the key feature 

of native nerve tissues. 

  

Figure 1.10 Bridging the peripheral nerve gap. The ideal nerve guidance conduit should be 

biodegradable, biocompatible and have any of the following properties: conduit permeability 

for nutrient exchange, ability for molecule release/encapsulation, conduit channel or fibre 

incorporation and seeded with appropriate cells for maximisation of nerve guidance. Image 

was taken from Dalamagkas et al. (2016) (Dalamagkas et al., 2016). 

Proximal 

Distal 
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 Aligned cellular materials 

In nerve tissue engineering, building anisotropic cellular constructs has been the 

focus of much research, as it is a common feature found within the nervous system. 

Aligned cellular materials have also shown abilities to modulate several cell 

behaviours such as cell migration, differentiation, and extracellular matrix remodelling 

(Brown and Phillips, 2007). A range of approaches to generate aligned cellular 

matrices have been investigated including the use of mechanical loading, magnetic 

fields, electrospinning, and topographic or micropatterned surfaces (Park et al., 

2007;Walters and Stegemann, 2014;Datta et al., 2019). Huang et al. (2018) 

established anisotropic surface topography made from poly(ethylene-vinyl 

acetate)(EVA) via a nanoimprinting technique and showed that it could guide and 

direct axonal outgrowth from DRG neurons (Huang et al., 2018). Electrospun poly(ɛ-

caprolactone) nanofibrous mats seeded with Schwann cells were shown to facilitate 

nerve regeneration in a rat sciatic nerve model (Xie et al., 2014). However, these 

approaches require a cell-seeding step into a pre-aligned scaffold.  

 Self-alignment in tethered collagen gels 

Besides the conventional approaches of pre-aligning the scaffold to confer alignment 

on cells, the concept of employing a self-alignment capability of cells has also been 

studied (Eastwood et al., 1998;Sethi et al., 2002). This exploited an inherent capability 

of cells to contract and respond to tension between themselves and their surrounding 

ECM, resulting in tension and cellular alignment. In this way, the alignment of both 

ECM fibrils and cells occurred simultaneously through cell-matrix coupling, which 

rules out the cell seeding step required with pre-aligned scaffolds (Phillips, 2014). 

Previous studies have examined this cellular self-alignment in tethered collagen gels 

in several tissue engineering applications. Phillips et al. (2005) firstly used this 

technique to produce a silicone tethering conduit for nerve repair (Phillips et al., 2005). 

Aligned Schwann cell-seeded collagen constructs (tethered in silicone tubes) were 

achieved and shown to support axonal regeneration in a 5 mm rat sciatic nerve injury 

model.  

Whilst the cellular self-alignment concept has been widely studied, the inherently 

weak mechanical properties of the fully-hydrated hydrogels limited the effectiveness 

of this anisotropic cellular construct to be used for tissue repair. Plastic compression 

has been introduced to overcome this problem by Brown et al. (2005). The plastic 

compression process requires removing much of the interstitial fluid within fully-

hydrated hydrogels, resulting in dense, tissue-like mechanical hydrogel constructs 
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with maintained cell viability that have been applied in a variety of tissue engineering 

applications. In nerve tissue engineering, Georgiou et al. (2013) used this plastic 

compression technique to stabilise aligned Schwann cell collagen gels to achieve a 

robust stabilised collagen sheet, also called Engineered Neural Tissue (EngNT), 

which mimics the bands of Büngner that can guide and support neurite outgrowth 

from the proximal to the distal stump of the nerve injury gap (Georgiou et al., 2013). 

Initial results showed that EngNT is capable of promoting neuron regeneration across 

a critical-sized defect in the rat sciatic nerve (Georgiou et al., 2013). This approach 

has been widely applied to different cell types such as human dental pulp stem cells, 

adipose-derived stem cells and clinical-grade human neural stem cells to improve 

nerve repair (Martens et al., 2014;Sanen et al., 2017;O'Rourke et al., 2018). 

 Gel aspiration-ejection technique 

Although EngNT has been demonstrated as a potential tissue-engineered nerve 

construct, this system requires multiple steps to achieve the final product, which 

includes the alignment, plastic compression and rolling process (Georgiou et al., 

2015), which may be challenging for scaling-up the manufacturing process and 

translating the approach. As a result, it would be beneficial to explore other ways to 

rapidly generate aligned cellular collagen gels.  

Recently, the collagen gel aspiration-ejection (GAE) technique has been developed 

to produce dense collagen gels with tuneable collagen fibril densities and 

microstructures (Marelli et al., 2015). This method exploits negative pressure created 

within a syringe to draw prefabricated highly-hydrated cellular collagen gels into a 

needle, simultaneously imparting compaction and anisotropy on the gels, which are 

then ejected in a controllable manner. A previous study reported that the GAE gels 

maintained mesenchymal stem cell viability and accelerated the differentiation toward 

an osteoblastic cell-type and enhanced neuronal transdifferentiation (Marelli et al., 

2015). Furthermore, GAE hybrid gel scaffolds made from collagen combined with 

bioactive glass exhibited potential osteoinductive properties, as shown by the 

formation of carbonated hydroxyapatite (CHA) in simulated body fluid, which mimics 

the in vivo surrounding bone environment (Miri et al., 2016). However, this technique 

has not been tested for nerve tissue engineering.  
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 Vascularisation strategies for peripheral nerve tissue engineering 

Vascularisation is essential for peripheral nervous system tissue engineering in 

numerous ways. It provides the blood supply and nutrition to the nerve graft which 

can prevent early ischaemia. Also, vascularisation has been shown to reduce 

intraneural fibrosis and improve axonal regeneration (Tarlove and Epstein, 1945). 

Vascular nerve substitutes are, therefore, beneficial to repair longer gap nerve injury. 

Vascularisation strategies are reviewed by the author in detail in a previous 

publication (Muangsanit et al., 2018) and can be divided into four main groups: 1. 

Vascularised nerve grafts, 2. Vascularised grafts by vascular implantation, 3. Blood 

vessel-including tubulation and 4. Biogenic vascularised nerve conduits (Muangsanit 

et al., 2018). A summary of all approaches is provided in Table 1.1. 
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Table 1.1. Summary of the approaches to generate vascularised nerve grafts/conduits and some example studies. Taken from Muangsanit et al. (2018) 

(Muangsanit et al., 2018). The initial search criteria included “vascularised nerve grafts” AND “nerve tissue engineering” AND “blood vessels” AND “nerve 

conduits” (+/- clinical). Eligible studies were first identified by title and abstract and then the full-text papers were retrieved. Studies that did not involve fabricating 

vascularised nerve grafts/conduits were excluded. 

‘N/A’ indicates that there are no results of an in vivo assessment of the construct. 

Abbreviations: CMAP, compound muscle action potential; SFI, sciatic functional index. 

 

Method 

 
Nerve Type  

and its Source of 
Vascularisation 

 

Species 

 

Nerve gap 

 

Time 
point 

 

Outcomes compared with 
controls 

 

Reference 

 

 

 

 

Vascularised 
nerve grafts 

 

 

Vascularised sural nerve 
graft 

 

Human 

 

12-41 m 

 

12-41 
months 

- No control 
- Sensitivity was recovered in a 

satisfactory manner 
- The patients were satisfied with 

their treatment outcomes 

 

(Rose and 
Kowalski, 

1985) 

 

Sciatic nerve graft with 
proximal preserved pedicle 

 

Rabbit 

 

45 mm 

 

5-15 
weeks 

- Conventional nonvascularised 
sciatic nerve graft as a control 

- Improved remyelination 
- Increased number of axonal 

fibres 
-  

 

(Restrepo 
et al., 
1985) 

 

Rabbit median nerve graft 
with brachial vessels 

 

Rabbit 

 

30 mm 

 

10 and 24 
weeks 

- Conventional nonvascularised 
median nerve graft as a control 

- Greater muscle contraction force 
and number of axons 
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 - No statistical difference in CMAP 
area and muscle weight 

(Shibata 
et al., 
1988) 

 

Rat sciatic nerve with caudal 
femoral vessels 

 

Rat 

 

15 m 

 

1-24 
weeks 

- Free sciatic nerve graft as a 
control 

- Faster motor nerve conduction 
velocity 

- Greater density of regenerated 
axons  

 

(Koshima 
and Harii, 

1985) 

 

 

 

Vascularised 
grafts by vascular 

implantation  
 
 

 

 

 

 

 

Implanting an arteriovenous 
fistula into the sciatic nerve 

 

Rat 

 

N/A 

 

N/A 

 

N/A 

 

(Cavadas 
and Vera-
Sempere, 

1994) 

Peripheral nerve graft was 
placed into the groove 

between the femoral artery 
and vein for 14 days 

 

Rabbit 

 

N/A 

 

N/A 

 

N/A 

 

(Saray et 
al., 2002) 

 

PGA nerve conduit 
vascularised by host 

superficial inferior epigastric 
(SIE) for 14 days 

 

 

 

Rat 

 

 

15 mm 

 

 

1-18 
weeks 

- Nonvascularised conduit graft 
and an autograft as controls 

- Better functional outcomes and 
more myelinated axons than that 
of the novascularised conduit 
group 

- Did not achieve the level of 
reinnervation of autograft 

 

(Iijima et 
al., 2016) 
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Amnion tube placed in 
contact with the femoral 

artery and vein for 3 weeks 

 

Rat 

 

10 mm 

 

3 months 

- Nonvascularised amnion tube as 
a control 

- Higher number of axons 
- Larger axon diameters 
- Thicker myelin sheath 

 

(Ozcan et 
al., 1993b) 

 

 

 

 

 

Blood vessels-
including 
tubulation 

 

Insertion of a subcutaneous 
artery and sciatic nerve in a 

silicone tube 

 

Rat 

 

5 mm 

 

4, 8 and 
15 weeks 

- Silicone tube only as a control 
- Contain more capillaries than the 

control 
- More functional and 

morphological recovery of 
regenerating nerve 

 

(Kosaka, 
1990) 

 

Silicone tube containing 
sural vessels 

 

Rat 

 

25 mm 

 

12 and 24 
weeks 

- No control 
- Axons able to regenerate across 

the gap  
- Reinnervate the tibialis anterior 

muscle 6 months after operation 

 

(Kakinoki 
et al., 
1997) 

 

Silicone tube with a 
subcutaneous artery 

adjacent to the injured nerve 

 

Human 

 

30-50 mm 

 

6-9 
months 

- No control 
- Out of 9 nerves, with a follow-up 

of 6-9 months, the results were 
excellent in 5 nerves, good in 2 
and poor in 2 

 

(Yong-
xiang and 

Ti-pei, 
1992) 

 

 

 

 

 

Silicone rod placed near a 
sciatic nerve for 8 weeks 

 

 

Rat 

 

 

15 mm 

 

 

8 weeks 

- Nonvascularised biological 
conduit as a control 

- Vascularised conduit had 
significantly improved mean peak 
amplitudes of the CMAPs 

- No statistical difference between 
the groups in terms of latencies 

 

 

(Yapici et 
al., 2017) 
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Vascularised 
biogenic conduits 

 

 

- The myelinated axonal counts 
was significantly higher 

In vivo formation of biogenic 
conduit after 4 weeks of 

implantation parallel to the 
sciatic nerve 

 

Rat 

 

15 mm 

 

1,2,3, and 
4 weeks 

- Autologous nerve graft as a 
control 

- All groups showed an increase of 
SFI after 4 weeks with no 
significant difference 

- Significant higher intraneural 
amount of fibrous tissue in 
biogenic conduit  

- Myelin sheaths were thicker  

 

 

(Penna et 
al., 2011) 

 

Silicone rubber rod left in situ 
for at least 3 weeks 

 

Rat 

 

10-12 mm 

 

3 months 

 
- No control 
- Good functional recovery of 

motor fibres 

 

(Lundborg 
and 

Hansson, 
1980) 

Pseudosheath formed 
around the silicone tube 

during the first stage is used 
as a tunnel to envelope the 
median nerve graft segment 

in the second stage 

 

Rat 

 

15 mm 

 

3,6, and 
15 weeks 

- Conventional median nerve graft 
as a control 

- Reflex latency was significantly 
lower than the conventional 
nerve graft 

- Higher vascularity  

 

(Zadegan 
et al., 
2015) 
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 Vascularised nerve grafts 

Vascularised Nerve Grafts (VNGs) involve transplanting nerve grafts complete with 

vasculature to the nerve injury site. They were first introduced in order to overcome the 

central necrosis observed in large nerve grafts. Normally, it took around three days for 

the revascularisation to occur within the nerve injury site in a nonvascularised nerve graft 

(NVNG). However, in VNGs, the prevascularised structures within the grafts can 

accelerate revascularisation to occur before the onset of ischemia. As a result, VNGs 

are considered to be superior to NVNGs and have been successfully used in several 

clinical cases (Koshima and Harii, 1985;Restrepo et al., 1985;Rose and Kowalski, 

1985;Shibata et al., 1988). An early example of VNGs can be seen in a study done by 

St. Clair Strange in 1947 (Strange, 1947).He successfully harvested the ulnar nerve 

together with its blood supply to graft the median nerve. In 1976, Taylor and Ham 

introduced a VNG from the superficial radial nerve (based on the radial artery) and used 

this to repair a median nerve (Taylor and Ham, 1976). 

The criteria for selecting which nerves to use as VNGs were primarily based on whether 

there were dominant arterial pedicles or large supplying vessels that run for a distance 

outside the nerves. The vascularised radial or ulnar nerve graft has been demonstrated 

to be successful in several clinical cases by Taylor and others, which is ascribed to their 

dependable blood supply and suitable diameter for microsurgical transfer (Townsend 

and I., 1984;el-Barrany et al., 1999). However, since a radial nerve’s blood supply is the 

major limb artery (el-Barrany et al., 1999) and the ulnar nerve is considered important 

(Townsend and I., 1984), these limit their clinical uses in this context. In general, 

saphenous and sural nerve grafts are the most popular for grafting because of their 

dominant arterial pedicles as well as acceptable morbidity at the donor site (Staniforth 

and Fisher, 1978;el-Barrany et al., 1999). 

Although VNGs have the potential to improve nerve repair, the major limitation is the lack 

of donor sites. VNGs function well in large nerves, specifically in long gaps. However, in 

order to harvest such a large nerve, significant donor-site morbidity and scarring are 

inevitably involved. Despite the fact that this hurdle can be solved in part by the use of 

cable grafting (i.e. several vascularised nerve graft strands), this leads to harvesting 

more nerve graft strands and thus increased donor site morbidity (D’Arpa et al., 2015). 

 Vascularised grafts by vascular implantation 

Several techniques have been studied to achieve the benefits of VNGs but avoid 

harvesting a nerve graft with its vascular supply in order to reduce the donor site-related 

morbidity described above. One option is to fabricate a nerve graft and pre-implant it 
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between a host artery and vein to promote vascularisation, then subsequently remove 

and implant to bridge the repair site (Falco et al., 1992). 

Cavadas and Vera-Sempere examined this approach in 1994 when they attempted to 

construct a vascularised nerve graft by implanting an arteriovenous fistula into the sciatic 

nerve in a rat model for five weeks (Cavadas and Vera-Sempere, 1994). Neovascularity 

was achieved within the nerve grafts, but their success in terms of promoting neural 

regeneration needs to be evaluated relative to the VNG approach. Using an 

arteriovenous bundle, Saray et al. (2002) vascularised a sciatic nerve graft from a rabbit 

by placing it into the groove between the femoral artery and vein and then removed it 

after 3, 7, or 17 days to analyse.  By day 3, the nerve graft was well vascularised, and at 

day 14 the resident Schwann cells and graft integrity were still preserved (Saray et al., 

2002). However, this study did not evaluate nerve regeneration using the prefabricated 

graft. More recently, nerve conduits made of polyglycolic acid (PGA) vascularised by 

host superficial inferior epigastric (SIE) vessels were successfully constructed and this 

facilitated the regeneration as well as re-myelination of the rat sciatic nerve (Iijima et al., 

2016). 

Although prefabricated VNG through AV fistula implantation could be useful clinically for 

reducing donor-site morbidity, this approach involves a two-stage surgery which 

prolongs the delay before nerve repair and might increase the risk of complications. 

Therefore, there remain significant opportunities for improving on this approach in 

developing clinically feasible nerve repair solutions. 

 Blood vessel-including tubulation 

This technique includes native blood vessels directly within a nerve conduit to promote 

the vascularisation process. In a study conducted by Kakinoki et al. (1997), a silicone 

tube containing the sural vessels implanted in a longitudinal orientation was used to 

bridge a sciatic nerve gap of 25 mm in a rat. After 6 months, axons had regenerated 

across a 25 mm nerve gap in the rats and reinnervated the tibialis anterior muscle 

(Kakinoki et al., 1997); however, there was no control where tubes without blood vessels 

were tested, so it is difficult to determine the improvement that resulted from including 

blood vessels in the tube. In another study, a subcutaneous artery adjacent to the injured 

nerve was mobilised and then inserted into a silicone tube (Kosaka, 1990). This was 

used to bridge a 5 mm rat sciatic nerve gap, with the nerve stumps inserted alongside 

the artery into each end of the tube, and the repair analysed after 4, 8, and 15 weeks. 

The results demonstrated more capillaries were present in the vessel-containing 

conduits, with rapid capillary-like structure formation taking place within the tube; by 4 
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weeks postoperatively, the total number of intraneural microvasculature vessels was 

almost four times greater than that in the silicone tube only group.  

Whilst results are promising, studies in this area have tended to use silicone tubes which 

are non-biodegradable, may cause compression, negatively affect joint movement and 

induce synovitis (Lanzetta et al., 1994), so the tubes would need to be removed after 

several months if this approach were used clinically. To overcome this limitation, 

biodegradable or biological tube materials are available for clinical use, and it would be 

interesting to use these in future vascularisation studies rather than silicone.  

 Vascularised biogenic conduits 

Prefabricated vascularised biogenic nerve conduits can be generated by placing an 

artificial conduit near a donor nerve or blood supply. After a certain period (usually 1-3 

weeks), the artificial conduit is enclosed by pseudosheath; in this stage, the tube is 

removed leaving intact pseudosheath as a vascularised biogenic nerve conduit. This 

conduit can then be used on its own, filled with biomaterials, or incorporated with a nerve 

graft.  

Due to the non-absorbable characteristics of silicone, a pseudo-synovial sheath forms 

around the silicone tube when implanted subcutaneously (Gu et al., 2011), and this was 

first used as a tendon graft (Culp, 1993). A study in a primate model conducted by Hunter 

et al. (1983) showed that the pseudo-synovial sheath consists of three layers: 1. the 

intima layer which contains cells that provide a soft and sliding surface, 2. the media 

layer that was dense with collagen and vascularity, and 3. the adventitia layer which was 

composed of vascular fibrous tissue. This pseudo-synovial sheath provides a highly 

vascular structure throughout all layers (Hunter et al., 1983). There is evidence 

suggesting that this vascularised pseudo-synovial sheath could be used as a nerve graft 

(Wolford and Stevao, 2003). Lundborg and colleagues used this pseudo-synovial sheath 

as a biogenic nerve conduit to repair peripheral nerve injuries with gaps of 10 to 12 mm 

in rats (Lundborg and Hansson, 1980).Subsequently, several studies have reported 

success with biogenic conduits to repair nerve injuries in rat models (Penna et al., 

2011;Zadegan et al., 2015;Yapici et al., 2017). 

Vascularised biogenic conduits avoid sacrificing a donor nerve with its blood vessel 

supply (nerve tissue transfer), as well as decreasing the adverse effects of scarring at 

the nerve injury site. Furthermore, a biogenic conduit provides the soft lumen, good 

vascularisation and a stable structure that could be effectively used to envelop the nerve 

graft segment (Zadegan et al., 2015). However, these conduits require a two-stage 

procedure for implementation clinically, and the delay associated with the pre-



 

51 
 

vascularisation step would inevitably limit nerve regeneration capacity in a clinical 

setting.  

Overall, vascularised nerve substitutes are generally accepted as a valuable 

reconstructive tool for nerve repair. However, the donor site morbidity associated with 

the vascular substitutes presents a significant limitation to clinical use. Therefore, the 

development of vascularised tissue-engineered nerve constructs could provide new 

opportunities to solve the problems. 

 Tissue engineered vascularised nerve constructs 

Although the development of tissue-engineered nerve substitutes is well established, the 

lack of vascularisation is one of the problems that hinder the success of nerve 

regeneration in terms of functional outcome, long-term viability, and muscle atrophy (de 

Medinaceli et al., 1982;Kanaya et al., 1992). Poor vascularity induces internal fibrosis 

which obstructs axonal regeneration across the nerve construct (Tarlove and Epstein, 

1945). Therefore, provision of a well-vascularised, longitudinally oriented conduit may 

enhance nerve regeneration. 

Prefabricating a vascularised nerve construct using a tissue engineering approach with 

vascular endothelial cells and biomaterial scaffolds might be an alternative way to 

overcome the drawbacks mentioned above. There are not many studies that report 

attempting to engineer vascularised nerve tissue constructs. One study demonstrated 

that by coculturing Schwann cells and vascular endothelial cells within fibre-reinforced 

3D composite scaffolds, vascularised nerve engineered scaffolds can be formed (Gao et 

al., 2013). These constructs were demonstrated to be beneficial in promoting nerve 

repair in rabbits. Moreover, co-cultures of endothelial cells and Schwann cells closely 

mimic nerves in vivo (Gingras et al., 2003), suggesting the importance of having 

endothelial cells in an engineered nerve construct. Yilmaz et al. (2018) reported the use 

of polytetrafluoroethylene (PTEF) vascular grafts combined with human umbilical cord 

blood-derived stem cells (HUCB), specifically CD34+ stem cells, to repair 10 mm rat 

sciatic nerve injury. After 8 weeks, compared to the acellular PTEF vascular graft 

controls, the CD34+ groups showed improved morphology of axons and myelin sheath 

(Yilmaz et al., 2018). 

Beyond peripheral nerve applications, there are also several studies focusing on 

developing vascularised constructs to repair spinal cord injury. Using a rat hemisection 

model of spinal cord injury a co-culture implant which consisted of endothelial cells and 

neural progenitor cells in a PEG/PLL hydrogel scaffold demonstrated increased 

functional blood vessels as well as the reformation of a blood spinal cord barrier (BSB), 
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which is important for efficient spinal cord repair, (Rauch et al., 2009). Partyka et al. 

(2019) developed aligned microvessels in 3D hydrogel scaffolds by coculturing cerebral-

derived endothelial cells and pericytes (Partyka et al., 2019). Using a rat model of spinal 

cord injury, after 3 weeks, host axons infiltrated and aligned along the implanted 

microvessels within the hydrogel constructs. This indicates that neurovascular 

interaction plays a major role in guiding axonal regeneration and will be a beneficial 

approach to facilitate both central nervous system and peripheral nervous system 

regeneration.  

 In vitro and in vivo models used to study nerve regeneration in 

tissue-engineered scaffolds 

 In vitro models 

Peripheral nerve regeneration is a complex process which involves a cascade of events 

at the molecular, cellular and tissue level (Deumens et al., 2010). Although it is 

impossible to entirely reproduce peripheral nerve injury in vitro due to the complexity of 

the peripheral nerve structure and the regeneration process, some key elements can be 

effectively reproduced in vitro (Geuna et al., 2016). To evaluate the potential of a 

particular artificial nerve construct, an in vitro model is significant because this will help 

reduce, refine and replace the use of animals which complies with the guidelines of the 

3Rs (Replacement, Reduction, Refinement) (Tannenbaum and Bennett, 2015). 

 Cell line 

One of the advantages of cell lines is that they completely replace the use of further 

animals and avoid ethical issues with the use of fresh human and animal tissues. In 

general, they are derived from normal cells that have been immortalised through genetic 

manipulation. There are several neuronal cell lines used to screen or study the effect of 

biomaterials such as PC12 cell lines, NG108-15 neuroblastoma-glioma cell lines, etc 

(Lukyanetz et al., 1998;Morano et al., 2014). Here, we used NG108-15 neuronal cell 

lines to assess in vitro efficacy of engineered nerve constructs to promote nerve 

regeneration. This cell line was formed by the fusion of two different mammalian cell 

lines, a mouse neuroblastoma N18TG-2 and a rat glioma C6BU-1 (Lukyanetz et al., 

1998). These cells exhibit several similar properties to primary motor neurons. They have 

been shown to have voltage-operated sodium, potassium and calcium currents, and they 

also express pharmacologically similar neurotransmitter receptors to primary neurons. 

Furthermore, NG108-15 cell lines were used previously to study nerve regeneration in a 

3D spheroidal co-culture with Schwann cells (Kraus et al., 2015). They offer a simple 

method for the investigation of neurite outgrowth in vitro.  
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 Primary cells 

Compared to cell lines, primary cells can more closely mimic the in vivo situation in the 

peripheral nerve. Primary neuronal cells are commonly harvested from dorsal root 

ganglia (DRG) which are located in the intervertebral foramina of the spinal column 

(Sleigh et al., 2016). Since the process of harvesting DRG neurons inevitably involves 

transection of axons and the loss of contact with their target organs, using these primary 

cells adequately reproduces in vivo peripheral nerve injury phenomena. DRG can be 

used both as an explant and as dissociated DRG neurons. Dissociated DRG neurons 

can be enriched by depleting the glial cells using cytosine arabinoside (Ara-C) to kill 

dividing cells (Wood, 1976;Banker and Goslin, 1998). 

 In vivo models 

The use of in vitro models in order to answer complex questions related to peripheral 

nerve regeneration tends to have a lower impact on the translational applicability of study 

conclusions than the use of in vivo models. This is mainly due to the lack of systemic 

factors in in vitro models such as vascularisation and immune system responses. As a 

result, as a pre-clinical test before future human application, in vivo animal models are 

essential for the evaluation of biocompatibility, host tissue response and long-term 

functional outcome.  

The rat sciatic nerve model is popular for the study of artificial nerve scaffolds because 

of the similar anatomy of peripheral nerve and physiology of nerve regeneration to 

humans. Compared to large animals such as rabbits, sheep and pigs, rats are relatively 

small, economical and simple to handle, which can be examined in large groups and 

shorter timepoints (Dolenc and Janko, 1976;Angius et al., 2012). It can be used to 

evaluate nerve morphology, functional recovery, electrophysiology as well as other 

assessments of nerve regeneration (Vleggeert-Lankamp, 2007). Nevertheless, the direct 

extrapolation of data from animal models to humans has limitations due to the subtle 

physiological differences in peripheral nerve regeneration in rats and humans including 

the small size of animals and their species-specific neurobiological regenerative profile 

(Kaplan et al., 2015). Primates would be a better model, but they are usually avoided 

due to the cost and ethical considerations involved. Furthermore, the injury gaps in 

rodents are relatively small when compared to human nerve lesions. The rate of 

peripheral nerve regeneration in humans is also slower than in rodents (Buchthal and 

Kuhl, 1979). 
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 Thesis aims  

This project aimed to develop therapeutic tissue-engineered collagen hydrogel 

constructs populated with aligned human umbilical vein endothelial cells (HUVECs) or 

aligned Schwann cells as artificial nerve conduits, and ultimately to determine whether 

this pre-vascularised nerve construct was capable of promoting nerve regeneration as 

well as vascularisation in a rat sciatic nerve injury model. In addition, this work also aimed 

to investigate the potential of the gel aspiration ejection (GAE) technique in nerve tissue 

engineering to produce aligned collagen hydrogel constructs containing Schwann cells. 

Specific objectives have been addressed: 

• To investigate and optimise the ability of HUVECs to self-align and form tube-like 

structures within 3D hydrogels with and without Schwann cells (Chapter 3). 

• To assess the ability of engineered nerve constructs containing aligned in vitro 

engineered tube-like structures to promote neuronal regeneration, Schwann cell 

migration and vascularisation both in vitro and in vivo (Chapter 4). 

• To develop and optimise an implantable tethering system to achieve stable, fully-

hydrated hydrogels containing aligned tube-like structures. The efficacy of the 

constructs to promote nerve regeneration in vivo was also investigated (Chapter 

5). 

• To explore the potential of the gel aspiration-ejection (GAE) technique to 

generate aligned Schwan cell collagen scaffolds (Chapter 6). 

 Scope of the thesis 

Overall, this study focused on investigating the potential of aligned tube-like endothelial 

cell structures within collagen hydrogels to promote nerve regeneration. Specifically, this 

work focused on the use of HUVECs to achieve tube-like structures. For the Schwann 

cells, SCL4.1/F7 Schwann cell lines were used throughout the thesis. All the 

experimental work was carried out with type I rat tail collagen and fibrin (only in Chapter 

5).  

The efficacy of engineered tissues to promote neuron growth was evaluated in vitro using 

dissociated dorsal root ganglion (DRG) neurons, isolated from adult Sprague-Dawley 

rats. The in vivo assessment model used in this thesis was the rat sciatic nerve injury 

model. This model is commonly used to assess the efficiency of fabricated tissue-

engineered nerve guides to promote nerve regeneration as sciatic nerves are the largest 

nerve providing easier handling and repair (Angius et al., 2012).  
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 Materials and Methods 

 Cell culture 

Human umbilical vein endothelial cells (HUVECs; PromoCell) were grown in complete 

Endothelial Cell Growth Media (EGM) (PromoCell). They were used between passage 4 

and 10. Schwann cells and green fluorescent protein-expressing Schwann cell were from 

the rat Schwann cell line SCL4.1/F7 (Health Protection Agency) and were grown in 

culture medium (Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco). They were used 

between passage 4 and 20. NG108-15 neuronal cell line (rat neuronal cell line; Sigma-

Aldrich) were grown in culture medium (DMEM). All of the media was supplemented with 

10% v/v heat-inactivated foetal bovine serum (FBS; Thermo Fisher Scientific) and 1% 

v/v Penicillin/Streptomycin (Gibco). The medium was replaced every 2 days for all cell 

types. All cell cultures and subsequent experiments were kept in a humidified incubator 

with 5% CO2/95% air. 

 Schwann cell transduction with green fluorescent protein 

Dr Francesca Busuttil conducted this method. A second-generation lentiviral vector 

packaging system was used to produce the VSVG.SIN.SFFV.WPRE vector. 100 mm 

dishes (Nunc; Thermo Fisher Scientific) were seeded with 1x107 HEK-293T cells per 

dish and grown overnight to 70-80% confluence. The cells were then triple transfected 

with 40 µg of the transfer vector plasmid, 10 μg of the envelope plasmid PMD.G2 and 30 

μg of the packaging construct plasmid p8.74 per dish. Plasmids and the transfection 

agent, polyethyleneimine (PEI), at a final concentration of 1 mM were added to 10 ml 

OptiMem (Thermo Fisher Scientific), mixed and incubated at room temperature for 20 

min to allow complexation. The cells were washed with PBS and 10 ml of the transfection 

mix was added to each dish. Cells were incubated at 37oC, 5% CO2 for 4 h, after which 

the media was replaced with complete DMEM. The supernatant was subsequently 

collected 48 and 72 h post-transfection, centrifuged at 3000g for 10 min at room 

temperature and filtered through a 0.22 μm filter to remove all cell debris. The virus was 

pelleted by centrifugation overnight at 3000g at 4oC. The resulting pellet was 

resuspended in OptiMem and stored at -80oC. 

100,000 F7 Schwann cells in DMEM medium were plated per well in a 6-well plate. The 

cells were incubated at 37oC at 5% CO2 for 24 h or until they reached 80% confluence. 

The medium was then removed from the wells. 1.5 ml fresh medium was added to each 

well, followed by the required volume of lentiviral particles. Following the addition of the 

viral particles, the plates were gently swirled and incubated at 37°C at 5% CO2. Lentiviral 
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mediated green fluorescent protein (GFP) expression was assessed over a 72 h period 

using a fluorescence microscope (Inverso-TC Trinocular Inverted Microscope with Epi-

Fluorescence Module). 

 Scaffold production 

 Creation of tethering holes in silicone tubes 

Medical-grade silicone tubes (inner diameter, 1.98 mm and outer diameter, 3.17 mm; 

Syndev) were measured to be 12 mm in length. The creation of two rings of eight square 

holes of approximately 0.9 mm side around each end of the silicone tube (16-hole 

construct) was made with a 19-gauge hypodermic needle under a dissection microscope. 

Additionally, a 2 mm biopsy punch (Stiefel) was used to form 3 circular 2 mm diameter 

holes around each end (6-hole construct). The holes allowed the collagen gel to flow 

outside the tube and so become tethered exclusively at the ends of the tubes during 

contraction. 

The surface areas of the anchor site were calculated as follows: 

6-hole tubes 

The inner curved surface area of 6-circular holes = 6 × 2𝜋𝑟ℎ = 12𝜋 × 1 × 0.6 = 22.61 

mm2 

16-hole tubes  

The inner surface area of 16-square holes (no top and bottom) = 16 × (4 × 0.9 × 0.6) =

34.56 mm2 

Figure 2.1 Schematic diagram showing two tethering hole designs. 6-hole tethering conduit 

consists of 3 circular holes at each end at equal distance. 16-hole tethering conduit consists of 8 

square holes at each end; 4 on each side.   

1 mm 

0.6 mm 

0.6 mm 

0.9 mm 

6-hole 16-hole 
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 Fabrication of collagen gels 

To prepare 1 ml of collagen gel, 100 µl of 10 × minimum essential medium (Sigma-

Aldrich) was mixed with 800 µl of type 1 rat tail collagen (2 mg/ml in 0.6% acetic acid; 

FirstLink) and the mixture was neutralised using 43 µl of sodium hydroxide (diluted 1:10 

in phosphate-buffered saline (PBS, Gibco) before an addition of 100 µl of cell suspension 

(culture medium containing cell number suitable for achieving the required cell density; 

0.5-4.0×106 cells/ml).   

For multi-well plate assays, 75 µl of the mixture was added to individual wells of 96-well 

plates. For aligned gels (Figure 2.2), 400 µl of this mixture was added to each square 

engineered neural tissue (EngNT) mould at 4 C and incubated at 37 C for 15 min to 

allow gels to set. Cellular gels were then immersed in culture medium and incubated at 

37 C in a humidified chamber with 5% CO2/95% air for at least 24 h to allow alignment 

to develop. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Concept of EngNT technique. (a) Schematic diagram showing stages in the 

fabrication of EngNT (adapted from Georgiou et al. (2013)) (Georgiou et al., 2013).(b) Images of 

the new EngNT mould which consists of the mould (bottom) and its insert (top) (tethering bars 

attached at both ends indicated by the white arrows). (c) Cellular collagen gel was cast in the 

mould which is cultured in a 6-well plate. After 24 h, the gel contracted as seen from the narrowed 

width of the gel boundary from a top view indicated by the white dotted lines. Scale bars, 10 mm. 

a 

b c 

Rectangular mould 

Insert with tethering bars 
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For fully-hydrated gels in the perforated silicone tubes, 100 μl of cellular collagen gel was 

made. Silicone tubes were entirely filled with 50 μl, with some excess gel coming out of 

each end. The remaining 50 μl was evenly used to fill in each hole of the conduit. The 

tubes were then rolled onto more cell-seeded gel before setting to ensure all holes were 

sufficiently covered. Gels were incubated at 37oC for 15 min to set. Following gel setting, 

constructs were cultured in a medium for 1-4 days depending on the experiment in a 

humidified incubator with 5% CO2/95% air. Coating of each hole with fibrin was 

performed using 1:1 of Fibrinogen: Thrombin mixture (dissolved in either DMEM or EGM 

without serum depending on the cell type) after the collagen gel was cast in the tubes. 

The gel-filled tube was first dipped at each end in fibrin solution and then rolled onto the 

fibrin with the holes sufficiently covered, followed by fibrin setting within 2 min. 

 Fabrication of collagen-fibrin 3D hydrogel blends 

Blends were created using an adapted method from Schuh et al. (2017) (Schuh et al., 

2018). Collagen gels were fabricated in the same way as above, at a ratio of 10x MEM 

and collagen type I at 1:8. Collagen-fibrin blends were prepared in the following 

percentage of collagen to fibrin (volume/volume): 90:10, 80:20, 70:30, and 60:40. 

Fibrinogen (91 mg/ml; TISSEEL; Baxter) was reconstituted in aprotinin, used to prevent 

degradation of the fibrin matrices, and then diluted 1:4 in either DMEM high glucose or 

EGM without serum depending on the cell type. Subsequently, the fibrinogen mixture 

was added to the collagen mixture, followed by neutralisation with 7% v/v sodium 

hydroxide. 4IU thrombin (Artiss; Baxter) in CaCl2 was diluted 1:4 in either DMEM high 

glucose or EGM without serum to form 1IU thrombin, and then added to polymerise 

fibrinogen in 1:1 ratio. The gels were cast into the silicone tubes as described above and 

placed in an incubator at 37o to set for 15 min.  

 Fabrication of GAE gels 

For GAE gels, 1 ml of the collagen gel was added to individual wells of a 48-well plate 

(well diameter = 11 mm, height of the gel = 10 mm) at 4 C and incubated at 37 C for 

30 min to allow gels to set.  

The GAE system consisted of an angioplasty inflation device (AID; B Braun) connected 

to a fluid transfer syringe via one Luer lock valves to control the flow direction (Figure 

2.3) (Kamranpour et al., 2016). An interchangeable cannula was connected to the distal 

port of the Luer lock valve. For GAE processing, a flat-ended cannula (diameter ~1.2 

mm, gauge 16, VWR International Ltd) attached to the AID was gently inserted half-way 

though the collagen gels. The piston of the AID was then pulled to create a negative 

pressure in order to aspirate the collagen gel into the capillary. By continually retracting 
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the piston, the gel was aspirated and lifted from the well plate. Once the gel was almost 

fully drawn into the cannula (~2.0 mm in length of the gel left from the cannula), the Luer 

lock valve was locked in order to stop the aspiration process and prevent the GAE gel 

from entering the chamber of the AID. At this point, positive pressure was applied through 

the AID to controllably eject rod-shaped GAE gels. For cellular GAE gels, they were then 

immersed in culture medium and maintained at 37 C in a humidified incubator with 5% 

CO2/95% air for at least 24 h prior to further analysis. Cell densities were increased via 

the GAE process in direct proportion to the volume reduction of gel and final cell density 

was calculated as: initial cell density × fold volume change. Thus, for an initial gel volume 

of 1 ml, the volume of gel in a 48-well plate was ~950 mm3 which decreased to ~14 mm3 

following the GAE process, which corresponds to a 68-fold decrease. The cell density 

would be expected to change from a total of 2.0×106 cells/ml to a cell density of 

136.0×106 cells/ml.  

The mechanical properties of GAE gels were investigated after the production. For 

cellular GAE gels, they were immersed in culture medium and incubated at 37 C in a 

humidified chamber with 5% CO2/95% air for at least 24 h before further analysis. 

 

Figure 2.3 Schematic diagram of the gel aspiration-ejection system. (a) GAE system 

consisting of: i) an Angioplasty Inflation Device (AID), ii) a Luer lock valve, and iii) a densification 

cannula. Expanded figures showing (b) a precursor hydrated collagen gel during the aspiration 

process and (c) an ejected dense collagen gel from the 16G cannula (with a length of ~12 mm 

from 1 ml of an initial collagen gel). 
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 Preparation of stabilised engineered tissue constructs for in vivo 

experiments 

Cellular hydrogels were made as described above. Subsequently, constructs were 

thoroughly washed in PBS and both ends cut to 10 mm length. Each construct was then 

stabilised via the plastic compression method (Figure 2.4) using RAFT absorbers 

(Lonza) for 1 min (HUVEC) and 15 min (F7 rat Schwann cells), rolled and then placed 

inside a 12 mm silicone tube (1.57 mm inner diameter, 0.42 wall thickness; Syndev). 

These gels were held in place using fibrin gel (diluted in DMEM 1:10). Final constructs 

were kept in cold Hibernate-A medium (Gibco) until implantation in vivo. 

Figure 2.4 Plastic compression method using RAFT absorbers. (a) Schematic diagram 

showing how plastic compression is applied to form the EngNT (adapted from Georgiou et al. 

(2013)) (Georgiou et al., 2013). (b) Images of the stabiliser mould, RAFT absorber, and the 

stabilising step respectively, where an absorber is put on top of the EngNT insert which was 

placed in the stabiliser mould. (c) Schematic diagram showing how stabilised gels were rolled 

and placed in the silicone conduit (adapted from Georgiou et al. (2013)) (Georgiou et al., 2013) 

a 

b 

c 

Stabiliser mould RAFT absorbers 

RAFT absorbers 
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 In vitro assessment of engineered tissue constructs in co-culture 

with neurons  

All surgical procedures were performed in accordance with the UK Animals (Scientific 

Procedures) Act (1986) / European Directive (2010/63/EU) and approved by the UCL 

Animal Welfare and Ethics Review Board.  

Dissociated dorsal root ganglion (DRG) neurons were isolated from adult (200–300 g) 

Sprague-Dawley rats culled humanely according to Schedule 1 (CO2 asphyxiation). 

DRGs were incubated in 0.125% w/v collagenase type IV (Sigma-Aldrich) for 1.5 h at 

37 °C then dissociated by trituration and washed twice with 20 ml of culture medium to 

achieve dissociated DRG suspension that contained a mixture of neurons and glial cells 

(crude DRG). Crude DRG cell suspension was then incubated in DMEM culture medium 

supplemented with 0.01 mM cytosine arabinoside (ara-C; Sigma-Aldrich) in a poly-D-

lysine (Sigma-Aldrich) coated flask at 37 °C in a humidified incubator with 5% CO2/95% 

air. After 24 h, cells were detached using 0.25% trypsin-EDTA solution and centrifuged 

at 400×g for 5 min. The supernatant was discarded, and the cell suspension derived from 

the DRGs was re-suspended in the appropriate volume of DMEM culture medium 

(usually the original DRG cell suspension was diluted so that the final density was 

approximately 1-3 DRG explants/40 μl/sample) for use in experimental studies. For the 

DRG explants, it was prepared by trimming nerve roots from the DRGs using 

microsurgical scissors. Either DRG explants or dissociated DRG suspension were 

seeded onto the surface of engineered tissue sheets or attached to the gel surface at 

the end of perforated silicone tubes (Figure 2.5), allowed to settle for 1 h, and then 

constructs were immersed in culture medium at 37 °C in a humidified incubator with 5% 

CO2/95% air. After 3 days, the engineered tissue-neuron co-cultures were washed briefly 

in PBS and fixed in 4% paraformaldehyde at 4 °C for 24 h, and then immunofluorescence 

staining was carried out. 
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Figure 2.5 Schematic diagram of the aligned collagen gel construct containing tube-like 

structures co-cultured with rat DRG explants. (a) A tethered collagen gel from the EngNT 

mould and (b) from the perforated silicone tube.  

 Mechanical testing of GAE gels 

Tensile mechanical testing was performed using a Bose ElectroForce (3200 Series II, 

TA Instruments) and WinTest 7 Software. GAE gels were prepared to be at least 10 mm 

in length and approximately 1.2 mm in diameter (cannula gauge 16) and were placed 

between the instrument grips with a gauge length of 5 mm. Rat sciatic nerve specimens 

were tested in an identical manner. Both were assumed to be cylindrical in shape. 

Samples were kept moist during testing by applying phosphate-buffered saline (PBS) to 

the constructs. To explore the viscoelastic properties, each specimen was subjected to 

dynamic mechanical analysis (DMA). In this case, 15% pre-strain was applied to each 

specimen before the tests. Strain sweep tests were conducted to determine the linear 

viscoelastic region of deformation, by deforming with 0.05-10.00% strain at 5 Hz 

frequency. Once the strain sweeps were completed, frequency sweep tests from 1-70 

Hz were performed in the linear viscoelastic region. The value for the loss tangent (tan 

δ) was obtained by the ratio of loss modulus E’’ to storage modulus E’ as shown in an 

equation below: 

𝑡𝑎𝑛δ =
𝐸′′

𝐸′  

For the tensile testing, each specimen was stretched at a constant rate of 0.17 mm/s to 

complete tensile failure in order to obtain stress-strain relationship data. 

 

 

 

a b Rat DRG explant 

Tube-like structure 

Hydrogel 

Holes in tube 
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Figure 2.6. Bose® dynamic mechanical analysis (DMA) testing machine. A specimen (a rat 

sciatic nerve) was clamped with sandpaper covering and retaining around the clamp-specimen 

interface to prevent slipping.  

 Cell assays 

 Cell viability 

Survival of F7 Schwann cells within GAE gels was evaluated using Syto 21/propidium 

iodide dual-staining assay and a RealTime-Glo luminescent cell viability assay 

(Promega). The F7 Schwann cells used for producing GAE gels were at an initial density 

of 0.5×106 cells/ml of collagen. Cell viability was measured at 0, 3, 24 and 48 h.  

For the Syto 21 (Life Technologies)/propidium iodide (PI; Sigma-Aldrich) survival assay, 

GAE gels were incubated with PBS containing Syto 21 (1 μg/ml) and PI (1 μg/ml) for 15 

minutes under standard cell culture conditions (37°C, 5% CO2/95% air). Gels were then 

washed with PBS six times for 5 min each. The number of live and dead cells was 

evaluated using a Zeiss AxioLab A1 fluorescence microscope.   

For Realtime Celltiter-Glo cell viability assay (Promega), the MT cell viability substrate 

(1000X) and NanoLuc® Enzyme (1000X) were added to the cell culture medium so that 

the final concentration of both reagents was a 2X concentration to form the 2X RealTime-

Glo reagent. The 2X RealTime-Glo reagent was then added to the cell culture medium 

containing GAE gels at a ratio of 1:1. Gels were then incubated in a cell culture incubator 

at 37°C and 5% CO2/95% air for 1 h. Luminescence was then measured using a 

microplate reader (Synergy HTX, BioTek) at 1, 3, 24 and 48 h and analysed via Gen5 

software. This assay employs the luciferase reaction which occurs in the culture medium. 

The enzyme luciferase (NanoLuc® Enzyme) acts on luciferin (MT cell viability substrate) 

in the presence of ATP to produce energy in the form of luminescence. As a result, this 

Sciatic nerve 

Tension grip 

Load cell 
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assay measures the cellular metabolic activity via the luminescence which is proportional 

to the amount of ATP present. 

 Schwann cell migration assay 

75 µl collagen gels containing 4×106 cells/ml GFP+ F7 Schwann cells, which were kindly 

provided by Dr Francesca Busuttil were made and cast in 96-well plates. These were 

warmed to 37°C for 10 min for gels to set. Gels were cultured in DMEM overnight (18-

24 h) to allow contraction.  

Collagen solutions with and without cells (F7 Schwann cells or HUVECs) were prepared 

as above and cast around the contracted gels (Figure 2.7); 200 µl of the cellular collagen 

mixture was placed in the EngNT mould, the contracted collagen gels were placed on 

top, then covered with the remaining 250 µl. The complete embedded gel constructs 

were incubated at 37°C for 15 min to allow setting, then topped up with media and 

cultured for the designed periods.  

To quantify GFP+ F7 Schwann cell migration, 3 microscopic fields were selected at 

random around the boundary of each contracted collagen gel to visualise the furthest 

migrating cells. The maximum distance of cells migrating out of the contracted collagen 

gels was measured and averaged. 

Figure 2.7 Schematic diagram of Schwann cell migration model. GFP+ F7 Schwann cells 

were allowed to contract floating collagen gels overnight (18-24 h) to form dense collagen 

matrices, which were then embedded and further cultured in acellular/cellular collagen gels in the 

EngNT mould. 

4×106 GFP+ F7 Schwann cells/ml of collagen 

gel 

Overnight (18-24 h) in DMEM 

Contracted GFP+ F7 Schwann cell gel 

embedded in acellular/cellular collagen gel 

Culture in DMEM 

Measure cell migration over 1, 2 and 3 days 
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 Surgical repair of rat sciatic nerve 

 Animals 

Athymic nude rats (Envigo; 200-250 g, Hsd: RH-Foxn1rnu, Chapter 4), Wistar rats (225-

300 g; Chapter 5) rats, and Sprague Dawley rats (Chapter 6) were used in the 

experiments.  

 Rat sciatic nerve injury model 

The surgery was conducted by James Phillips and Victoria Roberton throughout the 

project, while all the tissue preparation post-surgery was carried out by the author. Rats 

were deeply anesthetised by inhalation of isoflurane. The left sciatic nerve was exposed 

at mid-thigh level and transected to create a 10 mm gap. In all groups (a repair conduit, 

a nerve graft, an empty conduit), the conduit was implanted by insertion of the proximal 

and distal nerve stumps into the 12 mm tube and coaptated to the conduit by two 

epineurial sutures (Ethilon 10/0; Ethicon-Johnson & Johnson, Brussels, Belgium) at each 

stump. Wounds were then closed in layers and animals were allowed to recover for 4 

weeks.  

 

 

 

 

 

 

 

 

 

Figure 2.8 In vivo nerve injury model. (a) Schematic diagram of rat sciatic nerve injury model. 

Photographs showing steps of the transection of the nerve and implantation of the 10 mm device; 

(b) before and (c) after the transection, and (d) after the suture of the construct to both nerve 

stumps. (e) Representative photographs of the sutured nerve-engineered constructs (post-

mortem) and (f) reversed-nerve autograft (post-mortem). 
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Where human cells were implanted (HUVECs), either athymic nude rats (Envigo) were 

used (Chapter 4), or wild type Wistar rats were given daily injections of 

immunosuppressive drugs (Chapter 5), to prevent immune response to the transplanted 

cells. In the case of immunosuppressive injections, cyclosporine A (10 mg/kg body 

weight, diluted in saline solution, Aqupharm; Novartis) was given three days prior to the 

surgery, on the day of surgery and once daily thereafter. 

 Preparation of nerves for histological analysis 

After this period, animals were culled using CO2 asphyxiation, and their nerves were 

harvested under the dissecting microscope and fixed using 4% paraformaldehyde 

overnight at 4ºC. Nerves were incubated in 15% sucrose in PBS for 30 min or until 

tissues sink and transferred to 30% sucrose in PBS overnight at 4ºC. After that, the nerve 

samples were dissected into pieces based on the experimental analysis (Fig. 2.9).  

segments were then incubated for 2-4 h at RT in 1:1 v/v 30% sucrose in PBS: optimal 

cutting temperature (OCT; Leica) solution. Nerves were embedded in that 1:1 mixture in 

a cryosection mould (TAAB) and snap-frozen in liquid nitrogen before storage at -80ºC 

until needed. 

Figure 2.9 Schematic diagram of nerve tissue preparation. PS = Proximal stump, PD = 

Proximal device, DD = Distal device, and DS = Distal stump. 

Transverse sections (15 µm thick) were prepared from the proximal and distal stumps, 

at defined distances into the nerve stumps from the injury site, using a cryostat (Leica 

CM1860). Longitudinal sections (30 µm thick) of the 8 mm middle part of the repair device 

were also prepared in the same manner. The sections were adhered to glass slides 

(Superfrost TM Plus, Thermo Fisher Scientific) for histological analysis. The transverse 

sections that were used for analysis were from positions 1 mm into the proximal and 

distal stumps, or 1 mm into the proximal and distal parts of the repair site, measured 

from the repair boundaries (suture sites) in each case. 
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 Immunofluorescence staining  

 3D hydrogel constructs 

Immunofluorescence was performed on all cellular gels. Cellular gels were fixed in 4% 

paraformaldehyde in PBS for 24 h at 4 C and then washed twice for 10 min with PBS. 

Next, gels were permeabilised in 0.5% Triton X-100 (Sigma-Aldrich) for 30 min at room 

temperature. After that, gels were washed three times with PBS for 10 min each followed 

by incubating with 5% Goat Serum (GS; Dako) for 30 min at room temperature to block 

non-specific binding sites in the cells. Appropriate primary antibody dilutions were 

prepared in PBS (Table 2.1). After blocking with GS, GS was removed, and the primary 

antibody dilutions were added to the gels and incubated overnight at 4 C. The following 

day, the gels were washed six times for 5 min in PBS and incubated with secondary 

antibody, prepared in PBS with a dilution factor of 1:250. Gels were incubated for 90 min 

in a dark humidified chamber with agitation. Then gels were washed again once with 

PBS. Finally, gels were stained with DAPI (Sigma-Aldrich) at a dilution factor of 1:1000 

and washed once more with PBS.  

 Tissue sections 

For immunofluorescence, tissue sections were adhered to glass slides, permeabilised 

using 0.3% Triton X-100 for 30 min, blocked using 10% goat serum for 1 h then 

incubated in primary antibodies (Table 2.1) overnight at 4 °C. All antibody dilutions 

were performed in 10% GS. The following day, tissue sections were washed three 

times for 5 min in PBS and then were incubated with appropriate DyLight-conjugated 

secondary antibodies at room temperature for at least 1 h in a dark humidified 

chamber. Then sections were washed again three times with PBS. Finally, sections 

were mounted using VECTASHIELD Hard-set mounting medium with DAPI (Vector 

Laboratories). 
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Table 2.1 Antibody manufacturers, dilutions and incubation times. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Microscopy  

 Confocal microscope 

Confocal micrographs of fluorescent labelled cells were captured using Zeiss LSM 710 

confocal microscopy at 10x and 20x magnification. Laser power and wavelength intensity 

settings were kept consistent across all randomised images taken in each session. Per 

cellular gel, three z-stacks were acquired in the side regions and middle regions, each 

containing 20-30 images (depending on the intensity of the signal at various depths) 

every 2-5 µm toward the centre of the gels, unless otherwise stated. The emission 

Primary Antibodies 

Name Species Brand Dilution 

CD31 Mouse Dako 1:200 

S-100 Rat Dako 1:400 

BIII-Tubulin Mouse Sigma-Aldrich 1:400 

BIII-Tubulin Rat Sigma-Aldrich 1:400 

Neurofilament Mouse Eurogentec 1:1000 

RECA-1 Rat Bio-rad 1:100 

Anti GFP Chicken Abcam 1:1000 

Phalloidin - Thermo Fisher 
Scientific 

1:40 

Isolectin GS-IB4 

 

- Thermo Fisher 
Scientific 

1:50 

Secondary Antibodies 

Anti-mouse 549 
IgG 

Anti-mouse, 
made in goat 

Vector 
Laboratories 

1:250 

Anti-rabbit 488 
IgG 

Anti-rabbit, 

made in goat 

Vector 
Laboratories 

1:250 

Anti-chicken 488 Anti-chicken, 
made in goat 

Abcam 1:250 
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signals of Alexa Fluor-488, Alexa Fluor-549, Alexa Fluor- 647 and DAPI were assigned 

to the green, red, magenta and blue channels respectively. Images were then exported 

using Zeiss Image browser software.  

 Fluorescence microscope 

Fluorescent images were captured using a Zeiss AxioLab.Α1 inverted fluorescence 

microscope and ZEN lite Software at 10x and 20x magnifications. For quantification of 

alignment and cell characteristics, 4 images were randomly selected per cellular gel for 

analysis: 2 from the middle region and another 2 from the edge region.  

 Phase-contrast microscope 

Phase-contrast micrographs were captured using a digital, transmitted light, inverted 

microscope (InvitrogenTM EVOSTM XL Core Imaging System). Images of collagen 

hydrogel within the perforated silicone tubes were taken with this microscope. Image 

Composite Editor (Microsoft) was used to stitch overlapping images to generate a full 

view of the construct. 

 Image analysis 

 Contraction profile 

For the gel contraction measurement, gels were imaged after setting (0 h) and at 24 h. 

Images were analysed using ImageJ software to determine the area of the gels, and 

contraction at 24 h calculated as a percentage of initial gel area. 

 Angiogenesis degree 

The degree of tube-like structure formation was measured using the Angiogenesis 

Analyser in ImageJ Software. For each gel, three confocal images from both the middle 

and the side were randomly selected for the analysis. Z-stack projections at the 

maximum intensity of the whole thickness of the gel were reversed to 8-bit black and 

white for best recognition of individual structures by the Angiogenesis Analyser. The 3D 

projections were cropped to remove the region where cobblestone layers were 

prominent, as the analyser falsely recognised these as angiogenic structures. Figure 

2.10a shows a visual representation of each parameter; the number of branches denotes 

elements delimited by a junction and one extremity, the junctions are defined as merged 

nodes, and the meshes are enclosed areas of fused cell lumens (Carpentier, 2012). The 

mean tube length and orientation of tube-like structures were quantified using VolocityTM 

software (Perkin Elmer, Waltham, MA) running automated 3D image analysis. 
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Figure 2.10 Graphical representation of angiogenesis parameters measured by the 

Angiogenesis Analyser plugin in ImageJ software. HUVECs at the density of 4×106 cells/ml 

were cultured for 4 days in vitro in tethered collagen gels. (a) Schematic diagram showing each 

parameter that was processed via the software. (b) Representative experimental image obtained 

from a Z-stack projection and reversed to 8-bit black and white quality for best analysis by the 

software. Blue circles are nodes, red circles are junctions, light blue lines are meshes, light green 

lines are branches, dark blue lines and pink lines are segments. Scale bars, 120 µm. 

 Angle of deviation, shape factor and average length 

For Schwann cell and HUVEC alignment analysis, each stack image was analysed using 

Volocity™ software to determine the angle of deviation of the Schwann cells and HUVEC 

tube-like structures from the longitudinal axis of the gels. Values close to 0º represent 

cells aligned parallel with the longitudinal axis of the gel, whereas values close to 90º are 

those oriented perpendicular. The shape factor and average length were quantified using 

the same setting selected from built-in software functions. Two images from both the 

side and the middle region of the gels were randomly selected for the analysis. 
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Figure 2.11 Quantification of HUVEC morphological characteristics using Volocity™ 

software. HUVECs at a density of 4×106 cells/ml were cultured for 4 days in vitro in tethered 

collagen gels. (a) Representative confocal micrographs of aligned HUVEC tube-like structures. 

(b) Individual cells or tube-like networks were identified as seen from different colours using 

‘object identification’ protocol in the software. (c) Then the alignment was quantified from the 

measurement of the angle of deviation of each identified object from the longitudinal axis of the 

gel (y-axis of the image which is indicated by the white arrow). Scale bars, 120 µm. 

 Proportion of tube-like structures 

Confocal micrographs were measured using ImageJ. Data were collected from three 

experimental replicates in which three random middle regions per gel were analysed. 

The number of nuclei in CD31+ tube-like structures was manually counted and divided 

by the total number of nuclei in a field to obtain a percentage proportion of tube-like 

structures, with a tube-like structure defined by having at least three nuclei. 

 Neurite quantification 

Length of each neurite from individual neurons was measured using the ‘Simple Neurite 

Tracer’ plugin in ImageJ. Data were collected from the whole gels in 5 experimental 

replicates. 

 

 

 

 

Figure 2.12 Quantification of neurite length. Rat DRG neurons were seeded on top of cellular 

tethered collagen gels and were cultured in vitro for 3 days before analysis. (a) Representative 

images of rat DRG neurons. (b) Using the ‘Simple Neurite Tracer’ plugin, each sprouting neurite 

can be traced, shown in pink. Scale bars, 100 µm. 
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Mean neurite length is defined as the sum of the length of all the neurites from an 

individual neuron divided by the total number of neurites from that cell. Maximum neurite 

length is defined as the length of the longest neurite for each cell. Angle measurements 

were made by drawing a straight line from one end of the neurite to the other end and 

were measured with respect to the longitudinal axis of the gel. 

 Axon counting within nerve tissue sections 

High contrast tile-scan confocal micrographs taken on the LSM confocal microscope 

were used to quantify axonal growth by counting all the neurofilament positive axons 

present in each section. Counting was performed via Volocity™ software. The protocol 

consisted of multiple stages; firstly, the region of interest was manually selected by 

drawing the line at the interface between the perineurium and endoneurium, which 

allowed the identification of individual axons by an automated selection of all objects with 

fluorescence intensity above a minimum threshold. Extra analysis tasks were then added 

to exclude any objects that were not axons by size or any objects that were touching. To 

ensure that the automated protocol consistently provided reliable data, 3 areas on each 

section were randomly selected, and the number of axons within the area were counted 

manually and compared with the automated count of the same areas. If the two counts 

matched within 10% range, the automatic count of the whole section was accepted. If 

not, then the parameters of the automated analysis were adjusted accordingly. To further 

validate the automated analysis, the same protocol setting was applied to other sets of 

images of nerve cross-sections. A scatter plot of axon counts obtained by Volocity 

software versus manual count together with the best linear fit (solid) and a line 

representing equality of the counts (dashed) was plotted for comparison. The correlation 

between the automatic count via Volocity and the manual count was high (R2=0.9788). 

This ensured that reliable data were obtained from the process and that any variability 

between samples, which may have skewed the automated data, was accounted for. For 

each of the confocal micrographs which were taken from the same batch immunostaining 

process (having similar image quality in terms of brightness and contrast), the protocol 

was applied consistently for each image. For each injury site of one nerve sample, three 

tissue sections were analysed.  
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Figure 2.13 Axon count protocol optimisation. (a) Representative confocal micrograph of NF+ 

axons from cross-sections of rat sciatic nerves at the proximal region in a control group (nerve 

autograft). Scale bar, 100 µm. (b) Randomised areas were selected for manual counts to ensure 

accuracy of the count. (c) Each axon was detected via software as seen from different colours. 

Scale bar, 42 µm. (d) Validation of the protocol used in the software was done by comparing the 

number of axons obtained from the software to that from manually counting. n=29 fields from 

three nerve sections of three animals. Best linear fit (solid line) and line of equality (dashed line). 

 Lumen analysis 

Collagen gels containing tube-like structures were embedded in OCT, snap-frozen and 

sectioned transversely (15 µm sections) using a cryostat. Sections were then 

immunostained using CD31 to detect endothelial cell tube-like structures. Images were 

analysed via ImageJ. Lumens were detected as dark regions surrounded by red (CD31 

staining). Lumen diameters were calculated from areas assuming a circular lumen.  

 Schwann cell and axon area measurements of nerve tissue sections 

The reconstructed confocal micrographs were converted to 8-bit greyscale using ImageJ 

software, the area corresponding to the nerve bridge or fibre was then selected, 

thresholded and made binary. The Create Selection function was used to automatically 
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outline the thresholded area and then the immunostained area was quantified using the 

measurement function. 

 Blood vessel analysis of nerve tissue sections 

The number of blood vessels was counted manually throughout the entire nerve cross-

section using ImageJ. Lumens were detected as dark regions surrounded by the blood 

vessel markers (CD31/Isolectin IB4/RECA-1). Lumen diameters were calculated from 

areas assuming a circular lumen. 

 Statistical Analysis 

Statistical analyses of data were performed using GraphPad Prism 8.0.1. Prior to the 

statistical test, a Shapiro-Wilk normality test was used to determine whether repeats 

have a Gaussian distribution. For comparisons of experiments with two parameters a 

Student’s T-test was performed for statistical significance and the standard error (SEM) 

was calculated for all. For experiments with multiple treatments for comparison, a one-

way ANOVA statistical assessment (or Kruskal-Wallis test for non-parametric 

distribution) or a two-way ANOVA test was performed, accompanied by multiple 

comparison tests. Data showed in all graphs represent mean ± SEM, unless otherwise 

stated. Differences were considered significant when p < 0.05.  
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 The optimisation of aligned HUVEC tube-like 

structures in collagen hydrogels and their co-culture with F7 

Schwann cells 

 Introduction 

Vascularisation is essential for tissue-engineered constructs in terms of support for cell 

survival after implantation and the overall healing efficacy in vivo (Jabbarzadeh et al., 

2008). The ingrowth of blood vessels from the host to the implanted tissue construct 

often takes time, resulting in limited nutrients, hypoxic conditions and potential necrosis 

of the implant (Rouwkema et al., 2006). To date, several studies have aimed to develop 

vascularised tissue-engineered constructs to improve the efficacy of tissue regeneration 

(Levenberg et al., 2005;Lesman et al., 2011;Gholobova et al., 2015), however studies 

focussed on using tissue engineering to optimise vascularisation in peripheral nerve 

repair are lacking. 

In the peripheral nervous system, in addition to providing perfusion, blood vessels can 

act as guidance cues for Schwann cell migration and neuronal regeneration (Leventhal 

et al., 1999;Carmeliet and Tessier-Lavigne, 2005;Cattin et al., 2015;Grasman and 

Kaplan, 2017). The intrinsic vasculature of the nerves exhibits a longitudinally oriented 

pattern, which is anastomosed to the adjacent vasa nervorum, suggesting the relevance 

of incorporating aligned micro-vessels in nerve engineered substitutes. Although some 

vascularised nerve grafting approaches have been used in the clinic, the use of donor 

nerve that can remain attached to vascular pedicles is the primary selection criteria for 

such grafts, which involves limited availability and leads to donor site morbidity (Tarlove 

and Epstein, 1945;Hasegawa et al., 2004;Terzis and Kostopoulos, 2010;D’Arpa et al., 

2015). As a result, pre-vascularised tissue-engineered nerve constructs provide a useful 

new opportunity for investigation. 

There are several approaches to enhance the vascularisation of tissue-engineered 

constructs, such as delivering angiogenic growth factors within the construct (des Rieux 

et al., 2011;Karal-Yilmaz et al., 2011) or using genetically modified cells that over-

express angiogenic genes (Duffy et al., 2010;Tierney et al., 2012). However, this 

technique depends on promoting vascularisation by driving the angiogenic response in 

the surrounding host tissue, which may not vascularise larger grafts rapidly enough to 

support graft survival. A variety of approaches to generate engineered micro-vessels in 

vitro are also being investigated. For example, by using a microfluidic system, 

researchers were able to promote endothelial cell sprouting on the scaffold surface of 
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polydimethylsiloxane (PDMS) (Hernandez Vera et al., 2009;Wang et al., 2018;Akbari et 

al., 2019). Other investigators have successfully developed blood vessels using 

endothelial cells embedded in fibrin-coated dextran microbeads or entrapped endothelial 

cell spheroids in fibrin gels (Grainger and Putnam, 2011;Morin and Tranquillo, 2011). 

They have shown the ability to orient these vessels by applying tensional forces or 

magnetic fields. Some researchers also employed an intrinsic capability of endothelial 

cells to self-assemble into a network of micro-vessels within an ECM scaffold (Berthod 

et al., 2006;Montano et al., 2010;Saunders and Hammer, 2010;Berthod et al., 2012). 

HUVECs co-cultured with fibroblasts in collagen scaffolds supplemented with chitosan 

and glycosaminoglycan promoted the spontaneous formation of capillary networks 

(Berthod et al., 2012). Morin et al. (2013) showed that a co-culture of HUVECs and 

pericytes in fibrin gels, cast in a square plate with two porous anchoring spaces at both 

ends, formed highly interconnected microvessels after 3 days (Morin et al., 2013). 

For nerve tissue engineering applications, an aligned cellular scaffold would be beneficial 

for clinical repair. Aligned Schwann cells in collagen gels have been generated 

previously from the self-alignment ability of the cells in a tethering system (Phillips et al., 

2005;Georgiou et al., 2013). This tethering technique is a promising tool to generate 

aligned cellular hydrogel scaffolds and has been widely applied using several cell types 

such as Schwann cells, adipose-derived stem cells, human dental pulp stem cells, and 

CTX0E03 neural stem cells, mainly for nerve repair applications (Martens et al., 

2014;Georgiou et al., 2015;O'Rourke et al., 2018). Furthermore, with a similar tethering 

system, previous studies showed that highly aligned tube-like microvessel structures in 

hydrogel scaffolds can be obtained (Morin et al., 2013;Schaefer et al., 2018). 

Incorporating pre-engineered tube-like vascular structures in anisotropic hydrogel 

scaffolds may offer a suitable approach to improve perfusion and overcome the problem 

of necrosis in tissue-engineered cellular nerve grafts.  

Human umbilical cord vein endothelial cells (HUVECs) are a frequently used cell source 

for both in vitro and in vivo vascular research. They have been used to vascularise 

several tissue-engineered tissues such as heart, bone, and skin (Garzoni et al., 

2009;Grellier et al., 2009;Zhang et al., 2017a). Due to their ease of isolation, commercial 

availability, and cell-type homogeneity, HUVECs were chosen as a preferable cell source 

for this study.  

Therefore, the primary aim of this chapter was to investigate the optimal conditions for 

HUVECs to form aligned tube-like structures in vitro in tethered collagen hydrogels. Once 

the optimal culture conditions were established, the stabilisation of these gels using 

plastic compression was also examined to determine whether this could preserve tube-
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like structures and alignment. Finally, the addition of Schwann cells to the aligned cellular 

collagen constructs was investigated, to achieve constructs containing both aligned tube-

like vascular structures and Schwann cells, which would mimic key features of native 

nerve tissue.  
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 Results 

 HUVECs align in collagen hydrogels and survive after stabilisation  

In this study, the ability of HUVECs to contract and self-align within collagen gels was 

examined. For successful self-alignment of cells in tethered gels, sufficient tension from 

the interaction between cells and matrix is required, which can be investigated firstly from 

the contraction of free-floating cellular gels. Determining the cell seeding density and 

culture time that achieves a certain threshold percentage contraction in free-floating gels 

(contraction profile) predicts the parameters likely to produce alignment throughout 

tethered gels (O'Rourke et al., 2015). 

A 96-well plate assay was used to quantify the contraction profile of HUVECs over a 

range of four cell densities: 0.5, 1, 2 and 4 ×106 cells/ml of collagen. After one day in 

culture, media was removed from gels in the multi-well plates followed by capturing 

images of each gel. Percentage contraction was calculated by comparing the area of 

each gel to the area of the well (Image J). 

Figure 3.1 HUVECs produced cell seeding density-dependent contraction of free-floating 

fully-hydrated collagen gels. (a) Photograph of free-floating gels containing HUVECs at 

different seeding densities after 24 h in culture. The photographs were from slightly different 

angles of the same 96-well plate to accurately show the size of the contracted gels. (b) Images 

were processed to calculate % contraction, from which a contraction profile was constructed. Data 

are mean ± SEM, n=4 gels per condition from a total of three experimental gel batches. 

Contraction increased with increasing cell density, with almost 60% contraction achieved 

from 4 ×106 cells/ml density (Figure 3.1b). It has been suggested that a cell seeding 

density that provides between 50-80% contraction produces highly aligned cells in 

tethered gels (O'Rourke et al., 2015). 
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Figure 3.2 HUVECs aligned within the middle and side region of the tethered fully-hydrated 

collagen gel after 24 h. (a) A macroscopic image of a mould with tethered collagen gel containing 

4×106 cells/ml, incubated for 24 h. White dotted lines show contracted gel boundaries. Scale bar, 

5mm. (b) The diagram shows the position of the areas which were sampled: delta, middle and 

side regions. (c) Representative micrographs of Phalloidin-stained (green) cells in the three 

different areas of the tethered collagen gels after 24 h. The white arrow indicates the direction of 

the longitudinal axis of the tethered gel. Scale bars, 100 µm. 

The cell seeding density 4 ×106 cells/ml of collagen was selected from the contraction 

assay for use in tethered gels. Following 24 h incubation, the tethered gels narrowed by 

around 20% in the centre (Figure 3.2a), consistent with the generation of cellular tension. 

Images of specific regions from each gel were used to determine the pattern of cellular 

alignment. The three gel regions analysed (Figure 3.2b) were selected based on 

previous work showing that distinct alignment can be detected in each, with cells in the 

side regions more highly aligned in parallel to the long axis of the tethered gels than the 

middle and those in the delta zones orientated randomly (Figure 3.2c) (East et al., 

2010;O'Rourke et al., 2015). This confirmed that a cell-seeding density of 4 ×106 cells/ml 

of collagen provided adequate alignment in tethered gels. 
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Figure 3.3 The RAFT stabilisation process did not cause significant cell death in HUVECs 

within tethered collagen gels. HUVECs at a density of 4×106 cells/ml were cultured in tethered 

fully-hydrated collagen gels for 3 different timepoints: 0, 24 and 48 h. RAFT absorbers were used 

to stabilise cellular collagen gels at each timepoint for 15 min. The percentage of cell death in 4 

random fields within each gel was assessed using propidium iodide and Hoechst, after 1, 24 and 

48 h, to compare the stabilised gels with the fully-hydrated gels (control). Data showed no 

significant differences across the two groups (control fully-hydrated gels and stabilised gels) 

analysed via two-way ANOVA with Bonferroni’s multiple comparisons test. Data are means ± 

SEM, n = 3 gels per condition.  
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Figure 3.4 Cellular alignment was preserved after stabilisation of HUVEC-populated 

tethered collagen gels. Representative images of HUVEC alignment within fully-hydrated 

collagen gel (a) and fully-stabilised gel (b) after 24 h in culture. The white arrow indicates the 

direction of the longitudinal axis of the tethered gel. (c) Confocal 3D reconstruction of aligned 

elongated HUVECs in a fully-hydrated collagen gel. Scale bars, 100 µm. (d) Box-and-whisker plot 

shows a comparable mean angle of deviation of endothelial cells in fully-hydrated collagen gels 

and fully-stabilised collagen gels. Boxes show the interquartile range and median values; 

whiskers indicate maximum and minimum angles (n=144 angles from 3 different experimental gel 

batches). 

Since highly-hydrated (2 mg/ml) collagen gels lack appropriate mechanical properties to 

be used in vivo as artificial nerve constructs as a consequence of their low collagen 

fibrillar density, stabilisation via plastic compression (15 min with RAFT absorbers) was 

used to improve this to achieve fully-stabilised collagen gels. Live/dead staining using 

propidium iodide showed that the stabilisation yielded less than 20% cell death at each 

of the three timepoints (0 h, 24 h, 48 h), indicating that it did not cause a significant 

increase in cell death compared to fully-hydrated gels (Figure 3.3). Furthermore, image 

analysis showed that the endothelial cells were predominantly aligned with the 

longitudinal axis of the gel both before and after stabilisation (Figure 3.4). Therefore, 

cellular alignment and survival rate were preserved after the hydrogels had been 

stabilised. 
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 HUVECs form optimal tube-like structures with lumens at day 4 of culture 

To determine the optimal culture conditions for HUVECs to form tube-like structures in 

collagen gels, different incubation times were tested: 2, 4 and 8 days. Cellular gels 

contained 4 ×106 cells/ml and were cultured in endothelial growth medium EGM-2.  

Representative images of the whole mount phalloidin-stained gels and quantification of 

the network characteristics are shown in Figure 3.5b. In all conditions, the majority of 

cells within the gels were highly aligned. Tube-like structures were detected after 4 days 

of culture, whereas at day 2 the majority of cells had elongated individually but not formed 

tubes as seen by the significantly low number of meshes, junctions, branches and length. 

Although tube-like structures at day 8 were significantly less aligned than the 4-day ones, 

the mean angle of deviation was still below 20 degrees, which was highly aligned (Figure 

3.5c). After 8 days of culture, tube-like structures were not significantly improved in terms 

of mean length when compared to that of 4 days in culture (Figure 3.5g). Thus, a 4-day 

culture period was established as the optimum culture time to achieve tube-like 

structures.  

In order to test whether the seeding cell density of 4×106 cells/ml was optimal to achieve 

tube formation, different cell densities were also examined (Figure 3.6a). After 4 days in 

culture, 0.5×106 cells/ml exhibited few tube-like formations with the majority of cells being 

elongated but separate. There were more tube-like structures formed when seeding cell 

density was increased, with 4×106 cells/ml showing the best tube formation ability in 

terms of a number of nodes, meshes, and junctions (Figure 3.6b-3.6f).  
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Figure 3.5 HUVECs aligned and formed tube-like structures at the density of 4×106/ml 

within tethered fully-hydrated collagen gels when cultured for 4 days in vitro. (a) A diagram 

showing a representative fluorescence micrograph that was analysed by the Angiogenesis 

Analyser plugin. Measured parameters were also shown. (b) Confocal micrographs show aligned 

HUVECs and vascular networks following 3 culture periods: 2, 4 and 8 days, z-distance 20 µm, 

step size 1 µm. Scale bars, 120 µm. (c) 3D image analysis was used to calculate the angle of 

deviation between HUVEC/tube alignment and the longitudinal axis of the gel. Boxes show the 

interquartile range and median values; whiskers indicate maximum and minimum angles (n=270 

cells from 3 different experimental gel batches). The number of meshes (d), junctions (e), 

branches (f) and total length (length of branches + length of segments) (g) were compared in 2-

day, 4-day and 8-day cultured gels. Graphs show mean value ± SEM. (n=7). ****P<0.0001, 

***P<0.001, **P<0.01, *P<0.05 by one-way ANOVA test with Tukey’s multiple comparisons test. 
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Figure 3.6 The HUVEC density at 4×106/ml was optimal to form tube-like structures within 

the tethered fully-hydrated collagen gels for 4 days. (a) Confocal micrographs show vascular 

networks of four cell densities: z-distance 20 µm, step size 1 µm. Scale bars, 100 µm. Box-and-

whisker plots of the angle of deviation of tube-like structures (b) (n=270 cells from 3 different 

experimental gel batches), number of meshes (c), junctions (d), branches (e) and total branching 

length (f) when different cell densities were compared. Graphs show mean value ± SEM. (n=4). 

****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 by one-way ANOVA test with Tukey’s multiple 

comparisons test. 

Analysis of CD31-stained cross-section images revealed that the lumen density was 

similar amongst three timepoints (Figure 3.7). Also, lumen sizes increased when cultured 

for a longer period. Therefore, based on the degree of angiogenesis shown in figure 3.5 

and the consistent lumen density, a HUVEC density of 4×106 cells/ml with 4 days of 

culture period was used throughout the study. 
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Figure 3.7 The density of HUVEC lumens was consistent and their sizes increased over 

time in tethered collagen gels. HUVECs at a density of 4×106 cells/ml were cultured for three 

different periods (2, 4 and 8 days) in fully-hydrated tethered collagen gels. The gels were fixed, 

snap-frozen, and sectioned transversely across the middle region. (a) Representative cross-

sections of aligned tube-like structures in fully-hydrated collagen gels in three different periods. 

Inset images show a close-up individual lumen structure. Scale bars, 100 µm. White arrowheads 

indicate lumens. Average lumen area (b) and density per field of view (460×616 µm FOV) (c) 

were measured using ImageJ. Graphs show mean value ± SEM. (n=3 gels). ****P<0.0001, 

*P=0.0214 by one-way ANOVA test and Dunn’s multiple comparisons post-test. 

To examine whether tube-like structures are preserved after the stabilisation process, 

aligned cellular gels after 1 min, 5 min and 15 min duration of stabilisation were compared 

with control initial highly hydrated collagen gels (Figure 3.8). Stabilisation for 1 min, 5 

min and 15 min reduced the initial construct thickness from approximately 1 mm to a 

collagen sheet of 85-110 µm, i.e., the shrinkage factor was greater than one order of 

magnitude. There was no significant difference in the thickness and percentage of 

volume loss of the gels when the three different stabilisation durations were compared 

(Figure 3.8a, 3.8b). Approximately 90% of water was removed with only 1 min of 

stabilisation. However, the stabilisation disrupted tube-like structures leading to 

approximately 50% reduction within the 1-min stabilised hydrogels, and less than 10% 

of tube-like structures remained in 5-min stabilised gels (Figure 3.8e). There were no 

tube-like structures remaining after 15 min of stabilisation. Lumen sizes were significantly 

reduced, however, lumens of some intact tube-like structures were still preserved in the 

stabilised gels (Figure 3.8f). This indicated that 1-min stabilisation was the optimal 

duration to preserve the tube-like structures while effectively stabilising the fully-hydrated 

gels. 
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Figure 3.8 1-min period provided the optimal stabilisation in terms of preserving HUVEC 

tube-like structures in tethered collagen gels. (a) Height of the stabilised gels from 1 min and 

5 min of stabilisation were compared to the original fully-hydrated gel. (b) The percentage of 

volume loss of the gels was also measured. (c, d) Confocal and fluorescence micrographs depict 

HUVECs stained with CD31 and Hoechst to examine lumen of tube-like structures. White 

arrowhead indicates lumen structures. Scale bars, 100 and 50 µm, respectively. (e) Proportion of 

tube-like structures in the gels per field of view of 2D z-stack images. (455×455 µm FOV) (f) Mean 

lumen cross-sectional areas of tube-like structures within stabilised and hydrated gels. Data are 

mean value ± SEM. (n=3 gels). ****P<0.0001, ***P<0.001, **P<0.01 by one-way ANOVA and 

Tukey’s multiple comparisons test. 

5-min Stabilised 

CD31   Hoechst 

1-min Stabilised Fully-hydrated 

a b 

c 

d 

15-min Stabilised 

e f 



 

87 
 

 HUVECs can form tube-like structures in co-culture with aligned F7 

Schwann cells in collagen scaffolds  

Having established the ability of HUVECs to form aligned tube-like structures in collagen 

gels, the formation of such structures within previously established aligned F7 Schwann 

cell EngNT constructs was investigated to produce a co-culture construct which mimics 

key features of native nerve tissue. Therefore, the co-culture of F7 Schwann cells and 

HUVECs was studied in collagen gels. To optimise the numbers and densities of the two 

cell populations, engineered tissues were made using four different ratios, with F7 

Schwann cell seeding density ranging from 0.5-4×106 cells/ml gel, whilst the number of 

HUVECs remained constant at 4×106 cells/ml gel as determined in Section 3.2.1.  

It was observed that a HUVEC: F7 Schwann cell ratio of 4×106:0.5×106 cells/ml showed 

significantly higher endothelial network formation compared with the other 3 ratios 

(Figure 3.9). Although there was no significant difference in the endothelial network 

formation in the 4×106:1×106 compared with the 4×106:0.5×106 ratio, the number of 

meshes (Figure 3.9d), junctions (Figure 3.9e) and total branching length (Figure 3.9g) of 

the 4×106:0.5×106 ratio were slightly greater than that of the 4×106:1×106 ratio. There 

was a trend toward further improvement of the endothelial network formation when the 

number of F7 Schwann cells was reduced. In all cases, tube-like structures aligned within 

the gels as well as F7 Schwann cells (Figure 3.9h, 3.9i). Therefore, the 4×106:0.5×106 

ratio was selected as the optimal co-culture seeding proportion which yielded sufficient 

alignment, length, mesh, junction as well as aligned and homogeneous F7 Schwann 

cells.   
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Figure 3.9 The ratio of 4:0.5 (×106 cells/ml) between HUVECs and F7 Schwann cells 

provided the optimal aligned HUVEC tube-like structures and F7 Schwann cells (SC) within 

tethered fully-hydrated collagen gels when cultured for 4 days in vitro. (a, b) Confocal 

micrographs show HUVEC tube-like structures (a) and F7 Schwann cells (b) aligned in co-culture 

at four different ratios: 4:4, 4:2, 4:1 and 4:0.5 (×106 cells/ml). (c) Confocal 3D reconstruction 

illustrates tube-like vascular network and F7 Schwann cell alignment at 4:0.5 ratio. Using 

ImageJ’s Angiogenesis Analyser plugin, number of meshes (d), number of junctions (e), number 

of branches (f) and total branching length of the tube-like structures (g) was obtained and 

compared at the four different ratios. (h, i) Box-and-whisker plot of F7 Schwann cell and tube-like 

structure alignment, respectively. Scale bars, 100 µm. Data are means ± SEM. n=6 analysed 

images per condition from a total of 2 experimental gel batches. ****P<0.0001, ***P<0.001, 

**P<0.01, *P<0.05 by one-way ANOVA with Tukey’s multiple comparisons test. 
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 Discussion 

Vascularisation is essential to supply nutrients and oxygen to cellular grafts and to 

enhance nerve regeneration. In this chapter, the primary objective was to develop 

aligned endothelial cell constructs in collagen hydrogels and to investigate the co-culture 

of F7 Schwann cells and endothelial cells. It was demonstrated that aligned tube-like 

structures were formed from HUVECs in tethered fully-hydrated collagen gels after 4 

days in culture. Alignment of tube-like structures and lumens were maintained after 

stabilisation, although some of the formed structures were disrupted. Furthermore, co-

cultures of HUVECs and F7 Schwann cells in tethered fully-hydrated collagen gels 

enabled the formation of F7 Schwann cell constructs containing microvascular network 

structures.  

HUVECs were used in this study because they are relatively easy to obtain from 

commercial suppliers, are robust in culture, and are capable of endothelial cell tube 

formation in vitro (Nakatsu et al., 2003;Arnaoutova et al., 2009). Human endothelial cells 

have also been shown previously to contract collagen gels (Liu et al., 2000;Stevenson 

et al., 2010). To generate aligned cellular hydrogels, the optimised cell seeding density 

can be obtained by assessing their contraction ability in an established multi-well plate 

assay (O'Rourke et al., 2015). 4×106 HUVECs showed approximately 60% gel 

contraction, which yielded highly aligned cells within tethered collagen gels as shown in 

our study. It has been demonstrated previously with 1.5 mg/ml collagen gels that 3×106 

HUVECs exhibited around 65% gel contraction (Stevenson et al., 2010). This is 

consistent with our study since it has been shown that cells contract less within higher 

concentration collagen gels (2 mg/ml in this case) (Chieh et al., 2010), which means 

more cells are needed to achieve the same contraction percentage. Additionally, a study 

done by Morin et al. (2013) also used 3×106 HUVECs co-cultured with 0.6×106 pericytes 

in fibrin gels to produce highly aligned micro-vessels after 6 days in culture (Morin et al., 

2013). 

The achievement of aligned interconnected tube-like structures in collagen gels is 

consistent with several previous studies (Schor et al., 2001;Sieminski et al., 

2004;Montano et al., 2010;Saunders and Hammer, 2010). Vernon et al. (1995) 

demonstrated spontaneous formation of tubular networks from bovine aortic endothelial 

cells (BAECs) cultured in a 0.32 mg/ml type I collagen scaffolds starting from day 4 

(Vernon et al., 1995). Furthermore, Sieminski et al. (2004) showed that endothelial cells 

elongate and form tube-like structures when suspended in both floating and constrained 

1.5 and 3.0 mg/ml collagen gels (Sieminski et al., 2004). In our study, tube-like structures 

were shown to be abundant after 4 days in culture. Based on a previous study, this is 
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likely to be due to the mechanical contraction force between cells and the surrounding 

extracellular matrix without any external growth factors (Sieminski et al., 2004). Although 

few endothelial cells started to fuse and form tubules after a 2-day culture period, the 

majority of them were individually elongated cells at this stage. Sieminski et al. (2004) 

reported that HUVECs were shown to form elongated tube-like structures with lumens 

within 2 days in culture in 1.5 mg/ml constrained collagen gels (Sieminski et al., 2004). 

Also, an earlier study showed that HUVEC-coated fibrin beads started to show first 

sprouts on day 2 and within 5 days many sprouts were formed with lumens (Nakatsu et 

al., 2003). Here, after 8 days, endothelial cells fused more to form long tubes and an 

extensive vascular network, but the average tube length was not significantly different 

from that after 4 days in culture. Tube-like structures in an 8-day gel did not exhibit any 

significant changes in terms of the average tube length and tube-like networks compared 

to the 4-day gel, which is similar to previous work that showed no significant changes in 

network appearance, or lumen sizes when cells were cultured for more extended periods 

in collagen gels (Sieminski et al., 2004). However, the long-term stability of these tube-

like structures was not investigated in this study. Since there were no supportive stromal 

cells such as pericytes and fibroblasts, it is anticipated that the tube-like structures will 

eventually degrade over a longer period. A previous study reported that in vivo 

anastomosis of a pre-vascularised tissue construct, which contained HUVECs and 

fibroblasts in a 3D fibrin gel, with the host mouse vasculature occurred during day 3 and 

day 5 after subcutaneous implantation on the dorsal area of mice (Chen et al., 2010). 

This suggests that tube-like structures in our construct could potentially persist for long 

enough to anastomose with host vessels.  

The presence of a lumen has also been examined since it is necessary to confirm how 

mature the capillary-like structures are. Blood vessels feature different lumen sizes 

depending on their category. This can range from a diameter of 8 µm of the small 

capillaries to about 25 mm of the aorta (Blakemore and Jennett, 2001). Previous studies 

showed an average diameter of about 10-15 µm for tube-like structures formed by 

HUVECs in 3D hydrogels (Morin et al., 2013;Du et al., 2014;Ligresti et al., 2016;Andree 

et al., 2019). Our data showed around 7-10 µm in the diameter of the lumen which is 

slightly lower but still comparable to other studies. This might be from the fact that, in our 

study, we incorporated neither external angiogenic factors nor supportive stromal cells 

which have been shown to increase lumen sizes (Hellstrom et al., 2001;Stratman et al., 

2009;Waters et al., 2013). Furthermore, cobblestone sheets of endothelial cells were 

observed within engineered constructs, which is a common feature reported in other 

studies with endothelial cell culture (Haudenschild, 1984;Boisen et al., 2010;Stamati et 

al., 2014). It would be interesting to explore approaches to reduce the cobblestone 
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sheets and increase the tubes formed by endothelial cells, to improve the efficiency of 

this type of microvascular tissue engineering.   

In tissue engineering, plastic compression has been used to stabilise and improve the 

mechanical properties of hydrogel scaffolds for in vivo applications (Mi et al., 

2010;Braziulis et al., 2012;Georgiou et al., 2013). In this study, the stabilisation caused 

a minimal ~10% increase in HUVEC cell death, which is comparable to previous studies 

done with Schwann cells and fibroblasts, indicating high cell viability (Ghezzi et al., 

2011). Also, the alignment of HUVEC tube-like structures was maintained following 

plastic compression. The standard time for the plastic compression with RAFT absorbers 

is 15 min (Levis et al., 2015;Schuh et al., 2018). Here, we assessed three different time 

points (1, 5 and 15 min). It was observed that full stabilisation was achieved within 5 min.  

After 1 min, gel volume loss reached a plateau. Furthermore, 1 min stabilisation 

preserved about 30% more tube-like structures within the gels than the 5 min time point. 

Each cell has its own threshold of applied mechanical strain in which higher compressive 

strain would disrupt actin fibres or the microtubule cytoskeleton within cells leading to 

plastic deformation (Putnam et al., 2001;Wille et al., 2004;Ofek et al., 2009). This could 

explain how some tube-like structures within the gels collapsed after plastic 

compression. Despite the deterioration of some tube-like structures, many individual 

endothelial cells remained viable. The stabilisation process stiffened the gels, which may 

have impaired the ability of endothelial cells to assemble into stable networks (Saunders 

and Hammer, 2010). Nevertheless, lumens of some intact tube-like structures were still 

preserved within stabilised gels, albeit with reduced sizes. The reduction in size of 

lumens might degrade the ability of the tube-like structures to anastomose and carry a 

normal blood flow when transplanted in vivo, and thus an alternative approach to 

maintain the lumen structure is needed (Chiu and Chien, 2011).  

HUVECs were added to the F7 Schwann cell-collagen mix to obtain endothelial networks 

interspersed amongst the aligned F7 Schwann cells. The rationale behind this was to 

pre-vascularise an engineered nerve construct and to investigate the ability of Schwann 

cells to act as supportive stromal cells to accompany blood vessels.  A number of studies 

have investigated the beneficial effect of the co-culture of endothelial cells and various 

supportive stromal cells such as fibroblasts, pericytes and osteoblasts. Schwann cells 

are the main glial cells of the peripheral nervous system and the use of Schwann cells in 

nerve repair has been shown to directly contribute to axonal regeneration. Several 

studies have reported the potential of Schwann cells to secrete angiogenic signalling 

molecules such as VEGF and to upregulate gene expression associated with endothelial 

cell migration (Gupta et al., 2005;Taiana et al., 2014;Ramos et al., 2015). Therefore, we 
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anticipated that Schwann cells might play a supportive role to align with and promote the 

formation of tube-like structures.  

Adding multiple cell types in a scaffold presents a challenge regarding culture media 

conditions (Baldwin et al., 2014). In this study, all co-culture ratios were maintained in 

endothelial growth medium EGM-2 for 4 days because F7 Schwann cells were shown to 

grow normally in this media (data not shown). Different seeding densities of HUVECs 

and ratios of HUVECs to F7 Schwann cells were investigated in this study. Previous work 

using a mouse endothelial cell line (3B-11) cultured on a matrix of basement membrane 

extract showed that the density of cells has a profound impact on tube formation 

(DeCicco-Skinner et al., 2014). An insufficient number of cells per volume yields minimal 

tube formation and networks, whilst at high cell density, cells appeared to clump together 

or form monolayers. In the present study, it has been shown that there were few tubes 

and little network formation with fewer than 4×106 HUVECs in the gels, implying 

insufficient numbers of cells were seeded. As a result, the number of HUVECs was kept 

constant at 4×106 and instead, the number of F7 Schwann cells was varied. Endothelial 

cells were observed to fail to survive and form networks when F7 Schwann cells were 

present at a greater ratio than 4×106:1×106 (HUVEC: F7 Schwann cell) in the gels. 

Although the mechanism of tube-like structure formation in co-cultures of F7 Schwann 

cells and HUVECs has not been investigated extensively, it has been demonstrated that 

F7 Schwann cells produce some soluble substances, mainly TIMP-2, that inhibit 

angiogenesis as well as endothelial cell proliferation rate which seems to correspond to 

our results (Huang et al., 2000). Of the four ratios tested, the ratio 4×106 HUVECs to 

0.5×106 F7 Schwann cells gave the optimal endothelial network formation and alignment, 

although HUVEC monoculture in 3D collagen gels was able to form better tube-like 

structures, indicating that F7 Schwann cells did not behave as supportive stromal cells 

for vessels. Nevertheless, aligned F7 Schwann cells with interspersed tube-like 

structures in collagen scaffolds can be achieved, which may provide a useful method to 

mimic the architecture of native nerves. It would also be interesting to see what happens 

with primary Schwann cells, or stem cell-derived Schwann cells, in case F7 Schwann 

cells are different.  
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 Conclusion  

This study showed that engineered tissues which contain aligned endothelial cells and 

tube-like structures could be generated in 4 days in culture using tethered collagen gels. 

Furthermore, an engineered tissue containing microvascular networks together with 

aligned F7 Schwann cells was also successfully constructed. The next stage of this 

study, therefore, is to carry out an in vitro and an in vivo assessment of these engineered 

tissues to determine whether they have the ability to promote Schwann cell migration as 

well as neuronal regeneration. 
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 Efficacy of aligned tube-like endothelial cell structures in 

collagen scaffolds to promote Schwann cell migration and nerve 

regeneration in vitro and in vivo 

 Introduction 

Although conventional non-vascularised nerve grafts have shown positive clinical 

outcomes in treating peripheral nerve repair, there are still problems related to central 

necrosis observed in large grafts which are due to insufficient vascularisation (D’Arpa et 

al., 2015). Vascularised nerve grafts were introduced to overcome these limitations 

(Tarlove and Epstein, 1945). However, there have been few studies focusing on 

combining tissue engineering approaches to produce vascularised engineered nerve 

constructs.  

In Chapter 3, aligned tube-like structures in stabilised collagen gels were created by 

culturing HUVECs for 4 days in tethered collagen gels. This is in accordance with other 

studies that have shown the ability of endothelial cells to form tubules with lumens in 

collagen gels after 3-4 days without any external angiogenic factors added (Schor et al., 

2001;Nakatsu et al., 2003;Sieminski et al., 2004). Also, the optimal ratio of 4×106 to 

0.5×106 of HUVECs and F7 Schwann cells was established to achieve both aligned 

Schwann cells and tube-like endothelial cell structures that mimic key features of native 

nerve architecture. As a result, the next stage of this research focused on assessing the 

efficacy of these tube-like structures to promote axonal regeneration and vascularisation.  

Since it has been reported that rat Schwann cells migrate along the surface of blood 

vessels (Cattin et al., 2015), the ability of aligned tube-like endothelial cell structures to 

help Schwann cell migration was examined. The migration of Schwann cells during nerve 

repair to form Bands of Büngner is essential to subsequently guide axonal growth 

(Deumens et al., 2010). Furthermore, blood vessels are also specifically beneficial 

towards axonal regeneration. In monoculture conditions, HUVECs enhanced axonal 

growth by secreting neurotrophic factors, and growing axons from rat DRGs were found 

to be in close proximity to a cluster of HUVECs (Grasman and Kaplan, 2017). In this way, 

having endothelial cells within the tissue-engineered constructs would provide twofold 

advantages.  

Therefore, the overall objective of this chapter was to evaluate the ability of pre-aligned 

tube-like endothelial cell structures in collagen constructs, alone or in co-culture with 

Schwann cells, to promote axonal regeneration and vascularisation in vitro and in vivo. 

More specifically, the aim was to investigate the survival of implanted HUVEC tube-like 



 

96 
 

structures and determine whether they improved blood vessel formation in vivo. In 

addition, if there were enhanced blood vessels, their contribution to the influx of rat 

Schwann cells and, eventually, axonal growth from nerve stumps was explored.   
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 Results 

 Schwann cells migrate faster in HUVEC collagen gels than in F7 Schwann 

cell gels and interact closely with aligned tube-like endothelial cell structures in 

vitro 

In order to examine the ability of aligned tube-like endothelial cell structures to guide 

Schwann cell migration, two in vitro migration models were used. Firstly, GFP+ DRG 

explants from transgenic rats were seeded into the middle of cellular collagen gels, which 

contained aligned HUVEC tube-like structures (at the density of 4×106 cells/ml with 4 

days of culture). As shown in Figure 4.1a, a population of GFP+ cells from the explant 

(which also includes Schwann and satellite glial cells) migrated into the collagen gels. 

They were mostly aligned with the longitudinal axis of the gels, consistent with the ability 

of aligned tube-like structures within collagen gels to direct Schwann cell migration.  

Also, another migration assay was established, as shown in Figure 4.1b. Here, 75 µl 

collagen gels containing GFP+ F7 Schwann cells at the density of 4×106 cells/ml were 

made and cast in 96-well plates. These were warmed to 37°C for 10 min for gels to set. 

Gels were cultured in DMEM overnight (18-24 h) to allow contraction, then contracted 

high-density GFP+ F7 Schwann cell-containing collagen gels were embedded in either 

cell-free collagen matrices or aligned cellular matrices (F7 Schwann cells or HUVECs). 

Subsequently, after 3 days, GFP+ F7 Schwann cell migration from the embedded gels 

into the surrounding matrices was analysed. The border of the nested collagen gels could 

be determined from either visualising the interface under phase-contrast microscopy or 

identifying the GFP+ cells. After day 1, a population of cells invaded the surrounding 

matrices (Figure 4.1b). After day 2, GFP+ F7 Schwan cells migrated comparable 

distances in the three different constructs, with a slightly greater distance in gels 

containing HUVECs. At day 3, GFP+ F7 Schwann cells invaded the greatest distance of 

approximately 580 µm into the HUVEC gel, whereas, in gels containing F7 Schwann 

cells, the GFP+ F7 Schwann cells within embedded gels migrated the lowest distance. 

With further analysis of migration velocities, GFP+ F7 Schwann cells travelled with the 

significantly highest velocity of about 9 µm/hr in the HUVEC environment when 

compared to the other two cellular gels. This indicated that HUVEC tube-like structures 

in tethered collagen gels help promote the migration of Schwann cells.  
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Figure 4.1 Schwann cells travelled fastest in aligned HUVEC fully-hydrated collagen gels 

compared with aligned Schwann cell gels and acellular gels. (a) Representative images of 

the DRG explant model show the migration at day 3 of GFP+ DRG glial cells, which were seeded 

on top of HUVEC-populated tethered collagen gels at day 1 (4×106 HUVECs/ml). Scale bars, 120 

µm. The arrows indicate the DRG explants. The rightmost 3D reconstruction confocal image 

shows the aligned DRG glial cells at higher magnification. (b) Representative images of the F7 

Schwann cell model show GFP+ F7 Schwann cells in nested collagen gels migrated into acellular 

collagen gels, aligned HUVEC collagen gels or aligned F7 Schwann cell collagen gels. White 

dotted lines represent the boundary of the embedded gel containing GFP+ F7 Schwann cells. 

Scale bars, 100 µm. (c) Quantification of the mean distance migrated by GFP+ F7 Schwann cells 

into three different gels over three days. ****P<0.0001 by two-way ANOVA with Tukey’s multiple 

comparisons test. (d) Graph shows mean velocity of invading GFP+ F7 Schwann cells into 

different gels. ***P<0.001, *P=0.0136 by one-way ANOVA with Tukey’s multiple comparisons test. 

Data are presented as mean ± SEM. n=3. 

To examine the degree of association between the Schwann cells and the tube-like 

structures, fully-hydrated collagen gels containing aligned HUVEC tube-like structures 

were seeded on top with either F7 Schwann cells or GFP+ DRG glial cells (from GFP 

transgenic rats). The results revealed a close association of the F7 Schwann cells and 

DRG glial cells with the HUVEC tube-like structures, as shown in Figure 4.2a and 4.2b, 

respectively. To quantify the degree of this interaction, the distance between F7 

Schwann cells/ glial cells and their closest tube-like structures was measured. The 

majority of both F7 Schwann cells and DRG glial cells (approximately 60-70%) within the 

gels were found close (<10 µm) to tube-like structures with the population showing a 

strong distribution towards proximity with the tube-like structures. However, it should be 

noted that this close association with tube-like structures might be because there were 

more Schwann cells or glial cells seeded on top of the gels. Further investigation to 

compare with other cell types like fibroblasts is needed to confirm that this close 

association with tube-like structures is specific to Schwann cells.  
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Figure 4.2 The majority of migrating F7 Schwann cells and DRG glial cells were 

significantly close to the aligned HUVEC tube-like structures in tethered collagen gels. (a) 

Representative fluorescence micrographs show GFP+ DRG glial cells at day 1 after seeding on 

top of the fully-hydrated collagen gel which contains aligned HUVEC tube-like structures (4×106 

HUVECs/ml with 4 days of culture). (b)  Representative fluorescence images show F7 Schwann 

cells invasion at day 1 in gels containing aligned HUVEC tube-like structures. White dotted lines 

represent the boundary of the embedded gel containing GFP+ F7 Schwann cells. Scale bars, 100 

µm and 50 µm. (c) Representative confocal 3D micrographs at higher magnification show that F7 

Schwann cells were found close to tube-like structures. White dotted lines represent the boundary 

of the embedded gel containing GFP+ F7 Schwann cells. Scale bars, 120 µm. (d, e) Frequency 

distribution graphs showing the distance of the F7 Schwann cells and DRG glial cells, 

respectively, to the closest tube-like structures, day 3 in culture. Graphs show mean value ± SEM. 

n=4. ****P<0.0001 by unpaired t-test (c) and one-way ANOVA with Tukey’s multiple comparisons 

test (d). 

 Aligned HUVEC tube-like structures promoted neurite growth from DRGs 

Having shown that the aligned tube-like structure in constructs can effectively guide 

Schwann cell migration, the next step was to determine the effectiveness of engineered 

tissues, which contained aligned endothelial cell structures, as a substrate for the support 

and guidance of neuronal growth. A co-culture was established by either seeding a 

mixture of primary rat sensory neurons and glial cells or attaching dorsal root ganglion 

explants onto the surface of the engineered tissue sheet. The engineered tissue 

constructs were prepared using the optimal conditions obtained from Chapter 3 which 

were the cell density of 4×106 cells/ml for both aligned F7 Schwann cell gels (1 day of 

culture) and aligned HUVEC tube-like structures (4 days of culture), and the ratio of 

4×106:0.5×106 cells/ml between HUVECs and F7 Schwann cells in the co-culture group 

(4 days of culture). The collagen construct containing HUVECs after 1 day of culture, 

where tube-like structures were not formed yet, was also examined to determine the 

effect of formed tubules towards DRG neurite outgrowth.  

Long straight neurites were detected growing out from both the explants and the 

dissociated cells (Figure 4.3a, 4.3b). They were found to grow along the longitudinal axis 

of the gels and also some of them were seen growing towards aligned endothelial cells 

or tube-like structures. Furthermore, the efficacy of gels containing aligned tube-like 

structures was compared to other types of constructs (Figure 4.4): collagen gels 

containing aligned F7 Schwann cells, aligned endothelial cells cultured for 1 day, and 

co-culture of aligned F7 Schwann cells and HUVECs for 4 days. Amongst the 4 

constructs, 1-day cultured aligned endothelial cells provided the smallest neurite length 

(~130 µm), whilst there was no significant difference between the other three groups 

(Figure 4.4c). The maximum neurite length in the aligned 4-day HUVEC groups was 
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significantly higher than that detected in 1-day HUVEC gels (Figure 4.4d). All groups 

demonstrated a similar number of branches per neuron and percentage of cells with 

neurites (Figure 4.4e, 4.4f). In addition, the majority of neurites were aligned along the 

longitudinal axis of the gel with an average angle of deviation approximately 10 degrees. 

However, in the 1-day HUVEC gels, neurites were slightly oriented away from the 

longitudinal axis with around 20 degrees of deviation and larger min-max range, as 

shown in Figure 4.4g. This indicated that the aligned HUVEC tube-like structure 

constructs (4 days culture period) can promote DRG neurite outgrowth to a comparable 

extent as aligned Schwann cells and were suitable for subsequent testing in vivo.  
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Figure 4.3 DRG neurites were found near aligned HUVEC tube-like structures within 

tethered fully-hydrated collagen gels after 3 days of culture. Rat DRG neurons were seeded 

on top of the HUVEC-populated tethered fully-hydrated collagen gels at day 1 and the gels were 

cultured for 3 days more. (a) Representative confocal z-stack images showing that neurite 

outgrowth tended to elongate along the longitudinal axis of the gel from the DRG explant and (b) 

dissociated DRG neurons. White arrow represents longitudinal axis of the tethered collagen gel 

containing aligned HUVEC tube-like structures. White arrowheads indicate DRG neurites. Neurite 

outgrowth was associated with the aligned endothelial cells (higher magnification image from the 

marked square area in the middle left figure). Scale bars, 100 µm. 
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Figure 4.4 Aligned HUVEC tube-like structures enhanced rat DRG neurite growth to a 

comparable extent as F7 Schwann cells in a DRG co-culture model with stabilised collagen 

constructs. (a) Fluorescence micrograph shows sprouting of neurites from a rat DRG neuron 

body; white dashed line indicates neurite length, branching spots are indicated by white arrows. 

Neurite angle, ϴ, is measured with respect to the longitudinal axis of the gel indicated by the red 

arrow. (b) Representative images showing neuronal outgrowth on different constructs. White 

arrow indicates DRG neurite. Scale bars, 100 µm. (c) Graphs show mean length of neurites, (d) 

maximum neurite length, (e) mean number of branching points per neuron, and (f) percentage of 

neurons with neurites. (g) The alignment of neurites was measured as shown in box and whisker 

plot. Data are mean value ± SEM. n=3 (20-30 DRG neurons measured per gel). *P<0.5 by one-

way ANOVA with Tukey’s multiple comparisons test. 

 The HUVEC-F7 Schwann cell co-culture engineered constructs supported 

axonal regeneration and vascularisation in a 10 mm gap rat sciatic nerve injury 

model for 4 weeks 

Having demonstrated the ability of the constructs containing aligned endothelial cells to 

support and guide neuronal regeneration in vitro, in vivo experiments were also 

conducted in order to investigate the ability of this construct to repair nerve damage in 

the more complex environment. According to successful previous studies, the stabilised 

collagen gels were rolled into rods and then placed within silicone tubes and held in place 

using fibrin glue before implantation (Georgiou et al., 2013). Propidium Iodide and Syto-

21 staining were used to investigate cell viability within these types of constructs before 

in vivo experiments. Compared to the control (fully-hydrated collagen gels), there was 

only around 10 % cell death after stabilisation and rolling (Figure 4.5b). Furthermore, 

incubation of the rolled stabilised constructs in Hibernate-A media (Gibco) for 2 h 

increased cell death by only 5%. Hibernate-A media is a CO2-independent nutrient 

medium and was used for the transportation and storage of the tissue-engineered 

constructs prior to implantation. Overall, most of the cells within the final constructs 

remained viable (~15% cell death) which confirmed the potential of this construction and 

storage approach to be used further in vivo.   
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Figure 4.5 HUVEC viability was maintained during the preparation of the implantable 

constructs. HUVECs at the density of 4×106 cells/ml of collagen gel with 4 days of culture were 

used to produce the engineered construct. Briefly, each construct was stabilised via the plastic 

compression method using RAFT absorbers for 1 min, rolled, and then placed inside a 12 mm 

silicone tube. Final constructs were kept in cold Hibernate-A medium until implantation in vivo. (a) 

Representative fluorescence images showing cell viability of HUVECs within collagen hydrogels 

with propidium iodide (PI) and Syto 21. Scale bars, 100 µm. (b) Graph shows the percentage of 

cell death for the control (fully-hydrated HUVEC gels), the stabilised and rolled HUVEC gels, and 

the HUVEC gels that were stabilised, rolled and 2 h incubated in Hibernate-A at 4°. Data are 

mean ± SEM. n=5. 

Using the 10 mm gap rat sciatic nerve model, three potential constructs; (1) stabilised 

collagen gels containing F7 Schwann cells, (2) HUVECs and (3) the combination of both 

cells, were compared (James Phillips conducted the surgery). After 4 weeks, nerve 

bridge tissue could be observed throughout all three groups (Figure 4.6a). Figure 4.6b-

4.6f shows the evaluation of neuronal regeneration and vascularisation at the distal 

stump of the conduits after 4 weeks. Analyses revealed no significant differences in 

numbers of axons at the distal stump amongst the three groups (Figure 4.6c), but there 

appeared to be slightly fewer axons in the HUVEC group compared to the F7 Schwann 

cell and the co-culture group.   

To assess regeneration across the gap in all of the groups, the number of axons in the 

distal stump was expressed as a percentage of the number of axons detected in the 

proximal stump (Figure 4.6d). There was no significant difference in regeneration 

amongst the three groups, but the co-culture constructs showed a slightly higher mean 

regeneration percentage of 40%. There were slightly more blood vessels in the 

constructs containing HUVECs than F7 Schwann cells alone (Figure 4.6f), although this 

was not significant.  
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Figure 4.6 Number of axons and blood vessels in distal stump cross-sections after 4 weeks 

in a 10 mm gap rat sciatic nerve model repaired using engineered constructs containing 

either Schwann cells, HUVECs, or a co-culture of Schwann cells and HUVECs. (a) 

Representative images of engineered nerve conduits removed from the rats after 4 weeks. (b) 

Representative confocal micrographs showed transverse sections of nerves at the distal stump 

stained with neurofilament markers. Scale bars, 200 µm. (c) Graph shows mean number of axons 

at the distal stump of three different repair constructs. (d) The efficacy of each repair device to 

support neuronal regeneration was evaluated by comparing the number of axons at the distal 

stump as a percentage of the number of axons at the proximal part of the device in each case. 

(e) Representative fluorescence images of RECA-1+ blood vessels at the distal device site. Inset 

images show individual lumen structures at higher magnification. White arrow represents lumen 

structures. Scale bars, 100 µm. (f) Graph shows mean number of blood vessels at distal stump 

across three different repair constructs. Data represent mean ± SEM. n=3 (three tissue sections 

at each position of the nerve sample were analysed across all animals).  

On longitudinal sections, NF-labelled regenerating axons were visible across the 10-mm 

nerve bridge region (Figure 4.7). To analyse, longitudinal sections were categorised as 

zone 1 (proximal device, 2.5 mm), zone 2 (middle device, 3.0 mm), and zone 3 (distal 

device, 2.5 mm) and then the area of each immunostaining marker was calculated via 

ImageJ. Longitudinal sections showed that NF+ regenerated axons displayed well-

ordered linear growth arrangements in all groups and regions (Figure 4.7a). In all three 

zones, there was a significantly lower number of regenerating axons in the HUVEC group 

compared to the HUVEC-F7 Schwann cell group (Figure 4.7b). Stabilised HUVEC gel 

constructs showed the lowest total area of axons amongst three types of the construct 

(Figure 4.7c).  
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Figure 4.7 Longitudinal axonal staining within implanted constructs after 4 weeks in a 10 

mm gap rat sciatic nerve model repaired using engineered constructs containing either 

Schwann cells, HUVECs, or a co-culture of Schwann cells and HUVECs. (a) Representative 

image showing three selected zones of a whole nerve longitudinal section. The areas of nerve 

field for each site are approximately 2.2×106 µm2 (zone 1), 2.1×106 µm2 (zone 2) and 1.3×106 µm2 

(zone 3). Scale bar, 220 µm. (b) Representative fluorescence images of longitudinal sections 

through the rat sciatic nerve repair sites (three sites: zone 1 (proximal device), zone 2 (middle 

device), and zone 3 (distal device)) immunostained for neurofilament (NF) at 4 weeks 

postoperative time. Scale bars, 100 µm. (c) Percentage of area of NF+ axons in the nerve sections 

at the three different sites. **P<0.01, *P<0.05 by two-way ANOVA with Tukey’s multiple 

comparisons test. (d) Percentage of area of NF+ axons of the whole nerve section (~5.7×106 µm2) 

of each repair construct. *P<0.05 by one-way ANOVA with Tukey’s multiple comparisons test. 

Data represent mean ± SEM. n=3 (three tissue sections at each position of the nerve sample 

were analysed across all animals). 

There were no significant differences in the area of S100+ Schwann cells across all three 

regions of the three different types of nerve construct (Figure 4.8b). However, in HUVEC 

constructs, the average area of Schwann cells considerably declined in the middle and 

distal region when compared to the average area in the proximal site and the other two 

constructs, but this was not significant. This phenomenon was also reflected in the total 

area of Schwann cells across three regions, as shown in Figure 4.8c. This result was 

likely to be due to the lack of implanted F7 Schwann cells in the HUVEC-only group. 

 

 

 

 

 

 

 

 

 



 

111 
 

Figure 4.8 Schwann cell influx across the nerve bridge was similar in all groups after 4 

weeks in a 10 mm gap rat sciatic nerve model repaired using engineered constructs 

containing either Schwann cells, HUVECs, or a co-culture of Schwann cells and HUVECs. 

(a) Representative fluorescence images of longitudinal sections through the rat sciatic nerve 

repair sites (three sites: zone 1 (proximal device), zone 2 (middle device), and zone 3 (distal 

device)) immunostained for S100 at 4 weeks postoperative time. Scale bars, 100 µm. (b) 

Quantification of the area of S100+ Schwann cells in the nerve sections at three different sites of 

three repaired constructs. The areas of nerve field for each site are approximately 2.2×106 µm2 

(zone 1), 2.1×106 µm2 (zone 2) and 1.3×106 µm2 (zone 3). (c) Quantification of the area of S100+ 

Schwann cells of the whole nerve sections of three repaired constructs. (~5.7×106 µm2). Data 

represent mean ± SEM. n=3 (three tissue sections at each position of the nerve sample were 

analysed across all animals).  
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RECA-1+ staining indicates blood vessels from the host tissue (HUVECs are not 

immunoreactive with this antibody). There were no significant differences in the number 

of penetrating host blood vessels amongst three regions of all constructs (Figure 4.9b). 

The density of blood vessels (per mm2) ranges from 20 to 30.  Constructs containing 

HUVECs seemed to have more blood vessels in zone 2 and overall, although this was 

not significant (Figure 4.9b, 4.9c). Figure 4.10 showed a close association of the host 

blood vessels with Schwann cells. 
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Figure 4.9 Vascularisation with host blood vessels was similar in all groups after 4 weeks 

in a 10 mm gap rat sciatic nerve model repaired using engineered constructs containing 

either Schwann cells, HUVECs, or a co-culture of Schwann cells and HUVECs. (a) 

Representative fluorescence images of longitudinal sections through the rat sciatic nerve repair 

sites (three sites: zone 1 (proximal device), zone 2 (middle device), and zone 3 (distal device)) 

immunostained for RECA-1 at 4 weeks postoperative time. White arrow represents the RECA-1+ 

blood vessels. Scale bars, 100 µm. (b) Quantification of the density of RECA-1+ blood vessels in 

the nerve sections at three different sites of three repaired constructs. The areas of nerve field for 

each site are approximately 2.2×106 µm2 (zone 1), 2.1×106 µm2 (zone 2) and 1.3×106 µm2 (zone 

3). (c) Quantification of the total density of RECA-1+ blood vessels of the whole nerve sections 

(~5.7×106 µm2) of three repaired constructs. Data represent mean ± SEM. n=3 (three tissue 

sections at each position of the nerve sample were analysed across all animals). 

 

Figure 4.10 Representative confocal images from a longitudinal section of a rat sciatic 

nerve bridge at the middle region (after 4 weeks in a 10 mm gap), repaired using engineered 

constructs containing either Schwann cells, HUVECs, or a co-culture of Schwann cells and 

HUVECs. Schwann cells were found associated with the vasculature formed by RECA-1+ blood 

vessels. White arrowheads indicate RECA-1+ blood vessels. Scale bar, 100 µm. 

The CD31 marker being used in Figure 4.11 was specifically to distinguish the implanted 

endogenous blood vessels from HUVECs in the constructs from host blood vessels. As 

expected, in the F7 Schwann cell constructs, there were no CD31+ stained cells present 

at all. After 4 weeks, some HUVECs survived and formed tube-like structures along the 

nerve bridge (Figure 4.11a). There was no significant difference in the density of CD31+ 

blood vessels between the HUVEC-only and HUVEC-F7 Schwann cell group (Figure 

4.11b, 4.11c).  Also, there seemed to be slightly more CD31+ blood vessel density in 

zone 2, although this was not significant (Figure 4.11b). The proportion of the CD31+ 

blood vessels was approximately 20% of the RECA-1+ blood vessels. The total density 

of blood vessels (both RECA-1+ and CD31+) showed no significant difference amongst 

the three groups. CD31+ HUVEC blood vessels can be seen near Schwann cells (Figure 

4.12). 
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Figure 4.11 HUVECs survived and formed tube-like structures across the nerve bridge after 

4 weeks in a 10 mm gap rat sciatic nerve model repaired using engineered constructs 

containing either Schwann cells, HUVECs, or a co-culture of Schwann cells and HUVECs. 

(a) Representative fluorescence images of longitudinal sections through the rat sciatic nerve 

repair sites (three sites: zone 1 (proximal device), zone 2 (middle device), and zone 3 (distal 

device)) immunostained for CD31 at 4 weeks postoperative time. White dotted line indicates what 

was assumed to be the collagen hydrogel. White solid line indicates the boundary of nerve tissue 

section. White arrow indicates the CD31+ tube-like structures where lumens can also be detected. 

Scale bars, 100 µm. (b) Quantification of the density of CD31+ blood vessels in the nerve sections 

at three different sites of three repaired constructs. The areas of nerve field for each site are 

approximately 2.2×106 µm2 (zone 1), 2.1×106 µm2 (zone 2) and 1.3×106 µm2 (zone 3). (c) 

Quantification of the total density of CD31+ blood vessels of the whole nerve sections (~5.7×106 

µm2) of three repaired constructs. (d) Graph showing the total density of blood vessels (both 

RECA-1 and CD31) present in each construct. Data represent mean ± SEM. n=3 (three tissue 

sections at each position of the nerve sample were analysed across all animals).  

 

Figure 4.12 Representative confocal images from a longitudinal section of a rat sciatic 

nerve bridge at the middle region, (after 4 weeks in a 10 mm gap), repaired using 

engineered constructs containing either Schwann cells, HUVECs, or a co-culture of 

Schwann cells and HUVECs. S100+ Schwann cells were found associated with the vasculature 

formed by CD31+ HUVECs. White arrowheads indicate CD31+ HUVEC tube-like structures. 

Scale bar, 100 µm. 
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 Discussion 

In the research presented in this chapter, the primary objective was to focus on the 

assessment of the efficacy of the constructs developed in Chapter 3 (containing aligned 

endothelial cell tube-like structures) to help guide and promote F7 Schwann cell 

migration and neuronal growth both in vitro and in vivo. This study has demonstrated 

that the aligned tube-like structures within collagen gels were able to guide F7 Schwann 

cell migration and showed a comparable capacity to promote neuronal outgrowth to the 

conventional F7 Schwann cell gels in vitro. It was also shown in the rat sciatic nerve 

model that transplanted HUVECs survived and formed blood vessels, however this 

stabilised aligned HUVEC collagen gel decreased the number of regenerating axons 

across the nerve bridge when compared to the other two groups, suggesting further 

optimisation of the construct is necessary.   

To confirm that the aligned tube-like structure gels can guide Schwann cell migration as 

suggested in previous literature (Cattin et al., 2015), a migration assay was necessary. 

Scratch wound assays and Boyden chambers are the most commonly used cell 

migration assays. The scratch wound assay can be performed by scratching the middle 

of a confluent cell monolayer (Liang et al., 2007), creating a cell-free gap into which cells 

can migrate. The migration ability can then be assessed by comparing images 

immediately after scratching the plate and specific time points during the invasion of the 

cells to close the gap. However, this assay measures cell migration on solid surfaces in 

2D, which was not suitable for our model. The Boyden chamber assay is widely used as 

a 3D cell migration assay, which measures cell migration through porous membranes 

and is mainly used to test migratory response to chemotactic cues (Brekhman and 

Neufeld, 2009). This would limit the cell-cell contact migration capability, which is 

necessary for cell migration during nerve regeneration (Parrinello et al., 2010;Hoving et 

al., 2019), and thus this approach was not appropriate here.  

In this study, therefore, a migration assay was established by adapting the nested 

collagen gel model from Grinnell et al. (2006) (Grinnell et al., 2006). In this assay, cells 

are seeded in gels, and these gels are then embedded in another gel in which other cells 

can be added, mimicking the 3D in vivo migratory environment. Here, a F7 Schwann cell 

collagen gel was embedded inside either acellular or cellular (F7 Schwann cell/HUVEC) 

collagen matrices. After 3 days, F7 Schwann cells had migrated with a velocity of around 

6.41 µm/h in control (disorganised) collagen gels, which corresponds to the range 

reported in several previous studies using Schwann cells (Demir et al., 2014;Forciniti et 



 

117 
 

al., 2014;Latasa et al., 2016) as well as other cell types in collagen gels (Wolf et al., 

2013;Sun et al., 2014). They migrated with a higher mean velocity of 9.37 µm/h in gels 

containing aligned tube-like structures but lower velocity in gels containing F7 Schwann 

cells (4.45 µm/h). Cell migration rate depends on several key factors such as stiffness 

and porosity of surrounding ECM as well as cell-cell interaction, especially for a collective 

migration like Schwann cells (Zaman et al., 2006;Miron-Mendoza et al., 2010;Trepat et 

al., 2012;Doyle et al., 2015). 

During peripheral nerve regeneration, Schwann cells migrate collectively and form 

proliferating Schwann cell columns known as “Bands of Büngner”, guiding regrowing 

axons to their targets. Collective migration is the process where a group of cells move 

together; it also requires multiple intercellular signals between individual cells within the 

group (cell-cell communication), as well as signals from the surrounding ECM 

environment such as ECM proteins and chemotactic factors, which can guide and 

regulate cell migration behaviours. Collective migration is an essential and complex 

process during embryonic development, wound healing, and cancer cell invasion (Friedl 

et al., 2004;Haeger et al., 2015;Mayor and Etienne-Manneville, 2016). During migration, 

the cluster movement of cells requires adhesive interactions, whilst in order for a group 

of cells to move forward, intercellular-repulsive signals are needed. It has been shown 

that during the nerve regeneration process, Schwann cell migration can be directed by 

the newly formed vasculature (Cattin et al., 2015). Additionally, local fibroblasts at the 

wound site induce Schwann cells towards adhesive behaviour important for their 

collective migration via EphrinB/EphB2 signalling (Parrinello et al., 2010). However, 

when Schwann cells are cultured in isolation, they exhibit contact inhibition of locomotion, 

a process that causes cells to repel each other upon contact (Carmona-Fontaine et al., 

2008;Davis et al., 2015). When two migrating Schwann cells meet, the formation of their 

local protrusions is inhibited which then repolarises the directionality of the cells towards 

an alternative migration path. This contact inhibition of locomotion mechanism may play 

a role in Schwann cell migration within the aligned Schwann cell gels in this model, 

resulting in a lower cell migration velocity. 

Additionally, it has been reported that lower cell seeding density results in higher cell 

migration speed due to more empty space for cells to travel into (Sun et al., 2014;Tlili et 

al., 2018). This might explain why F7 Schwann cell velocity was lower in aligned F7 

Schwann cell gels since a previous study showed that Schwann cells demonstrated a 

higher proliferative rate compared to HUVECs, which could result in less available space 

for cells to migrate (Ramos et al., 2015). Endothelial cells, which undergo angiogenesis 

or vasculogenesis, are associated with the presence of several matrix 

metalloproteinases (MMPs) which degrade the ECM, which may have created a more 



 

118 
 

supportive environment for cell migration in the endothelial cell gels (van Hinsbergh and 

Koolwijk, 2008;Neve et al., 2014;Das et al., 2017). Furthermore, when compared to the 

cell migration observed on F7 Schwann cell gels and disorganised acellular collagen 

gels, the significantly higher migration velocity on aligned endothelial cell-containing gels 

indicates that the migration of F7 Schwann cells is endothelial cell-specific and depends 

on the anisotropic structure of cells and matrices. Anisotropic structures of matrices have 

been demonstrated to improve cell migration in skin wound regeneration (Lu et al., 2018). 

It was shown here that F7 Schwann cells invaded the collagen matrices and tended to 

interact closely with tube-like endothelial cell structures. Cattin et al. (2015) showed that 

Schwann cells require the surface of blood vessels in order to migrate efficiently to form 

Bands of Büngner in peripheral nerve repair (Cattin et al., 2015). Also, in an in vitro 

model, they reported that Schwann cells were unable to migrate efficiently within a 3D 

fibrin gel unless they interacted with a scaffold of HUVEC tube-like structures 

emphasising the specificity of tube-like structures in guiding Schwann cell migration. 

Besides, the surface membrane of endothelial cells provides friction that supports the 

actomyosin-driven migration of Schwann cells (Cattin et al., 2015). Consistent with this, 

in the cell migration assay performed here, the majority of F7 Schwann cells (60-80%) 

were closely associated (<10 µm) with tube-like structures. Additionally, the mean 

velocity of F7 Schwann cells that migrated along 3D HUVEC tubules was higher than in 

controls with no tubes.  

The in vitro neuronal evaluation of the constructs demonstrated the comparable ability 

of aligned tube-like endothelial cell structures and EngNT containing F7 Schwann cells 

to support neuronal regeneration from adult rat DRG neurons. HUVEC gels cultured for 

1 day showed the lowest neurite length amongst the three constructs. At day 1, there 

were not many tubes forming yet; the majority of the population were individually 

elongated endothelial cells. Aligned longer tube-like structures were observed on day 4, 

a time point which exhibited good support for neurite growth. It has been shown in a 

previous study that endothelial cells can stimulate and direct the growth of axons from a 

DRG via VEGF-mediated paracrine signalling (Grasman and Kaplan, 2017). 

Interestingly, neurites were found closely associated with the surface of aligned tube-like 

structures, suggesting the importance of the physical component of endothelial tubules 

to guide neuronal growth. Corresponding to the present results, a previous study 

reported close contact between regenerating axons and blood vessels in a mouse spinal 

cord injury model (Dray et al., 2009). The basal lamina, a main component of the 

neurovascular unit, may contribute to this mechanism by providing enriched adhesion 

and growth-promoting molecules such as laminin and collagen (Loy et al., 2002;Okada 

et al., 2007;del Zoppo, 2010). The neuronal growth was also aligned parallel to the 
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orientation of tube-like structures, indicating the significance of endothelial cells in 

guiding neuronal regeneration that has been demonstrated by Gingras et al. (2003) and 

Isahara et al (1995) (Isahara and Yamamoto, 1995;Gingras et al., 2003). 

Interestingly, aligned tube-like endothelial cell structures showed a comparable potential 

to F7 Schwann cells in promoting neuronal outgrowth in vitro, as seen from the average 

neurite length of around 260 µm. Schwann cells have been shown to secrete several 

beneficial growth factors that promote neurite growth such as neurotrophins, glial cell 

line-derived neurotrophic factor (GDNF), epidermal growth factors (EGFs), platelet-

derived growth factor (PDGF), etc (Reuss, 2014). In addition, endothelial cells were also 

found to release a variety of neurotrophic factors such as GDNF, brain-derived 

neurotrophic factor (BDNF), nerve growth factor (NGF), vascular endothelial growth 

factor (VEGF), etc (Grasman and Kaplan, 2017). Additionally, analysis of genes involved 

in nerve regeneration and angiogenesis has shown that Schwann cells and vascular 

endothelial cells share several main genes such as STAT3, Cdc42, and EPHB3 during 

the sciatic nerve post-transection period (Wang et al., 2017a). The STAT3 genes provide 

instructions to produce transcription proteins which play an essential role in several 

biological pathways such as axon regeneration, and endothelial tube formation (Bareyre 

et al., 2011). Previous literature reported that EPHB3 could regulate axon guidance, 

regrowth as well as blood vessel sprouting and remodelling (Daniel and Abrahamson, 

2000;Liu et al., 2006). Also, Cdc42 is necessary for axon outgrowth and migration of 

Schwann cells and endothelial cells (Qian et al., 2005;Benninger et al., 2007). As a 

result, this might contribute to the similar efficacy of endothelial cells and Schwann cells 

to enhance axonal growth shown here.  

Whether the constructs would perform the same in an animal model as they did in vitro 

was an important next question, and thus an in vivo experiment was conducted to 

confirm. After 4 weeks, all the constructs demonstrated support of axonal regeneration 

across a 10 mm injury gap from the proximal to the distal stump. Unlike the in vitro result 

where aligned tube-like endothelial cell gels provided comparable ability to promote 

neuronal growth as the F7 Schwann cell gels, the stabilised constructs containing only 

tube-like endothelial cell structures resulted in the lowest area of regenerating axons 

across the whole nerve bridge in vivo. Some implanted HUVECs survived and formed 

tube-like structures, but the overall density of blood vessels across the nerve bridge in 

all the three groups was not significantly different. No significant difference was also 

observed in the extent of Schwann cell migration across the nerve bridge in all groups, 

although there was a trend showing fewer Schwann cells in the HUVEC-only group. This 

was unexpected as we hypothesised that the implanted HUVEC tube-like structures 
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would enhance vascularisation in the bridge and promote Schwann cell migration. This 

result could be due to a number of reasons. 

Firstly, although the stabilised HUVEC constructs maintained their alignment and cell 

viability, the number of pre-formed tube-like structures was reduced to almost half of that 

in the original fully-hydrated collagen gels (Chapter 3). In this way, the potential of the 

constructs might be limited and, thus, it was not possible to conclude from this in vivo 

result that tube-like structures are not able to help promote axonal regeneration. It would 

be beneficial to develop an alternative approach to produce anisotropic fully-hydrated 

collagen gels to preserve and stabilise aligned tube-like structures for an in vivo test 

without the plastic compression process damaging these delicate structures.  

Secondly, it was postulated that the engineered tube-like structures might begin to 

degrade due to the absence of supportive stabilising cells such as pericytes. Previous 

studies reported that, in 3D hydrogel scaffolds, the tube-like structures in HUVEC 

monoculture began to regress beyond day 7 (Au et al., 2009;West et al., 2019). 

Additionally, tissue constructs seeded with endothelial cells and supportive stromal cells 

like fibroblasts demonstrated some degree of anastomosis with host tissues from day 7-

14 when transplanted subcutaneously into mice, which was more delayed with only 

endothelial cells seeded in constructs (Chen et al., 2010). A further study to optimise the 

stable tube-like structures in the system presented here, through the addition of other 

cell types, would, therefore, be interesting to investigate in the future.  

The HUVEC-F7 Schwann cell co-culture constructs performed as well as the F7 

Schwann cell constructs. They supported a similar amount of Schwann cell infiltration 

and density of blood vessels to the F7 Schwann cell group. However, the decreased 

number of HUVEC tube-like structures after stabilisation of the collagen gels leads to the 

suggestion that efficacy of the co-culture repair constructs may have been predominantly 

from the aligned F7 Schwann cells. 

Furthermore, there was an increase in the number of RECA-1+ blood vessels both in the 

middle and distal stump in the two groups which contained HUVECs (HUVECs alone 

and HUVEC-F7 Schwann cell co-culture). Although this was not statistically significant, 

which might be due to the low number of animals (n=3), the number of RECA-1+ blood 

vessels in the middle of those two groups was prominent which suggested that some of 

HUVECs survived and helped improve vascularisation. A higher number of RECA-1+ 

blood vessels in the middle region, when compared to the proximal and distal site of the 

nerve bridge, implies that the vascularisation was well established, which may have 

helped to avoid necrosis in the middle region. The average density of blood vessels in 
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the regenerating nerves is also in agreement with previous literature, which reported 

similar patterns of vasculature in the healthy sciatic nerves of adult Wistar rats  (Bell and 

Weddell, 1984;Suaid et al., 2016). This indicates that the tissue-engineered constructs 

developed here can support vascularisation at the nerve injury site. Also, HUVEC blood 

vessels were found closely associated with Schwann cells, indicating that the HUVEC 

blood vessels might contribute to the recruitment of host Schwann cells. However, further 

experiments need to be done to distinguish between host migrated rat Schwann cells 

and implanted F7 Schwann cells in order to confirm whether the implanted tube-like 

structures help guide more Schwann cell migration. This can be achieved by labelling 

the F7 Schwann cells in the construct (e.g. with GFP), in order to distinguish implanted 

GFP+ F7 Schwann cells from the host Schwann cells.  

 Conclusion 

In conclusion, this study has demonstrated the ability of aligned HUVECs in collagen 

gels to promote Schwann cell migration and axonal regeneration in vitro. However, it was 

clear from the preliminary in vivo experiment that the engineered nerve construct must 

be improved to preserve the pre-formed aligned tube-like structures, so that the role of 

endothelial cell tube-like structures on Schwann cell migration, axonal regeneration and 

vascularisation can be investigated. In the future, a new design to create aligned fully-

hydrated cellular scaffolds with intact endothelial cell tube-like structures would be useful 

to investigate. 
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 Optimisation of tethered 3D hydrogel conduit design and 

collagen-fibrin blend hydrogel scaffolds 

 Introduction 

The stabilisation method called plastic compression has been commonly used in tissue 

engineering fields to produce dense cellular hydrogel constructs with tissue-like fibrillar 

density and mechanical properties (Brown et al., 2005;Mi et al., 2010;Braziulis et al., 

2012;Cheema and Brown, 2013). Aligned Schwann cells in collagen hydrogels stabilised 

using this technique were shown to promote nerve regeneration across a 15 mm gap 

length in the rat sciatic nerve model (Georgiou et al., 2013). Chapters 3 and 4 

demonstrated that the plastic compression method can also be applied to collagen gels 

containing tube-like HUVEC structures, maintaining cellular alignment. The stabilised 

hydrogel constructs seeded with HUVECs and F7 Schwann cells showed comparable 

efficacy in supporting axonal regeneration to the conventional stabilised collagen gels 

containing only F7 Schwann cells in the rat sciatic nerve model. However, the plastic 

compression process caused approximately 50% reduction in tube-like structures 

despite the positive results from both in vitro and in vivo neuronal regeneration 

assessment (Chapter 3). This might hinder the potential of the constructs to promote 

nerve regeneration and vascularisation, and may have contributed to the relatively poor 

in vivo axonal regrowth observed in the stabilised hydrogel constructs containing only 

HUVEC tube-like structures (Chapter 4).  

Fully-hydrated hydrogels (i.e. those not subjected to the removal of fluid by plastic 

compression) have been widely used as platforms to study angiogenesis and to develop 

vascularised tissue-engineered scaffolds (Nsiah et al., 2016;Bray et al., 2017). Previous 

studies have demonstrated that endothelial cells favour softer and more malleable 

materials to remodel the matrices and form vessel-like structures, and endothelial cell 

sprouting decreases in stiffer hydrogel environments (Chung et al., 2009;Francis-Sedlak 

et al., 2010;Edgar et al., 2014). In addition, a highly hydrated microenvironment provides 

greater porosity to help the diffusion of biomolecules and nutrients than a more dense 

fibre environment (El-Sherbiny and Yacoub, 2013;Kihara et al., 2013). Aligned fully-

hydrated collagen hydrogels have also been shown to successfully improve nerve 

regeneration in several studies. Oliveira et al. (2005) filled polyethylene tubes with 

hydrated collagen hydrogels and used them to repair 6 mm gaps in a rat sciatic nerve 

injury model (Oliveira, 2005). After six weeks, the hydrogel constructs demonstrated a 

similar number of regenerated myelinated axons as healthy nerves. A more recent study 

has shown encouraging results of using collagen filled conduits to repair digital nerve 
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lacerations for nerve gaps of 9-17 mm in human (Taras et al., 2011;Dienstknecht et al., 

2013). Aligned cellular fully-hydrated collagen gels have also been made and used to 

repair experimental peripheral nerve injury (Phillips et al., 2005). Schwann cells were 

self-aligned within hydrated collagen gels (tethered in perforated silicone tubes), and 

they successfully supported axonal outgrowth in a 5 mm gap rat sciatic nerve injury 

compared to the empty conduits. As a result, using fully-hydrated hydrogels could 

provide a beneficial environment for both angiogenesis and neuronal regeneration.  

Besides collagen, which is abundantly present in nerve extracellular matrix, fibrin is also 

one of the major components in would healing. The production of fibrin is a consequence 

of the enzymatic cleavage of monomeric fibrinogen by the protease thrombin, leading to 

its aggregation and polymerisation to form a dense mesh. During an early stage of 

peripheral nerve regeneration, a fibrin cable forms a bridge between both nerve stumps. 

Studies have shown that after a week, this network of fibrin matrix undergoes 

degradation and is replaced by collagen fibrils, followed by columns of migrating 

Schwann cells (Akassoglou et al., 2003;Belkas et al., 2004). Also, fibrin gels have been 

widely used to develop nerve guidance conduits which have proved to be beneficial for 

promoting axonal regeneration (Wang et al., 2013;Yao et al., 2016;Zhang et al., 2017b). 

Fibrin can induce the formation of regenerative phenotype Schwann cells by increasing 

p75 NGFR expression via phosphorylation of ERK1/2 (Akassoglou et al., 2002). 

However, due to its rapid degradation, optimisation of fibrin composition scaffolds is 

necessary to improve stability and integrity for nerve tissue engineering applications 

(Malafaya et al., 2007). 

Therefore, the overall objective of this chapter is to explore alternative approaches to 

optimise stable and anisotropic tissue-engineered nerve constructs containing HUVECs. 

More specifically, the aims were to design and test silicone tubes for tethering fully-

hydrated cellular hydrogels, and to examine the effect of collagen-fibrin blends on the 

tube formation of HUVECs.  
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 Results 

 Determining the influence of different tethering systems on the contraction 

and alignment of F7 Schwann cells and HUVECs in collagen gels 

Unlike the EngNT method where the plastic compression was used to stabilise an 

aligned cellular hydrogel, this tethering system with a perforated tube avoids the need 

for the plastic compression step. However, it is important that tension at the tube-gel 

interface can persist after implantation to make sure the tethering is robust. The previous 

tethering system based on a silicone conduit was designed to have 8 holes around each 

end (0.9 mm×0.9 mm square holes made via a 19G needle) (Phillips et al., 2005). To 

simplify the manufacture of the conduit in this new tethering system and develop a 

reliable tethering approach, fewer holes (3 around each end) were made using a biopsy 

punch (2 mm in diameter circular holes). An approach to improve integration between 

gel and tube was also investigated by coating the holes with fibrin glue. Therefore, there 

were four different tethering systems in this experiment: (1) 6-hole conduit, (2) 6-hole 

conduit with fibrin coating, (3) 16-hole conduit, and (4) 16-hole conduit with fibrin coating. 

After setting, observation under a phase-contrast microscope indicated that gels were 

able to attach to the pores created in the silicone tubes. Contraction was then 

characterised by the narrowing of the gel within the tube and the formation of an 

indentation at the end of the gel after attachment (Figure 5.1a, 5.1b). The attachment 

was examined by quantifying the number of points of gel tethering under a cell culture 

microscope, to provide the percentage of holes filled with gel for both ends of the tubes. 

It was assumed that a higher percentage implies better gel-tube integration and 

attachment. However, there was no significant difference in the percentage of the holes 

filled amongst four different tethering systems (Figure 5.1d). Interestingly, the contraction 

percentage of 4×106 F7 Schwann cell/ml in tethered collagen hydrogels after 24 h 

showed a significant increase in 16-hole constructs (~50%) compared to 6-hole 

constructs (~40%) (Figure 5.1c).  

To further assess the performance of different tethering systems, anchor attachment time 

was also investigated under conditions of cell-mediated over-contraction in vitro. 8×106 

F7 Schwann cell/ml density, which is double the cell density for optimal hydrogel 

contraction, was used in order to accelerate the contraction and thus force detachment 

from the silicone tubes. Hydrogels remained attached to 16-hole constructs for around 

120 min, whereas they remained attached for a significantly shorter period in 6-hole 

constructs (60 min) (Figure 5.1e, 5.1f). This implies that 16-hole constructs provided a 

more stable hydrogel attachment than the 6-hole approach.  
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Figure 5.1 Fully-hydrated collagen gels containing F7 Schwann cells contracted after 24 h 

and were more stable within the 16-hole silicone tube tethering system. (a) Representative 

images showing a 6-hole and 16-hole silicone tube design with contracted cellular hydrogels 

inside after 24 h. F7 Schwann cells were seeded within collagen gels at 4×106 cells/ml and 

integrated with 6-hole and 16-hole tethering systems, with or without fibrin coating, then allowed 

to contract in vitro  for 24 h. (b) Representative image showing the attachment of hydrogels to 

each hole in the 16-hole tethering system with completely filled holes (white arrowhead) and 

unfilled areas (white arrow). (c) Graph shows the comparison of percentage of hydrogel 

contraction between 6-hole and 16-hole conduit. (d) Percentage of holes filled with hydrogel. n=5. 

(e) Representative images of accelerated hydrogel contraction in a 16-hole construct until 

detachment from 0-120 min. F7 Schwann cells were seeded within collagen gels at 8×106 cells/ml.  

Scale bars, 1 mm. (f) Attachment time before the collapse of different tethering systems. *P<0.5 

by one-way ANOVA with Tukey’s multiple comparisons test. Data are mean ± SEM. n=4. 

Furthermore, the alignment of F7 Schwann cells and HUVECs was examined in the 

different tethering systems to determine whether the difference in the hydrogel 

attachment efficacy of the silicone constructs shown previously contributes to the cellular 

alignment (Figure 5.2). The angle of deviation of the cells within the construct was 

measured relative to the longitudinal axis of the gel. All constructs showed highly aligned 

cells within the gels with the average angle of deviation around 20º (Figure 5.2c, 5.2d). 

There was no significant difference amongst different tethering systems in the silicone 

tubes in both cell types. 
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Figure 5.2 F7 Schwann cell and HUVEC alignment were similar in different tethering 

systems. F7 Schwann cells or HUVECs were seeded within collagen gels at 4×106 cells/ml and 

integrated with 6-hole and 16-hole tethering systems, with or without fibrin coating, then allowed 

to contract in vitro for 1 day (F7 Schwann cell) and 4 days (HUVEC). (a) Representative 

fluorescence images of F7 Schwann cells within the middle region of silicone tube immunostained 

for S100. (b) Representative fluorescence images of HUVEC tube-like structures within the 

middle region of silicone tube immunostained for CD31. Scale bars, 52 µm. (c, d) Box plot shows 

the angle of deviation of F7 Schwann cells and HUVEC tube-like structures from the longitudinal 

axis of the gel. Box plots show min, max and median, with lower and upper quartile. n=300 cells 

from 3 independent experiments. 
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Figure 5.3 16-hole silicone tube without fibrin provided the optimal tube-like structure 

formation. HUVECs were seeded within collagen gels at 4×106 cells/ml and integrated with 6-

hole and 16-hole tethering systems, with or without fibrin coating, then allowed to contract in vitro 

for 4 days. (a) A diagram showing a representative fluorescence image that was analysed by the 

Angiogenesis Analyser plugin. Measured parameters were also shown. (b) Representative 

confocal micrographs showing tube-like structures in four different tethering systems. Scale bars, 

50 µm. Number of meshes (c), junctions (d), branches (e), and total branching length (f) were 

compared amongst four different tube designs. ***P<0.001, **P<0.01, *P<0.05 by one-way 

ANOVA with Tukey’s multiple comparisons test. Data are mean ± SEM. n=3. 

c d 

e f 

16-hole 6-hole 16-hole  
with fibrin-coating 

6-hole  
with fibrin coating 

b 

C
D

3
1
 

Mesh 

Junction 

Branch 

Segments 

a 

P
h

a
ll

o
id

in
 



 

129 
 

In order to examine whether four different tethering systems affected tube formation, the 

formation of endothelial cell tube-like structures was assessed experimentally (Figure 

5.3). In each case 4×106 cells/ml HUVECs and 4-day culture period were used to achieve 

optimal aligned tube-like structures within the collagen gels. Overall, the 16-hole silicone 

tube exhibited a significantly higher degree of tube formation than the 6-hole construct 

based on number of junctions, meshes, branching segments and total branching length 

(Figure 5.3c-5.3f). Additionally, the 16-hole silicone tube with fibrin coating performed the 

best when compared to the 6-hole tube without fibrin coating. The fibrin coated 

constructs of both 6-hole and 16-hole appeared to have an increased trend of tube-

formation when compared to the uncoated equivalents, but this was not significant. 

Therefore, the 16-hole silicone tube without fibrin coating was chosen as the optimal 

design for further study. 

 20% Collagen-fibrin blend promotes tube formation  

It was shown from section 5.2.1 that more tube-like structures were present in the 

construct with fibrin-coating. This was hypothesised to be from the fibrin glue seeping 

inside the collagen gels which affects the angiogenesis of HUVECs (van Hinsbergh et 

al., 2001). The aim of this part of the study therefore was to explore the effect of collagen-

fibrin blends on tube formation. Four different collagen-fibrin blends (10%, 20%, 30% 

and 40% v/v fibrin composition) were investigated. Immunofluorescence confocal 

images showed a large increase in vascular network development and angiogenic 

sprouting, relative to collagen only scaffolds, further supported by quantitative analysis 

(Figure 5.4).  

This demonstrated that the 20% fibrin constructs showed the highest mean number of 

junctions, branching segments, meshes and total branching length (Figure 5.4b-5.4e). 

Additionally, the formation of endothelial cell tube-like structures of 20% fibrin blends was 

greater than the other blends and was significantly higher than 40% fibrin blends. 

Compared to the collagen control, 20% fibrin blend showed a significantly higher number 

of meshes, whereas there was no significant difference in other aspects of angiogenesis. 

Despite these potentially beneficial effects of including fibrin, in this study collagen gels 

without fibrin were used in the subsequent in vitro and in vivo experiments. This was in 

order to focus on understanding the effect of tube-like structures specifically, rather than 

materials, and permitted comparison of the results with the previous in vivo experiments.      
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Figure 5.4 20% fibrin blend improved tube-like structure formation compared with 

collagen-only gels and other collagen-fibrin blends. HUVECs were seeded within collagen-

fibrin blends at 4×106 cells/ml and integrated 16-hole tethering systems without fibrin coating, then 

allowed to contract in vitro for 4 days. (a) Representative confocal micrographs showing tube-like 

structures in five different fibrin compositions. Scale bars, 50 µm. Number of meshes (b), junctions 

(c), branches (d) and total branching length (e) were compared amongst different matrix 

compositions. ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 by one-way ANOVA with Tukey’s 

multiple comparisons test. Data are mean ± SEM. n=3.  

 In vitro DRG assay for the investigation of neurite outgrowth through 

tethered fully-hydrated collagen constructs containing aligned HUVEC tube-like 

structures 

An artificial engineered nerve construct must be able to support the growth and migration 

of neurites to bridge the injury site. To evaluate the efficacy of the HUVEC-seeded fully-

hydrated collagen gels tethered within silicone tubes, an in vitro functional assay was set 

up. Rat DRG explants were attached directly on top of the hydrogel constructs at the 

ends of the silicone tubes (Chapter 2, section 2.4). This co-culture system was set up 24 

h after HUVEC-seeded hydrogel attachment and was maintained for 3 days in culture. 

Neurites were seen penetrating and growing through the scaffold surrounded by tube-
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like structures (Figure 5.5). Neurites seem to grow alongside tube-like structures and not 

in the matrix spaces.  

Figure 5.5 Fully-hydrated collagen gels containing aligned tube-like structures in a silicone 

tube tethering system supported neurite outgrowth from a rat DRG explant. A rat DRG 

explant was attached to the tethered collagen gels containing HUVECs after day 1 of culture, and 

the gels were then cultured for 3 more days. Confocal z-stack projections of the DRG explant-

attached gels were qualitatively analysed to examine neurite outgrowth within the gels. A DRG 

explant is indicated from white dotted lines. Z-stack range is 31-59 µm and step size 5 µm. 

Neurites (green) can be seen growing along tube-like structures (red), as indicated by arrows. 

Scale bars, 100 µm. 

 Assessment of aligned fully-hydrated collagen constructs to support nerve 

regeneration and vascularisation in vivo across a 10 mm nerve injury for 4 weeks 

A 10 mm gap rat sciatic nerve transection model was used to evaluate the potential of  

HUVEC-seeded aligned fully-hydrated tethered collagen constructs to promote 

peripheral nerve regeneration in vivo over 4 weeks of recovery. Six animals for each of 

the three groups (F7 Schwann cells at density of 4×106 cells/ml with 1 day of culture, 

HUVECs at density of 4×106 cells/ml with 4 days of culture, and HUVEC-F7 Schwann 

cells at the density of 4×106:0.5×106 cells/ml with 4 days of culture) underwent surgery 

(Victoria Roberton conducted the surgery). Because immunocompetent wild-type rats 

were used, they were injected daily with cyclosporine-A to prevent immune rejection of 

the HUVECs. However, 3/6 rats in the F7 Schwann cell group and 3/6 rats in the HUVEC-

F7 Schwann cell group were terminated before the endpoint of the experiment because 

of autotomy at the hind paw site. 

Repaired nerves were dissected and analysed using transverse sections through the 

proximal and distal end of the repair site and proximal and distal stumps (Figure 5.6a). 

All groups demonstrated a similar number of axons in the proximal stumps (Figure 5.6b). 

In the proximal device and distal device region, the HUVEC group showed a significantly 

higher number of axons than the F7 Schwann cell group.  Also, the mean number of 

axons in the HUVEC-F7 Schwann cell group was lower than that of the HUVEC group 

CD31 DAPI βIII-tubulin Merge 
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and was significantly lower in the distal stumps, which was reflected in the percentage 

of axonal regeneration (Figure 5.6c). 
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Figure 5.6 Fully-hydrated collagen gel containing only aligned HUVECs supports better 

neurite growth across a 10 mm repair than gels containing F7 Schwann cells (SC) after 4 

weeks in a rat sciatic nerve injury model. Three groups of tethered fully-hydrated collagen gels 

containing either HUVECs, SCs, or the co-culture HUVECs-SCs were assessed. (a) 

Representative confocal micrographs of transverse sections showing neurofilament positive 

neurites at four different positions in the repaired nerves; the proximal stump, proximal device, 

distal device and distal stump. Scale bars, 100 µm. Insets show lower magnification views of the 

whole cross-sections (scale bars, 100 µm). (b) Quantification of the total number of neurofilament-

positive axons per transverse section at the four different positions across the repair sites. (c) 

Axons in the distal device and distal stump expressed as a percentage of the number of axons in 

the proximal part of the device in each case. Data are mean ± SEM. n=3 for SC group and 

HUVEC-SC group and n=6 for HUVEC group (three tissue sections at each position of the nerve 

sample were analysed across all animals). Two-way ANOVA showed significant differences 

between three treatment groups (P<0.01), the four sampling positions (P<0.0001), but no 

significant difference of the interaction between them. Tukey’s multiple comparisons test was 

used to compare the three treatment groups at each sampling position and significant differences 

are indicated as *P<0.05, ***P<0.001.  

The vascularisation of the implanted constructs was investigated via 

immunohistochemical staining of transverse sections using Isolectin IB4 (detects all 

blood vessels, both from host and implanted endothelial cells) and CD31 (specifically 

detects HUVECs) (Figure 5.7a). The HUVEC groups showed a significantly higher 

number of Isolectin IB4+ blood vessels in both the proximal device and distal device 

region compared with the F7 Schwann cell group (Figure 5.7b). Immunolabeled-CD31 

showed that some transplanted HUVECs survived and formed blood vessels in both 

regions. There was considerable variability in the number of CD31+ blood vessels in the 

distal device region with one animal in the HUVEC group showing no CD31+ blood 

vessels in this position (Figure 5.7c). The majority of both CD31+ and Isolectin IB4+ 

blood vessels were present near the tube wall, with a few of them found within the 

collagen matrices. There were no significant differences in the diameter of blood vessels 

between different locations and groups (Figure 5.7d).   
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Figure 5.7 Vascularisation of host blood vessels was enhanced at proximal device regions 

in fully-hydrated gels containing aligned HUVECs only, compared with other groups in a 

rat sciatic nerve injury model of 10 mm gap and 4-week period. Three groups of tethered 

fully-hydrated collagen gels containing either HUVECs, Schwann cells (SCs), or the co-culture 

HUVECs-SCs were assessed. (a) Representative fluorescence images of Isolectin IB4+ and 

CD31+ blood vessels in transverse sections from proximal device and distal device positions, 4 

weeks following repair of 10 mm rat sciatic nerve gap. Scale bars, 100 µm. Inset images show 

close-up lumen structures (Scale bars, 20 µm). White arrowhead indicates Number of blood 

vessel lumens. Graphs show number of Isolectin IB4+ (b) and CD31+ blood vessels (c), and (d) 

diameter of Isolectin IB4+ blood vessels at each location. Box plots show min, max and median, 

with lower and upper quartile. Data are mean ± SEM. n=3 for SC group and HUVEC-SC group 

and n=6 for HUVEC group (three tissue sections at each position of the nerve sample were 

analysed across all animals). Two-way ANOVA with Tukey’s multiple comparisons test revealed 

a significant difference (P<0.0001) in the number of Isolectin IB4+ blood vessels between the 

proximal and distal position analysed but not in the number of CD31+ blood vessels , and 

significant differences amongst each group, ***P<0.001, *P<0.05. 

In order to determine Schwann cell migration following injury, the total area of positive 

Schwann cell staining in transverse sections at the proximal device and distal device 

regions was examined amongst the three groups (Figure 5.8a). There appeared to be 

significantly more Schwann cells in the HUVEC group compared to the F7 Schwann cell 

group at the proximal device region (Figure 5.8b). This trend was also present at distal 

device regions, however this was not significant. On the other hand, there were no 

significant differences in the number of Schwann cells between F7 Schwann cell and 

HUVEC-F7 Schwann cell group. As seen from Figure 5.8a, Schwann cells appeared to 

be mostly distributed close to the tube wall at the proximal device site and not in the 

collagen matrices, whereas they were more evenly distributed across the distal device 

site.   
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Figure 5.8 Area of Schwann cells was enhanced at proximal device regions in sections 

through fully-hydrated gels containing aligned HUVECs only, as compared with gels 

containing aligned Schwann cells in a rat sciatic nerve injury model of 10 mm gap and 4-

week period. Three groups of tethered fully-hydrated collagen gels containing either HUVECs, 

Schwann cells (SCs), or the co-culture HUVECs-SCs were assessed. (a) Representative 

fluorescence images of S100+ Schwann cells in transverse sections from proximal device and 

distal device positions, 4 weeks following repair of 10 mm rat sciatic nerve gap. (b) Area of S100+ 

Schwann cells at each location. Data are mean ± SEM. n=3 for SC group and HUVEC-SC group 

and n=6 for HUVEC group (three tissue sections at each position of the nerve sample were 

analysed across all animals). Two-way ANOVA with Tukey’s multiple comparisons test revealed 

a significant difference (P<0.05) in area of S100+ Schwann cells between the proximal and distal 

position analysed, and significant differences amongst each group, *P<0.05. 
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 Discussion 

In Chapter 4, an in vivo experiment was reported, which tested the efficacy of constructs 

containing aligned HUVEC tube-like structures and F7 Schwann cells to promote nerve 

regeneration. It was shown that the combination of aligned F7 Schwann cells and tube-

like structures provided comparable axonal regeneration to the conventional F7 

Schwann cell group, and this was significantly higher than the HUVEC group. There was 

no significant difference in the overall vascularisation across the nerve bridge amongst 

the three groups. These constructs were all stabilised using RAFT absorbers and rolled 

before putting in the final constructs. An in vitro assessment of the stabilisation process 

demonstrated that half of the tube-like structures were degraded, which might limit the 

potential of tube-like structures to promote axonal growth in vivo. As a result, this chapter 

focused on the development of a silicone conduit with a fully-hydrated hydrogel 

containing aligned HUVECs to avoid plastic compression using RAFT absorbers and 

thus fully preserve the tube-like structures. Initial experiments investigated different 

tethering systems in silicone tubes to enhance cellular hydrogel attachment and 

subsequent self-alignment of F7 Schwann cells and HUVECs as well as HUVEC vessel-

like structure formation. The effect of using a fibrin and collagen blend on HUVEC tube 

formation was also investigated. Lastly, in vitro and in vivo experiments were carried out 

to determine the capability of the constructs to promote nerve regeneration.  

The design of silicone conduits was done using two different numbers of holes (6 and 16 

holes) followed by the option of fibrin coating within the holes. Fibrin coating was chosen 

because it has been widely used as a sealing material in tissue engineering applications 

due to its biocompatibility and biodegradability (Nomori et al., 2000;Jackson, 

2001;Bhagat and Becker, 2017) and it would therefore be expected to improve adhesion 

between collagen and silicone at the ends of the tubes.  Quantitative analysis of each 

system established that both systems were able to support tethering during cellular 

contraction due to a similar percentage of holes being integrated with hydrogel after one 

day of culture. The longevity test with higher cell density and accelerated contraction 

enabled investigation of the ability of each system to withstand the contraction stress. 

16-hole constructs demonstrated the longest attachment time of approximately 120 min, 

which is double the time of 6-hole constructs. The attachment and the strength of the 

interface between hydrogels and an anchor site are determined by the stress/strain 

distribution and the surface area of the anchor site (Paxton et al., 2010). High surface 

area anchors and minimal areas of stress/strain distribution provide an ideal attachment 

for the construct. The anchoring surface area of the silicone tube interface of 16-hole 

conduits (34.56 mm2) is greater than 6-hole conduits (22.61 mm2) (the calculation is 

shown in Chapter 2, section 2.3.1). Furthermore, the fibrin-coated equivalents 
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established no significant differences in anchoring time suggesting fibrin did not help 

improve interface attachment.  

Interestingly, the degree of tube formation in 16-hole silicone tubes was significantly 

higher than that of 6-hole constructs. There was a substantial increase in the number of 

junctions, branching segments, meshes and total branching length of tube-like structures 

in 16-hole silicone tubes with and without fibrin when compared to their equivalent 6-hole 

tubes. These results probably reflected how the 16-hole conduits provided more 

attachment time for the hydrogels. The hydrogel contraction would therefore be more 

stable and sustainable in 16-hole constructs. Similarly, it has been shown with HUVECs 

that contraction can be controlled with different aspect ratios of the casting mould, and 

this resulted in superior angiogenic formations both in collagen and fibrin hydrogels 

(Morin and Tranquillo, 2011;Morin et al., 2013). Other reports have determined that ECM 

fibrils become aligned parallel to the longitudinal axis created by cellular contraction 

forces in tethered collagen gels, increasing the probability of uniaxial cell orientation 

(East et al., 2010). 

Furthermore, although the degree of tube formation in constructs with fibrin-coated 

attachment points was not significantly higher than their non-coated equivalents, it was 

interesting to note that the mean values tended to be higher in both 6-hole and 16-hole 

constructs. Since the anchoring time and contraction percentage is similar between 

fibrin-coated and equivalent non-coated tubes, the mechanical effect of an increased 

tension could be excluded. The fibrin coating at the interfaces could have a chemical 

effect if the protein diffused into the collagen gel, causing an increase in tube-like 

structure formation. This phenomenon could imply that fibrin had a direct biological effect 

on vascular network formation. The effect of fibrin on tube formation was therefore 

investigated further by making blends of collagen-fibrin hydrogels.  

The extracellular matrix composition has proven to influence angiogenic development 

and organisation in different systems (Kniazeva et al., 2011;Rao et al., 2012;Feng et al., 

2013). It has been shown here that in collagen-fibrin blends, the angiogenesis of 

HUVECs was enhanced, creating highly interconnected vascular-like structures, with 

20% fibrin composition having the best angiogenic outcomes in terms of the number of 

meshes when compared to the collagen only group. The addition of fibrin in collagen 

hydrogels has been thoroughly explored in different systems, with several authors 

reporting fibrin alone cannot induce angiogenic sprouting in the absence of angiogenic 

factors such as VEGF or supporting/stabilising cells such as fibroblasts and pericytes 

(Nakatsu et al., 2003;Feng et al., 2013;Morin et al., 2013). Moreover, the addition of 

angiogenesis promoter angiopoietin-1 increased sprouting in fibrin hydrogels only for 2 
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days, but was not able to stabilise the vessels beyond that, requiring the recruitment of 

stabilising cells or the presence of other ECM components such as collagen (Nakatsu et 

al., 2003). Here, the higher fibrin composition (40%) demonstrated a significant decrease 

in angiogenic parameters which corresponds to previous studies. Hasenberg T. et al. 

(2015) reported that higher concentrations of fibrinogen (10 mg/ml and 20 mg/ml) 

significantly reduced the number of junctions and tubules of HUVECs after one week in 

vitro (Hasenberg et al., 2015). A higher thrombin concentration (2 IU/ml) also decreased 

the HUVEC vessel density (Muhleder et al., 2018). Unlike in fibrin, in the collagen 

matrices, endothelial cells can form tube-like structures in the absence of supportive cells 

(Vernon et al., 1995;Sieminski et al., 2004). This may support the explanation that the 

greater collagen composition in 20% collagen-fibrin blends tested here resulted in a 

higher degree of tube formation, since there were neither supportive cells nor external 

angiogenic factors in the matrices. Several groups have determined the limited 

angiogenic sprouting potential of HUVECs and other types of endothelial cells seeded 

within collagen matrices only, a function that was restored upon addition of fibrin in the 

mixture (Dvorak et al., 1987;Feng et al., 2013). This could explain how tube-like 

structures in the fibrin blends exhibited more sprouting morphologies than the collagen 

only gels. Furthermore, cell viability of endothelial cells seeded with fibroblasts in 

collagen-fibrin microbeads has been found to be superior to those of collagen only (Rioja 

et al., 2016). These studies, in combination with our observations, indicate that 20% 

collagen-fibrin blends are sufficient to promote vascularisation without the need for 

external supporting cells and angiogenic factors. In the subsequent in vitro and in vivo 

experiments, the collagen-only hydrogel was used, but it would be interesting to explore 

the 20% collagen-fibrin blends in the future.  

In peripheral nerve repair applications, the implanted constructs need to support and 

guide neuronal regeneration. The in vitro experiments were set up using adult rat DRG 

neurons to evaluate the ability of this design of fully-hydrated collagen materials within 

silicone conduits to support penetration and migration of growing neurites. Neurites were 

seen growing through the collagen construct. Interestingly, neurites were seen growing 

along with vessel-like structures and not in the spaces produced by the matrix, 

suggesting the potential of this cellular framework to support neuronal regeneration.  

An in vivo study attempted to assess the potential of the fully-hydrated aligned cellular 

collagen gel constructs to promote nerve regeneration. Specifically, this was to 

determine the role of HUVEC tube-like structures on improving nerve regeneration, and 

vascularisation in comparison with the conventional F7 Schwann cell construct. In our 

experiments, the HUVEC group demonstrated a significantly higher number of axons 

throughout the repair site and the distal stump when compared to the F7 Schwann cell 
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group and HUVEC- F7 Schwann cell group. There was also a significant increase in the 

number of blood vessels in the HUVEC group both at the proximal device and distal 

device region, as compared to the F7 Schwann cell group. Results indicated that the 

transplanted HUVECs within fully-hydrated collagen gels survived in vivo and improved 

vascularisation across the nerve repair site. This corresponds to several previous studies 

which reported accelerated anastomosis of the implantation of endothelial cell-seeded 

hydrogel scaffolds in animal tissues (Chen et al., 2010;Cheng et al., 2011;Ben-Shaul et 

al., 2019). Chen X. et al. (2010) reported an accelerated functional anastomosis of fibrin 

hydrogel scaffolds seeded with endothelial progenitor cells and fibroblasts when 

transplanted on the dorsal area of mice (Chen et al., 2010). 

Regenerated blood vessels across the nerve gap can serve as a scaffold to support 

Schwann cells for efficient adhesion and migration, resulting in enhanced axonal 

regeneration (Cattin et al., 2015). In this study, the HUVEC group increased Schwann 

cell recruitment into the nerve bridge, showing a significant difference near the proximal 

end of the conduit. It is anticipated that HUVEC tube-like structures enhance 

vascularisation, which in turn facilitates the migration of Schwann cells. Furthermore, the 

ability to guide Schwann cell migration of the HUVEC-F7 Schwann cell group and F7 

Schwann cell-only group might be underestimated since our results did not distinguish 

between host Schwann cells and transplanted F7 Schwann cells. 

By implanting the HUVEC-F7 Schwann cell gels, the hypothesis was that the 

combination of aligned tube-like structures and F7 Schwann cells would be additive in 

terms of accelerating the rate of nerve regeneration. In the experiments, however, the 

HUVEC-F7 Schwann cell group showed a significantly smaller number of axons at the 

distal stump when compared to HUVEC group, which was unexpected indicating that in 

this case the in vitro results may not accurately have predicted what happens in vivo. 

Also, the number of blood vessels was lower than in the HUVEC group. It is likely that 

the co-culture of HUVEC-F7 Schwann cell at 4×106:0.5×106 cells/ml may not be the most 

optimal for the regenerating nerve due to the decreased degree of HUVEC angiogenesis 

in vitro, as compared to the pure HUVEC gels (with equivalent density of HUVECs at 

4×106 cells/ml) (Appx. B). A previous study reported that Schwann cells produced TIMP-

2, which inhibits angiogenesis in neuroblastoma tumours (Huang et al., 2000). Since 

Schwann cells exhibited a higher proliferative rate when compared to HUVECs (Ramos 

et al., 2015), after the transplantation, this could lead to an overgrowth of glial cells within 

the construct, resulting in increased TIMP-2 and competition for space for HUVECs to 

migrate and form tube-like structures. In the future, to optimise stable and efficient tube 

formation of the co-culture construct, incorporation of supportive stromal cells such as 
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fibroblasts and pericytes along with exogenous angiogenic growth factors might be worth 

exploring. 

The HUVEC- F7 Schwann cell group showed a mean number of axons (4603 ± 2278) at 

proximal device region, which was slightly greater than the F7 Schwann cell group (4177 

± 675). Although this result was not significant and so must be treated with caution, it 

suggests that HUVEC- F7 Schwann cell constructs may have performed slightly better 

than the F7 Schwann cell group in terms of proximal neurite ingrowth, which is consistent 

with a previous study done by Gao H. et al. (2013) where the combination of vascular 

endothelial cells and Schwann cells at 1:2 ratio (Schwann cells at a concentration of 

1.0×106/ml) was used (Gao et al., 2013). In that study, both cell types were seeded in 

collagen-based implants reinforced by chitin fibres and then transplanted to bridge a 20 

mm sciatic nerve defect in the rabbit. The results revealed a significantly improved nerve 

fibre number in the middle segment at 16 weeks (2840.91 ± 20.93) compared to the 

control, which was only Schwann cells (2823.74 ± 14.42) although this difference was 

very small. 

 Conclusion 

In conclusion, this study has developed an optimal perforated silicone tube design for 

tethering fully-hydrated cellular collagen gels, composed of 8 square holes at each end. 

It was shown that Schwann cells and HUVECs were able to align within collagen 

hydrogels and collagen-fibrin blends in the conduits. 20% fibrin within the collagen 

hydrogel scaffolds was shown to provide a high level of tube formation compared to 

collagen only constructs. For the first time, this study suggested that aligned HUVECs 

outperformed Schwann cells in promoting nerve regeneration in the rat sciatic nerve 

model. Our results also highlight the dual potential of pre-vascularised nerve engineered 

constructs, providing not only enhanced vascularisation and cell survival but also support 

for regenerating axons. Future studies should aim to determine the functional benefits 

from using nerve conduits containing aligned tube-like vascular structures to bridge 

longer gaps in vivo, over longer time points in comparison with approaches currently 

used in the clinic. 
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 Rapidly formed stable and aligned collagen gels 

seeded with Schwann cells promote peripheral nerve 

regeneration 

 Introduction 

Peripheral nerve injuries can be debilitating to the quality of life of patients, leading to 

pain and severe disability. Annually, approximately 200,000-300,000 of patients across 

the United States and Europe undergo peripheral nerve surgery, with less than half 

regaining nearly full motor or sensory function (Ichihara et al., 2008). Peripheral nerve 

transection injuries often result in gaps that must be bridged in order to enable 

regeneration from the proximal stump to traverse the lesion site and reach the supportive 

environment of the distal nerve stump. Currently, nerve autografts tend to be used for 

repairing nerve damage, despite limitations such as donor site morbidity, limited 

availability and possible size/modality mismatch (Arslantunali et al., 2014;Palispis and 

Gupta, 2017). The key feature of the nerve autograft, which provides support and 

guidance to regenerating axons, is the presence of columns of aligned Schwann cells 

embedded within an anisotropic extracellular matrix (ECM). As a result, researchers in 

the field of neural tissue engineering have focussed on creating structures that mimic the 

cellular hydrogel structure of the autograft endoneurium. Often this involves the use of 

natural ECM proteins such as collagen and fibrin (Brown and Phillips, 2007), combined 

with Schwann cells or other therapeutic cell types (Bhangra et al., 2016) with the ability 

to provide trophic support to regenerating neurons.  

A variety of fabrication strategies have been developed to produce anisotropic 

engineered tissues using collagen hydrogels (Phillips et al., 2005;Park et al., 

2007;Georgiou et al., 2013;Walters and Stegemann, 2014). This can be achieved using 

soft, highly-hydrated collagen gels, which make good substrates for cell culture in vitro, 

but tend to have poor mechanical stability and handling properties for implantation in 

vivo. This can be improved by either crosslinking or plastic compression, although these 

methods can sometimes reduce biocompatibility and affect cell viability (Zeugolis et al., 

2009;Mi et al., 2010;Lai et al., 2011;Cheema and Brown, 2013). Recently, an alternative 

approach to stabilise collagen gels, called the gel aspiration-ejection (GAE) technique, 

has been reported (Marelli et al., 2015). This method exploits negative pressure created 

within a syringe to draw prefabricated highly-hydrated cellular collagen gels into a 

cannula, simultaneously imparting compaction and anisotropy on the gels, which are 

then ejected in a controllable manner. GAE-generated dense collagen gels have been 
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shown to contain highly aligned fibrils that support and sustain mesenchymal stem cell 

viability and differentiation (Marelli et al., 2015;Kamranpour et al., 2016). 

The aim here was to investigate, for the first time, whether the GAE technique can be 

used in nerve tissue engineering, by incorporating Schwann cells to mimic the aligned 

cellular structure of the nerve graft. The stability and mechanical properties of the 

constructs were investigated along with the viability, morphology and distribution of 

Schwann cells. Having established the methodology to construct stable robust Schwann 

cell-loaded engineered neural tissues using GAE (GAE-EngNTs), the potential of these 

constructs in supporting and guiding neuronal regeneration, was assessed both in vitro 

and in vivo.  

  



 

145 
 

 Results 

 GAE-EngNTs exhibit similar viscoelastic behaviours to rat sciatic nerves 

Tensile DMA was performed to compare GAE-EngNTs to freshly harvested rat sciatic 

nerve tissue. Figure 6.1a shows the strain sweep used to determine the linear 

viscoelastic region, which indicated that strain should be applied below 1%. GAE-

EngNTs and nerve tissue exhibited similar behaviour during strain sweep tests, with each 

having an equivalent linear viscoelastic region.  

To test viscoelastic behaviour, frequency-dependent sweep tests were conducted at a 

constant strain of 1% (Figure 6.1b). The values for storage modulus (E’) dominate over 

loss modulus (E’’) which indicates inherent high elastic properties. All GAE-EngNTs 

showed a tan  ~ 0.2 and a slight frequency dependence (Figure 6.1c), which is usually 

an indicator of a strong and stable elastic gel (Douglas, 2018).This was similar to the rat 

sciatic nerve tissue, although the elastic modulus of the nerves was slightly higher than 

that of the GAE-EngNTs. GAE-EngNTs exhibited greater variability of tan  at higher 

frequencies compared to the rat sciatic nerves indicating relatively inconsistent structural 

integrity of the gels (Gao et al., 2018) 

Tensile testing to failure was conducted to determine the Young’s modulus and overall 

strength of materials. The ultimate strain of GAE-EngNTs was approximately 0.681, 

which was slightly lower than that of rat sciatic nerves (0.883) (Figure 6.1d). However, 

the ultimate stress of GAE-EngNTs and Young’s modulus beyond 0.5 (50%) strain were 

considerably less than that of rat sciatic nerve tissue.  

At low strains of less than 1% (viscoelastic region), the GAE-EngNT exhibited similar 

mechanical properties to the rat sciatic nerve whereas beyond around 50% strain the 

nerve was much stronger and stiffer (Table 6.1).  
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Figure 6.1 GAE-EngNTs showed similar viscoelastic mechanical behaviours to rat sciatic 

nerves at low strains. GAE-EngNT were prepared to be at least 10 mm in length and 

approximately 1.2 mm in diameter (cannula gauge 16) and were placed between the instrument 

grips with a gauge length of 5 mm. Rat sciatic nerve specimens were tested in an identical 

manner. Both were assumed to be cylindrical in shape. Using dynamic mechanical analysis 

(DMA) testing, 15% pre-strain was applied to each specimen before the tests. (b) Frequency 

sweeps were conducted at 1% strain from 1-70 Hz. The loss tangent (tan ) is shown in (c). Data 

are mean ± SEM, n=5. (d) Representative stress-strain relationship for GAE-EngNTs and rat 

sciatic nerves. 

Table 6.1 The storage, loss modulus, ultimate stress, ultimate strain and Young’s modulus 

of the GAE-EngNTs and rat sciatic nerves. For the storage and loss modulus, data were 

obtained at 5 Hz and 0.05-1.00% strain (linear viscoelastic region). Data are mean ± SD. n=5. 

For the ultimate stress, ultimate strain and Young’s modulus, data were obtained from tensile 

tests under a strain rate of 0.17 mm/s. Mean data were calculated from the stress-strain curves 

in which the tensile Young’s modulus was calculated from the slope of the initial linear part of the 

curve. Data represent mean ± SD. n=7. 

Group E’ (MPa)   E’’ (MPa) Ultimate 

stress 

(MPa) 

Ultimate 

strain 

Young’s 

modulus 

(MPa) 

GAE-EngNT 1.764±0.261 0.349±0.015 0.219±0.070 0.681±0.212 0.351±0.151 

Rat sciatic 

nerve 

2.500±0.347 0.298±0.026 1.776±0.383 0.883±0.176 3.523±0.728 

a b 

c d 
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 GAE-EngNTs are stable and can support and maintain F7 Schwann cell 

viability and alignment 

To determine the ability of the GAE-EngNTs to resist deformation as a result of cell-

matrix interaction, gel contraction in vitro was examined. The contraction profile of 

Schwan cells within GAE-EngNTs over a range of four initial cell densities: 0.5, 1, 2 and 

4×106 cells/ml of collagen was quantified. After 1 day in culture, media was removed 

from gels, images were captured and the percentage contraction was calculated from 

the area of each gel at 24 h compared to the original value at 0 h. Data were compared 

to a control contraction profile for F7 Schwann cells in standard 2 mg/ml highly-hydrated 

collagen gels in a 96-well plate assay (O'Rourke et al., 2015). 

Figure 6.2 GAE-EngNTs demonstrated minimal contraction over time in vitro as compared 

to highly-hydrated collagen gel controls. GAE-EngNTs were made using an Angioplasty 

Inflation Device (AID) with the cannula gauge 16 to aspirate 1 ml of collagen gel containing 

Schwann cells at a density of 4×106 cells/ml; control gels were free-floating cellular collagen gels 

cast in a 96-well plate. (a) Representative images of GAE-EngNTs and standard 2 mg/ml highly-

hydrated collagen gel controls. (b) The standard collagen gel controls showed cell-density 

dependent contraction, whereas GAE-EngNT contraction was minimal. Data are mean ± SEM. 

n=5. ***P=0.001, **P=0.0083 by two-way ANOVA with Dunnett’s test for comparison with the 

respective 0.5×106 cells/ml group. Scale bars, 5 mm. 

It can be seen from Figure 6.2 that there was minimal contraction in the GAE-EngNTs 

compared to the standard highly-hydrated collagen gels. Even with the highest starting 

cell density of 4×106 cells/ml, the contraction of GAE-EngNTs was below 20% and not 

significantly different from the contraction of gels with the lowest cell density, whereas 

highly-hydrated gels showed significant cell-density-dependent contraction.  

Live/dead staining using propidium iodide indicated that the GAE technique resulted in 

approximately 24% cell death, whereas there was about 10% cell death in highly-

hydrated gels at 0 h (Figure 6.3a). At later time points the % cell death reduced, 

becoming comparable to the control by 24h. Similarly, metabolic activity of cells within 

0 h 24 h 

GAE-EngNT 
(4 ×106 
cells/ml) 

Control 
(4 ×106 
cells/ml) 

a b 
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GAE-EngNTs was half that in control gels immediately after GAE, then increased to 

approximately 66% of control from 3 to 48 h, with no substantial loss in activity over time 

in vitro (Figure 6.3b). 

Figure 6.3 Cell viability was preserved in GAE-EngNTs over time as compared to highly-

hydrated collagen gel controls. (a, b) Cell viability was determined by PI and Syto 21 and 

metabolic assay. F7 Schwann cells at an initial density of 0.5x106 /ml collagen gel were seeded 

in GAE-EngNTs, and controls were standard 2 mg/ml highly-hydrated collagen gels in 96-well 

plates. Data are means ± SEM, n=3. 

The effect of GAE on the alignment of F7 Schwann cells was investigated by studying 

the cells in different regions of the gels and at different times after manufacture. The 

different gel regions were classified according to their position along the length of the 

cylindrical GAE-EngNT (Figure 6.4a). F7 Schwann cells were aligned longitudinally, 

parallel with the long axis of the gel, throughout the construct, but length and alignment 

were greater in the regions that were aspirated first compared with the leading end which 

was aspirated later (Figure 6.4b). Figure 6c shows that F7 Schwann cells remained 

aligned and became more elongated as a function of time in culture, in vitro.  
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Figure 6.4 F7 Schwann cells elongated and aligned within GAE-EngNTs over 4 days of 

culture in vitro. (a) Schematic diagram showing the positions of regions analysed (2 mm of the 

first aspirated region, 6 mm of the middle region, and 2 mm of the last aspirated region). (b) 

Representative confocal z-stack micrographs show F7 Schwann cells in three different regions 

(first aspirated, middle and last aspirated). F7 Schwann cells were seeded at an initial density of 

0.5x106 /ml gel for GAE and were cultured for 2 days. Corresponding quantification of the angle 

of deviation, length and shape factor (a value closer to 1 indicates a more rounded object) are 

shown. (c) Representative confocal micrographs of F7 Schwann cells at different time points in 

culture. Angle of deviation, length and shape factor were plotted. Box plots show lower and upper 

quartile and median, whiskers show min and max. Other data are shown as mean ± SEM. n=337 

cells from 3 independent experiments. ****P<0.0001 by one-way ANOVA with Tukey’s multiple 

comparisons test. Scale bars, 52 µm. 

 GAE-EngNTs containing aligned F7 Schwann cells support neuronal 

regeneration in vitro  

Co-cultures were established by seeding NG108-15 cells on to the surface of cellular 

GAE-EngNTs (Figure 6.5). GAE-EngNTs containing aligned F7 Schwann cells 

supported and guided neuronal growth in a cell-density-dependent manner, with a 2.4-

fold increase in neurite length detected where GAE-EngNTs were made using F7 

Schwann cells at a higher initial cell density. Similar NG108-15 neurite extension was 

detected with GAE-EngNTs made using F7 Schwann cells at initial densities of 4×106 

cells/ml and 2×106 cells/ml (Figure 6.5b and 6.5c). This was also observed when the co-

culture experiment was conducted using DRG neurons (Figure 6.5e and 6.5f). Therefore, 

an initial seeding density of 2×106 cells/ml was used for generating GAE-EngNTs in the 

subsequent in vivo analysis. Neurites from both NG108-15 cells and DRG neurons were 

shown to significantly align along the F7 Schwann cell GAE-EngNTs (Figure 6.5d and 

6.5g). 
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Figure 6.5 Schwann cells at density of 2×106 cells/ml supported optimal neurite outgrowth 

from NG108 and DRG neurons in a 3-day in vitro co-culture assay. (a) Fluorescence image 

shows sprouting of neurites from a rat DRG neuron body; white dashed line indicates neurite 

lengths, and neurite angle, ϴ, is measured with respect to the longitudinal axis of the gel indicated 

by the red arrow. (b) Representative fluorescence images of NG108-15 cells seeded onto the 

surface of GAE-EngNTs containing no cells or different initial seeding densities of F7 Schwann 

cells for 3 days. White arrow indicates neurite. Image analysis was used to calculate neurite length 

(c) and orientation in relation to the long axis of the GAE-EngNT (d). Additional experiments were 

conducted using adult rat DRG neurons seeded onto the surface of GAE-EngNTs made using 

the two highest densities of F7 Schwann cells (2×106 and 4×106 cells/ml). (e) Representative 

fluorescence image of DRG neurons seeded on top of GAE-EngNTs. White arrow represents 

neurite outgrowth. (f) Graphs show mean neurite length of both cell densities, and (g) orientation 

of neurites in relation to the long axis of the GAE-EngNT. Whiskers show min and max and the 

box shows the inter-quartile range and median. Data are mean ± SEM, n=40 cells from 3 

independent experiments. ****P<0.0001, ***P=0.0001 by one-way ANOVA with Dunnett’s test for 

comparison with the respective acellular in normal media group. Scale bars, 100 µm. 

 GAE-EngNTs containing aligned F7 Schwann cells support neuronal 

regeneration in a rat sciatic nerve injury model 

A 10 mm gap rat sciatic nerve model was used to compare three surgical treatment 

groups: GAE-EngNTs, empty conduits and autografts, with histological assessment after 

4 weeks of recovery (James Phillips conducted the surgery).  

Repaired nerves were dissected and analysed using transverse sections through the 

proximal and distal end of the repair site and proximal and distal stumps (Figure 6.6). In 

all groups, the number of neurites decreased with distance distally. All groups showed a 

similar number of axons in the proximal stumps, with fewer than half the number of axons 

present in the proximal device part of the empty tube controls compared to that of the 

nerve autografts controls (Figure 6.6b). In the distal device region and the distal stumps 

of the empty tube groups, there was minimal regeneration, suggesting that this 10 mm 

gap rat model with 4-week postoperative time mimics the poor regeneration seen in 

critical size ‘long-gap’ repair in humans. The GAE-EngNT groups supported 8-fold more 

axons than the empty tube controls in both the distal device and distal stump, although 

this was significantly fewer than in the nerve autograft groups.  
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Figure 6.6 GAE-EngNT containing aligned F7 Schwann cells supports regeneration across 

a 10 mm repair and into the distal stump in a rat sciatic nerve injury model after 4 weeks. 

Three groups of GAE-EngNT containing either HUVECs, Schwann cells, or the co-culture 

HUVECs-Schwann cells were assessed. (a) Representative confocal micrographs of transverse 

sections showing neurofilament positive neurites at four different positions in the repaired nerves; 

the proximal stump, proximal device, distal device and distal stump. Scale bars, 100 µm. Insets 

show lower magnification views of the whole cross-sections (scale bars, 200 µm). (b) 

Quantification of the total number of neurofilament-positive axons per transverse section at the 

four different positions across the repair sites. (c) Axons in the distal device and distal stump 

expressed as a percentage of the number of axons in the proximal part of the device in each 

case. Data are mean ± SEM. n=6 (three tissue sections at each position of the nerve sample were 

analysed across all animals). Two-way ANOVA showed significant differences between three 

treatment groups (P<0.0001), the four sampling positions (P<0.0001) and the interaction between 

them (P<0.0001). Tukey’s multiple comparisons test was used to compare the three treatment 

groups at each sampling position and significant differences are indicated as *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001. 

The vascularisation of the implanted GAE-EngNT constructs was examined via 

immunohistochemical staining of transverse sections using RECA-1 and compared to 

the autograft and empty conduit groups (Figure 6.7). The GAE-EngNT groups showed 

comparable numbers of blood vessels to the nerve autograft controls, whereas there 

were significantly fewer blood vessels in proximal regions of the empty tube controls 

(Figure 6.7b). There were no significant differences in the diameter of blood vessels 

between different locations and groups (Figure 6.7c).  
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Figure 6.7 GAE-EngNT containing aligned F7 Schwann cells supported vascularisation 

across a 10 mm repair and into the distal stump in a rat sciatic nerve injury model after 4 

weeks. (a) Representative fluorescence images of RECA-1 positive blood vessels in transverse 

sections from proximal device and distal device positions, 4 weeks following repair of 10 mm rat 

sciatic nerve gap. White arrow indicates lumen structures. Scale bars, 100 µm. (b) Number and 

(c) diameter of blood vessels at each location. Box plots show min, max and median, with lower 

and upper quartile. Data are mean ± SEM. n=6 (three tissue sections at each position of the nerve 

sample were analysed across all animals). Two-way ANOVA with Tukey’s multiple comparisons 

test revealed a significant difference (P<0.001) in number of blood vessels between the proximal 

and distal position and significant differences between groups in the proximal device, ***P<0.001, 

**P<0.01.  
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 Discussion 

This study showed for the first time that the Gel Aspiration-Ejection technology can be 

used to generate compacted, mechanically stable collagen hydrogels containing aligned 

columns of F7 Schwann cells within an aligned collagen matrix. This closely mimics key 

features important for supporting nerve regeneration and resembles the columns of 

elongated aligned Schwann cells in the Bands of Büngner and the previously reported 

EngNT (Georgiou et al., 2013). However, unlike the EngNT method of cellular self-

alignment followed by plastic compression, GAE offers a more efficient and rapid route 

of generating aligned cellular gels in one step with around 15 min, as compared to the 

EngNT method which normally takes at least 24 h. Furthermore, the GAE-EngNTs can 

be immediately cylindrical whereas EngNT sheets must be rolled to resemble nerve 

tissue. Through the application of pressure differentials, GAE-EngNTs can be produced 

with tuneable collagen fibre densities and mechanical properties (Kamranpour et al., 

2016), and recent studies have shown that the approach can be automated (Griffanti et 

al.). Here, the cannula gauge and volume of initial gel was optimised to enable GAE-

EngNTs with appropriate size and shape to mimic nerve tissue to be produced. Tensile 

DMA indicated that GAE-EngNTs had a similar range of linear viscoelastic region (LVR) 

to a rat sciatic nerve, which is around 1.0% strain. Soft biological tissues such as the 

brain and liver also have a LVR around 0.1-1% (Bilston et al., 1997;Brands et al., 

2000;Hrapko et al., 2006;Cheng et al., 2008). A frequency sweep to examine the 

viscoelastic properties of the material indicated that the hydrogels displayed stable and 

predominantly elastic behaviour, as both E’ and E’’ were minimally affected by frequency 

changes over the investigated range (Kocen et al., 2017). Furthermore, tan δ; the ratio 

of the storage and loss moduli, remained largely constant at around 0.15-0.25, further 

indicating dominant elastic behaviour under load (Douglas, 2018). The DMA results for 

GAE were similar to those of rat sciatic nerves suggesting that GAE-EngNTs exhibit 

comparable viscoelastic behaviours to natural nerve tissue. 

According to the stress-strain curve generated during the tensile test to failure, the elastic 

modulus of GAE-EngNTs is around 0.35 MPa, which is higher than that reported for fully 

hydrated collagen gels (1.5 kPa - 0.14 MPa) (Seliktar et al., 2000;Roeder et al., 

2002;Gildner et al., 2004). Plastic compressed hydrogels were shown to have Young’s 

modulus of around 2.2 MPa (following 99% fluid loss) which is significantly higher than 

that of their original highly-hydrated ones (~2.1 kPa) (Abou Neel et al., 2006;Tsintou et 

al., 2018). However, our values for ultimate stress (~0.22 MPa) and ultimate strain 

(~0.68) correspond to previous reports for aligned collagen hydrogels (ultimate stress 

~0.3-0.6 MPa and ultimate strain ~0.30 - 0.55), produced via either biaxial or uniaxial 

compression (Zitnay et al., 2018). The tensile mechanical properties of rat sciatic nerves 
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tested in this study were consistent with those reported by Borschel et al. (2003) 

(Borschel et al., 2003). The ultimate strain of the GAE-EngNTs was similar to the fresh 

sciatic nerve, but their ultimate strength and Young’s modulus were lower. The higher 

strength of native nerves is largely attributable to the dense layers of perineurial cells 

and collagen fibrils within the perineurium as well as thicker longitudinally distributed 

collagen fibrils in the epineurium (Topp and Boyd, 2006). Nonetheless, the mechanical 

properties of GAE-EngNTs were similar to the endoneurium of rat sciatic nerves in terms 

of tensile strength and Young’s modulus (Georgeu et al., 2005). This indicates that GAE-

EngNTs are mechanically suitable for use as the inner component of an artificial nerve 

conduit, but these may ultimately require strong outer sheath materials that match the 

mechanical properties of the epineurium in order to match overall nerve mechanical 

features.  

It is important to note that mechanical properties of viscoelastic biological tissues can 

vary with strain and strain rate (Cheng et al., 2008). In brain tissues, for instance, Shuck 

and Advani (1972) performed their tests at 1.23% strain at high strain rates (1–10 s−1), 

and reported storage and loss moduli that were different from other groups that 

performed tests at 1% strain (Shuck and Advani, 1972). Similarly, in nerve tissues, 

Borschel et al. (2003) (Borschel et al., 2003), and Ming-Shaung et al. (2017) (Ju et al., 

2017) performed their tensile testing using different strain rates of 0.01 s−1 and 0.02 s−1, 

and Borschel reported lower Young’s modulus and ultimate strength than Ming-Shaung. 

Therefore, a DMA strain sweep is required to identify the linear viscoelastic region (LVR) 

for each of materials to be subsequently analysed. The mechanical data (i.e. elastic and 

loss modulus) being conducted beyond this region should only be specific to the 

particular experiment and thus should not be used to represent intrinsic viscoelastic 

properties of that material (Bilston et al., 1997;Cheng et al., 2008). 

GAE-EngNTs containing F7 Schwann cells were stable in vitro and resisted the cell-

mediated contraction associated with highly-hydrated control gels (O'Rourke et al., 

2015). Previous reports have shown that the viability of fibroblasts and mesenchymal 

stem cells was maintained within GAE gels in vitro (Marelli et al., 2015;Kamranpour et 

al., 2016), and this study confirmed that F7 Schwann cells could survive the process. F7 

Schwann cells subjected to GAE showed similar survival to cells in 2 mg/ml highly-

hydrated collagen control gels, however, the metabolic activity of cells within GAE-

EngNTs was lower. In other studies, the process of cell injection has been linked with 

adverse effects (Garvican et al., 2014), perhaps due to shear stress and pressure. 

However, in the absence of cell death, a reduced metabolic activity might be beneficial 

for cells to survive under hypoxic conditions following implantation (Kim et al., 2014). 
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Cell morphology and alignment characterisation revealed that the majority of aligned F7 

Schwann cells were present in the middle region whereas those near the ends of the 

constructs were more randomly oriented. Interestingly, in the first aspirated region, cells 

seemed to be more aligned than in the last aspirated region. This difference in elongated 

morphology may reflect the different forces that cells experience at the various stages of 

aspiration and ejection. (Amer et al., 2017). Importantly, the alignment conferred on the 

F7 Schwann cells during the GAE process was maintained throughout the 4 days of 

subsequent culture duration, and indeed the length of the F7 Schwann cells slightly 

increased when cultured for longer periods, indicating a sustained orientation effect.  

NG108-15 cells and adult rat DRG neurons extended highly aligned neurites parallel to 

the F7 Schwann cell orientation in GAE-EngNTs, suggesting the ability of the constructs 

to provide neuronal guidance and support. This was a cell density-dependent effect with 

longer neurites associated with greater numbers of F7 Schwann cells within GAE-

EngNTs. Establishing the optimal seeding cell density is important in nerve tissue 

engineering to reduce costs and because Schwann cell density affects cell survival, 

proliferation, differentiation and extracellular matrix synthesis, all of which can influence 

nerve regeneration (Thompson and Buettner, 2004;Madison et al., 2009;Jessen et al., 

2015). The in vitro data reported here indicated that 2×106 F7 Schwann cells/ml was an 

optimal starting density. This resulted in a final cell density of 136×106 cells/ml in GAE-

EngNTs, which is a 68-fold increase relative to the density in highly-hydrated gels. This 

fold increase was also considered to be higher than in single-plastic compressed 

collagen gels (58-fold increase), used to produce EngNT (Cheema et al., 2007;Georgiou 

et al., 2013). 

A 10 mm gap rat sciatic nerve model with a recovery period of 4 weeks was used to 

explore the ability of GAE-EngNTs to support nerve regeneration. This combination of 

gap length and timepoint have been used in several previous studies (Chang and Hsu, 

2006;Wnek and Bowlin, 2008;Kalbermatten et al., 2009;Wang et al., 2011a;McGrath et 

al., 2012;Zhou et al., 2017), and the results here confirm that this is a good model for 

testing engineered tissues since there was a clear difference in neurite growth through 

an empty tube compared to an autograft. The aligned cellular GAE-EngNTs supported 

more neurite growth than the empty tube controls, but not to the same extent as the 

autograft. This is not dissimilar to previous studies using other types of tissue-engineered 

constructs (Georgiou et al., 2013;Schuh et al., 2018), and indicates that with some 

optimisation in terms of the cell and collagen density, the GAE approach to generating 

aligned cellular collagen could be an effective way to make nerve repair constructs.   
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Vascularisation of nerve grafts is essential to provide nutrients and blood supply to the 

implanted cells, improving their survival and encouraging regeneration (Muangsanit et 

al., 2018). Several previous studies have shown that the primary method of 

revascularisation of nerve grafts involves inosculation, which occurs from the 

anastomosis of host and graft tissue vasculature (Best et al., 1999;Chalfoun et al., 

2003;Bearden and Segal, 2004). When compared to a previous study using EngNT to 

repair rat sciatic nerves, GAE resulted in the ingrowth of a slightly higher number of 

vessels, which could imply this type of construct supports greater vascularisation, 

although further experiments would be required to test that hypothesis (O'Rourke et al., 

2018). The number and diameter of blood vessels shown in our study were similar to 

those reported previously for native rat sciatic nerve, further supporting the conclusion 

that adequate vascularisation was promoted in the GAE-EngNT constructs (Bell and 

Weddell, 1984;Suaid et al., 2016). 

Overall, the results of this study show for the first time that the GAE approach can be 

applied in nerve tissue engineering. Cylindrical constructs containing aligned F7 

Schwann cells in a compacted, mechanically stable collagen matrix were generated 

rapidly and shown to be effective in supporting neuronal growth in vitro and in vivo. The 

simplicity and suitability of this approach for automation and scale up make it a powerful 

new tool for the translation of neural tissue engineering to clinical nerve repair. Future 

work will focus on optimising the GAE-EngNTs to improve efficacy, which will be tested 

in preclinical models of nerve injury repair using longer gaps and later time points 

combined with functional outcome measures.  

 Conclusion 

The gel aspiration-ejection technique can be effectively applied to peripheral nerve tissue 

engineering as a rapid and robust method to generate anisotropic cellular collagen gels 

with controllable size, defined mechanical properties, and nerve-like cylindrical 

geometry. GAE-EngNTs containing aligned F7 Schwann cells were able to support and 

guide neuronal growth both in vitro and in vivo, demonstrating the potential for this 

approach to be used in the construction of nerve repair conduits.  
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 Discussion and Conclusion 

The work presented in this thesis builds on the concept that blood vessels are significant 

for peripheral nerve repair in terms of influencing Schwann cell migration, axonal 

regeneration and vascularisation. Despite a wide range of studies involved with 

vascularisation of engineered tissues (Levenberg et al., 2005;Lesman et al., 

2011;Gholobova et al., 2015), not many studies have focused on incorporating tissue-

engineered vascularised structures into engineered nerve constructs. The principal aim 

of this work, as a result, was to develop aligned tube-like structures made from 

endothelial cells within collagen gel constructs to help enhance nerve repair. A novel 

approach to produce aligned scaffolds for engineered nerve substitutes was also 

explored as an alternative to the established EngNT technique. 

 Discussion of the main findings  

 Aligned endothelial cells in tissue-engineered collagen constructs as 

promising candidates to treat peripheral nerve injury 

This study showed that HUVECs were contractile enough to self-align within collagen 

hydrogels using the EngNT tethering moulds (Chapter 3). Several approaches have 

been made to engineer aligned tube-like structures such as mechanical stretch, 

patterned microfluidic platforms, electrospun fibrous scaffolds and cell-induced gel 

compaction techniques (Morin et al., 2013;Sinha et al., 2016;Wang et al., 2018;Wu et 

al., 2018). This study employed the latter approach, which harnesses the self-contractility 

of endothelial cells, offering a fast and cost-effective way to generate aligned tube-like 

structures. The contractility of HUVECs is governed by the balanced interactions 

between myosin and actin cytoskeleton, and the subsequent interaction between the cell 

and surrounding extracellular matrix (Aragon-Sanabria et al., 2017). HUVECs optimally 

aligned and formed tube-like structures after 4 days in culture, evaluated according to 

their alignment and average tube length. To enhance the stability of the hydrogel 

constructs as well as preserve the cellular alignment, stabilisation was conducted via the 

plastic compression method using RAFT absorbers. This has been widely used in many 

tissue engineering applications such as cornea, heart, and nerve (Serpooshan et al., 

2013;Georgiou et al., 2015;Levis et al., 2015). HUVECs survived, and their alignment 

was maintained after stabilisation for 1 min. Lumens of intact tubules were also 

preserved, although approximately 50% of the tube-like structures were disrupted. 

Here, aligned tube-like structures in stabilised collagen gels have been shown to 

enhanced Schwann cell migration in vitro. In the cell migration assay, Schwann cells 
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travelled faster in collagen gels with aligned tube-like structures than in those with 

aligned Schwann cells and acellular control gels. The increased migration speed 

indicated that some specific cues from tube-like structures contributed to this 

phenomenon. A study by Cattin et al. (2015) reported that Schwann cells required non-

specific friction provided by the surface of blood vessels to migrate efficiently; whereas 

they struggled to migrate within the 3D matrix (Cattin et al., 2015). Furthermore, we 

showed that the majority of migrating Schwann cells were closely associated with tube-

like structures, which is in accordance with Cattin’s study. They showed that most 

migrating rat Schwann cells were significantly close (<10 µm) to the polarised blood 

vessels in the rat sciatic nerve injury model at day 4 after transection.  

Blood vessels and endothelial cells can also enhance axonal regeneration(Carmeliet and 

Tessier-Lavigne, 2005;Grasman and Kaplan, 2017), however, it is still unknown to what 

extent their capability is compared to Schwann cells. In our study, an in vitro DRG co-

culture assessment of the construct’s efficacy demonstrated that collagen gels 

containing tube-like structures provided comparable ability to promote neuronal 

outgrowth as the conventional gels containing Schwann cells, although almost half of the 

tube-like structures were disrupted from the stabilisation. This suggested that the 

presence of intact tube-like structures might not directly help guide and promote axonal 

outgrowth but released cytokines might do so. Schwann cells and endothelial cells have 

been demonstrated to release several overlapping neurotrophic factors and genes such 

as GDNF, VEGF, STAT3, and EPHB3 (Liu et al., 2006;Bareyre et al., 2011;Reuss, 

2014;Wang et al., 2017a). The in vivo experiment with the stabilised collagen gels 

showed slightly enhanced vasculature in the constructs containing HUVECs compared 

to the Schwann cell control, whereas there was significantly less axon growth, which did 

not follow what has been shown in the in vitro study. This either indicated that the blood 

vessels alone did not support and guide axonal regeneration as efficiently as pre-aligned 

Schwann cells or the reduced number of tube-like structures after the stabilisation limited 

the construct efficacy.  

To test the latter possibility, we developed stable anisotropic fully-hydrated collagen 

scaffolds which contained aligned tube-like structures and could be transplanted in the 

nerve injury site without the stabilisation step. The concept of this tethering design will 

be discussed in Section 7.1.3. An in vivo experiment in a 10 mm rat sciatic nerve injury 

model showed that the HUVEC-only construct significantly enhanced axonal 

regeneration throughout the nerve bridge, as compared to the Schwann cell and 

HUVEC-Schwann cell group (Chapter 5), which is in contrast to what was observed in 

the earlier in vivo experiment with stabilised collagen gels (Chapter 4). There was also a 

significant increase in Schwann cells and blood vessels across the injury site, 
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highlighting the benefits of having aligned tube-like structures in the construct. These 

results showed that aligned tube-like structures could be good candidates to treat nerve 

repair. In the future, it may be advisable to investigate why and how HUVEC tube-like 

structures alone outperformed Schwann cells in promoting nerve regeneration by 

exploring molecular and cellular mechanisms of both cell types. 

 Co-culture of HUVECs and Schwann cells to mimic native nerve tissues 

This project developed engineered nerve constructs that contain both aligned HUVEC 

tube-like structures and aligned Schwann cells in collagen hydrogels, which has not been 

reported in any previous studies. In this way, the constructs closely mimic key features 

of native nerve endoneurium where the majority of the aligned columns of Schwann cells 

present are interspersed with longitudinally oriented blood vessels (Lundborg, 

1988).Here, an optimal ratio of 4:0.5 (x106 cells/ml) between HUVECs and Schwann 

cells was identified, to obtain stable aligned tube-like structures combined with aligned 

Schwann cells in collagen hydrogels. 

The idea of using endothelial cells as a co-culture system with other cell types to promote 

vascularisation in tissue-engineered constructs has been largely studied in other tissues 

such as bone, liver, and skin (Liu et al., 2014;Liu et al., 2017;Dai et al., 2018). A recent 

study from Liu et al. (2017) reported the co-culture of HUVECs with human-induced 

pluripotent stem cell-derived mesenchymal stem cells (hiPSC-MSCs) significantly 

promoted bone regeneration in rats compared to the controls which were acellular 

scaffolds and hiPSC-MSC seeded scaffolds without HUVECs. Also, HUVEC-seeded 

scaffolds showed higher blood vessel density in vivo (Liu et al., 2017). In liver tissue 

engineering, a tri-culture model of HUVECs, primary hepatocytes and mouse embryo 

fibroblasts NIH2T2 on micropatterned electrospun fibrous mats was developed. The 

results showed that hepatocytes could maintain their hepatic functions, and capillary-like 

structures were formed as well (Liu et al., 2014). Recently, skin substitutes were pre-

vascularised by co-culturing human endothelial progenitor cells (EPCs), and fibroblasts 

in a human plasma/calcium chloride formed gel scaffold, which was then seeded on top 

with keratinocytes. In mouse skin wound models, these constructs have revealed an 

improved host skin integration, vascularisation in both epidermis and dermis skin layers, 

and better tensile strength compared to the non-vascularised scaffolds (Dai et al., 2018). 

Until recently, there has been no research that explores endothelial cell co-culture with 

Schwann cells to enhance the vascularisation of engineered nerve constructs.  

In this study, an in vitro and in vivo assessment of neuronal growth showed that the 

stabilised hydrogel constructs containing co-cultures of Schwann cells and HUVECs 

were able to support and guide axonal regeneration comparable to the conventional 
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Schwann cell constructs. However, there was no significant difference in the level of 

vascularisation between the co-culture constructs and the Schwann cell-only constructs 

in both fully-stabilised and fully-hydrated collagen hydrogels. In an in vivo experiment 

done with tethered fully-hydrated collagen gels, the HUVEC-Schwann cell group did not 

perform as well as the HUVEC-only group in terms of improving axonal regeneration, 

Schwann cell migration and vascularisation. A possible explanation for this result, which 

differed from the equivalent in vitro finding, might be that at the long time point (4 weeks) 

in vivo, unlike in vitro (3 days of DRG co-culture), Schwann cells may have proliferated 

and exceeded HUVEC populations, inhibiting further tube formation and thus gradually 

limiting the efficacy of the construct. It would be interesting to further explore the 

mechanism of the co-culture of HUVECs and Schwann cells over extended periods in 

order to optimise this co-culture construct in future experiments.  

 Perforated silicone tubes provide an alternative tethering system to 

achieve a stable aligned tube-like structure in hydrogel scaffolds 

Although stabilised (plastic compressed, PC) collagen hydrogels have shown tissue-like 

mechanical properties and great regenerative capability(Cheema and Brown, 2013), the 

plastic compression process caused the deconstruction of formed tube-like structures, 

limiting the potential of the vascularised tissue-engineered constructs. A previous study 

has shown the ability of human dermal microvascular endothelial cells (hDMECs) to form 

microvascular-like structures on PC collagen gels (Alekseeva et al., 2014). However, this 

happened only when they were co-cultured with either human foreskin fibroblasts (HFF) 

or human osteoblasts (HOS), suggesting some angiogenic cross-talk between these 

cells and hDMECs. Despite the success of having tube-like structures on a tissue-like 

collagen construct, the limitation of that previous study was the difficulty in aligning the 

tube-like structures. Therefore, fully-hydrated hydrogels may be preferable to produce 

aligned matrices whilst allowing an investigation of the efficacy of tube-like structures in 

guiding axonal growth.  

Fully-hydrated hydrogels have been used in numerous angiogenesis studies. Cross et 

al. (2010) demonstrated a dense fully-hydrated collagen hydrogel containing HUVECs 

was able to support the formation of vascular networks (Cross et al., 2010). Also, the 

dynamic co-culture of human mesenchymal stem cells (hMSCs) and HUVECs in a fully-

hydrated collagen scaffold showed relatively high osteogenic expression and angiogenic 

vascular network formation (Nguyen et al., 2017). In order to pre-fabricate aligned 

vasculature in vitro, mechanical cues can be applied to induce the alignment of 

endothelial cells. It has been shown that by applying static tensile forces (stretching), 

endothelial cell tube-like structures within fibrin gels were oriented towards the stretching 
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direction (Rosenfeld et al., 2016). There are many approaches to align micro-vessels in 

hydrogel scaffolds, such as exposure to shear stress, self-alignment, and magnetic field 

induction (Morin and Tranquillo, 2011;Morin et al., 2013;Poduri et al., 2017). However, 

highly-hydrated hydrogels are not preferable for in vivo transplantation due to their 

instability and poor mechanical properties. As a result, an approach to achieve a stable 

and aligned fully-hydrated hydrogel scaffold is needed.  

In this study, we adapted the method developed by Phillips et al. (2005), where a silicone 

tube was perforated at both ends to create tethering sites for cellular self-alignment in an 

implantable collagen hydrogel (Phillips et al., 2005). With aligned Schwann cell-seeded 

gels tethered inside the tubes, their study showed that these constructs were stable in 

vivo, resulting in an improved number of regenerating axons and Schwann cell columns 

across a 5 mm rat sciatic nerve injury gap at 8 weeks. Here, we showed that the 16-hole 

tethering system provided suitable hydrogel anchoring, leading to a stable implantable 

construct. HUVECs self-aligned and formed tube-like structures, suggesting sufficient 

tension force was created from cell contraction within this tethering system. Further 

studies can be done to explore alternative biomaterials that could replace the silicone 

tubes with a degradable material, which could mimic the epineurium layer (outermost) of 

the nerve and be more suitable for translation to clinical application. 

The in vivo experiment in Chapter 5 also revealed the potential of aligned tube-like 

structures to guide and support axonal regeneration in the rat sciatic nerve injury model 

across a 10 mm gap at a 4-week postoperative time. This confirmed the feasibility and 

efficacy of the perforated silicone tube system as a tissue-engineered conduit in which 

an aligned cellular scaffold can be delivered. Not only nerve tissue engineering, but other 

organ types that require the anisotropic architecture of tissues such as tendon and 

ligament could potentially benefit as well.  

 Gel aspiration-ejection system for nerve engineering application 

Tissue engineering is a fast-growing multidisciplinary field which employs several tools 

to achieve the ultimate goal of new viable tissue substitutes for medical purposes. As a 

result, all new and alternative approaches to develop and optimise the product are 

important to explore. Gel aspiration-ejection (GAE) was a novel approach introduced by 

Showan Nazhat’s research group (Kamranpour et al., 2016). This technique offers a 

rapid way to generate dense and aligned hydrogel scaffolds using an angioplasty device. 

It has been shown that the mechanical properties and collagen fibril densities (CFD) of 

scaffolds generated from the GAE system could be controlled with different needle gauge 

sizes and initial hydrogel densities (Kamranpour et al., 2016). 
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Here, we have shown for the first time that the GAE system can be used to produce 

stable aligned collagen scaffolds containing aligned Schwann cells (GAE-EngNTs) for 

peripheral nerve repair. The highlight of this technique is that it provides a fast and robust 

approach to generate aligned hydrogel scaffolds with tuneable mechanical properties. 

Additionally, the shape of the gel product is a cylindrical structure which mimics the native 

nerve tissue. Schwann cells were viable and aligned inside dense 3D collagen hydrogels. 

Their alignment was preserved over time with an increasingly elongated morphology. 

Also, the viscoelastic behaviour of the GAE-EngNT was similar to that of rat sciatic 

nerves based on the linear viscoelastic region and their frequency-dependence. The 

GAE-EngNTs containing aligned Schwann cells supported and guided axonal 

regeneration in vitro in the DRG co-culture model. They promoted nerve regeneration in 

a rat sciatic nerve model (10 mm gap, 4 weeks) when compared to the empty tube group, 

although their performance did not reach the level of the autograft group.  

Compared to the stabilised aligned Schwann cell collagen sheets formed via the 

conventional EngNT method (Chapter 4), the GAE-EngNT containing aligned Schwann 

cells showed comparable axonal growth across a gap, which was around 30% at the 

distal stump. This is also similar to an in vivo result from the aligned Schwann cells in 

fully-hydrated collagen gels (Chapter 5). As a result, the GAE-EngNT may be preferable 

as the manufacturing process does not require the additional plastic compression step 

and time for the cellular contraction, hence is relatively faster. It is interesting to note that 

the initial alignment process of the EngNT method/perforated silicone tube and the GAE 

system is quite different. The former methods rely on integrin-mediated cellular self-

alignment in tethered gels, whereas the latter method exploits the external shearing 

forces. These differences suggest another factor to be considered when therapeutic cells 

are used because both extrinsic and intrinsic forces can impact cell fate and behaviours 

(Vining and Mooney, 2017).In addition, an initial experiment showed that HUVEC formed 

similar tube-like structures in GAE-EngNTs, as compared to the EngNT constructs 

(Appx. A), suggesting the potential of GAE technique to produce pre-vascularised nerve 

constructs.  
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 Limitations and future work 

This thesis provides data which represent preliminary proof of concept for the use of 

aligned endothelial cell tube-like structures in collagen hydrogel constructs to treat 

peripheral nerve injury. It also investigated alternative techniques to fabricate stable, 

anisotropic cellular hydrogel scaffolds, including the perforated silicone tube tethering 

system and the gel aspiration-ejection technique. However, some limitations need to be 

addressed and investigated further before the potential translation of these engineered 

nerve constructs towards clinical practice.  

In all the in vivo experiments presented in this study, the number of animals used for 

each group was relatively small (3 for Chapter 4, 6 for Chapter 5 and Chapter 6). Based 

on the mean and effect size observed in the pilot in vivo study in Chapter 4 (n=3, effect 

size=0.76), a post hoc power analysis via G*Power software indicated that a sample of 

9 animals per group would be required to reach statistical power at 0.95 level, and 6 

animals per group for the statistical power at 0.80 level. Therefore, the significance of 

some of the statistical analyses may have been limited due to the modest number of 

samples included in these studies.  

Another limitation in terms of translation to clinical nerve repair is that all the in vivo 

experiments in this study were done with 10 mm gap length and 4-week period, which 

provided a useful model but is not considered to be a ‘critical gap length’ in the rat sciatic 

nerve. A critical nerve gap is a nerve gap where no regeneration will occur without 

bridging the gap with some scaffold (Kaplan et al., 2015). More translational studies 

commonly test the efficacy of a developed construct compared to an empty conduit 

(negative control) and autograft (positive control), using a longer time point of around 4-

8 months with a 15 mm gap, providing the basis for analyses of functional outcomes 

such as electrophysiology, walking track analysis, and behavioural testing. Future work 

relating to the technologies developed in this thesis could, therefore, involve testing 

optimal approaches in a longer gap model over a longer time, in order to establish 

efficacy in terms of functional outcomes compared with current clinical approaches 

(conduits and autografts).  

Another issue that was not investigated in this study is the mechanism by which the co-

culture of Schwann cells and HUVECs improved axonal regeneration. Although it is 

widely known that Schwann cells and endothelial cells themselves can secrete several 

neurotrophic factors (Reuss, 2014;Grasman and Kaplan, 2017), little is known about the 

profile of cytokines, and trophic factors released from the co-culture of both cell types. A 

previous study reported the effect of Schwann cells on the promotion of migration of 
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endothelial cells (Ramos et al., 2015). Furthermore, there was a significant increase in 

gene expression in HUVECs when co-cultured with rat Schwann cells such as Profilin, 

FAK, VCL and MAPK leading to actin filament rearrangement that then improved the 

migration of HUVECs. Gupta et al. (2005) showed that, in nerve compression injury, 

Schwann cells considerably increased their expression of VEGF proteins, which 

increased the vascularity around the injury region. Furthermore, in the neuroblastoma 

tumour environment, Schwann cells can inhibit angiogenesis by secreting TIMP-2 

proteins (Huang et al., 2000). Many of these studies focused on the effect of Schwann 

cells on endothelial cells, however, few studies examined the effect of endothelial cells 

on Schwann cells. More insight is needed to understand the molecular mechanisms of 

Schwann cell-endothelial cell interaction, which may in turn help tissue engineers to 

optimise the performance of co-culture constructs. 

In this thesis, it was shown from in vitro assessment with DRG co-culture models that 

stabilised aligned HUVEC tube-like structures in collagen gels promoted neurite 

outgrowth to a comparable extent as stabilised aligned Schwann cell gels and the 

HUVEC-Schwann cell group. In contrast, in the rat sciatic nerve injury model, the results 

were different in both the fully-stabilised gel and fully-hydrated gel experiments. This 

implied that in this case the in vitro assessment did not always accurately represent what 

happens in the more complex in vivo environment. Analysis over a longer time in vitro 

may improve this, especially in order to assess changes in tube-like structures due to 

vessel regression over time. Ultimately, the in vivo nerve injury environment is very 

complex; there are numerous cell types, cytokines as well as the spatial distribution of 

chemical cues and oxygenation, which an in vitro model could not capture. Mathematical 

modelling combined with experimental work has the potential to combine complex 

elements within a parameterised framework, which would eventually help accurately 

predict an in vivo situation (Coy et al., 2018). 

Supportive stromal cells are necessary to create long-lasting blood vessels and without 

them, blood vessels may regress over time. In this study, HUVECs cultured alone in the 

collagen gels formed extensive tube-like structures. The co-culture of HUVECs and 

Schwann cells did not improve tube formation, although a suitable co-culture ratio for 

aligned tube-like structures and Schwann cells was identified. It would be interesting to 

examine this co-culture group over a longer period (more than 4 days) to assess the 

stability of tube-like structures compared to the monoculture group. However, further 

work, including co-culture with conventional supportive stromal cells such as pericytes 

and fibroblasts for the development of functional and stable tube-like structures, would 

be worthwhile. Additionally, both pericytes and fibroblasts have been reported to directly 
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support nerve regeneration, suggesting their benefits when co-culturing (Wang et al., 

2017b;Laredo et al., 2019). 

This thesis mainly focused on developing artificial tissues to mimic the inner part of the 

nerve, which includes endoneurium and perineurium layers. The silicone conduit was 

used as an outer sheath of the construct during transplantation, and has been used 

extensively in animal models to investigate peripheral nerve regeneration (Chamberlain 

et al., 1998;Kim et al., 2007;Wu et al., 2008). It was also used in a 5-year follow-up 

clinical study by Lundborg et al. (2004) (Lundborg et al., 2004). However, this is not an 

ideal conduit material due to its mechanical mismatch and non-biodegradability. Silicon 

conduits can cause nerve compression syndrome after years of implantation, which 

requires a second operation to remove the silicone tube (Stang et al., 2009;Muheremu 

and Ao, 2015). As a result, alternative biomaterials, which are more biocompatible, 

biodegradable, and have epineurium-like mechanical properties, could be usefully 

explored in future research.  

 Conclusion 

In conclusion, this thesis has shown the potential of engineered aligned endothelial cell 

tube-like structures, alone and in co-culture with Schwann cells, to promote peripheral 

nerve regeneration. This work demonstrated in particular that the aligned HUVEC tube-

like structures alone, within 3D collagen hydrogel constructs, led to enhanced 

vascularisation and axonal regeneration. This has shed light on the idea of developing 

pre-vascularised engineered nerve tissues which may be useful to treat more severe 

nerve injury gaps to avoid central necrosis/ischemia.  Furthermore, the gel aspiration-

ejection system has been shown to produce aligned Schwann cell constructs 

successfully, and they proved to support and guide nerve regeneration in a rat sciatic 

nerve injury model. However, further in vivo experiments with a critical gap length and 

longer time point are needed to determine the efficacy of these tube-like structures in 

guiding nerve regeneration and improving functional outcomes, which will provide more 

insight to support potential translation.  
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 Appendices 

Appendix A 

GAE gels with HUVEC tube-like structures 

Figure A1. HUVECs formed similar tube-like structures in GAE gels 4 days in vitro, as 

compared to the EngNTs. (a) Representative confocal micrographs of aligned tube-like 

structures from three groups with different HUVEC seeding densities: 4×106 cells/ml EngNT, 

1×106 cells/ml GAE gel and 2×106 cells/ml GAE gel. Scale bars, 100 µm. (b) Graphs showing 

number of meshes, branches, isolated segments, and average segment lengths. Data are means 

± SEM, n=3. 
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Appendix B 

 

 

Figure B1. The HUVEC-F7 Schwann cell (HUVEC-SC) in tethered collagen gels showed 

significantly reduced level of tube formation when cultured in vitro for 4 days, as compared 

to the HUVEC-only groups. Graphs showing number of meshes, junctions, branches, and total 

branching length. Data are means ± SEM. n=6. **P<0.01 by unpaired t-test. 
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