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Abstract 
Intervertebral disc (IVD) degeneration is one of the major causes of lower back pain a highly 

common health condition that greatly effects a person’s quality of life. Due to an increasing aging 

population and change in lifestyles, there exists high demand for novel treatment strategies for 

damaged IVD. Moreover, the current treatment strategies focus on pain alleviation and 

restoration of mechanical properties, and do not address the underlying biological issues.  

Researchers have focused on IVD tissue engineering (TE), which aims to restore biological and 

mechanical functions by regenerating or replacing the damaged discs. To date, there is no 

adequate tissue-engineered IVD (TE-IVD) available, therefore a more suitable option needs to 

be explored. 

The current project aims to develop a TE-IVD utilising a naturally derived polymer, chitosan, in 

both the annulus fibrosus (AF) and nucleus pulposus (NP) regions of the IVD in order to 

encourage tissue integration and regeneration.  

A poly-e-caprolactone (PCL)/chitosan blend mimicking the AF-lamellae structure was explored 

using melt-electrowriting (MEW) technology, which combines the advantages of three-

dimensional (3D) printing and electrospinning to fabricate micro-fibrous scaffolds with 

controlled architecture. PCL is commonly used for AF and displays good mechanical properties 

with a slow degradation rate, but has poor cellular adhesion. Chitosan was chosen to impart 

bioactivity to the structure. Due to chitosan’s high water absorbing capacity, a chitosan-based 

hydrogel was also developed to mimic the structural characteristics of the native NP. 

The MEW parameters were optimised to fabricate the MEW scaffolds in order to mimic the AF 

structure, and their physical and biological properties characterised. The biological activity of the 

MEW scaffolds was also investigated in vitro using human bone marrow-derived mesenchymal 

stem cells within a newly developed cell infiltration test. This cell infiltration test protocol will 

be useful for future TE research. The developed chitosan hydrogel mimicked the native NP 

gelatinous structure and demonstrated adequate compressive mechanical properties, degradation 

behaviour as well as high biocompatibility. 

Results demonstrated the addition of chitosan increased the cellular activity of the MEW 

scaffolds in a concentration dependent manner. The chitosan hydrogel fabricated was also found 

to be suitable for use in the NP region. The NP hydrogel and AF scaffolds showed encouraging 

tissue regenerative capability by addressing both mechanical and biological issues, and when 

combined could potentially act as a TE-IVD to replace the native IVD in its entirety. Moreover, 

the results obtained in this project not only demonstrated the high-potential of these developed 
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TE-IVDs, but also provided validation of the use of the GeSiM 3.1 Bioscaffolder for the 

development of 3D tissue-engineered constructs.   
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1 Introduction 
It has been shown that more than 80% of the adult population is affected by lower back pain 

(LBP) resulting in a huge socioeconomic burden especially in developed countries (Whatley, 

Kuo et al. 2011, Costa, Silva-Correia et al. 2018). Although intervertebral disc (IVD) 

degeneration is asymptomatic in many cases, it is one of the predominant causes of LBP; in which 

around 40% of LBP is caused by IVD degeneration. Human IVD is known to start degenerating 

at around age 30, and research suggests that IVD degeneration is present in 97% of the population 

over 50 years old (Nerurkar, Sen et al. 2010). For severely damaged IVD, surgical methods such 

as spinal fusion, discectomy and total disc replacement are currently available. However, since 

these strategies only focuses on restoration of structural properties of IVD, development of a new 

treatment strategy aiming to regenerate IVD tissue as well as restoring mechanical function is 

mandatory. Alternative treatment options focusing on parts of IVD have also been considered 

and extensively investigated; however, a novel strategy aiming to restore the entire IVD structure 

and function is necessary. Tissue engineering (TE) may be a superior alternative since it aims to 

mimic the mechanical and biological properties of the targeted tissue. 

1.1 Intervertebral Disc Structure, Function and 

Degeneration 

1.1.1 Structure 

IVD is a pad of fibrocartilage that lies in between two vertebral bodies which are composed of 

annulus fibrosus (AF), nucleus pulposus (NP) and the superior and inferior cartilaginous 

endplates (CEPs)(Figure 1)(Alinejad, Adoungotchodo et al. 2018, Huang, Hu et al. 2018, Stergar, 

Gradisnik et al. 2019). See Appendix C and D for structure of CEPs and cellular properties of 

IVD. 
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Figure 1. Gross structure of the IVD 

IVD consists of two major regions (AF and NP). AF is a fibrous lamellar structure populated with fibroblast-like AF 
cells and NP is a gelatinous structure populated with chondrocyte-like NP cells. 

1.1.1.1 Annulus Fibrosus 

AF has tendon-like structure and function. The main function of the AF is to provide structural 

support to contain and protect the NP (Bowles, Williams et al. 2010). The extracellular matrix 

(ECM) of AF primarily consists of water (65–70%), collagens (50–70% of dry weight) which 

comes mostly in the type I (50% of collagen content) and some type II collagen (30% of collagen 

content) fibres, and proteoglycan (10–30% of dry weight) (Buckley, Hoyland et al. 2018, Choi, 

Park et al. 2019). 

AF has 15–40 concentric lamellar layers, each of thickness 50–500 µm, which consist of 

alternating parallel collagen fibres angled at ± 45–60° relative to the spinal axis with AF cells 

aligned to these collagen fibres (Lazebnik, Singh et al. 2011, Choy and Chan 2015, Newell, Little 

et al. 2017, Yang, Xiao et al. 2018, Gluais, Clouet et al. 2019, Stergar, Gradisnik et al. 2019). 

The thickness of the lamellar and types of collagen varies within the AF region. The lamellar 

become thinner towards the outside of AF region, and the posterior part of lamellae are thinner 

than anterior and lateral parts (Choi, Park et al. 2019). These collagen fibres are organized in 

layers which wrap the NP and resist the tensile stress developed during NP pressurisation and 

movement of the spine (Bowles and Setton 2017). The lamellae of the AF are connected by elastic 

network which prevents the delamination or separation of AF layers while mechanical force is 

applied (Huang, Hu et al. 2018). This concentric lamellar structure with aligned collagen fibres 

is responsible for the mechanical and biochemical function of the AF region (Bhunia, Kaplan et 

al. 2018).  
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In terms of composition, inner-AF is rich in proteoglycans and collagen type II, and outer-AF is 

rich in collagen type I (Yang, Xu et al. 2016). The inner-AF and NP region consists of higher 

amounts of collagen type II than the outer-AF. This high proteoglycan content enables inner-AF 

to better withstand the intradiscal compressive pressures, applies swelling pressure to NP, and 

enables NP to withstand the complex compression load applied to it (Alini, Roughley et al. 2004, 

Iu, Santerre et al. 2018). Proteoglycans are important as they possess multiple negative charges 

that make them highly hydrophilic (March and Little 2010). This means that the water can be 

trapped within the structure, allowing inner-AF and NP to be highly hydrated. When load is 

applied, the majority of water molecules would still be attracted to the proteoglycans which 

allows the tissue to retain its shape and resist compression (Lories and Luyten 2018). 

1.1.1.2 Nucleus Pulposus 

NP is an amorphous and hydrogel-like central structure which primarily resists compression, 

absorbs shock between the adjacent vertebral bodies and provides flexibility throughout the spine 

(Lazebnik, Singh et al. 2011, Reeks and Liang 2015). The primary compositions of the human 

native NP ECM are water (70–90% of total weight), proteoglycans (60–70% of dry weight) and 

type II collagen (10% of dry weight) (Clouet, Vinatier et al. 2009, Gullbrand, Smith et al. 2018). 

This high proteoglycan and water contents provide NP region its primary properties in being a 

gel-like structure with high osmotic pressure and absorbs shock and compression loading 

(Lazebnik, Singh et al. 2011). The most common proteoglycan in the NP is aggrecan, and 

fibromodulin, versican, decorin and biglycan (Bowles and Setton 2017). 

1.1.2 Function 

The IVDs act as impact absorber between the vertebrae, which provide stability and allow 

movement of the body. The biomechanical properties of the IVD is highly dependent on the 

intermittent deposition and degradation of ECM controlled by IVD cells (AF cells and NP cells) 

(Iatridis, Nicoll et al. 2013). Therefore, once the rate of IVD degradation exceeds the rate of new 

ECM deposition, the IVD gradually loses its ability to withstand the loadings. The IVD 

withstands various ranges of both internally and externally applied mechanical force, and allows 

6 degrees of freedom (compression, anteroposterior and lateral shear, flexion, bending, and 

torsion) to the spine column while anchoring adjacent vertebral bodies and protecting spinal 

neural anatomy (Kim, Yoon et al. 2006, Iatridis, Nicoll et al. 2013, Bowles and Setton 2017, 

Gullbrand, Smith et al. 2018, Huang, Hu et al. 2018). The compression and torsion loadings 

applied to the IVD can be more than 5 times an individual’s body weight (Gullbrand, Smith et al. 

2018).  
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Due to its proteoglycan rich ECM and high-water content, NP supports around 70% of the axial 

compression load applied on spine (O'Halloran and Pandit 2007). In healthy IVD, the NP 

unconfined pressure is 0.3–5 kPa and confined pressure is 0.12–1 MPa (Choi, Park et al. 2019). 

While the hydrostatic pressure of NP increases due to the axial compression, the AF fibres 

experience pressure which allows the IVD shape maintenance (Gullbrand, Smith et al. 2018). 

After the flexion of the spine, elastic fibres between the lamellae help IVD to recover its own 

shape (Stergar, Gradisnik et al. 2019). 

1.1.3 Degeneration and Lower Back Pain 

IVD degeneration is known to be a major cause of the LBP (Nerurkar, Sen et al. 2010). 

Approximately 40% of the LBP is caused by the IVD degeneration (Clouet, Vinatier et al. 2009). 

Progress of IVD degeneration is much earlier than the other musculoskeletal tissues. Cell 

population and metabolic activity of IVD decreases rapidly with age, with IVD associated disease 

increasing exponentially, which indicates the healing capacity of the IVD also rapidly decreases 

with age (D'Este, Eglin et al. 2018). 

Once IVD degeneration starts and the disc height starts decreasing, AF delamination may be 

induced, and movement of the spinal column may cause the increase of compressive and tensile 

stress to the AF region (Bowles and Setton 2017). This excessive load may cause AF small tears 

and fissures, which can become larger tears that can be observed with magnetic resonance 

imaging (MRI) and computer tomography (CT) scans (Bowles and Setton 2017). Due to the low 

healing capacity of the IVD, these tears do not heal themselves. Therefore, if these tears are not 

treated at an early stage, the displacement of the AF fragment may occur, which allows the 

collapse of IVD or NP tissue to extrude through the defect, causing LBP (Bowles and Setton 

2017). This NP extrusion is known as IVD herniation, which is one of the most common IVD 

disorders. 

Degeneration of IVD negatively impacts the alignment, stability, flexibility and mobility of the 

spinal column as well as neural anatomy; which may induce spinal diseases such as herniation, 

CEP calcification, spinal stenosis, osteophytosis and spondylosis (Choi, Park et al. 2019). In the 

case of IVD herniation, the NP tissue protrudes through the AF tear and may compress the 

surrounding nerve or cause inflammation when it is close to the nerve (Frauchiger, Tekari et al. 

2017). 

There are several pain generators associated with LBP, which includes discogenic pain, the 

vertebral bodies and endplates, and the compression of the surrounding neural structure 

(Gullbrand, Smith et al. 2018). Arthrosis of the joints caused by the loss of disc height and IVD 

neovascularisation is another major cause of LBP (Adams and Roughley 2006). Additionally, 
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LBP could also be caused from the spine biomechanics alteration due to the IVD degradation. 

This is often induced by the inadequate loads on the spine and surrounding soft tissues (Huang, 

Hu et al. 2018). When IVD is degenerated, there may not be enough distance in between the 

vertebral bodies, which may cause abrasion of adjacent vertebral bone and endplates against each 

other which also generates LBP. 

1.2 Current Treatment Strategies 

IVD degeneration is commonly assessed by analysing MRI images. The main indicators are; 

narrowed disc space, degreased signal intensity, abnormality in CEP region, sclerosis and AF 

bulging. Current treatment strategies for the IVD degeneration and LBP mainly focuses on the 

symptomatic measures which aim to alleviate pain. In most cases, non-surgical treatments are 

preferred to treat IVD degeneration and LBP. However, surgical treatments can be taken for 

severely damaged IVDs (Reeks and Liang 2015). 

Conservative treatment methods include change in lifestyle, rehabilitation, and pain relief with 

medication or nerve block injection (Yang and Li 2009, Bowles and Setton 2017). The examples 

of medications utilised for the treatment of IVD degeneration-associated LBP are non-steroidal 

anti-inflammatory drugs, muscle relaxants and epidural steroid injections (Gullbrand, Smith et 

al. 2018). The surgical treatment methods are considered only when these conservative 

treatments did not manage to alleviate pain in patients (Yang and Li 2009). 

Currently available surgical treatments for the degenerated IVD include spinal fusion, 

discectomy, and total disc replacement with artificial discs which aim to remove LBP and restore 

mechanical function of the IVD (Huang, Hu et al. 2018). These primary aims are achieved by 

removing the damaged IVD parts without identifying the biological issue underneath. There is a 

risk of device failure which patients may need to sit another surgery (Huang, Hu et al. 2018). 

Allograft IVD transplantation and NP prosthesis have also demonstrated promising results in 

clinics. However, these are not the most common surgical treatment method due to the low 

accessibility to a healthy donor, possible immunoreaction, disease transmission, and lack of long-

term performance studies. Therefore, these methods will not be discussed further here. See 

Appendix E, F and G for specific surgical treatment examples. 

The treatment strategies have limitations such includes re-herniation, discomfort during 

movement, poor prognosis and inflammation (Alini, Roughley et al. 2004, Van Meerloo, Kaspers 

et al. 2011, Sharifi, Bulstra et al. 2015). In addition, current treatments focus on pain alleviation 

through removing the damaged IVD tissue without identifying the underlying biological 

problems (O'Halloran and Pandit 2007). Another possible treatment can be a transplant; however, 
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it contains a risk of disease transmission, and it is almost impossible to obtain a non-degenerated 

IVD donor due to the high prevalence of IVD degeneration. 

To overcome the issues associated with the current treatments, various treatment methods 

including AF repair (with suture, patch or glue), NP injection, NP replacement and cell or gene 

therapies have been extensively investigated. However, these are not considered very effective 

and long-term efficacy of these potential treatments has not been demonstrated. Therefore, it is 

important to simultaneously regenerate both AF and NP regions in order to achieve the successful 

restoration of the IVD functions. For this reason, IVD-TE has been investigated over the last 20 

years (Kim, Yoon et al. 2006, Gullbrand, Smith et al. 2018).  

1.3 Intervertebral Disc Tissue Engineering 

The term “Tissue engineering” was defined by Langer and Vacanti as “an interdisciplinary field 

that applies the principles of engineering and the life-sciences toward the development of 

biological substitutes that restore, maintain, or improve tissue function” (Langer and Vacanti 

1993). The aim of TE is to regenerate the damaged tissue by developing a tissue-engineered 

construct (TEC) that restores or retains the structure and function of the damaged or injured tissue 

(O'brien 2011, Gomes, Rodrigues et al. 2017). TE requires three major components; scaffold, 

cells and biological/signalling factors (O'Halloran and Pandit 2007, O'brien 2011).  

The scaffolds should be tested in vitro and in vivo to determine their effectiveness in aiding the 

growth of native tissue. The ideal scaffolds for TE is required to have high biocompatibility, high 

biodegradability (with appropriate degradation rate similar to the new ECM formation and 

produce no toxic by-product), appropriate mechanical properties (which mimics the native tissue), 

and adequate micro-architecture (O'brien 2011). Appropriate cell types will deposit their own 

ECM which may mimic native ECM components of the targeted tissue, and release 

biological/signalling factors that support overall cell activity and ECM deposition. The 

biological/signalling factors include growth factor; where they promote cell proliferation and the 

formation of adequate ECM for tissue regeneration. 

The IVD-TE possesses advantages of currently available treatment strategies, such as pain 

alleviation, short term repair and long-term regeneration with minimum immunoreaction, and 

reduced risk of re-herniation (O'Halloran and Pandit 2007, Van Uden, Silva-Correia et al. 2015). 

However, there are many challenges including maintaining an optimum physiological 

environment and providing adequate cellular nutrient transport (Kobayashi, Baba et al. 2010). 
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1.3.1 Biomaterials in Intervertebral Disc Tissue Engineering 

For the TE strategy to be successful, appropriate biomaterial selection is mandatory. European 

Society for Biomaterials defined biomaterial as “a material intended to interface with biological 

systems to evaluate, treat, augment or replace any tissue, organ or function of the body” (Doherty, 

Williams et al. 1992, Akter 2016). Biomaterials used for scaffold fabrication are commonly 

resorbable, synthetic polymers and natural polymers (Guvendiren, Molde et al. 2016).  

Combining two distinct and complex fibrous and gelatinous tissues with different cell types and 

ECM composition is problematic; therefore, an adequate combination of biomaterials, cells, 

biochemical and mechanical factors is mandatory for the successful development of TE-IVD 

(Nerurkar, Sen et al. 2010). 

1.3.1.1 Synthetic Polymers 

Synthetic polymers are the largest group of biodegradable polymers and have great potential for 

scaffold fabrication, as they can be easily mass-produced with controlled properties with minimal 

variation between batches (Iatridis, Nicoll et al. 2013). Some synthetic polymers such as poly-L-

lactic acid (PLLA) and polyglycolic acid (PGA) have issues due to by-products produced by 

degradation of these biomaterials (O'brien 2011). Further, synthetic polymers are not as bioactive 

as natural polymers; therefore biological rejection can result in addition to inflammation 

(Sadasivuni, Cabibihan et al. 2016). Polyesters, a common group of synthetic polymer, are widely 

used in the field of TE, with the most common polyesters for IVD-TE being poly-e-caprolactone 

(PCL), poly-lactide (PLA), PLLA, PGA, poly-lactic-co-glycolic acid (PLGA), biodegradable 

poly-carbonate urethane (PU), poly-(butylene succinate-co-terephthalate) (PBST) and poly-

(ether ether ketone) (PEEK).  

PCL is a semi-crystalline, bioresorbable and biocompatible thermoplastic polyester which is 

approved by Food and Drug Administration (FDA) and European Commission for use in human 

body (Nerurkar, Baker et al. 2009, Guvendiren, Molde et al. 2016). PCL is widely used in the 

field of TE due to its favourable thermoplastic properties and processing characteristics derived 

from its crystallinity and hydrophobicity. Its high processability (low melting temperature) 

allows PCL to be utilised for variety of fabrication techniques, such as electrospinning, MEW, 

solvent casting, pneumatic three-dimensional (3D)-printing, and selective laser sintering (Zein, 

Hutmacher et al. 2002, Yoshimoto, Shin et al. 2003). The degradation rate of PCL (typically 

more than 24 months) is slower than other biomaterials such as PLGA, and its speed can be 

controlled by altering molecular weight, structural shape, monomer residue groups, autocatalysis 

and pH of the environment, or blending with other biodegradable polymers such as poly-(vinyl 

alcohol) (PVA) or PGA (Hernández, Contreras et al. 2013) (Dash and Konkimalla 2012). The 
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by-product of degradation is non-toxic and does not accumulate in the body (Chen, Bei et al. 

2000, Sun, Mei et al. 2006). Other advantages of using PCL as a biomaterial is its controllable 

mechanical properties, chemical versatility and high elasticity (Grunert, Gebhard et al. 2014).  

It is worth noting that PCL is hydrophobic and does not possess great cell adhesion properties. 

Therefore, addition of a bioactive material or surface modification with coating or etching may 

be required. The slow degradation rate of PCL is advantageous for IVD-TE as cells in IVD 

usually have low metabolism therefore the ECM deposition rate is slow. For the major synthetic 

polymers used for IVD-TE, see Appendix H. 

1.3.1.2 Natural Polymers 

Natural polymers can be classified into three main categories: proteins (collagen, gelatin, silk and 

keratin), polysaccharides (cellulose, chitin, chitosan and glycosaminoglycans (GAG)) and 

polynucleotides (Nair and Laurencin 2007). These natural polymers are widely used in TE 

applications due to their biocompatibility, bioactivity, biodegradability, and cell adhesion 

properties (Di Martino, Sittinger et al. 2005, Bajaj, Schweller et al. 2014). However, natural 

polymers tend to have insufficient mechanical strength with challenges in manufacturing; such 

as collapse of structure during degradation and undesirably fast degradation, which results in 

poor construct integrity (Zhao, Gu et al. 2018, Li, Cui et al. 2014, Schutgens, Tryfonidou et al. 

2015, Stratton, Shelke et al. 2016). 

For IVD-TE, several natural polymers, including collagen and hyaluronic acid (HA), showed 

adequate biological properties. Collagen and HA have been extensively investigated and shown 

to promote cell adhesion, proliferation and tissue regeneration for IVD-TE, as they are the main 

components of human cartilage ECM (Choi, Park et al. 2019). Despite the high biological 

properties of these natural polymers, these polymers have low mechanical properties compared 

to the human native IVD, which has high compression and tensile moduli in MPa scale. Therefore, 

other biomaterials may be chemically or physically combined to improve the mechanical 

properties and gelation kinetics of the hydrogel.  

Chitosan is the second most abundant natural polymer and is commonly obtained via alkaline 

deacetylation of chitin. Chitin comprises the exoskeletons of insects and marine crustacean, such 

as crabs and shrimps (Frauchiger, Tekari et al. 2017, Sahariah and Masson 2017). Chitosan is a 

linear cationic amino-polysaccharide which is highly biocompatible, hydrophilic and can be 

degraded by enzymes, such as lysozymes and chitosanases, present in the human body (De Souza, 

Zahedi et al. 2009, Sahariah and Masson 2017). FDA has also approved chitosan as a 

biocompatible, biodegradable, anti-bacterial, anti-microbial and anti-inflammatory biomaterial, 

making chitosan one of the major biomaterials used in TE (Croisier and Jérôme 2013, Sahariah 

and Masson 2017).  
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Chitosan hydrogel has been extensively investigated as a minimally invasive NP regeneration 

strategy, due to its temperature and pH sensitivity and GAG-like chemical structure (Chen, Bei 

et al. 2000, Khalid, Agnely et al. 2002, Sarasam and Madihally 2005, Richardson, Mobasheri et 

al. 2007, Choi, Park et al. 2019). The high biocompatibility, water absorption capacity and 

antibacterial, antifungal and antitumor activity of chitosan may also be advantageous for IVD-

TE. However, since a hydrogel made of chitosan tends to have lower mechanical properties than 

human NP, addition of other biomaterials may be required to be practically acceptable. Yang et 

al. and Yuan et al. fabricated chitosan hydrogel and processed it with lyophilisation (Yang, Xiao 

et al. 2018, Yuan, Chen et al. 2019). This lyophilised chitosan hydrogel has highly interconnected 

pores resulting in excellent cell adhesion, viability and rate of cell superior to that on the 

nanofibrous PBST region after 24 hours with increasing number of cells over 5 days of in vitro 

culture. The in vivo investigation of this lyophilised chitosan hydrogel in conjunction with the 

nanofibrous PBST sheet and PEEK tubes also demonstrated increase in collagen II and aggrecan 

contents over 8 weeks of implantation (Yang, Xiao et al. 2018). The lyophilised chitosan 

hydrogel has loose and highly porous structure, which encouraged cell adhesion (Yuan, Chen et 

al. 2019). ECM deposition was shown after 3 weeks of culture with pores filled up, indicating 

that the lyophilised chitosan hydrogel was adequate for the development of TE-IVD. For the 

major natural polymers and biological materials used for IVD-TE, see Appendix I and J. 

1.3.2 Intervertebral Disc Scaffold Fabrication Strategies 

Various fabrication techniques have been utilised for the IVD construct scaffold, including 

solvent casting, lyophilisation, electrospinning, hydrogel curing and demineralisation. Although 

the materials and cell sources used for IVD-TE may vary, it is considered that the imitation of 

aligned micro-fibres for AF region, and gel-like structure for NP region is required in order to 

achieve appropriate TE-IVD cellular and mechanical properties (Yang, Xu et al. 2016).  

In vitro studies have demonstrated that 3D-printing and electrospinning are adequate fabrication 

methods for developing highly organised micro- or nano- structured AF scaffolds (Gluais, Clouet 

et al. 2019). For the NP region, moulding, punching, injection or scaffold-free formation of 

hydrogel may be appropriate. Figure 2 represents two major combinations utilised for the 

development of TE-IVD employed by previously published studies.  
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Figure 2. Two major fabrication methods of TE-IVD published to date 

(A) Electrospinning + hydrogel curing, and (B) Hydrogel curing for both regions. 

1.3.2.1 Electrospinning 

Electrospinning utilises electric field to control the formation of polymer nano-fibres (Bognitzki, 

Czado et al. 2001, Agarwal, Wendorff et al. 2009). The high-intensity electric field is formed 

between the two electrodes (One is placed at the tip of syringe containing polymer solution, 

another is placed in the collector plate) with opposite polarity (Figure 3)(Subbiah, Bhat et al. 

2005). 

There are two major types of electrospinning; solution-electrospinning and melt-electrospinning. 

solution-electrospinning utilises solvent to dissolve a polymer, jet a polymer solution and let the 

solvent to evaporate to form polymer fibres (Subia, Kundu et al. 2010). Melt-electrospinning 

utilises heat to melt a thermoplastic polymer, jet a melted polymer and let it cool to form fibres 

in solvent free manner (Lian and Meng 2017). Melt-electrospinning has better control of fibre 

orientation compared to solution-electrospinning, and the fibres generated with melt-

electrospinning typically are micro-scale whereas fibres generated through solution-

electrospinning is nano-scale. Some researchers have suggested that the micro-fibrous scaffolds 

have superior cell infiltration compared to the nano-fibrous scaffolds (Badami, Kreke et al. 2006, 

Pham, Sharma et al. 2006).  

In vitro studies have demonstrated that electrospinning can be an adequate fabrication method 

for developing highly organised micro- or nano-structured AF scaffold (Gluais, Clouet et al. 

2019). Moreover, the diameter of electrospun fibres closely resembles the collagen fibres that are 

found in most soft tissues such as AF (Nerurkar, Sen et al. 2010).  
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Synthetic polymers such as PCL, PLLA and biodegradable PU has been utilised with 

electrospinning technique for IVD-TE (Nesti, Li et al. 2008, Nerurkar, Sen et al. 2010, Iu, 

Massicotte et al. 2017). However, it has been suggested that electrospun PCL scaffolds may not 

have adequate durability and mechanical properties required for AF region (Zhao, Gu et al. 2018). 

Therefore, either chemical or structural modification may be required.  

 

Figure 3. Schematic view of electrospinning  
 

1.3.2.2 Hydrogel Moulding/Injection 

Hydrogels, which contain naturally derived macromolecules, have high biocompatibility and cell 

interaction which is suitable for TE applications despite the poor mechanical properties (Michal 

2012).  Due to the similarities in structure and properties, majority of studies fabricated biphasic 

TE-IVD utilised hydrogel to form the NP region of their scaffolds (Table 1). These allow 

development of the patient specific and highly-mimicking TE-IVD which matches the structure 

and properties of the native IVD, minimising the post-operational problems.  

Table 1. Summary table of TE-IVD fabrication with biocompatibility assessments 

Biomaterials and fabrication methods recruited for development of TE-IVD, biocompatibility in vitro/in vivo, DBP: 
demineralised bone particle, SIS: small intestine submucosa, MSCs: mesenchymal stem cells. 

Application Biocompatibility 
(in vitro) 

Biocompatibility 
(in vivo) 

Reference 
AF region NP region 

Solvent casted 
PLA-coated non-
woven PGA mesh 

Alginate 
hydrogel 

Ovine AF/NP 
cells (1 day) 

Rat dorsal 
subcutaneous space 

(12 weeks) 

(Mizuno, 
Roy et al. 

2004) 
Rat dorsal 

subcutaneous space 
(16 weeks) 

(Mizuno, 
Roy et al. 

2006) 
Solvent casted and lyophilised 

PLGA Leporine AF/NP 
cells mixture (3 

week) 

Rat dorsal 
subcutaneous space 

(6 weeks) 

(Kim, 
Yoon et 
al. 2006) Solvent casted and lyophilised 

PLGA/DBP 
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Solvent casted and lyophilised 
PLGA/SIS 

Solvent casted and lyophilised 
PLGA/DBP/SIS 

Crosslinked then lyophilised SIS 
sponge 

Non-woven PGA nanofibrous sheet 
Electrospun 

PLLA 
nanofibrous sheet 

HA hydrogel Human MSCs (4 
weeks) 

- 
(Nesti, Li 

et al. 
2008) 

Electrospun PCL 
nanofibrous sheet 

 

- Bovine AF cells 
(2 weeks) 

- 
(Nerurkar, 
Sen et al. 

2010) Agarose 
hydrogel 

Bovine MSCs (6 
weeks) 

Electrospun then 
lyophilised PCL 

nanofibrous sheet 

Agarose (type 
IV) hydrogel 

Porcine articular 
chondrocyte (1 

day) 
- 

(Lazebnik, 
Singh et 
al. 2011) 

Lyophilised 
demineralised 
bone matrix 

gelatin 

Lyophilised 
then 

crosslinked 
collagen (type 
II)/hyaluronat
e/chondroitin-

6-sulfate 

Leporine AF/NP 
cells (1 week) 

 

Rat dorsal 
subcutaneous space 

(12 weeks) 

(Zhuang, 
Huang et 
al. 2011) 

Collagen type I 
hydrogel 

Alginate 
hydrogel 

Ovine AF/NP 
cells (3 days) - 

(Bowles, 
Williams 

et al. 
2010, 

Bowles, 
Gebhard 

et al. 
2011, 

Bowles, 
Gebhard 

et al. 
2012) 

Ovine AF/NP 
cells (2 weeks) 

Rat caudal 3/4 disc 
space (6 months) 

Ovine AF/NP 
cells (2 weeks) 

Rat lumbar 4/5 disc 
space (16 weeks) 

Lyophilised 
lamellar silk 

scaffold Fibrin/HA 
hydrogel 

Porcine AF cells 
and articular 

chondrocytes (4 
weeks) 

- 
(Park, Gil 

et al. 
2011) Lyophilised 

porous silk 
scaffold 

Electrospun 
aligned PCL 

nanofibrous sheet 
- Bovine AF cells 

(1 week) 
Rat caudal 8/9 disc 

space (4 weeks) 

(Martin, 
Milby et 
al. 2014) 
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Demineralised 
bone matrix 

Decellularised 
articular 

cartilage ECM 

Porcine NP cells 
(7 days) 

Rat dorsal 
subcutaneous space 

(6 weeks) 

(Xu, Xu et 
al. 2015) 

Collagen type I 
hydrogel 

Alginate 
hydrogel 

Ovine AF/NP 
cells (2 weeks) - 

(Hudson, 
Mozia et 
al. 2015) 

Canine AF/NP 
cells (2 weeks) 

Canine cervical 3 - 
7 disc space (16 

weeks) 

(Moriguch
i, Mojica-
Santiago 

et al. 
2017) 

Electrospun 
nanofibrous 

biodegradable PU 

NP cell 
suspension on 

calcium 
phosphate 
substrate 

Bovine AF/NP 
cells (6 weeks) 

Bovine caudal disc 
space (1 month) 

(Iu, 
Massicott

e et al. 
2017, Iu, 

Santerre et 
al. 2018) 

Electrospun 
aligned PCL 

nanofibrous sheet 

Methacrylated 
HA hydrogel 

Bovine AF cells 
(10 week) 

Rat dorsal 
subcutaneous space 

(5 week) 

(Martin, 
Gullbrand 

et al. 
2017) 

Bovine AF/NP 
cells (15 weeks) 

Rat subcutaneous 
space (5 weeks) 

(Martin, 
Gullbrand 

et al. 
2017) 

Rat caudal 8/9 disc 
space (5 weeks) 

Bovine MSCs (15 
weeks) 

Rat subcutaneous 
space (5 weeks) 

Rat caudal 8/9 disc 
space (5 weeks) 

PCL/PLGA/Colla
gen (type I) 
electrospun 

aligned 
nanofibrous sheet 

Alginate 
hydrogel 

Rat AF/NP cells 
(3 days) 

Rat caudal 3/4 disc 
space (3 months) 

(Yang, 
Yang et 
al. 2017) 

Bacterial cellulose Collagen type 
II hydrogel 

Rat AF/NP cells 
(2 days) 

Rat caudal 3/4 disc 
space (3 months) 

(Yang, 
Wang et 
al. 2018) 

Electrospun 
aligned PCL 

nanofibrous sheet 
HA hydrogel bovine AF/NP 

cells (5 weeks) 

Rat caudal disc 
space (20 weeks) (Gullbran

d, 
Ashinsky 

et al. 
2018) 

Caprine cervical 2/3 
disc space (8 weeks) 

Goat cervical 2/3 
disc space (8 weeks) 

Electrospun PBST 
nanofibrous sheet, 
Moulded PEEK 

tube 

Lyophilised 
chitosan 
hydrogel 

Porcine lumbar 
AF/NP cells (2 

weeks) 

Porcine lumbar disc 
space (8 weeks) 

(Yang, 
Xiao et al. 

2018) 
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Wetspun PCL 
microfibrous tube 

Alginate 
hydrogel 

Leporine AF/NP 
cells (7 days) 

Rat dorsal 
subcutaneous space 

(8 weeks) 

(Du, Yang 
et al. 
2019) 

Electrospun PBST 
nanofibrous sheet, 

Moulded PBST 
tube 

lyophilised 
chitosan 
hydrogel 

Leporine AF/NP 
cells (3 days) 

Rat dorsal 
subcutaneous space 

(4 weeks) 
(Yuan, 

Chen et al. 
2019) Leporine spine disc 

space (4 weeks) 

. 

1.4 Conclusions 

This literature review provides an overview of IVD structure, function, degeneration, currently 

available treatments and current state of IVD-TE. The properties and the use of biomaterials in 

IVD-TE were explored, and it can be seen that just using one type of biomaterial does not address 

all of the requirements to fabricate scaffolds that mimic IVD structure and function. Therefore, 

the combination of multiple biomaterials to improve both biological and mechanical properties 

is required. Variety of fabrication methods have also been explored in the field of IVD-TE, 

however further investigations are required to couple the correct set of biomaterials with the 

appropriate fabrication method in order to develop the TE-IVD with appropriate properties. Great 

improvements have been made but further work is still required to develop scaffolds with more 

physiologically relevant shape and size using appropriate in vivo models. Therefore, the current 

project explores a new strategy in development of TE-IVD. 
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2 Current Projects 

2.1 Tissue-engineered Intervertebral Disc Design 

A proof of concept study was designed to explore and investigate the newly established field of 

melt-electrowriting (MEW) technology with a 3D Bioscaffolder (Bioscaffolder 3.1, GeSiM mbH, 

Großerkmannsdorf, Germany; Figure 4). Two additive manufacturing methods were used in the 

fabrication using two different module set-ups available on the Bioscaffolder 3.1; (1) 3D-melt-

extrusion printing to investigate the effect of chitosan in thermoplastic synthetic polymer (PCL), 

and (2) MEW to develop micro-fibrous scaffolds resembling the AF-lamellae of IVD for the 

purpose of IVD-TE. The NP region of IVD was developed using chitosan hydrogel. These 3D-

melt-extrusion printed scaffolds, MEW scaffold and chitosan NP hydrogels were investigated for 

their physical, biological and mechanical properties.  

The human bone marrow-derived MSCs (hBMSCs) were utilised to investigate scaffold-cell 

interaction on 3D-printed scaffold, MEW scaffold and hydrogel. The cell infiltration test protocol 

for the MEW scaffold was also investigated in order to achieve fast and effective cell migration. 

To our knowledge, this is the first research combining chitosan and PCL for AF region of TE-

IVD, as well as utilising MEW in fabrication of TE-IVD. 

 
Figure 4. GeSiM Bioscaffolder 3.1 with MEW setup 

The Bioscaffolder 3.1 setup used in this project with glass sheet used as a MEW substrate. The F-box and the voltage 
supply box are not shown in this figure and are housed externally from the laminar flow hood shown. 
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2.1.1 Melt-based Pneumatic 3D-Printing for Intervertebral Disc 

Tissue Engineering 

3D-printing, also known as additive manufacturing, is one of the major rapid prototyping 

fabrication technologies which fabricates objects by depositing or fusing materials layer by layer 

based on the series of cross-sectional images to manufacture a 3D object at low cost (Li, Cui et 

al. 2014, Ventola 2014, Guvendiren, Molde et al. 2016). Due to the low cost of fabrication and 

its ability to fabricate complex and detailed shape, use of 3D-printing in the medical field such 

as TE, drug delivery study, fabrication of patient-specific implants, prosthesis, and anatomical 

models for surgical planning has expanded rapidly (Ventola 2014). In terms of TE, some of the 

biggest advantages of 3D-printing are; the ease of manufacturing 3D scaffolds with controlled 

porosity and architecture with less material waste; and the ability to develop scaffolds based on 

the images obtained from medical imaging techniques, such as MRI and CT (Ventola 2014, 

Guvendiren, Molde et al. 2016). Melt-based pneumatic 3D-printing is a type of 3D-printing 

which involves heating and melting of a biomaterial to extrude biomaterial through nozzle onto 

the printing substrate to manufacture 3D object in layer-by-layer manner (Moroni, De Wijn et al. 

2006). One of the major advantages of melt-based pneumatic 3D-printing is that it develops 

highly complex scaffolds using a mixture of biomaterials without the use of toxic organic 

solvents (Hoque, Chuan et al. 2012). Types of melt extrusion techniques include multiphase jet 

solidification, fused deposition modelling (FDM), 3D plotting, and precise extrusion 

manufacturing (Hutmacher, Sittinger et al. 2004, Narayan 2009). Melt-based pneumatic 3D-

printing allows fabrication of load-bearing structures; therefore are ideal for bone, articular 

cartilage and IVD-TE (Guvendiren, Molde et al. 2016). 

Despite the ability to create large constructs in a relatively short time, melt-based pneumatic 3D-

printing has not been utilised for fabrication of TE-IVD to date. In this study, melt-based 

pneumatic 3D-printing was used to investigate the effect of chitosan as an additive to enhance 

scaffold properties. Figure 5 shows the melt-based pneumatic 3D-printing method used in this 

project. 
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Figure 5. Melt-based pneumatic 3D-printing diagram 

 

2.1.2 Melt-electrowriting for Intervertebral Disc Tissue 

Engineering 

MEW is a technique that developed from melt-electrospinning, which produces micro-scale 

fibres with controlled material deposition. It is a novel direct writing technology for the 

fabrication of micro-fibrous scaffolds, and it takes the best of both worlds from melt-

electrospinning and 3D-printing. As mentioned previously, melt-electrospinning is a type of 

electrospinning technique which fabricates randomly oriented micro-fibres with molten polymer 

using electric force. MEW also utilises the electric field to attract the extruded material towards 

the printing surface. MEW is a direct writing technique, which enables the precise deposition of 

continuous polymer fibres in layer-by-layer manner onto a conducting printing platform, directed 

by a computer-aided design (CAD) model. Moreover, MEW utilizes pneumatic extrusion from 

3D-printing to assist the extrusion of molten material out of the barrel. Its ability of depositing 

strands with precise architecture and pore sizes was demonstrated by Dalton et al. (Dalton 2017).  

MEW technology is a relatively new technology, which to our knowledge has not been for IVD-

TE. MEW enables fabrication of the structure with micro-architectural detail which promotes 

cell infiltration and proliferation. However, the melting temperature of the thermoplastic 

polymers tend to be higher than the temperature that cells and biological molecules are able to 

maintain viability. Therefore, cells and biological molecules need to be incorporated with MEW 

scaffolds after the MEW fabrication process. In this study, MEW was utilised to investigate the 

effect of adding chitosan into the structurally mimicking AF scaffold as well as effective pore 

size for cell infiltration.  

The melting point of PCL fit within the capabilities of Bioscaffolder 3.1. This study explores the 

ability of MEW scaffold fabrication using PCL and chitosan to act as a foundation on which to 

build more complex and detailed scaffolds, as well as confirming the applicability of GeSiM 

Bioscaffolder 3.1. Figure 6 shows the MEW method used in this project. 
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Figure 6. MEW diagram 
 

2.1.3 Poly-e-caprolactone in Intervertebral Disc Tissue 

Engineering 

IVD tissue is shown to have extremely low healing capacity, therefore the scaffold must remain 

robust in the physiological environment for longer periods of time compared to other soft tissues. 

Lazebnik et al. compared six poly-(α-hydroxy-esters) for TE application, and showed that the 

PCL scaffold remained robust for the longest period of time compared to the scaffolds made of 

PGA, PLGA, and PLLA, which also showed greater mechanical properties and cellular activity 

(Lazebnik, Singh et al. 2011). This slow and controllable degradation rate provides enough time 

for the IVD tissue to regenerate as the scaffold degrades and is metabolised by the cells via the 

citric acid cycle (Buchanan 2008). These convenient properties make the PCL a front-running 

candidate for IVD-TE.  

2.1.4 Chitosan in Intervertebral Disc Tissue Engineering 

Although PCL has low cell adhesion, the addition of a natural polymer has been shown to 

improve cell adhesion (Malikmammadov, Tanir et al. 2018). As previously shown in section 

1.3.1.2, chitosan can be added as a bioactive polymer as it is hydrophilic, cost effective, highly 

available, biocompatible and has predictable degradation (Di Martino, Sittinger et al. 2005, 

Sarasam and Madihally 2005). Chitosan is commonly utilised with b-glycerol phosphate 

disodium salt pentahydrate (bGP) to form thermosensitive and injectable hydrogels (Alinejad, 

Adoungotchodo et al. 2018). This hydrogel demonstrates higher ECM deposition compared to 

collagen and HA hydrogels (Di Martino, Sittinger et al. 2005). bGP induces mineralisation, thus 

a superior gelling agent such as sodium hydrogen carbonate (SHC) was investigated for NP 

regeneration (Alinejad, Adoungotchodo et al. 2018). In this study, bGP and SHC were utilised 

as gelling agents for the chitosan hydrogel and the gelling behaviour of each were further 

investigated. 
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2.1.5 Human Bone Marrow-derived Mesenchymal Stem Cells 

For some tissues including IVD, healthy local cells are not highly available (Appendix D); 

therefore, MSCs are considered a valid substitute. MSCs are non-embryonic stem cells which 

differentiate into various cell types and act as repairing system of the body which can be obtained 

from several sources (Caplan and Bruder 2001, Le Blanc and Ringden 2006, Gebraad 2018). Its 

proliferation ability, relatively high accessibility and multipotent differentiation capability allows 

MSCs to be a potential cell source for TE application (Pontikoglou, Deschaseaux et al. 2011). 

Out of all the available sources of MSCs, bone marrow has become a standard source through 

aspiration as hBMSCs are multipotent, i.e. can differentiate into a variety of cell types.  

Steck et al. demonstrated that the MSCs are capable of differentiation into cells with gene 

expression closer to the native IVD tissue than to the hyaline articular cartilage (Steck, Bertram 

et al. 2005). Several studies have seeded the TE-IVD with MSCs and investigated its 

biocompatibility and ECM deposition. Martin et al. compared the ECM production of the AF/NP 

cells and MSCs in their TE-IVD in vitro over 15 weeks, and demonstrated that the TE-IVD 

seeded with MSCs had more collagen and GAG contents than that seeded with AF/NP cells 

(Martin, Gullbrand et al. 2017). Furthermore, considering future clinical translation, the 

development of TE-IVD that utilises multiple cell sources is not desirable. Considering these 

advantages and disadvantages of using MSCs for IVD tissue-engineering, hBMSCs were utilised 

in this proof-of-concept study. 

2.2 Aim and Objectives 

The overall aim of this project was to develop tissue engineered AF and NP regions using PCL 

and chitosan with 3D-biofabrication technique (3D-printing, MEW and hydrogel curing) which 

can later be combined for potential applications in IVD-TE. 

To achieve this aim, the primary objectives were as follows: 

1) To optimise the formulations of the novel biomaterial blend consisting of PCL and 

chitosan in order to improve cellular activity through melt-based pneumatic 3D-

printing. 

2) To optimise the MEW parameters for the development of MEW scaffolds from 

selected biomaterial blends. 

3) To identify the best MEW scaffold pore size for the best cell adhesion and 

proliferation. 

4) To develop a hydrogel consisting of chitosan for potential use in the NP region. 
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5) Characterise the physical and mechanical properties of the 3D-printed scaffold, 

MEW scaffold and the hydrogel. 

6) Investigate the in vitro cellular activity of the MEW scaffold and the hydrogel. 

Figure 7 and 8 demonstrate the experimental designs of the current project. 
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Figure 7. Experimental design of the AF region  

Each box corresponds to a corresponding methods section. 
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Figure 8. Experimental design of NP region (hydrogel) 

Each box corresponds to the corresponding methods section. 
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3 Materials and Methods 

3.1 Materials  

The thermoplastic synthetic polymer was made from medical grade PCL powder (CAPA® 6506; 

CAS number: 24980-41-4, Perstorp Holding AB, Sweden) with an average molecular weight 

(Mw) of 5×104 Da, particle size of < 600 microns, and melting point of 58–60°C. Chitosan 

powder (75% degree of deacetylation, referred to as chitosan A) used for MEW was purchased 

from Weseta International (Shanghai, China) as a bioactive additive to the PCL base. The NP 

region was constructed from another chitosan powder (practical grade, 1.9–3.75 ×105 Da, source: 

crab shells, ³ 75% degree of deacetylation, 417963-100G, referred to as chitosan B) purchased 

from Sigma-Aldrich. bGP (CAS Number 13408-09-8, Mw=306.11) was purchased from Fluka 

Analytical and stored in dark at 4°C. SHC powder and phosphate-buffered saline (PBS) solution 

were kindly provided from the Department of Chemistry and the Department of Microbiology 

and Immunology, University of Otago, respectively. The tetrazolium dye, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Invitrogen) was used to measure 

the cell viability in the 3D-printed scaffolds for the optimisation of the biomaterial blends. For 

the fluorescence microscopy, calcein blue acetoxymethyl ester powder (calcein blue AM; CAS 

number:54375-47-2, Sigma-Aldrich, USA), LIVE/DEADTM Viability/Cytotoxicity Kit 

(Invitrogen), and Hoechst 33342 (Invitrogen) were used. Bovine serum albumin (BSA) solution 

was made by dissolving BSA powder (low IgG, Cat Number: ABGF-100G, MP Biomedicals) in 

sterile PBS solution at 1 wt.% ratio with 1% penicillin/streptomycin, filtered through 0.2 µm 

filter and maintained at 4°C. 

3.2 Laboratory Equipment 

Bioscaffolder 3.1 was utilised to fabricate the scaffolds. Absorbance values of MTT assay and 

surflohodamine B assay were measured using Varioskan Lux (ThermoFisher Scientific) with 

Skanit software (version 5.0). Micro-architecture of the MEW scaffold was observed with the 

CKX41 inverted microscope (Olympus Life Science, Japan) soon after the fabrication to ensure 

the MEW scaffold was precisely fabricated as intended. Scanning electron microscopy (SEM) 

images were taken with JEOL 6700F Field Emission SEM (JEOL Ltd, Tokyo, Japan) and Zeiss 

sigma variable pressure SEM (Carl Zeiss Inc, Oberkocken, Germany) for investigation of surface 

morphology of the 3D-printed and MEW scaffolds. Fluorescent images were taken with EVOS 

M5000 (Invitrogen) and IX71 (Olympus Life Science, Japan). Images obtained in this study were 

analysed using the ImageJ software (version: 1.5.2, National Institute of Health: Bethesda, 
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Maryland, USA) and Graphpad Prism 8 software (version 8.3.0, San Diego, CA, USA) was used 

for graphical and statistical analysis. Microscopic images were stitched together using Panorama 

Stitcher (version: 1.10, Alexander Boltnev, Olga Kacher) to obtain the area and maximum 

distance of cell migration on the MEW scaffolds. TA HD plus texture analyser (Stable micro 

systems, United Kingdom) was used to characterise the mechanical properties of the hydrogels 

for NP region. 

3.3 Cell Line and Maintenance 

This study utilises hBMSC (Catalogue number: T0523, human telomerase reverse transcriptase, 

hTERT, immortalised cells), were obtained from Applied Biological Materials Inc., (Canada). 

Cell culture work was performed in a Herasafe KS Class II Biosafety cabinet (Thermo Fisher 

Scientific, USA), after disinfection with 70% ethanol in distilled water. Frozen stocks of 

hBMSCs were removed from liquid nitrogen and warmed in a water bath at 37°C. 

The thawed hBMSCs was transferred to a T75-flask, grown to 80% confluence then subsequently 

passaged and cultured in another T75-flask containing low-glucose Dulbecco Modified Eagle 

Medium phenol red media (DMEM, GibcoTM, Thermo Fisher Scientific, USA) supplemented 

with 5% human platelet lysate (hPL, centrifuged for 10 minutes 4000 xg), 1% penicillin and 

streptomycin and 0.1% heparin (Heparin sodium salt from porcine intestine submucosa dissolved 

in PBS at x1000, 189 units/mg, Sigma-Aldrich). This will be referred to as the hBMSC culture 

media. The flasks and well-plates for all experiments were maintained in the humidified 

incubator (Sanyo, Japan) of 37°C, 5% CO2 environment. Cells were passaged at 80% confluency, 

which was achieved with 7–10 days of incubation. The cell passaging process was performed by 

removing the hBMSC culture media, washing twice with 5 ml pre-warmed PBS, and adding 3 

ml pre-warmed TrypLETM Express (Gibco, Life Technologies) solution to lift cells from the T75-

flask surface. The T75-flask was then incubated in the humidified incubator for 3–5 minutes to 

fully detach cells from the culture surface. Once cells were fully detached, the cell suspension 

was mixed with 5 ml of hBMSC culture media in 15 ml conical tube, and the number of cells 

were counted using Neubauer counting chamber (1:1 volume of 0.4% trypan blue). The cell 

suspension was centrifuged at 300 xg for 5 minutes (20°C) to form a cell pellet. The supernatant 

liquid was removed, and the cell pellet was resuspended in hBMSC culture media at a cell density 

of 106 cells/ml. Cells were passaged in T75-flask at 5000 cells/cm3 and remaining cells were used 

for experiments as needed (Passage 17–40). The hBMSC culture media in T75-flask was replaced 

every 2–3 days.  
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3.4 Methods 

3.4.1 Fabrication of the 3D-printed Scaffolds  

3.4.1.1 Blend Preparation for 3D-printing  

Firstly, the cell response to various material blends needed testing. Chitosan powder A was 

blended with PCL in 4 different weight ratios (wt.%) (Table 2). Ten grams of each blend were 

homogeneously prepared by grinding powders using a mortar and pestle for 3 minutes at room 

temperature. These blends were then stored in air-tight zipped bags for later use, and shaken 

immediately before use. 

Table 2. Material blend composition for 3D-printing 

 
 

3.4.1.2 Extrudability of Blends with 3D-printing 

Each blend was individually poured into the metal barrel of the GeSiM Bioscaffolder 3.1 (Figure 

5) and heated up to 60, 70, 75, 80, 85, 90, 95, 100 or 110°C. The lower limit temperature was 

determined due to the PCL melting temperature (58–60°C) and the upper limit due to the 3D 

Bioscaffolder capability (110°C). Pneumatic pressure is applied to the barrel to extrude the 

melted biomaterials through the nozzle (interior diameter of 506 µm; Figure 9(A)) and the 

extrusion behaviours of each blend were observed. Once the 3 mm long straight, continuous and 

smooth heated material blend was extruded through the nozzle, the blend was considered to be 

“extrudable,” and the heating temperature and the pneumatic pressure that the smooth material 

extrusion occurred for each blend was noted for further fabrication (Figure 9(B)). The 3D-printed 

strands of each blend were visually observed. Material blends which did not extrude through the 

nozzle within the range of the Bioscaffolder capability (upper limit of temperature: 110°C, 

pressure: 600 kPa) was considered to be “not-extrudable” (Figure 9(C)). 
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Figure 9. Schematic images of the 3D-printing nozzles 

(A) Extrusion nozzle, (B) extrusion nozzle with "extrudable" blend, and (C) extrusion nozzle with "non-extrudable" 
blend. 

3.4.1.3 3D-printing Substrate Optimisation  

Before starting the printing parameter optimisation process, the optimum printing substrate for 

3D-printing was investigated. Upon consultation with literature, polyethylene petri-dish, glass 

petri-dish, glass-slide, glad wrap and aluminium foil was tested on ambient temperature platform 

for use as the printing substrate. The criteria for the printing substrate include: (1) the scaffold 

remains on the printing substrate during the fabrication, and (2) does not get damaged nor 

delaminate during removal from the printing substrate.  

3.4.1.4 3D-printing Parameter Optimisation and Scaffold Development 

The Bioscaffolder 3.1 was used for the scaffold fabrication. A designed rectangular model 

scaffold of 12 mm radius (17 mm sides) and 12 mm height was created in a CAD program 

(SolidWorks, MA, USA), which is referred to as 12R model. This CAD model was converted 

into an STL file and imported into the GeSiM Robotics software, which is a program specifically 

designed for scaffold generation and fabrication execution for Bioscaffolder. A visualisation of 

the 3D model can be seen in Figure 10. 

 
Figure 10. 3D model (12R) generated using SolidWorks software 
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The pneumatic 3D-printing module of the Bioscaffolder, including pneumatic extrusion, was 

used for scaffold fabrication. Biomaterial blends were heated up to the temperature previously 

been optimised, and the molten material blend was extruded through the 506 µm nozzle to 

fabricate the designed scaffold in a lay pattern of 0/90º (Figure 10), with an outline. Various 

printing parameters (extrusion pressure, printing speed, z-offset, printing order, start/end break) 

were modified and optimised throughout by iteratively printing to identify the optimal parameters 

for printing each blend. Extrusion pressure represents the pneumatic pressure applied to the 

molten blend to extrude blend through the nozzle. Printing speed is the speed of the printing head 

movement during the printing. The z-offset is the distance between the tip of the nozzle and the 

printing substrate. Printing order determines whether to print the outline first or infill first. Start 

break is a length of time that the printing head will stop before starting print the new layer. The 

start break provides time for the molten blend to extrude before head will start moving. End break 

provides a time for the extruded material to settle on the desired position before the head moves 

on to print the next layer. Strand height/width, strand-distance, outline type and nozzle diameter 

were kept the same throughout the experiment due to the limited time set for optimisation of the 

technique. The scaffolds which met the following criteria were defined as a “successfully 3D-

printed scaffold”: 

• Five layers of the material being printed; 

• Straight, consistent and uniform strands (strand height=500 µm); 

• No strand breakage; 

• Height of outlines and infills being the same; 

• Regular pore size; 

• Interconnected pores; and  

• Reproducibility (3 times). 

The optimised parameters of each blend for the successfully 3D-printed scaffolds are shown in 

Table 10.  

3.4.2 Fabrication of the Melt-electrowritten Scaffolds 

3.4.2.1 Blend Preparation for Melt-electrowriting 

Based on the literature and biocompatibility tests performed on the 3D-printed scaffolds (section 

3.4.4.4 and 3.4.4.5), it was suggested that the addition of chitosan increased the biocompatibility 

of PCL-based scaffold, and scaffolds containing a higher concentration of chitosan had higher 

biocompatibility. However, as the interior diameter of the MEW nozzle was significantly smaller 

than that of 3D-printing nozzle (40 and 506 µm, respectively), and CH30 did not extrude from 
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the 3D-printing nozzle as in the previous experiment (see 3.4.1.2), the blends with lower chitosan 

concentration were also investigated for extrudability with MEW setup. Chitosan A and PCL 

powders were homogeneously blended using a mortar and pestle at room temperature for 3–5 

minutes with various weight ratio to make 10 gram powder mixtures (Table 3). These blends 

were then stored in air-tight zipped bags and stirred again immediately before use.  

Table 3. Material blend compositions for MEW 

 
 

3.4.2.2 Extrudability of Blends for Melt-electrowriting 

The MEW module of the Bioscaffolder utilises pneumatic pressure and high-voltage to deposit 

micro-fibres was used for scaffold fabrication. Material blends were individually poured in the 

metal barrel and heated up to 80, 85, 90, 95, 100 and 110°C. Pneumatic pressure is applied to the 

barrel to extrude the melted biomaterials through the nozzle (interior diameter of 40 µm, Figure 

11(A)) and the extrusion behaviours of each blend were observed. Z-offset for this part was set 

to 8 mm. Once the extruded material formed a ball at the tip due to pneumatic pressure (Figure 

11(B)) and became conical shape or formed a Taylor cone pointing towards the high-voltage 

platform (Figure 11(C)), it was considered “extrudable,” and the heating temperature, pneumatic 

pressure and the voltage were recorded for further fabrication. The material blend that did not 

form a Taylor cone within the range of Bioscaffolder capability (upper limit of temperature: 

110°C, pressure: 600 kPa and voltage: 30 kV) was considered as “non-extrudable” blend. 
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Figure 11. Schematic images of the MEW nozzles 

(A) MEW nozzle, (B) MEW nozzle with ball of blend formed at the tip, (C) MEW nozzle with blend of conical shape 
formed at the tip. 

3.4.2.3 Melt-electrowriting Substrate Optimisation 

The optimum MEW substrate was determined with the criteria same as the 3D printing substrate. 

Upon consultation with literature, polyethylene petri-dish, glass petri-dish, glass-slide, glass 

sheet and aluminium foil were tested on ambient temperature high-voltage platform for use as 

the MEW substrate. All MEW substrates were secured onto the ambient temperature high-voltage 

platform with tape to enhance its stability, and all the MEW parameters were kept the same during 

this experiment. 

3.4.2.4 Melt-electrowriting Parameter Optimisation and Scaffold Development 

Another rectangular 3D model of 25 mm radius (35 mm sides) and 0.4 mm height was created in 

SolidWorks then imported into GeSiM Robotics software as an STL file. This 3D model was 

referred to as 25R model. The blend was poured into the metal barrel attached with MEW nozzle 

of 40 µm interior diameter, heated up to the optimum heating temperature determined in the 

previous section (3.4.2.2) and MEW parameters (printing order, outline type, printing speed, 

extrusion pressure, voltage, z-offset) were optimised to fabricate “successful MEW scaffolds” 

with various chitosan concentrations meeting following criteria (see Figure 12): 

• Five layers of material being printed; 

• Straight, consistent and uniform strands;  

• No strand breakage; 

• Strand width/height be 50 µm; 

• Strand-distance be 400 µm (i.e. Pore-width be 350 µm); 

• Angles of the layers be ± 60° from vertical axis; 

• Regular pore size; 

• Interconnected pores; 

• Reproducible (3 times); and 

• Easy to handle.  
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ImageJ was used to obtain the strand-thicknesses and pore-widths for all parameter conditions 

from the images taken using an Olympus bright field microscope.  

 
Figure 12. Schematic diagram of scaffold architecture 

3.4.2.5 Melt-electrowritten Scaffolds with Different Blends and the Same 

Parameters 

Using the MEW parameters optimised for PCL (CH0, Table 19), other blends underwent MEW 

to investigate the effect of chitosan on scaffold architecture. Fabricated MEW scaffolds of each 

blend were observed under an inverted microscope at the magnification of 40x and 100x. The 

strand-thickness and pore-width were measured using ImageJ. 

3.4.2.6 Melt-electrowritten Scaffold Pore Size Optimisation  

In order to allow effective hBMSCs infiltration and proliferation in the MEW scaffold, 

optimisation of pore size was required. For this, PCL was used to fabricate two-layered scaffolds 

(as shown in Figure 13) using 25R model and optimised PCL MEW parameters with variety of 

strand-distances (50, 100, 200, 400, 600, 800 and 1000 µm) and layer heights (50, 100 and 150 

µm) which determines the pore size of the scaffold. Strand height and width were set as 50 µm, 

and the layer height was altered by changing the number of layers before alternating the angle of 

layer deposition.  

The fabricated scaffolds were investigated for following aspects: (1) easy peeling from MEW 

substrate, (2) architectural accuracy, (3) scaffold flexibility, and (4) scaffold can be cut in shape 

without distorting the structure. Once scaffolds were fabricated, scaffolds were carefully removed 

from the MEW substrate using the previously optimised technique for investigation of peelability. 

The scaffolds were then observed under a microscope, and the accuracy of strand-thickness (50 

µm) and the strand-distance were investigated. The flat MEW scaffolds were bent around the 

spinal axis into a tubal shape, in order to investigate their flexibility and distortion (Figure 14). 

This was to simulate the in situ structure of AF with the fibres of the scaffolds being 60° from 
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the spinal axis. Scaffolds with pore sizes that failed in any of these aspects were considered to be 

inadequate for use in construction of the AF region. The scaffold must easily be handled, be 

flexible to fit to a shape and can be cut to the shape required: hence the peelability from the 

substrate, flexibility as well as the scaffold distortion when cut was observed. 

 
Figure 13. Scaffolds fabricated for pore size optimisation 

(A) 1 layer alteration, (B) 2 layer alteration and (C) 3 layer alteration. 

 

 
Figure 14. Scaffold flexibility test 

MEW scaffold was orientated as strands being 60° from spinal axis and tested for flexibility by rolling around a tube. 

3.4.2.7 Minimum Strand-distance of Each Blend 

With the optimised MEW parameters for each blend identified in section 3.4.2.4, possible 

minimum strand-distance for each blend was investigated. Strand-distance was modified on the 

software to 50, 100, 150, 200, 250, 300, 350, and 400 µm, and tested for its MEW-ability from 

largest to smallest strand-distance. Each scaffold was observed under the inverted microscope 

for its strand-distance. The minimum strand-distance of the scaffolds that accurately recreated 

the desired architecture was recorded as the possible minimum strand-distance for each blend (i.e. 

if strand-distance was set as 200 µm and actual strand-distance was 100 µm, 100 µm is not a 

possible minimum strand-distance as it did not precisely recreate the desired architecture). 
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3.4.2.8 Fabrication of Optimised Melt-electrowritten Scaffolds for Cell 

Infiltration Test  

The pore sizes determined in the previous two sections were then used to fabricate scaffolds used 

in cell infiltration tests (strand-distance: 250, 400 and 600 µm, layer height: 50 µm). Using the 

MEW parameters optimised for successful MEW scaffolds using PCL (Table 19), 4-layered PCL 

MEW scaffolds with these pore sizes are fabricated. Strand size of the scaffolds are set as 50 µm, 

and fabricated scaffolds were investigated using an inverted microscope to confirm accuracy and 

precise deposition. 

Using the optimised MEW parameters optimised for each chitosan blend, the 5-layered 

successfully MEW scaffolds with strand-distance of 400 µm and layer height of 50 µm were also 

fabricated for cell infiltration test. 

3.4.3 Development of Hydrogel 

3.4.3.1 Gel Component Preparation  

A hydrochloric acid solution (HCl; 0.1 M, 100 ml) and an acetic acid solution (AA; 0.35 M, 100 

ml) were prepared. Chitosan powder B (3.33 grams) was then added to each solution. These 

chitosan solutions were then autoclaved using a pressure cooker for 15 minutes (WMF perfect 

cromargan stainless steel 18/10, WMF). SHC (0.1875 M) and bGP (0.2 M) solutions were made 

with distilled water and filtered through 0.2 µm filter for sterilisation. These solutions were stored 

in the dark at 4°C. Since chitosan hydrogel is pH sensitive, the pH of its components were 

measured using the S2K922 Pocket-sized pH meter (IFSFETCOM Co., Ltd., Japan) calibrated at 

pH 7.0. 

3.4.3.2 Gelation Behaviour at Room Temperature 

In order to identify the combination with best gelation behaviour, chitosan (dissolved in HCl or 

AA), SHC, bGP, and PBS solutions were added at various ratios in sterile universal tubes (Table 

4 and 5) to make a 5 ml gel solution. The solution was then stirred with a sterile spatula for 30 

seconds each to form homogeneous gels. Each tube was maintained at room temperature, tipped 

over every 3 minutes up to 120 minutes, to observe any changes in viscosity or physical state 

(Figure 15). The samples were then incubated overnight.  
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Table 4. Sample formulation volume ratio with chitosan solution made in HCl 

Each sample was made with the ratio Chitosan:ßGP:SHC:PBS. 

 
 

Table 5. Sample formulation volume ratio with chitosan solution made in AA 

Each sample was made with the ratio shown Chitosan:ßGP:SHC:PBS. 

 
 

 
Figure 15. Gelation experiment by examining solution fluidity by tube inversion 

Sample completely gelled. 

3.4.3.3 Gelation Behaviour at Physiological Temperature (37°C) 

Since the ideal hydrogel should be fluid at room temperature, form a gel and remain solid at 

physiological temperature, the samples that gelled at room temperature were eliminated, and the 

remaining samples were tested for the gelation kinetics at physiological temperature. Gel 

components were added to the sterile universal tubes at their chosen ratio (H-1, H-2, H-5, A-1, 

A-2, A-3, A-4 and A-5), stirred with a sterile spatula and kept in the incubator for up to 30 minutes. 

The samples were inverted after 10 and 30 minutes to investigate their viscosity and physical 

state. The samples were also maintained in the incubator overnight to see any possible changes. 
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3.4.4 Characterisation of the 3D-printed Scaffolds 

3.4.4.1 Scaffold Morphology and the Scaffold Architecture of the 3D-printed 

Scaffolds 

Morphology of the successfully 3D-printed scaffolds were examined through SEM using JEOL 

6700F Field Emission SEM with an accelerating voltage of 5 kV. Successfully 3D-printed 

scaffolds of each blend were then evenly-cut into 16 cuboid pieces (sides: 4.25 mm, height: 2–3 

mm) using an ethanol sterilised scalpel. Cut scaffolds were mounted on a JEOL holder using 

double-sided carbon tape and sputter-coated with 5 nm of gold palladium using Emitech K575X 

Peltier-cooled high-resolution sputter coater (EM Technologies Ltd, Kent, England). Superior 

and cross-sectional views of the scaffolds were scanned at various magnifications (x35, x50, 

x130, and x370 for the superior view, x50, x150, x550, x1000 for the cross-sectional view). 

Size of the pores and strands, strand surface and the cut surface morphology were obtained by 

analysing SEM images using ImageJ. Area of the pores were investigated to obtain the pore size 

and the strand height of the strands from 1st and 2nd layers of the scaffolds were measured to 

calculate the percentage of first layer compression using the Equation 1 (Figure 16).  

(%	𝑜𝑓	𝑓𝑖𝑟𝑠𝑡	𝑙𝑎𝑦𝑒𝑟	𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛) = 	
𝐻2 − 𝐻1
𝐻2

	× 	100 

Equation 1. Ratio of first layer compression 

 
Figure 16. Annotated figure of first layer and second layer strand cross-sections  

3.4.4.2 Degradation Behaviour of the 3D-printed Scaffolds 

Since the purpose of the TE-IVD is to provide temporal artificial ECM for the cells to migrate 

and form new tissue, the TE-IVD must degrade in physiological environment. Therefore, 

degradation kinetics of the successful 3D-printed scaffolds were investigated. For this, the cut 

3D-printed scaffolds (sides: 4.25 mm, height: 2–3 mm)  were sterilised by soaking in absolute 

ethanol for 5 minutes, left in the biosafety cabinet to dry, and then underwent ultraviolet (UV) 

sterilising from the top and bottom (30 minutes each, flipped with ethanol-sterilised forceps). 

Scaffolds were then maintained in the oven at 37°C for 12 hours and weighed for the initial 
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weight (Wi). Scaffolds were then placed in sterile tubes containing 10 ml of PBS and maintained 

in the humidified incubator at 37°C in a closed container for up to 28 days. At pre-determined 

time points (day 2, 7, 14 and 28), scaffolds were taken out of the tubes, patted dried with lint-free 

wipes, incubated in the oven at 37°C for 12 hours to remove residual moisture, and then weighed 

(Wt). Scaffolds were then placed back into the tubes and returned to the incubator until the next 

time point. The pH of the PBS was also measured at each time point. The percent weight loss of 

the scaffolds was calculated using the following formula (Equation 2):  

%	𝑤𝑒𝑖𝑔ℎ𝑡	𝑙𝑜𝑠𝑠	𝑎𝑡	𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑	𝑡𝑖𝑚𝑒	𝑝𝑜𝑖𝑛𝑡𝑠 = 	
𝑊𝑖 −𝑊𝑡
𝑊𝑖

	× 100 

Equation 2. Percent weight loss of scaffolds 

where Wt is a weight at the time points and Wi is the initial weight. (Lam, Hutmacher et al. 2009) 

3.4.4.3 Solubility of the 3D-printed Scaffolds in dimethylsulfoxide and Ethanol 

Scaffold solubility in absolute ethanol and dimethylsulfoxide (DMSO) was investigated to ensure 

that the successfully 3D-printed scaffolds did not dissolve in absolute ethanol or DMSO used in 

the following MTT assay. Cut 3D-printed scaffolds of each blend (sides: 4.25 mm, height: 2–3 

mm) were put into the glass sample tubes containing 2 ml of either absolute ethanol or DMSO 

with the screw cap tightened. Tube contents were visually assessed after 30 minutes and 24 hours 

for any visible colour or structural changes. 

3.4.4.4 Cell Viability on the 3D-printed Scaffolds 

Biocompatibility of the 3D-printed scaffolds was investigated by MTT assay (n=3/group/time 

point, Sigma Chem Co.). Thiazolyl blue tetrazolium bromide was mixed with 10 ml of PBS (5 

mg/ml) and vortexed for 10 minutes to dissolve completely. 

The cut 3D-printed scaffolds of each blend (sides: 4.25 mm, height: 2–3 mm), were sterilised by 

spraying absolute ethanol followed by UV irradiation, then weight and placed into the 24-well-

plate. One ml of cell suspension (104 cells/ml) was added to each well, and the plates were 

incubated for 7 days (Yoon, Ahn et al. 2009, Deng, She et al. 2013). After 7 days of incubation, 

100 µl of MTT solution was added to each well, and the plates were incubated for 4 hours. Once 

purple crystal formation was observed under the microscope, the supernatant liquid was then 

carefully removed, 500 µl of DMSO was added to each well to dissolve the purple formazan 

crystals and the plates were left at room temperature for 10 minutes. Scaffolds were shaken in 

DMSO to dissolve all crystals formed, and removed from the plates. The absorbance of the plate 

was then measured at 570 nm. 
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3.4.4.5 Additional Cell Viability Assay on the 3D-printed Scaffolds 

Once biocompatibility of the 3D-printed scaffolds was demonstrated, another MTT assay was 

performed to further investigate the inter-blend difference in cell activity to support the previous 

result. The plates were set up as the same layout as the previous experiment and were incubated 

for 14 days. Considering the high-intensity background colour from the previous MTT assay; 

hPL and heparin in the hBMSCs culture medium were replaced with fetal bovine serum (FBS). 

The FBS-containing media was made of low-glucose DMEM supplemented with 10% FBS and 

1% penicillin/streptomycin. On day 14, MTT solution (100 µl) was added to each well and the 

plates were incubated for 4 hours. Then, the scaffolds were transferred to 2 ml tubes and covered 

with 640 µl of DMSO. These tubes were then left at room temperature for 10 minutes, and 80 µl 

of the solution was transferred to 96-well-plates to measure the absorbance at 570 nm. 

3.4.5 Characterisation of the Melt-electrowritten Scaffolds 

3.4.5.1 Surface Morphology of the Melt-electrowritten Scaffolds 

The morphology of the MEW scaffolds with various chitosan concentration were investigated 

via SEM. Scaffolds were cut into squares (17.5 mm sides) with scissors, coated as previously 

shown in 3.4.4.1, and SEM images obtained with an accelerating voltage of 5 kV using a Zeiss 

sigma variable pressure SEM. Superior and cross-sectional views of the scaffolds were caputred 

at various magnifications (x50, x100, x200 and x500 for superior view, x100, x200, x500 and 

x2000 for cross-sectional view). The surface of the strands, cut surface, and size of the strand and 

pores were analysed.  

3.4.5.2 Swelling Behaviour of the Melt-electrowritten Scaffolds 

MEW scaffold samples made from various blends were cut into squares (8.75 mm sides) and 

weighed (Wi) with an electric microbalance with a resolution of 1 µg (XP6, Mettler Toledo, USA). 

The samples were then sterilised with absolute ethanol and 30 minutes of UV irradiation, 

immersed in 10 ml PBS with the screw cap tightened, and incubated for up to selected time at 

37°C. At selected time points (1, 3, and 7 days), the samples were taken from PBS and weighed 

(Wt, resolution: 1µg). Excess PBS on the scaffold was blotted out with a paper towel before 

measuring the weight. The swelling ratio of each sample was calculated as follows (Equation 3). 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔	𝑟𝑎𝑡𝑖𝑜	(%) = 	
𝑊! −𝑊"

𝑊#
	× 100 

Equation 3. Percent swelling ratio formula 
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3.4.5.3 Degradation Behaviour of the Melt-electrowritten Scaffolds 

MEW scaffolds were cut into squares (8.75 mm sides), sprayed with absolute ethanol, UV 

irradiated in the biosafety cabinet for 30 minutes and submerged in individual tubes with 10 ml 

PBS (at pH 7.4) with screw caps tightened. The tubes were incubated at 37°C. At selected time-

points (1, 3, 7, 14, and 28 days), the scaffolds were removed, patted dried with lint-free wipes 

and placed in an oven at 35ºC for 12 hours. The weight was measured using an electronic 

microbalance with a resolution of 1 µg, and the % of weight loss was calculated using Equation 

2.  

3.4.5.4 Effect of Bovine Serum Albumin-Coating on the Culture Surfaces 

In order to investigate the cell adhesion and migration onto the MEW scaffold, it was necessary 

to prevent cells from sticking to the culturing surface instead of the scaffolds. Although BSA is 

a typical media component for the proliferation of the cells, it was shown that the BSA also works 

as an anti-attachment protein on plastic surface (Abdallah and Ros 2013). Therefore, the effect 

of the BSA-coating on polyethylene petri-dish as well as T25-flask was investigated using 

hBMSCs as a preliminary experiment for cell infiltration test. 

Sterile BSA solution (1 wt.% in PBS with 1% penicillin/streptomycin, filtered through 0.2 µm 

filter) was made, poured into some of the petri-dishes and T25-flasks to cover the surface (2 ml 

each) and these were maintained in the humidified incubator overnight. BSA solution was 

removed, the petri-dishes and flasks were rinsed once with 2 ml of PBS, then cell suspension was 

added at a cell density of 2000 cells/cm2 to the BSA-coated and non-coated petri-dishes and flasks 

(Figure 17). The petri-dishes and flasks were maintained in the humidified incubator and cell 

morphology was observed under the inverted microscope at selected time points (1, 6, 12, 24 

hours, day 6, 8 and 14). The dish or flask was gently shaken under microscopic observation to 

determine whether cells adhered to the culture surface. 

 
Figure 17. BSA-coating effect investigation on various surfaces 

(A) Petri-dish coated with BSA, (B) T25-flask coated with BSA, (C) petri-dish without coating, and (D) T25-flask 
without coating. 
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3.4.5.5 Effect of Bovine Serum Albumin-Coating on the Cell Morphology 

The effect of BSA-coating on cell morphology and viability were also investigated. After 8 days 

of culturing in the BSA-coated petri-dish, hBMSC culture media containing the cells were 

removed from the petri-dish, equally divided into a new petri-dish and a T25-flask and incubated 

for up to 6 days (Figure 18). At selected time points (0, 24 hours and day 6), the petri-dish and 

flask were observed under an inverted microscope to obtain any cell morphological changes. 

 
Figure 18. BSA-coating effect investigation on cell morphology 

Cells cultured in BSA-coated petri dish were transferred to a fresh non-coated petri-dish and T25-flask for cell viability 
and morphology observation. 

3.4.5.6 Fabrication of Circular Scaffolds as Cell Infiltration Initiator  

Since the cell suspension seeding method in the previous section did not achieve the defined cell 

infiltration starting point, having a solid structure seeded with cells as the starting point was 

considered as an alternative. Initially, it was trialled to develop 3-layered thin strips, seed them 

with hBMSCs and place them on the edges of the sample scaffold to observe the cell infiltration 

(Figure 19(A)). However, the melt-electrowritten thin strips disintegrated while being cut to 

separate using scissors. Therefore, another method was considered. A circular model (5 mm 

diameter, 250 µm height, referred to as 5DC further in the thesis) was created with CAD software 

(3D Blender), imported to the GeSiM Robotics Software and 3-layered 5DCs were printed with 

CH0 and CH0.25 to fabricate 5DC with 400 µm strand-distance, 80 µm strand height/width 

(Figure 19(B)). The melt-electrowritten 5DC were separated with ethanol sterilised scissors, 

soaked in absolute ethanol, air dried and UV sterilised for 30 minutes on polyethylene petri-

dishes in a biosafety cabinet.  

 

Figure 19. Development ideas of solid cell infiltration starting point 
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3.4.5.7 Cell Culture Condition Optimisation with 5DCs  

Similar to section 3.4.5.4, the effect of BSA coating on the culture surface to enhance the cell 

adhesion onto the scaffold was investigated. BSA-coated petri-dishes were prepared as 

previously described, and the 5DC made with CH0 and CH0.25 were placed on the BSA-coated 

and non-coated petri-dishes in order to observe the effect of culture surface and chitosan in cell 

adhesion behaviour to the scaffolds. The cell suspension was added to the petri-dishes at a seeding 

density of 104 cells/cm2, 10 ml of hBMSC culture media was added and petri-dishes were 

incubated for up to 30 days. The petri-dishes were observed under an inverted microscope for 

cell adhesion. The hBMSC culture media was carefully replaced every 3 days. 

3.4.5.8 Establishment of Cell Infiltration Test Protocol 

In order to allow effective cell migration and infiltration to the scaffold with various pore sizes 

and chitosan concentration, the quantitative cell infiltration assay method was created and further 

optimised.  

It is necessary to have a valid quantitative analysis strategy for the cell infiltration experiment. 

Two methods were investigated to achieve this; (1) nuclei-counting with Hoechst 33342 

supported with green fluorescent protein (GFP); and (2) sulforhodamine B (SB) colorimetric 

assay. 

For nuclei-counting, 5DCs made of CH0 and CH0.25 were taken on day 26, placed on the 24-

well-plate and fixed with 400 µl of 4% paraformaldehyde. The plate was left for 30 minutes at 

room temperature, the solution from the wells was removed, and wells were washed 3 times with 

400 µl of PBS. Hoechst solution was made in PBS at 1:10,000 dilution, and 300 µl of it was 

added to each well. The plate was incubated at room temperature for 2 hours, and dye was 

replaced with 300 µl of PBS and imaged immediately with fluorescent microscopy. The number 

of nuclei were counted with ImageJ. 

For SB colorimetric assay, 5DCs made of CH0 and CH0.25 were taken on day 26, placed on the 

24-well-plate and fixed with 400 µl of 10% trichloroacetic acid (TCA). The plate was left for 30 

minutes at room temperature, washed three times with distilled water, let dry overnight, stained 

with 300 µl of 0.057% SB in 1% AA then washed four times with 1% AA. The plate was let dry, 

then the protein-bound dye was dissolved in 800 µl of 10 mM Tris base solution (pH 10.2), and 

shaken on a shaker (KS 260 basic, IKA) for an hour. The supernatant liquid (100 µl) was taken 

and the absorbance at 510 nm was measured with a plate reader.  

A titration curve (50,000–0 cell/well) for number of cells was made with hBMSCs (passage 23) 

in 96-well-plate to estimate the number of the cells adhered onto the 5DCs. The 96-well-plate 
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was seeded with a gradient number of cells (each subsequent well having an increased number 

of cells) and incubated for 6 hours to allow cells to adhere to the wells. The plate was then fixed 

with 300 µl of 10% TCA, left for 30 minutes at room temperature, washed three times with 

distilled water, let dry overnight, stained with 100 µl of SB solution then washed four times with 

1% AA. The plate was allowed to dry, the protein-bound dye was dissolved in 100 µl of 10 mM 

Tris base solution, shaken on a shaker for 2 hours and the absorbance at 510 nm was measured 

with a plate reader.  

Another titration curve for the chitosan-containing scaffolds was also made because the 5DCs 

made of CH0.25 showed significantly higher intensity than CH0 when stained with SB solution. 

The scaffolds made of CH0, CH0.25, CH0.5, and CH1.0 were cut to a range of weights (10, 5 

2.5 and 1.25 mg), placed in 24-well-plates, covered with 400 µl of hBMSC culture media and 

incubated for 24 hours. Then the media was replaced with 400 µl of 10% TCA, left for 30 minutes 

at room temperature, washed three times with distilled water, let dry overnight, stained with 300 

µl of SB solution then washed four times with 1% AA. The plate was allowed to dry, the protein-

bound dye was dissolved in 300 µl of 10 mM Tris base solution, shaken on a shaker for 2 hours 

and the absorbance at 510 nm was measured with plate reader.  

The confining method of 5DCs with the square sample scaffolds were also investigated (see 

Appendix N). However, cell migration and infiltration to the scaffolds were not observed with 

this method by day 3. Therefore, another method to encapsulate cell-seeded 5DCs without 

limiting nutrient transport and cell growth was required. A pair of cut scaffolds were used to 

sandwich acellular 5DC pre-wetted with media, and the method of welding these scaffolds was 

optimised. Three types of welding strategy were investigated; (Figure 20(A)) metal tube 

(diameter: 16mm) was heated with a blowtorch then placed on the scaffold sandwich to melt the 

edges, (Figure 20(B)) metal tube (room temperature) was placed on the scaffold sandwich then 

the surrounding excess scaffolds were heated with a blowtorch to melt the surrounding edges, 

and (Figure 20(C)) spot-welding the edges of the scaffold sandwich with skinny metal rod pre-

heated with blowtorch. 

(A) (B) (C) 

   
Figure 20. Welding process optimisation 

(A) Welding with hot metal tube, (B) welding the scaffold surrounding the metal tube, and (C) spot welding the edges 
of the scaffold. 
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To ensure that the spot-welded scaffold sandwich method works in an in vitro environment, 

MEW scaffolds made of CH0 and CH0.75 were combined with PCL 5DC (day 30) into scaffold 

sandwich, then placed on BSA-coated petri-dish and covered with 10 ml of hBMSC culture 

media. The scaffold sandwiches were incubated for up to 7 days and were observed under an 

inverted microscope at selected time points (0 hour, day 4 and 7) and images of the area of cell 

migration were taken at 40x magnification. The images were then compiled to make complete 

images of cell migration sandwiches, then the area and the maximum distance of cell migration 

were measured using ImageJ (Figure 21). The hBMSC culture media was replaced every 3 days. 

 
Figure 21. Area and the maximum distance of cell migration 

Area of cell migration and maximum distance of cell travel were measured from the stitched microscopic images. 

On day 7, scaffolds sandwiches were transferred to 6-well-plates and fixed with two procedures: 

(A) the whole scaffold sandwiches were fixed with 10% TCA, and (B) scaffold sandwich were 

cut open to separate the sample scaffold (external slices of sandwich) and 5DC (internal sandwich 

component) of the scaffold sandwich then fixed with 10% TCA (Figure 22). The plate was fixed 

with 1 ml of 10% TCA, left for 30 minutes, washed 3 times with distilled water then let dry. The 

SB solution (600 µl) was added to each well, left for 1 hour at room temperature, washed 4 times 

with 1% AA and let dry. Images were then taken using an inverted microscope to record the area 

of cell migration. Tris base solution (1 ml) was added to each well, the plate was shaken for 2 

hours, and 100 µl of dye solution was transferred 96-well-plate to be read at 510 nm. 

 
Figure 22. Sandwich fixation method optimisation 
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3.4.5.9  Cell Infiltration Test on Scaffold with Various Pore Sizes 

Using a previously optimised method, the infiltration behaviour of the hBMSCs into the PCL 

MEW scaffold with different pore sizes (200x200, 350x350, and 550x550 µm) was investigated 

with variety of strand-distances (250, 400 and 600 µm) determined previously (see 3.4.2.8). 

MEW scaffolds of various pore sizes were cut into squares (17.5 mm sides), sterilised with 

absolute ethanol and 30 minutes of UV irradiation, placed on a sterile metal surface, then the 

5DCs seeded with cells (day 36 from section 3.4.5.7) were placed in the middle of each square. 

These scaffolds were then covered with another square scaffold of the same pore size with 

matching orientation and the square scaffolds were welded together, as described earlier. This 

scaffold sandwich set was then placed onto a BSA-coated petri-dishes, covered with 15 ml 

hBMSC culture media and incubated for up to 28 days (Figure 23). On the day of media 

replacement, cell migration onto the scaffolds was observed using an inverted microscope. At 

selected time points (day 7, 14, 21 and 28), scaffold sandwiches were fixed and stained with a 

previously optimised protocol. Briefly, scaffold sandwiches were harvested, cut open with 

sterilised scissors and the 5DCs removed. The scaffold samples (external slices of sandwich) 

were transferred to 6-well-plate, fixed with 1 ml 10% TCA for 30 minutes, washed 3 times with 

distilled water and let dry. The dried scaffolds were then stained with 600 µl SB solution, left for 

1 hour and washed 4 times with 1% AA and let dry. The isolated 5DCs were transferred to 24-

well-plates and fixed with 300 µl 10% TCA, then stained with 300 µl SB solution. Tris base 

solution (1 ml to 6-well-plate, 300 µl to 24-well-plate) was added to each well. The plate was 

shaken for 2 hours, and 100 µl dye solution was transferred 96-well-plate to be read at 510 nm. 

The 5DCs that were cultured in separate BSA-coated petri-dish (made in section 3.4.5.7 and 

further cultured) were also harvested at the selected time points to investigate the change in the 

number of cells on the 5DCs over time. These 5DCs were transferred to 24-well-plates, treated 

as previously described, and also measured for absorbance to be used as a control for percent cell 

remaining in 5DCs at selected time points. Media was changed every 3–4 days. 

 
Figure 23. Cell infiltration test final design 

Spot-welded scaffold sandwiches were cultured on BSA-coated petri-dish. The scaffolds were separated and fixed at 
selected time points and absorbance was measured. 
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3.4.5.10  Cell Infiltration Test on Scaffold of Various Chitosan Concentration 

The speed of cell migration and infiltration through the MEW scaffolds of various chitosan 

concentrations were also investigated using the method described in the previous sections. MEW 

scaffolds with a range of chitosan concentrations (0, 0.25, 0.5, 0.75 and 1%) were cut to 

dimensions of 17.5 mm x 17.5 mm and sterilised with absolute ethanol and 30 minutes of UV 

irradiation. These cut scaffolds were used to sandwich the PCL 5DCs seeded with cells and 

cultured for 30 days as described previously. The welded scaffold sandwiches were placed on 

BSA-coated petri-dishes, covered with 15 ml hBMSC culture media and incubated for up to 28 

days. The scaffold sandwiches were observed and images taken with an inverted microscope 

every 3–4 days. At predetermined time points (7, 14, 21 and 28 days) the scaffold sandwiches 

were fixed and stained using an optimised protocol as described previously. 

3.4.6 Characterisation of Hydrogel 

3.4.6.1 Swelling Behaviour of the Hydrogel 

The chitosan hydrogel was made as previously described (section 3.4.3), and approximately 0.5 

ml of it was deposited into 24-transwell (FALCONÒ, Ref no. 353097, 24-well inserts, 8 µm pore 

size, Corning, USA) using a sterile 5 ml syringe (Figure 24). The transwell containing samples 

were placed in a 24-well-plate, incubated for 10 minutes to allow gelation, and weighed (Wi) 

using an electronic balance with a resolution of 0.1 mg. The samples were then immersed in 1.2 

ml PBS and the surface was also covered with 0.5 ml PBS and incubated at 37°C. At selected 

time points (1, 3, and 7 days), the transwell containing samples were taken from the 24-well-

plate using sterile forceps, and excess PBS in the transwell was removed using a pipette and paper 

towel then weighed (Wt). Swelling ratios of each sample were calculated using Equation 3. 

 
Figure 24. Illustration of hydrogel swelling experimental setup 
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3.4.6.2 Degradation Behaviour of the Hydrogel 

Approximately 0.5 ml of the hydrogel was deposited into a 24-transwell using a sterile 5 ml 

syringe and maintained at 37°C in an incubator for 10 minutes to allow gelation. The samples 

were then weighed (Wi), placed in a 24-well-plate, soaked in 1.2 ml PBS and covered with 0.5 

ml PBS, and maintained in the incubator 37°C. At selected time-points (1, 7, 14, and 28 days), 

the transwell containing hydrogels were carefully removed from the 24-well-plate using forceps. 

Excess PBS in the transwell was removed using a pipette and paper towel then weighed (Wt) 

using an electronic balance with a resolution of 0.1 mg. Percent weight loss from each sample 

was determined by using Equation 2. PBS (0.3 ml in the well and 0.2 ml in the transwell) was 

added on day 7 and 14 to keep the samples hydrated. 

3.4.6.3 Mechanical Property of the Hydrogel 

Since IVD is load-bearing tissue, the compressive mechanical property of the hydrogel was also 

investigated. The cyclic unconfined uniaxial compression studies were performed using a Stable 

Micro Systems TA HD plus texture analyser (Figure 25, Stable Micro Systems, Godalming, UK) 

at 20°C. The hydrogel was constructed as previously described (section 3.4.3), centrifuged for 5 

minutes at 300 xg to remove bubbles, then gently poured into the cylinder-shaped polyethylene 

mould (diameter: 19.4 mm, height: 10 mm) and incubated overnight at 37°C to gel. The gelled 

hydrogel was carefully removed from the mould using a spatula and placed on the platform. The 

cyclic uniaxial and unconfined compression was investigated to 10% strain with a compression 

rate of 0.1 mm/s, 5 cycles. The moulded hydrogel was also compressed to the strain up to 80% 

and investigated for its breaking behaviour. Young’s modulus was calculated over strain of 0–

44.17% using the following formula (Equation 4): 

𝑬 =	
𝑺𝒕𝒓𝒆𝒔𝒔
𝑺𝒕𝒓𝒂𝒊𝒏 

Equation 4. Young's modulus calculation formula 

 
Figure 25. Texture analyser with unconfined compression setup 

 



 
 

45 

3.4.6.4 Rehydration of the Compressed Hydrogel 

The hydrogels that have been compressed to 50% strain were immersed in 2 ml PBS in sterile 

universal tubes and incubated at 37 ºC for up to 48 hours. The weight, height and diameter of the 

samples were measured before immersing after 24 and 48 hours of incubation. 

3.4.6.5 Live/Dead Assay Optimisation for the Hydrogel 

Since the GFP expressing hBMSCs and the Calcein AM both emit green fluorescent, the 

detection of live cells could not be determined accurately. Therefore, calcein blue, which emits 

blue fluorescent for live cells, was also investigated to determine cell viability. Hoechst, a nuclei 

stain, was added to more accurately determine total cell number in the samples. 

In the 24-well-plate, 0.5 ml of hydrogel  seeded with 105 cells/well was deposited and incubated 

for 10 minutes to allow gelation. Various cell concentrations were tested: 104, 105 and 106 

cells/well. The cell density of 105 was selected as it displayed the best visualisation of individual 

cells in the hydrogel. The hBMSC culture media (1 ml) was added to each well and the plates 

were incubated for 7 days. On day 7, 5 µl of 10% sodium dodecyl sulfate (SDS) solution was 

added to some wells to kill cells functioning as a dead control, and the plates were incubated for 

10 minutes. The stain solutions were made by dissolving: (1) calcein AM and Ethidium 

Homodimer-1 (EthD-1) in PBS (1 µM each), and (2) calcein blue in DMSO and EthD-1 in PBS 

(1 µM each) (Table 6). The media was removed from the wells and 300 µl of stain (1) and (2) 

solutions were added to different wells for comparison (Figure 26). The plate was incubated in 

the dark for 45 minutes at room temperature, washed twice with PBS and each well was covered 

with 200 µl of PBS for fluorescent microscopy and imaging. Some wells were not stained to 

determine the background intensity and to identify the fluorescent parameters required for GFP. 

Table 6. Types of stain solutions tested 
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Figure 26. Stain type optimisation process 

 

The concentrations of the fluorescent stains were optimised with hBMSCs. In 96-well-plates, 200 

µl of hBMSC solution (cell density of 16,000 cells/ml) was added to each well, and the plate was 

incubated overnight to allow the cells to adhere. Media from some wells were removed and the 

wells were treated with 150 µl of 70% methanol then incubated for 30 minutes. Afterwards, the 

media and methanol were removed from the wells and washed once with 200 µl PBS. The wells 

were then stained with various concentration of 200 µl fluorescent stain solutions in PBS as 

shown in Table 7 and were incubated in the dark for 1 hour at room temperature. Stains were 

removed, washed twice with PBS then 200 µl PBS was added to the well to be observed under 

fluorescent microscope. It was important to identify the different signals  between the GFP of the 

cells and signals emitted from calcein AM or unbound Hoechst 33342 dye.  

Table 7. List of stain solutions tested 

 
 

3.4.6.6 Live/Dead Assay on the Hydrogel 

The cell-encapsulated hydrogel was developed as previously described (section 3.4.3), 0.2 ml of 

hydrogels containing 105 cells/well were deposited into 24-well-plates using 1 ml syringe, 

flattened with a sterile spatula and incubated for 10 minutes (37ºC, 5% CO2) to allow gelation. 
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The hBMSC culture media (0.8 ml) was gently added to each well and plates were incubated for 

up to 14 days. At the selected time points (day 2, 7 and 14), wells were stained with 1 µM EthD-

1 and 1 µM calcein AM in PBS and incubated in the dark for a further 30 minutes at room 

temperature (Figure 27). The stain solution was then removed and 1.62 µM Hoechst solution in 

PBS was added to each well and incubated in the dark for 30 minutes at room temperature. The 

wells were washed twice with PBS then covered with 200 µl PBS to be imaged with a fluorescent 

microscope. The hBMSC culture media was changed every 2–3 days. 

 
Figure 27. Live/Dead assay process for the hydrogel 
 

3.5 Statistical Analysis 

All conditions were done in triplicate unless otherwise stated and all results were expressed as 

mean ± standard error of the mean (SE). Graphpad Prism 8 software (version: 8.2.0, San Diego, 

CA, USA) was used for statistical analysis and graph generation. For the experiments comparing 

two groups with one factor, paired or unpaired t-test was employed for statistical analysis. For 

the experiment comparing more than two groups with one factor, ordinary one-way ANOVA was 

used. Some experiments compared more than two groups with two factors, therefore two-way 

ANOVA was employed for these experiments. For the experiments comparing the same groups 

of samples over different time points, a repeated-measure was performed using one-way ANOVA. 

The assumptions of ANOVA were tested, and if found to be violated, then a non-parametric 

analysis was taken. Tukey’s post hoc analysis was taken for multiple comparison. A p-value of 

< 0.05 was considered as statistically significant. 
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4 Results 

4.1 Fabrication Process 

In this study, three types of scaffolds were constructed using three different fabrication methods: 

melt-based pneumatic 3D-printing, MEW, and hydrogel curing. 

The overall aim of this investigation was threefold: 1) to investigate the effect of chitosan as a 

bioactive additive to PCL in the construction of a composite scaffold using melt-based pneumatic 

3D-printing, 2) to elucidate the effect of chitosan concentration and pore size on AF-mimicking 

micro-fibrous scaffolds through MEW; and 3) to explore the potential of a cured, chitosan 

hydrogel as an NP scaffold. In this section, the optimised fabrication results are reported, but 

more detailed aspects of the fabrication optimisation process can be found in the Appendices as 

indicated.  

4.1.1 Fabrication of the 3D-printed Scaffolds 

Standardisation of the pneumatic 3D-printing technique for the scaffold fabrication was crucial 

since this was the first experiment of its kind using the GeSiM Bioscaffolder 3.1. With patience 

and steady iteration and optimisation, the parameters for pneumatic 3D-printing module was 

determined for future projects. The aim here was to standardise the pneumatic 3D-printing 

technique with the following objectives: 

1. Investigate the upper limit of the extrudable chitosan concentration using the 3D-printing 

setup. 

2. Determine the extrusion behaviour of each blend, and identify corresponding 3D-printing 

parameters, i.e. extrusion pressure and heating temperature of each blend. 

3. Determine the optimal printing substrate for pneumatic 3D-printing with the extrudable 

blends. 

The processability of the biomaterial used to fabricate a scaffold is a crucial aspect to characterise 

in order to create a successful TEC. 

4.1.1.1 Extrudability of Blends with 3D-printing 

Several concentrations of chitosan (0, 10, 20, and 30%) in PCL were investigated for their 

extrudability using a pneumatic 3D-printing setup. 

The duration for completely melting each blend was similar between the blends (30 minutes at 

85°C); and the barrel was heated for at least 2 hours before extrusion in order to achieve smooth 

and homogeneous blend extrusion. Although the melting point of the PCL was 58–60°C, the 



 
 

49 

adequate temperature for extrusion through 3D-printing nozzle was found to be between 85–

90°C. Therefore, the melting and extrusion behaviour of the blends were investigated between 

60–100°C. The strands of the second layer must be fused to, but not sunk into the first layer with 

the optimum heating temperature. The blends containing chitosan increased the optimum heating 

temperature by 5–10°C. The optimum extrusion pressure for each blend was determined by 

applying pneumatic pressure to the melted blend at the optimum heating temperature and by 

obtaining a 3mm straight, consistent and smooth blend extrusion (Figure 9(B)). It was found that 

the chitosan concentration of 30% (CH30) clogged the nozzle and was unable to be extruded 

through the 3D-printing nozzle with internal diameter 506 µm at the maximum pressure and 

temperature limit of the setup. The extrusion of blends were smoother with lower chitosan 

concentrations. The optimum extrusion pressure and heating temperature for each blend are listed 

in the Table 8. Table 9 summarises the visual and touch observation of the strands fabricated with 

each blend. The surface of the CH20 strands were slightly rougher compared to CH0 and CH10. 

The upper limit of the chitosan concentration for pneumatic 3D-printing using this setup was 

shown to be 20%. CH30 was not investigated in further experiments as it was not extrudable. 

Table 8. Optimum heating temperature and extrusion pressure for each blend 

 
 

Table 9. Printed strand observation for each blend 
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4.1.1.2 3D-printing Substrate Optimisation  

Scaffolds printed on aluminium foil and glad wrap required minimum effort to peel from the 

printing substrate; however, these printing substrates were difficult to handle. Scaffolds printed 

on glass petri-dish and glass-slides stayed on the surface for a while; however, the scaffold began 

to lift from the corners as the first layer of the scaffold cooled down. To prevent the shifting of 

the printing substrate, all printing substrates were taped onto the ambient temperature platform 

for enhanced stability. All the 5-layer scaffolds were easily removed from the polyethylene petri-

dish. The polyethylene petri-dish was considered the best printing substrate, and hence used for 

remaining experiments. 

4.1.1.3 3D-printing Parameter Optimisation and Scaffold Development 

Heating temperature, extrusion pressure, printing speed, z-offset, printing order, start and end 

breaks were determined through iterative tweaks and by visually assessing the printed scaffold 

(Table 10, Figure 28). Heating temperature, extrusion pressure, printing speed and z-offset affects 

the architecture of the strands; while printing order, start/end break affects the scaffold 

appearance. Z-offset was optimised for each blend, and the successful scaffolds were obtained 

with z-offsets greater than 0.25 mm but not exceeding 0.5 mm (Appendix K(A)). Printing order 

was optimised to print the infill first then outline (1st layer infill–1st layer outline–2nd layer infill) 

for all blends. Scaffolds fabricated with insufficient or excessive start breaks ended up with the 

first few millimetres of strands missing or formation of an excess blob at the starting point of 

each layer (Appendix K(B)). End break was not required to be altered as the extrusion pressure 

switches off at the end of each layer, causing the extruded strand to settle onto the scaffold before 

the head moves away from the end point of the layer.  

Table 10. Optimised 3D-printing parameters for each blend 
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(A) (B) (C) 

   
Figure 28. Successfully 3D-printed scaffolds of each blend 

4.1.1.4 Summary of 3D-printed Scaffold Fabrication 

These optimisation studies demonstrated that: 

• The optimum heating temperature for PCL extrusion was found to be around 85–90°C, 

and addition of chitosan slightly increased the required temperature for extrusion.  

• All of the blends fully melted within 30 minutes; however, heating for at least 2 hours 

improved the smoothness of the extrusion. 

• CH0, CH10 and CH20 were extrudable and able to form successfully 3D-printed 

scaffolds, whereas CH30 was not.  

• Therefore, the maximum concentration of chitosan that is 3D printable is between 20–

30%. 

• Adding chitosan in the scaffold causes the scaffold to be yellow-coloured and more 

textured. 

• Polyethylene petri-dish should be used as the printing substrate for blends containing 

PCL and chitosan. 

 

4.1.2 Fabrication of the Melt-electrowritten Scaffolds 

The goal is to develop a scaffold which structurally imitates the native tissue, thereby enabling 

the scaffold to have similar biological and mechanical properties as the target tissue. The MEW 

scaffold developed for this project has layers of aligned microfibres at ± 60° angle from the spine 

axis, which mimics the ECM architecture of the AF region. The specific aim of this section was 

to develop the MEW scaffold with AF-mimicking micro-structure with the most effective cell 

adhesion and proliferation properties in a two-dimensional (2D) environment. For this reason, a 

range of chitosan concentrations in PCL as well as range of pore sizes were investigated. The 

objectives were to: 

1. Investigate the upper limit of extrudable chitosan concentration with MEW setup. 

2. Determine extrusion behaviour of each blend and identify corresponding extrusion 

pressure and heating temperature of the blends. 

5mm 5mm 5mm 
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3. Determine the optimal printing substrate for MEW with the extrudable blends. 

4. Optimise MEW parameters to develop successful MEW scaffolds with various chitosan 

concentration. 

5. Fabricate MEW scaffolds with various pore sizes 

6. Investigate the difference between the MEW scaffolds of different blends with same 

MEW parameters 

7. Investigate the difference in parameters to fabricate scaffolds with same micro-

architecture using different blends. 

8. Investigate the possible minimum strand-distance of each blend. 

The MEW scaffold developed in this project can later be scaled up to make strips which mimic 

the micro-architecture of native AF and rolled around the hydrogel NP core as AF-lamellae to 

form TE-IVD. 

4.1.2.1 Extrudability of Blends for Melt-electrowriting 

A variety of chitosan concentrations (0, 0.1, 0.25, 0.5, 0.75, 1, 1.5, and 2.5%) in PCL were 

investigated for their extrudability using the Bioscaffolder 3.1 MEW setup. The optimum heating 

temperature was determined by macroscopically observing the extruded strands out of the nozzle 

for its texture and thickness consistency. Extrusion pressure and voltage was defined optimum 

once the melted blend formed a Taylor cone at the tip of the nozzle. 

The optimum heating temperature, extrusion pressure and voltage seems to be the same up to 

0.75% of chitosan, and the required extrusion pressure increase for CH1.5 and CH2.5. Molten 

blends formed a Taylor cone with voltage higher than 7.5 kV. The optimum extrusion pressure, 

heating temperature and voltage for each blend are listed in the Table 11. Table 12 summarises 

the visual observation of the strands fabricated with each blend. The strands of the blends 

consisting of chitosan had some inconsistencies in strand-thickness when compared to CH0, and 

the surface of extruded strands were smoother with lower concentrations of chitosan. A colour 

difference of the blend powder was also observed. The colour difference between the MEW 

strands were not discernible in all blends. CH1.5 and CH2.5 were not investigated further as they 

could not be extruded sufficiently. 
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Table 11. MEW parameters for extrudable blends 

 

Table 12. Macroscopic observation of extruded strands of each blend 

 
4.1.2.2 Melt-electrowriting Substrate Optimisation 

Polyethylene petri-dish, glass petri-dish (thickness: 1.72 mm), glass-slide (thickness: 1.2 mm), 

glass sheet (thickness: 4.2 mm) and aluminium foil were investigated on an ambient temperature 

high-voltage platform for use as the MEW substrate.  The ideal criteria was the same as that of 

3D printing substrate. 

Considering the advantages and disadvantages of all the potential MEW substrates, the glass 

sheet was determined as the MEW substrate of choice for further experiments. Table 13 

summarises the advantages and disadvantages of the MEW substrates investigated in this project.  
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Table 13. MEW substrate optimisation 

MEW scaffolds printed on various substrate with same MEW parameters. 

Substrate 
type Macroscopic image Advantages Disadvantages 

Polyethylene 
petri-dish 

 

Great strand adhesion 
to the substrate. 

Messy printing, scaffold 
cannot be detached from 
substrate, cannot print 
large structures. 

Glass petri-
dish/slide 

 

Great strand adhesion 
to the substrate, 
scaffold can easily be 
peeled from substrate. 

Slight first layer perimeter 
imperfection, slight messy 
strand ends, cannot print 
large structures. 

Glass sheet 

 

Great strand adhesion 
to the substrate, 
scaffold can easily be 
peeled from substrate, 
can print large 
structures, defined 
outline. 

Slight first layer perimeter 
imperfection, slight messy 
strand ends. 

Aluminium 
foil 

 

Great strand adhesion 
to the substrate, can 
print large structures. 

Needs to be tightly taped 
down to the platform to 
prevent foil from lifting, 
messy strand ends, 
undefined outline, 
difficulty peeling from 
substrate. 

 

4.1.2.3 Melt-electrowriting Parameter Optimisation and Scaffold Development 

For this experiment, CH0 was used with consistent inputs for the MEW nozzle size (40 µm), 

strand-distance (400 µm), strand height (50 µm) and strand width (50 µm). The scaffolds were 

fabricated with the layer pattern of 0/60° up to 5 layers. Since the amount of melted material 

present in the metal barrel may affect the extrusion behaviour and strand size, the MEW 

parameters were optimised with 10 gram of blend powder present in the barrel. The MEW 

parameters optimised were: outline type, printing order, printing speed, extrusion pressure, 

applied voltage, and z-offset.  

Peel-ability of the scaffold is one of the important aspects of scaffold fabrication, as it affects the 

ease of scaffold handling. Printing order (Figure 29) and outline type were optimised through 

10mm 

10mm 

10mm 

10mm 
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macroscopically observing the MEW scaffolds fabricated with various combinations of printing 

order and outline type (Figure 30). The defined scaffold edges were observed for the scaffolds 

without outline. Scaffolds without perimeter (infill-only) had two perpendicular diagonal lines 

across the scaffold, and scaffolds with perimeter had one diagonal lines. During the peeling 

procedure, it was noticed that the scaffolds which the infill was printed first (printing order: 

“Infill-then-perimeter” and “Infill-only”) had some strands falling apart from the scaffold. 

Having investigated the print-outline combinations, Perimeter-then-infill printing order, and no 

outline. Was found to be the best (See Figure 29 (C)). 

(A) (B) (C) 

   

Figure 29. Printing order of infill and perimeter 

(A) Infill first then perimeter, (B) infill-only, and (C) Perimeter-then-infill. 
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Printing order 

Infill-then-perimeter Infill-only Perimeter-then-infill 

Outline 
type 

None 

   

Straight 

   

Outline 

   

Outline-
Plus 

   
Figure 30. Printing order and outline type combinations optimisation 

The scaffolds printed with a lower speed had less organised structure with thicker strands, 

whereas the scaffolds with a higher speed had more organised structure with thinner strands. 

Strand-thickness with printing speed of 20 and 25 mm/s were shown to be around 50 µm with 

minimum variance, and adequate pore-width was represented with the printing speed of 25 and 

30 mm/s (Figure 31). 

The alignment of the strands increased as the printing speed increased, and the thickness of the 

strand decreased as the printing speed increased. The pore-width was not consistent with the 

lower speed (5, 10 and 15 mm/s), causing the strands to not sit on top of each other. The pore-

width was consistent throughout the scaffolds made with the printing speed of 20 and 25 mm/s, 

and started to lose consistency as the printing speed increased (30, 35, 40, and 50 mm/s). Pore-

width and strand-thicknesses with each printing speed were listed in the Table 14.  
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Table 14. Strand-thickness and pore-width for different printing speed 

Results are reported as mean ± SE, n=12. 

 
 

 
Figure 31. Scaffold architecture with various printing speed 

(A) Strand-thickness and (B) pore-width. Results are reported as mean ± SE, n=12. The dotted line denotes the strand-
thickness and pore-width set for successful MEW scaffold criteria. 

The extrusion pressure alters the thickness of the strand. The lower extrusion pressure extrudes 

thinner strands, and the higher extrusion pressure results in thicker and unorganised strands. The 

strand-distance remained consistent for lower extrusion pressure (10 and 20 kPa), and started to 

become inconsistent towards the higher extrusion pressure (25, 30, 35, 40, 450, 50, 60, and 100 

kPa) (Table 15 and Figure 32). 
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Table 15. Strand-thickness and pore-width for different extrusion pressure 

Results are reported as mean ± SE, n=12. 

 
 

 
Figure 32. Scaffold architecture with various extrusion pressure 

(A) Strand-thickness and (B) Pore-width with various extrusion pressure. Results are reported as mean ± SE, n=12. 
The dotted line denotes the strand-thickness and pore-width set for successful MEW scaffold criteria. 

Voltage pulls the extruded blend towards the MEW substrate, to assist the extrusion of the molten 

material. Voltage affects the thickness consistency of the strand. With the lower voltage, the 

pulling force applied to the molten and extruded blend would be decreased. This causes the 

extruded material to deposit a thinner strand until the gravity applied to the extruded material that 

is bulged at the tip exceeds the surface tension of the material (Figure 33). The thicker part of the 

strand was generated by the unbalanced voltage and extrusion pressure. No strand was extruded 

with 0 kV voltage. The strands fabricated with lower voltage (2.5 and 5 kV) were inconsistent in 

thickness, whereas the strands fabricated with medium voltage (7.5 and 10 kV) maintained the 

strand-thickness and pore-width consistency (Table 16, Figure 34). The strands with higher 

voltage (12.5 to 30 kV) were inconsistent in thickness and pore-width. The scaffolds fabricated 

with the voltage of 7.5, 10 and 12.5 kV had relatively clean edges when compared to other 

scaffolds.  
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Figure 33. Inconsistent strand formation due to low voltage 
 

Table 16. Strand-thickness and pore-width for different voltage 

Results are reported as mean ± SE, n=12.  

 
 

 
Figure 34. Scaffold architecture with various voltage 

(A) Strand-thickness and (B) pore-width. Results are reported as mean ± SE, n=12. The dotted line denotes the strand-
thickness and pore-width set for successful MEW scaffold criteria. 

The z-offset represents the distance between the nozzle tip and the MEW substrate. The optimum 

z-offset of MEW with this setup was shown to be 2–3 mm with PCL on the Bioscaffolder 3.1 

manual. With the PCL used in this project, it was shown to be around 3.43 mm. Scaffolds 

fabricated with z-offset of 2.43 and 3.43 mm had strands of consistent thickness and had 

consistent strand-distance, whereas the z-offset larger than 3.43 mm and smaller than 2.43 mm 

resulted in the scaffolds with inconsistent strand-distance (Table 17 and Figure 35). The equation 

of curve for all optimised parameters were shown in Table 18. 
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Table 17. Strand-thickness and pore-width for different z-offset 

Results are reported as mean ± SE, n=12. 

 
 

 
Figure 35. Strand-thickness and pore-width for different z-offset 

(A) Strand-thickness and (B) pore-width. Results are reported as mean ± SE, n=12. The dotted line denotes the strand-
thickness and pore-width set for successful MEW scaffold criteria.  

 

Table 18. Equation of the curve for the effect of MEW parameters to the strand-thickness 

x=MEW parameters, y=strand-thickness. 

 
 

With the MEW parameters investigated above, the parameters were iteratively altered within the 

range of: printing speed: 15–30 mm/s, extrusion pressure: 10–35 kPa, voltage: 7.5–10 kV and z-

offset: 2.43–3.43 mm. The MEW parameters optimised for each blend were listed on the 

following Table 19. Critical translation speed (CTS; the lowest printing speed that all strands 

were visually straight) for PCL was determined as 5–10 mm/s for this study. Although CH1.5 

and CH2.5 were extrudable, the strand-thickness of these blends reduced during fabrication of 

scaffold, and eventually stopped extruding before completion of scaffold fabrication. Therefore, 

the upper limit of the melt-electrowritable chitosan concentration for this MEW setup was found 

to be in between 1 and 1.5%. With all melt-electrowritable blends, strands were macroscopically 
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consistent and straight, however, some irregularities were observed on the scaffolds consist of 

chitosan, and the number of irregularities increases as the chitosan concentration increased. As 

the chitosan concentration increased, the strands became less uniform and more irregular in 

thickness. Figure 36 shows the successful MEW scaffolds. Table 19 and Figure 37 show the 

strand-thickness and pore-width of each blend. 

Blend Macroscopic x 40 

CH0 

  

CH0.1 

  

CH0.25 

  

CH0.5 

  

10mm 

10mm 

10mm 

10mm 

1000µm 

1000µm 

1000µm 
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CH0.75 

  

CH1.0 

  
CH1.5 - - 
CH2.5 - - 

Figure 36. Successfully MEW scaffold fabricated with optimised MEW parameters 

Images taken at x1 and x40 magnifications. 

Table 19. Optimised MEW parameters, strand thickness and pore width for each blend 

Strand thickness and pore width are reported as mean ± SE, n=12. 

 

 

 

 

10mm 

10mm 

1000µm 

1000µm 

1000µm 
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Figure 37. Strand-thickness and pore-width with optimised MEW parameters 

(A) Strand-thickness and (B) pore-width with optimised MEW parameters of each blend. Results are reported as mean 
± SE, n=12.  

 

4.1.2.4 Melt-electrowritten Scaffolds with Different Blends and the Same 

Parameters 

Using the MEW parameters that were optimised for CH0, which only contains PCL, scaffolds 

were also fabricated with other blends to investigate the difference chitosan makes in the scaffold 

architecture. All the MEW parameters were kept the same except for the “ink” composition which 

was a blend of various ratios of chitosan to PCL. 

As the chitosan concentration increases, the number of irregularities in the scaffold increased as 

well (Figure 38). The variability in strand-thickness and increasing pore-width was also observed 

as the chitosan concentration increased (Table 20). However, no statistically significant 

correlation was found between strand-thickness and chitosan concentration in all of the MEW 

chitosan/PCL scaffolds  fabricated (Figure 39). 
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(A) (B) 

  
(C) (D) 

  
(E) (F) 

  
(G) (H) 

  
Figure 38. MEW scaffolds (CH0 to CH2.5, respectively,) with same MEW parameters 

All blends were utilised to fabricate MEW scaffolds with the same MEW parameters optimised for PCL. Images taken 
at x40 magnification. 
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Table 20. MEW scaffolds of different blends with the optimised MEW parameters for PCL 

Results are reported as mean ± SE, n=12. 

 
 

  
Figure 39. Strand-thickness and pore-width for the same MEW parameters 

(A) Strand-thickness and (B) pore-width using optimised CH0 MEW Parameters for various Blends. Results are 
reported as mean ± SE, n=12. 

4.1.2.5 Melt-electrowritten Scaffold Pore Size Optimisation  

Table 21 below shows the result for each combination of strand-distance and layer height. 

Samples which passed all the tests are coloured in green. Based on these results, the possible 

minimum strand-distance of each blend was further investigated.  
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Table 21. Scaffolds printed with varying pore size were tested for the following four criteria: 
accuracy, removability, flexibility, and mechanical manipulation. 

Pore sizes (combination of strand-distance and layer height) that met all criteria are coloured green. 

 
4.1.2.6 Minimum Strand-distance of Each Blend 

Possible minimum strand-distance with the optimised MEW parameters for each blend were 

investigated and shown to be varied between 250 to 300 µm.  

Scaffolds that were precisely fabricated are indicated in green, and scaffolds that failed to recreate 

the desired strand-distance are indicated as red in the Table 22. Some of the failure scenarios 

include: strand thinning due to nozzle clogging and eventually breaking, and strand-distance 

being inconsistent due to the repelling electrical force.  



 
 

67 

Table 22. Minimum strand-distance determination of each blend  

 
4.1.2.7 Fabrication of Optimised Melt-electrowritten Scaffolds for Cell 

Infiltration Test  

Based on the results from the previous sections, the pore sizes that are tested for cell infiltration 

were decided to be with strand-distance of 250, 400 and 600 µm and layer height of 50 µm 

(Figure 40). Both successful MEW scaffolds with various chitosan concentrations (0, 0.1, 0.25, 

0.5, 0.75, 1.0%) and the scaffolds fabricated with various pore sizes demonstrated accurate 

reproduction of the set values. 

 (A) (B) (C) 

   
Figure 40. Scaffolds fabricated with various strand-distances  

(A) 250 µm, (B) 400 µm, and (C) 600 µm. 

4.1.2.8 Summary of Melt-electrowritten Scaffold Fabrication 

These MEW optimisation study has indicated that:  

• All the chitosan concentrations prepared (up to 2.5%) were able to form Taylor cone 

through the MEW nozzle with internal diameter of 40 µm. 

• Extrusion pressure required for extrusion of blend consisting of 1.5 and 2.5% chitosan 

were significantly higher than other blends containing lower chitosan concentration. 

• Upper limit of melt-electrowritable chitosan concentration in PCL with this MEW setup 

was between 1–1.5%. Chitosan concentrations above 1% could not be fabricated due to 

nozzle clogging. 

10mm 10mm 10mm 
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• A glass substrate should be used for MEW of PCL. 

• Smooth and homogeneous PCL-base blend extrusion was observed at 85°C, after heating 

for at least 2 hours. 

• Addition of chitosan in PCL caused irregularities and slight inconsistency in strand-

thickness. 

• Scaffolds with various pore sizes were melt-electrowritable; however, most were 

inappropriate for the AF region of TE-IVD. 

• The smallest strand-distance achieved with this MEW setup and parameter was 250 µm. 

 

4.1.3 Development of Hydrogel 

Although chitosan has shown great biological properties, its poor mechanical properties have 

limited its use for IVD-TE. However, its superior water absorbing capacity, thermo-responsibility 

and pH sensitivity keeps the development of a chitosan hydrogel attractive for use in NP region.  

One of the issues associated with IVD-TE is its distinctive structural difference in the AF and NP 

regions. The fibrous AF and gel-like NP region tend to have poor integration, therefore causing 

the NP region to pop-out of the AF region. To address this issue, it was hypothesised that utilising 

the same natural polymers in both AF and NP region (in this project, chitosan) may enhance the 

structural and cellular integration between the AF and NP region of the TE-IVD. 

The specific aim of this section is to develop a chitosan hydrogel that structurally and functionally 

mimics the native NP region and exhibit the appropriate gelation kinetics. For these reasons, a 

range of chitosan and gelling agent combinations were tested. The objectives were to: 

1. Compare the gelation behaviour of chitosan gels made with HCl and AA. 

2. Investigate the gelation kinetics of various chitosan gels. 

4.1.3.1 Gelation Behaviour at Room Temperature 

Gelation kinetics of the samples made with chitosan solutions dissolved in 0.1 M HCl or 2% AA 

were determined at room temperature for up to 120 minutes. The ideal hydrogel for this purpose 

should be fluid at room temperature, then gels at physiological temperature. All of the samples 

had a slight yellow colour. H-1, H-2, H-5 did not gel within 120 minutes. H-2 was more viscous 

than H-1, and H-5 was less viscous than H-1. All the samples made of chitosan solution in AA 

(A-1 to A-5) remained fluid after 120 minutes at room temperature. The samples were then left 

at room temperature overnight, however the physical state did not change in any of the samples. 

Table 23 below summarises the gelation behaviour of the samples made with HCl at room 

temperature. Some samples (H-1, H-2 and H-5) did not gel after overnight incubation at room 
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temperature. Therefore, gelation behaviour at physiological temperature was investigated in the 

hope that the increased temperature would promote gelation. 

Table 23. Gelation time of hydrogels made with HCl at room temperature 

 

4.1.3.2 Gelation Behaviour at Physiological Temperature (37°C) 

Gel combinations that remained fluid at room temperature were further investigated for their 

gelation behaviour at physiological temperature. After 10 minutes of incubation at 37°C, gelation 

behaviour were observed by tipping over the sample vial (Figure 41). H-1 gelled after 10 minutes 

of incubation, however H-2 and H-5 remained fluid (Table 4). After 30 minutes of incubation, 

H-2 also gelled but H-5 was still fluid. The gelled hydrogel of H-1 and H-2 appeared more white 

and clumpier than before. After overnight incubation, H-1, H-2 and H-5 samples gelled and the 

H-1 and H-2 were less transparent than H-5 (Figure 42). Since H-1 was the only sample, which 

remained fluid at room temperature and gelled quickly at physiological temperature, it was 

chosen to be further investigated. Table 24 below summarises the gelation behaviour of all the 

samples made with chitosan dissolved in HCl at physiological temperature.  

Table 24. Gelation time of gels made with HCl at 37°C 
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Figure 41. Gelling behaviour of samples 

Samples that completed gelation (H-1, top) and that did not complete gelation (H-5, bottom) after 30 minutes of 
incubation at 37°C. 

 
Figure 42. Gelled samples 

H-1, H-2 and H-5 gelled after incubation overnight at 37°C (from left to right). 

4.1.3.3 Summary of Chitosan Hydrogel Development 

The development process of chitosan hydrogel demonstrated that: 

• The samples made with chitosan solution dissolved in AA did not gel at room 

temperature and 37°C. 

• H-1 became solid at 37°C within 9 minutes, and remained fluid at room temperature for 

the period of the experiment (up to 3 days), which would be useful for TE application. 

• No other samples had similar gelation behaviour to H-1. 
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4.2 Characterisation of Scaffolds 

Physical, mechanical and biological properties of the scaffolds were determined with several 

fabrication methods investigated. Scaffold characterisation investigated the scaffold architecture, 

degradation kinetics, swelling property, unconfined compression behaviour, and scaffold-cell 

interaction using hBMSCs.  

4.2.1 3D-printed Scaffold Characterisation 

Physical, chemical and mechanical properties play critical roles in scaffold development for TE 

applications. Even a small change in the chemical composition can significantly affect the 

biological properties of the scaffold. In addition, characterisation of the scaffolds with different 

chemical formulations may be informative. To achieve the aim of identifying the difference in 

characteristics between the scaffolds with different chemical components, the objectives were to: 

1. Obtain the surface morphology of the 3D-printed scaffolds at the micro-scale using SEM, 

and identify differences in surface texture by the addition of different chitosan 

concentrations. 

2. Analyse the physical characteristics (porosity, pore size, strand architecture) of the 

scaffolds. 

3. Investigate the degradation kinetics of each scaffold blend. 

4. Investigate the cell activity using a well-established cell viability assay (MTT assay). 

4.2.1.1 Surface Morphology of the 3D-printed Scaffolds 

Superior and cross-sectional micro-architecture of the scaffolds were obtained with SEM (Figure 

43 and 44). SEM images of different scaffold blends indicated that there were significant 

differences in scaffold surface morphology. CH0, only consisting of PCL, had a significantly 

smoother strand surface in both superior and cross-sectional views. Blends containing chitosan 

had a rougher exterior structure compared to CH0. As shown in x35 magnification superior view 

images, especially noticeable on CH20, blends containing chitosan have irregularities on the 

strand surface.  
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Figure 43. Superior view SEM images of 3D-printed scaffolds 

3D-printed scaffolds of each blend at magnification of x1, x35, x50, x130 and x370. 
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Figure 44. Cross-sectional view SEM images of 3D-printed scaffolds  

3D-printed scaffolds of each blend at magnification of x50, x150, x550, and x1000. 

4.2.1.2 Scaffold Architecture of the 3D-printed Scaffolds 

Analysis of the SEM images taken above provided the mean strand height of the 1st layer strands, 

2nd layer strands and percentage of 1st layer compression (Table 25). Paired t-test indicated that 

there was a significant difference in strand height between the first and second layers for all 

blends.  
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Table 25. Strand heights of each blend 

Results are reported as mean ± SE, n=6. 

 
 

The average pore sizes from both superior and side views were calculated by the area of the pores 

(Table 26). Paired t-test indicated that there are significant differences between the pore sizes 

from superior view and side view in each blend, also indicating the compression of the 1st layers 

during the 3D-printing process. The pores observed from superior view with CH0 and CH20 

were almost double in size when compared to the pores from side view. On the other hand, the 

pores observed from superior view of CH10 were almost half in size compared to the pores from 

the side view.  

Table 26. Average pore sizes of each blend, from superior and side view 

Results are reported as mean ± SE, n=6. 

 
4.2.1.3 Degradation Behaviour of the 3D-printed Scaffolds 

The % weight increase for all blends slowed its peak by day 7 with the scaffold weight slowly 

reducing as time progressed (Figure 45(A)). The % weight change of the scaffolds after 28 days 

in PBS demonstrated that CH0 had higher % weight change compared to other blends (-0.30 ± 

0.02%, -0.17 ± 0.05%, and 0.07 ± 0.10% for CH0, CH10 and CH20, respectively). The pH of 

PBS for all blends slowly decreased from 7.45 towards 6.11, but the pH value of all blends had 

similar trends to the PBS only control (Figure 45(B)). A two-way ANOVA was employed to 

determine the changes in pH between the blends and over time within each blend. It demonstrated 

there were significant differences between the pH change over time (F(4, 40)=2310, p<0.001) 

and between the chitosan concentration blends (F(3, 40)=35.55, p<0.001). 
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A two-way ANOVA was used to determine how degradation behaviour was affected by two 

factors (time and chitosan concentration). It revealed a statistically significant effect for time (F(2, 

6)=59.04, p=0.0001) and chitosan concentration (F(4, 24)=158.54, p<0.0001). This shows that 

both time and chitosan concentration influenced the % weight change due to degradation.  

(A) (B) 

  
Figure 45. Degradation behaviour 

(A) Degradation behaviour and (B) pH change of the PBS solutions for 3D-printed scaffolds. Results are reported as 
mean ± SE, n=3. 

4.2.1.4 Solubility of the 3D-printed Scaffolds in Dimethylsulfoxide and Ethanol 

No visual change was observed with the scaffolds in DMSO and absolute ethanol after 30 minutes 

and 24 hours. This result indicated that these scaffolds will not dissolve in the DMSO or absolute 

ethanol within the time required (20 minutes in absolute ethanol and 10 minutes in DMSO) for 

the MTT assay. 

4.2.1.5 Cell Viability on the 3D-printed Scaffolds 

The MTT assay performed after 7 days demonstrated a statistically significant difference between 

the cells only control and scaffolds (cell viability percentages of 78.12 ± 7.05%, 81.31 ± 7.17%, 

and 84.38 ± 7.49%, for CH0, CH10 and CH20, respectively, Figure 46) with all blends shown to 

be biocompatible. A one-way ANOVA was employed which showed significant differences in 

cell viability compared to the control after 7 days. Chitosan affected the viability of hBMSCs in 

dose-dependent manner, i.e. cell viability increased as the chitosan concentration increased. 

However, no statistically significant difference between the blends were shown with Tukey’s 

post-hoc analysis (CH0 vs CH10, p=0.954; CH10 vs CH20, p=0.959; CH0 vs CH20, p=0.664). 

Also, the background intensity was high. Therefore, another MTT assay was performed with a 

longer time frame. 
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Figure 46. hBMSCs viability on the scaffolds (Day 7) 

Cell viability was compared to the that of the cells-only control at day 7. Results are reported as mean ± SE, n=3. * 
denotes p ≤ 0.05 and ** denotes p ≤ 0.01. 

4.2.1.6 Additional Cell Viability Assay on the 3D-printed Scaffolds 

Following the previous MTT assay results, another MTT assay was performed after 14 days of 

incubation. The media using FBS instead of hPL significantly reduced the intensity of the 

background. The percent cell viability of the CH10 and CH20 compared to CH0 were: 126.10 ± 

12.57% and 169.04 ± 5.03%, respectively (Figure 47). The Tukey’s post-hoc analysis of the one-

way ANOVA indicated statistically significant difference for CH10 (p=0.0339) and CH20 

(p=0.0003) when compared with CH0. There was also a significant difference between CH10 

and CH20 (p=0.0034). Overall, an increased concentration of chitosan was found to enhance cell 

viability of the PCL based scaffold; and CH20 has the highest biocompatibility out of these 

blends, further supporting the previous MTT assay results (section 4.2.1.5). 

 
Figure 47. hBMSCs viability on the scaffolds (Day 14) 

Cell viability was compared to that of CH0 at day 14. Results are reported as mean ± SE, n=3. * denotes p ≤ 0.05, ** 
denotes p ≤ 0.01, *** denotes p ≤ 0.001. 
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4.2.1.7 Summary of 3D-printed Scaffold Characterisation 

These investigations of the 3D-printed scaffold demonstrated that: 

• Scaffolds containing higher amounts of chitosan have increased surface roughness. 

• First layer strands of all blends were significantly compressed when compared to the 

strands of the second layers for all blends. 

• Pores from superior view were significantly larger than that from side view. 

• A significant weight increase or swelling was observed at day 7 for all blends followed 

by reduction over time.  

• All blends were biocompatible with hBMSCs. 

• Scaffolds with higher concentration of chitosan significantly increased hBMSCs 

viability when compared to PCL only scaffolds.  

4.2.2 Melt-electrowritten Scaffold Characterisation 

To our knowledge, MEW of PCL mixed with chitosan has not been investigated. Therefore, it 

was important to characterise the scaffold with various concentration of chitosan in order to 

ensure that these scaffolds are useable for the AF region of the TE-IVD. In order to characterise 

the physical and biological properties of the MEW scaffolds with different chitosan 

concentrations, the objectives were to: 

1. Investigate the effect of adding chitosan on scaffold micro-architecture and surface 

morphology using SEM. 

2. Investigate the effect of adding chitosan on swelling property and degradation kinetics. 

3. Identify the best cell culture environment which encourages cells to adhere and 

proliferate onto the MEW scaffolds. 

4. Identify the best cell infiltration test protocol for MEW scaffolds with a clear cell 

infiltration starting point. 

5. Examine the difference in cell migration and infiltration with different chitosan 

concentrations and pore sizes. 

4.2.2.1 Surface Morphology of the Melt-electrowritten Scaffolds 

Superior and cross-sectional micro-architecture of the MEW scaffolds were obtained through 

SEM (Figure 48 and 49). The strand irregularities on the scaffold containing chitosan were 

observed in SEM images and in inverted microscope images. No significant morphological 

differences were observed between the scaffolds with varying amounts of chitosan. The strand 

surface of the CH0 was smoother than that of other blends. Sections of the strands containing 

chitosan had irregularities showing a slightly rougher and more textured surface. 
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The cross-sectional view of the cut surface indicated that the strand containing chitosan had more 

flexibility compared to the strand containing PCL only. As described earlier in 4.1.2.3, the 

variance of the strand-thickness increased as chitosan concentration increased, indicating an 

increase in the amount of irregularities per scaffolds. The images taken from superior and cross-

sectional view indicated that there was no significant compression of the first layer. Some areas 

of the strands of CH1.0 were flattened, indicating that there was a slight compression towards the 

printing substrate.  

With the scaffolds containing chitosan, the strands sink to the strand below and the pores sizes 

from the side decreased significantly (especially apparent in the image Figure 49, cross-sectional 

image of CH0.1 and CH0.25, x200), which may negatively affect cell infiltration. 
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Figure 48. SEM images of the MEW scaffolds from superior view 

Images were taken at magnification x50, x100, x200, and x500. 
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Figure 49. SEM images of MEW scaffolds from cross-sectional view 

Images were taken at magnification x100, x200, x500, and x1000. 

4.2.2.2 Swelling Behaviour of the Melt-electrowritten Scaffolds 

The % weight change of each MEW scaffolds after 7 days in PBS were 1.850 ± 0.7195%, 1.301 

± 0.4228%, 1.239 ± 1.419%, 1.836 ± 0.2095%, 1.144 ± 0.7039%, 1.965 ± 0.6954% for CH0 to 

CH1.0, respectively (Figure 50). A two-way ANOVA was run to determine how swelling of the 

MEW scaffolds was affected by two factors (time and chitosan concentrations). A significant 

effect for time on swelling (F(3, 36)=8.41, p=0.0029) was demonstrated, indicating that time 

influenced the swelling of the MEW scaffolds. However, no significance was shown for chitosan 

concentration (F(5, 12)=1.382, p=0.2981). The only significance shown by Tukey’s post-hoc 

analysis was within the CH0 blend between day 0 and day 1 (p=0.014); CH0.1 between day 0 

and day 1 (p=0.0368); and CH0.5 between day 0 to day 3 (p=0.0318) and day 7 (p=0.0234).  
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Figure 50. Swelling behaviour of the MEW scaffolds 

Percent weight change after 7 days in PBS. Results are presented as mean ± SE, n=3. 

4.2.2.3 Degradation Behaviour of the Melt-electrowritten Scaffolds 

The % weight change of each MEW scaffolds after 28 days in PBS were -0.87 ± 0.41%, -0.35 ± 

0.12%, -1.6 ± 0.46%, -0.88 ± 0.32%, -0.50 ± 0.14%, -0.27 ± 0.09% for CH0 to CH1.0, 

respectively (Figure 51). A two-way repeated-measure ANOVA determined that time has 

significant effect on the degradation behaviour of the MEW scaffold (F(4, 48)=28.19, p<0.0001), 

but there is no significant difference between blends in regards to weight changes (F(5, 

12)=0.4463, p=0.8080). Similar to the 3D-printed scaffolds, all samples increased their weights 

after 7 days of incubation but started reducing weight after that time point. Additionally, no 

disassembling of the scaffold was observed in any of the samples. 

 
Figure 51. Degradation behaviour of the MEW scaffolds 

Percent weight change over 28 days in PBS. Results are presented as mean ± SE, n=3. 
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4.2.2.4 Effect of Bovine Serum Albumin-Coating on the Culture Surfaces 

In order to understand the cell adhesion process to various culture surfaces, images of the cells 

were taken, and culture surfaces were gently shaken under a microscope to observe cell adhesion 

to the surface at each time point (Figure 52). The cell attachment to the culture surface proceeded 

as follows: (1) cells being round and floating on the culture surface, (2) cells that form skirts 

around themselves and start adhering, (3) cells begin to stretch out and (3) cells fully stretched 

out and tried to connect to one another.  

It was observed that the BSA-coating on polyethylene petri-dish prevented cells from adhering 

on to the culture surface for up to 14 days. BSA-coating on T25-flask slowed down cell adhesion 

onto the culture surface, however, did not prevent cell adhesion. See Figure 52 for the cellular 

behaviour on multiple culture surfaces. 

 
No-coating BSA-coating 

Petri-dish T25-flask Petri-dish T25-flask 

Day 
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Day 
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Day 
14 

    
Figure 52. hBMSCs adhesion on different cell culture surface  

Images taken at x100 magnification. See Appendix L for full images at all time points.  

4.2.2.5 Effect of Bovine Serum Albumin-Coating on the Cell Morphology 

Since the cells on BSA-coated petri-dish did not adhere onto the culture surface for up to 14 days, 

two possible scenarios were considered; (1) cells are alive and just not adhering to the surface 

due to the BSA-coating, and (2) cells have died in this environment therefore did not adhere to 

the surface. In order to investigate whether cells remained viable after exposure to BSA coating, 

cells in the BSA-coated petri-dish were transferred to a non-coated petri-dish and a T25-flask, 

then cultured for up to 6 days (Figure 53). The original BSA-coated petri-dish was also observed 

under microscope after the cell suspension was removed, to check if all the cells have transferred 

successfully, and no cells were found in the original BSA-coated petri-dish. This proved that the 

majority of cells were still alive after 8 days of culturing in the BSA-coated petri-dish, and the 

cells did not lose its proliferation ability. 
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 Petri-dish T25-flask 
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Figure 53. hBMSCs behaviour after culturing on BSA-coated petri-dish for 8 days 

Images were taken with optical micrographs at x100 magnification. 

No morphological difference of the cells was observed in between the cells that were cultured in 

BSA-coated petri-dish then transferred to the non-coated T25-flask and the cells that were 

cultured in non-coated T25-flask then transferred to another non-coated T25-flask. This 

experiment confirmed that culturing in a BSA-coated petri-dish did not alter cell morphology. 

The difference in the number of cells present in the Figure 54(A) and (B) is simply due to the 

difference in the seeding density (1000 cells/cm2 and 5000 cells/cm2, respectively). 

 (A) (B) 

  
Figure 54. hBMSCs shape after 6 days of culture 

(A) Cells from BSA-coated petri-dish transferred to non-coated T25, and (B) cells from non-coated T25-flask 
transferred to non-coated T25, images were taken at x100 magnification. 
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4.2.2.6 Fabrication of Circular Scaffolds as Cell Infiltration Initiator 

Thin strips were fabricated (35 mm x 3 mm x 0.25 mm); however, they disintegrated when 

attempts were made to separate them. Due to this separation difficulty, circle-shaped MEW 

scaffolds (5mm diameter, 250 µm height) were fabricated as an alternative for easier 

manipulation (Figure 55). Since the 5DCs were easier to separate from each other compared to 

the thin strips, CH0 and CH0.25 were utilised to fabricate 5DCs as a starting point for cell 

infiltration. The 5DCs were fabricated with 400 µm strand-distance, 80 µm strand-thickness. 

These strand-distance and strand-thickness were chosen because all blends were capable of 

fabricating scaffolds with 400 µm strand-distance. Also, the strands of scaffold sample (thickness: 

50 µm) would be distinguishable to the 5DCs strands (thickness: 80 µm) under the microscope. 

 
Figure 55. MEW 5DCs fabricated with PCL 

4.2.2.7 Cell Culture Condition Optimisation with 5DCs  

Some cell adhesion was observed on both types of 5DCs cultured on BSA-coated petri-dishes 

after 24 hours of incubation (Figure 56). By day 6, some cells on the edges of the scaffold started 

migrating towards the inside of the 5DCs, and some pores were filled with cells by day 8. Cells 

gradually migrated and expanded towards the centre of the 5DCs, and by day 27, 5DCs fabricated 

with both CH0 and CH0.25 cultured on BSA-coated petri-dishes were completely covered with 

cells. The 5DCs cultured in non-coated petri-dishes were not yet fully covered with cells by day 

30 (See Appendix M for images for all time points).  

At the earlier stage of this experiment, edges of the 5DCs had more cell adhesion compared to 

the inside due to an increased chance of encountering floating cells in the surrounding media. In 

addition, it was noted that the cells tended to fill up the smaller pores then migrate towards the 

larger pores. It is also worth noting that the BSA-coating stayed valid for the duration of this 

experiment, up to 30 days with media being replaced every 3 days. Additionally, the qualitative 

analysis reveals that the degree of cell adhesion is greater for CH0.25 scaffolds. 

Cells on non-coated petri-dishes adhered onto the culture surface instead of 5DCs as 

demonstrated in the previous experiments up to day 5. On day 6, some cell clusters started to 

500 µm 
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adhere to the edges of the 5DCs on non-coated petri-dishes; however, a number of cells on the 

5DCs were significantly less than the ones on BSA-coated petri-dishes. 

Although the literature suggests that chitosan enhances the cell adhesion properties of a scaffold, 

no significant difference in speed of cell adhesion was observed between CH0 and CH0.25 

(Farhadihosseinabadi, Zarebkohan et al. 2019). No cell adhesion was observed until day 6 for 

both 5DCs made of CH0 and CH0.25 on non-coated petri-dishes and, cell adhesion was observed 

on both 5DCs made of CH0 and CH0.25 after 24 hours of culturing on BSA-coated petri-dishes. 

The cells on BSA-coated petri-dish migrates towards the middle of the 5DCs made of CH0 and 

CH0.25 by day 6. 
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0h 

    

24h 

    

48h 

    

Day 
5 

    

Day 
8 

    

Day 
16 

    

Day 
30 

    
Figure 56. hBMSCs adhesion onto the 5DCs 

5DCs made with CH0 and CH0.25 were cultured on petri-dishes with and without BSA-coating for up to 30 days. 
Images were taken at x100 magnification. 
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4.2.2.8 Establishment of Cell Infiltration Test Protocol 

The protocol for cell infiltration test using pre-seeded 5DCs made with CH0 were further 

optimised. The aim of this section was to establish the 2D-contact between the cell-seeded 5DCs 

and the scaffolds that will be tested for cell infiltration, to maintain stable contact between the 

5DCs and scaffold for the duration of the experiment, and to identify the most effective 

quantitative analysis method of cell infiltration. 

It was important to identify the method that quantitatively investigates the cell infiltration for this 

thick 3D environment. For this, two quantitative analysis was investigated; (1) nuclei-staining 

and (2) SB colorimetric assay.  

Nuclei on the 5DC strands were stained and were easily distinguishable in fluorescent images 

(Figure 57). Although chitosan did not speed up the initial cell adhesion process in 4.2.2.7 (both 

started adhering by 24 hours), there was a significant difference in number of cells on the 5DCs 

made with CH0 and CH0.25 after 26 days of culture evidenced by Welch’s unpaired t-test 

(t(11.17)=3.147, p=0.0091) (Figure 58).  

 CH0 with cells CH0 without cells CH0.25 with cells CH0.25 without 
cells 
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Figure 57. Bright field and fluorescent (Hoechst and GFP) images of 5DCs at day 26 

5DCs were fabricated with CH0 and CH0.25, seeded with cells/acellular, and images were taken at x40 magnification. 
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Figure 58. Number of cells on the 5DCs through nuclei-counting 

Results are obtained through nuclei-counting of the 5DCs made with CH0 and CH0.25 after 26 days of culture and 
reported as mean ± SE per 1 mm2, n=3. ** denotes p ≤ 0.01. 

The 5DCs stained with SB were observed under the microscope after drying. Stain was present 

on all 5DCs made with CH0 and CH0.25, and some stain spotting were present on 5DCs made 

with CH0.25 (Figure 59). The 5DCs were brittle after fixing with TCA. Using the titration curve 

for both cell number and scaffold weights, the number of cells in the 5DCs were calculated 

(Figure 60). The Welch unpaired t-test was performed which showed significant differences in 

number of cells between the CH0 and CH0.25 5DC’s (t(3.110)=21.39, p=0.0002). The ratio of 

number of cells on CH0 and CH0.25 remained similar to the nuclei stain method (1:1.33 for 

nuclei count and 1:1.31 for SB assay), indicating both methods had comparable accuracy for cell 

counting. 

(A) (B) (C) (D) 

    
Figure 59. hBMSCs-seeded and non-seeded 5DCs at day 26 with SB stain 

5DCs were fixed at day 26, stained with SB and air-dried. (A) CH0 seeded with cells, (B) CH0 acellular, (C) CH0.25 
seeded with cells, and (D) CH0.25 acellular (white arrow represents SB stain on chitosan particle), images taken at 
x40 magnification. 

 
Figure 60. Number of cells on the 5DCs through SB staining 

Results are obtained through SB staining of the 5DCs made with CH0 and CH0.25 after 26 days of culture and reported 
as mean ± SE per 5DC, n=3. *** denotes p ≤ 0.001. 
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Table 27. Comparison between nuclei-counting and SB colorimetric assay 

Advantages and disadvantages for determining cell number on 5DCs. 

 
 

Considering these advantages and disadvantages listed in Table 27, the SB colorimetric assay 

was used for the cell infiltration experiment. To proceed further with this quantitative analysis 

method, standard curves for the number of cells and chitosan concentration were generated 

(Figure 61 and 62). A non-linear regression was calculated to predict the number of cells based 

on absorbance value (at 510 nm) with an R2-value of 0.9954. A simple linear regression was 

fitted to predict the absorbance (at 510 nm) based on the weight of the scaffold for each of the 

different blends. A significant correlation was found for each of the blends (Moore and Kirkland 

2007). The R2-value for the linear regression of each blend were 0.7063 for CH0; 0.9509 for 

CH0.25; 0.8655 for CH0.5; 0.9752 for CH1.0. It should also be noted that the equations fitted for 

each blend is significantly different (F(3, 52)=95.96, p<0.0001) thus it can be concluded that the 

concentration of chitosan in the scaffold does significantly affect the absorbance value. 

 
Figure 61. Standard curve for cell number 

Curve represents the curve of best fit. n= 3. 
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Figure 62. Standard Curve for scaffolds weight vs absorbance 

Results are reported as mean ± SE, n=3. Lines represent line of best fit.  

In order to standardise the cell infiltration experiment, the 5DCs made with the lowest 

concentration of chitosan (i.e. CH0) seeded with cells were used for cell infiltration optimisation 

testing. In order to maintain the position of 5DCs on the sample scaffold throughout the 

experimental period, multiple techniques, such as using a glass slide as a weight were investigated 

(Appendix N and O).   

Since the technique tested (Appendix N and O) did not achieve stable contact between the 5DCs 

and scaffolds, another method of sandwiching the 5DC was considered. One of the attractive 

properties of PCL being its low melting point presented the possibility to weld the two cut 

scaffolds together and sandwich the 5DC. With Figure 20(A) and Figure 20(B) method, PCL 

strands of the scaffold sandwiching the 5DC melted and fused together. Figure 20(C) method 

stabilised the edges of the scaffold sandwich by spot-welding 8 points (Figure 65). As this method 

only melted the edges of the scaffold sandwich, cells seeded well away at the centre survived this 

procedure. 

 
Figure 63. Final design of cell infiltration test 

Scaffold sandwiches were successfully made with both CH0 and CH0.75, coupled with 5DCs 

made of PCL and were observed under the inverted microscope on days 4 and 7. With this method, 

a clear and defined starting point for cell migration was established (Figure 64). Although all the 
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scaffold sandwiches stayed together, one of the scaffold sandwiches made with CH0.75 was not 

tight enough and the 5DC could slightly move within the sandwich.  

 
Figure 64. Scaffold sandwich made withCH0 5DC and CH0.75 scaffolds 

Image taken at 0 hour, at x40 magnification. Cell migration front is indicated by the arrow. 

Images of the scaffold sandwiches were taken and compiled to make a whole view of the cell 

migration area. By day 4, some cell migration out of the 5DCs was observed on CH0 at almost a 

whole circumference, while cell migration was observed only on some areas on CH0.75. On day 

7, cell migration out of the 5DCs occurred on both CH0 and CH0.75 scaffolds, with a larger area 

covered with cells on the CH0 scaffold (Figure 65, Table 28).  
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Blend Cell Migration over Time 

CH0 

 

CH0.75 

 

 

Figure 65.  Cell migration progression 

Scaffold sandwich with CH0 and CH0.75 coupled with PCL 5DCs at selected time points (day 0, 4 and 7 for yellow, 
green, blue, respectively). Images were taken at x40 magnification and stitched together to show the entire 5DC 
structure and migrated cells. 
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Table 28. Maximum distance of cell travel and Area of cell migration on CH0 and CH0.75 

Results were measured at day 4 and 7 and are reported as mean ± SE, n=3. 

 
 

A two-way ANOVA demonstrated a significant effect for time (F(2, 8)=23.35, p=0.0005) and 

chitosan concentration (F(1, 4)=7.79, p=0.0492), indicating that both time and chitosan 

concentration influenced cell proliferation. The Tukey’s post-hoc analysis also showed a 

significant difference between the area of cell migration within CH0 comparing day 7 to day 4 

(p=0.0028) and day 0 (p=0.0003). The post-hoc analysis also showed that on day 7 the cells have 

migrated to a significantly larger area for CH0 compared to CH0.75 (p=0.0034). However, when 

employing another two-way ANOVA to investigate the maximum distance for cell travel, there 

was no significant difference between the blends (F(1, 4)=0.5802, p=0.4887) (Figure 66). The 

Tukey’s post-hoc analysis shows significant differences when comparing the maximum distance 

of cell travel within each of the blends over the 7 days. This indicates that the cell migration on 

CH0.75 sample was regional, whereas the migration on CH0 has occurred in circular manner. 

The microscopic image also supports this irregular-shaped migration on the CH0.75 scaffold.  

A two-way ANOVA showed there was a significant interaction effect involving the scaffold type 

(scaffold or 5DC) and chitosan concentration (CH0 or CH0.75) (F(1, 8)=28.00, p=0.0007) 

(Figure 67). The post-hoc analysis of the SB assays demonstrated that the number of cells on the 

CH0.75 samples were significantly greater to that of CH0 in the scaffold (p=0.0058) but 

significantly fewer cells when comparing the isolated 5DCs (p=0.0232). The post-hoc analysis 

also showed a significant difference in the number of cells between the scaffold and 5DC in 

CH0.75 (p=0.0003). 
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Figure 66. Cell migration behaviour on the test scaffold sandwiches 

(A) Area of cell Migration and (B) Maximum Distance of Cell Travel Comparing CH0 and CH0.75 up to 7 days. 
Results are reported as mean ± SE, n=3. * denotes p ≤ 0.05, ** denotes p ≤ 0.01, *** denotes p ≤ 0.001 and **** 
denotes p ≤ 0.0001. 

 
Figure 67. Number of cells on the scaffold sandwich that were separated before fixing 

Results are reported as mean ± SE, n=3. * denotes p ≤ 0.05, ** denotes p ≤ 0.01, and *** denotes p ≤ 0.001  

Both fixing methods (Figure 22) resulted in similar cell numbers. However, in order to investigate 

the change in cell number for each part, the separation of the scaffold sandwich needed to be 

done before fixation. Also, scaffolds fixed on day 7 were brittle after being fixed with 10% TCA. 

Therefore, a fixing method shown in Figure 22(B) was utilised for further experiments. 

4.2.2.9  Cell Infiltration Test on Scaffold with Various Pore Sizes 

Through this experiment, the effect of pore size on cell infiltration was investigated. The images 

of cell migration for the scaffolds of various pore sizes at all time points are presented in 
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Appendix P. No significant cell migration was observed at day 3 in all pore sizes. The cells 

migrated over a greater area and distance with increasing cell numbers over time. The general 

trend was seen with 600 µm strand-distance having significantly greater area of cell migration at 

day 10, 17 and 21. A two-way repeated-measures ANOVA on area of cell migration shows that 

time (F(8, 48)=4418.79, p<0.0001) and pore size (F(2, 6)=29.17, p=0.0008) had an extremely 

significant effect on the area of cell migration, and that both factors had an extremely significant 

effect (F(16, 48)=51.40, p<0.0001) (Figure 68(A)).  

Although Tukey’s multiple comparison test demonstrated that the maximum distance of cell 

travel was significantly greater with 600 µm strand-distance than other pore sizes at day 7 and 

10, a two-way repeated-measures ANOVA demonstrated that pore size does not greatly affect 

the maximum distance of cell travel (F(2, 6)=4.55, p=0.0627). However, an extremely significant 

effect of time (F(8, 48)=518.29, p<0.0001) was demonstrated. Additionally, it was shown that 

there was an extremely significant interaction between the time and pore sizes (F(16, 48)=6.55, 

p<0.0001) (Figure 68(B)). 

Number of cells in the scaffold was significantly higher in the scaffold with 250 µm strand-

distance at day 21. A two-way repeated-measures ANOVA suggested that time (F(2, 6)=15.25, 

p=0.0044) and pore size (F(4, 24)=140.64, p<0.0001) had highly significant effect on the number 

of cells grown in the test scaffold, and that both factors also had highly significant effect (F(8, 

24)=3.39), p=0.0097) (Figure 68(C)). 

The number of cells on the 5DCs harvested from the BSA-coated petri-dish remained relatively 

similar to the initial value throughout the experiment. The percentage of cells remaining in the 

5DCs isolated from the scaffold sandwich decreased over time with no statistical difference 

between the tested pore sizes at each time points. A two-way ANOVA demonstrated that both 

time (F(4, 32)=32.97, p<0.0001) and the pore size (F(3, 8)=24.99, p=0.0002) extremely 

significantly affected the decrease in number of cells remaining in the 5DCs, and that both factors 

had an extremely significant effect (F(12, 32)=4.60, p=0.0003) (Figure 68(D)). All the post-hoc 

analyses p-values can be found in Appendix Q, R, S and T. 
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Figure 68. Cell migration behaviour on scaffolds with different pore sizes 

(A) Area of cell migration, (B) Maximum distance of cell travel, (C) Number of cells on the scaffolds and (D) 
Percentage of cell remaining on 5DCs isolated from the scaffold sandwich with different strand-distances over 28 
days. Results are reported as mean ± SE, n=3.  

4.2.2.10  Cell Infiltration Test on MEW Scaffold of Various Chitosan 

Concentration 

The effect of chitosan concentration on cell infiltration behaviour was investigated, and the area 

of cell migration for the scaffolds of various chitosan concentration at all time points are 

presented in Appendix U.  

Significant increase of cell migration area was observed over time for all blends. Compared to 

other blends after day 7, CH1.0 had significantly greater area cell migration (see Appendix V for 

p-values). A two-way ANOVA analysis revealed a significant effect for time (F(8, 80)=10842.54, 

p<0.0001) and chitosan concentration (F(4, 10)=111.40, p<0.0001). An extremely significant 

interaction between the time and chitosan concentration was also demonstrated (F(32, 80)=66.39, 

p<0.0001) (Figure 69(A)). 

All samples significantly increased the maximum distance of cell travel over time, with some 

significant difference between the blends at each time points (see Appendix W for p-values). A 

two-way ANOVA demonstrated that time (F(8, 80)=1509.34, p<0.0001) and chitosan 

concentration (F(4, 10)=3.56, p=0.0469) significant effect on the maximum distance of cell travel. 
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In addition, the extremely significant interaction between the time and chitosan concentration 

was shown (F(32, 80)=7.10, p<0.0001) (Figure 69(B)). 

Number of cells on the scaffolds significantly increased over time for all blends with the most 

significant difference between blends shown on day 21 (see Appendix X for p-values). The 

number of cells on CH0.75 and CH1.0 were significantly higher than CH0 at day 14 and 21 

(p=0.0034 and p=0.001 for day 14 and 21 (CH0.75) and p<0.0001 for both time points (CH1.0)). 

A two-way ANOVA revealed that time (F(4, 40)=1472.53, p<0.0001) and pore size (F(4, 

10)=16.85, p<0.0002) had extremely significant effect on the number of cells grown in the test 

scaffold, and that both factors also had extremely significant effect (F(16, 40)=5.48), p<0.0001) 

(Figure 69(C)). 

The percentage of cells remaining in the 5DCs isolated from the scaffold sandwich decreased 

over time. As seen in the previous experiment (Figure 67), the number of cells remained in 5DCs 

isolated from the scaffold sandwiches of higher chitosan concentration was inversely 

proportional to the concentration of chitosan. A two-way ANOVA demonstrated that both time 

(F(4, 48)=66.58, p<0.0001) and the pore size (F(5, 12)=117.55, p<0.0001) significantly affected 

the decrease in number of cells remaining in the 5DCs, and that both factors had significant effect 

(F(20, 48)=4.96, p <0.0001) (Figure 69(D)). All the post-hoc analyses p-values can be found in 

Appendix Y. 
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Figure 69. Cell migration behaviour on scaffolds with different chitosan concentrations 

(A) Area of cell migration, (B) Maximum distance of cell travel, (C) Number of cells on the scaffolds and (D) 
Percentage of cell remaining on 5DCs isolated from the scaffold sandwich with various chitosan concentrations over 
28 days. Results are reported as mean ± SE, n=3.  

4.2.2.11  Summary of Melt-electrowritten Scaffold Characterisation 

The experiments of the MEW scaffolds demonstrated that: 

• Chitosan incorporation caused the strand surface to be slightly rougher and textured. 

• No significant compression of the first layer strand was observed; however, some pore 

closure was observed in the cross-sectional images. 

• No significant difference in swelling and degradation behaviour was observed between 

the blends. 

• BSA-coating on polyethylene petri-dish prevented cells from adhering to the petri-dish 

while encouraging cells to adhere to the MEW scaffolds. 

• BSA-coating on T25-flask slowed down but did not prevent cell adhesion to the tissue 

culture surface. 

• BSA-coating of polyethylene petri-dish up to 8 days did not affect the morphology of 

hBMSCs. 

• Chitosan did not speed up the initial cell adhesion, but more cells were present on the 

scaffold with chitosan after 26 days of culture when compared to CH0. 
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• Spot welding of the test sample scaffolds to create a scaffold sandwich was the best 

method to confine and stabilise the 5DCs onto the test samples. 

• Speed of cell migration onto the scaffolds with strand-distance of 600 µm was faster than 

other scaffolds. 

• Number of cells migrated on the scaffolds with strand-distance of 250 µm was greater 

than other scaffolds. 

• Cells migrated through CH1.0 scaffolds faster than other blends, and the number of cells 

migrated on CH1.0 was greater than any other blends. 

 

4.2.3 Hydrogel Characterisation 

As mentioned earlier, structural imitation of the native tissue is a key for successful TE. Therefore, 

hydrogels are commonly utilised for the NP region of TE-IVD. The specific aim of this section 

was to characterise the biological and mechanical properties of the chitosan hydrogel developed 

previously. To achieve this, the objectives were to: 

1. Investigate the swelling property. 

2. Investigate the degradation kinetics of the hydrogel. 

3. Investigate the compressive mechanical properties of the developed hydrogel. 

4. Investigate cell viability with a Live/Dead assay and nuclei-counting. 

4.2.3.1 Swelling Behaviour of the Hydrogel 

In order to prove the high-water absorbability of the hydrogel, the swelling property of the 

hydrogel in PBS was investigated at 37°C (3.55 ± 1.23%, 4.24 ± 1.77%, 4.71 ± 1.92% for day 1, 

3 and 7, respectively: Figure 70). A one-way ANOVA was employed which showed significance 

between the weight changes over the various time points (F(3, 8)=6.587, p=0.0149). Using 

Tukey’s post-hoc analysis, it has demonstrated no significant swelling from day 0 to day 1 

(p=0.0654), however there were statistically significant swelling of the hydrogel from day 0 to 3 

(p=0.0287) and day 0 to 7 (p=0.0166). 
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Figure 70. Swelling behaviour of the hydrogel 

Percent weight change over 7 days in PBS. Results are presented as mean ± SE, n=3. * denotes p ≤ 0.05. 

4.2.3.2 Degradation Behaviour of the Hydrogel 

The % weight change of the hydrogel over the experimental period were 3.58 ± 0.34%, 4.59 ± 

0.25%, 1.33 ± 0.77%, and -1.19 ± 1.02% for day 1, 7, 14 and 28, respectively.  

A one-way ANOVA showed significant differences in the weight change of the hydrogel at 

various time points (F(4, 10)=16.03, p=0.0002). A Tukey’s post-hoc analysis was used which 

showed there were significant differences in weight when comparing days 0 and day 7 (p=0.0022); 

and day 7 and day 28 (p=0.0004). However, no significant differences in the weight were seen 

between day 0 and day 28 (p=0.6412) (Figure 71).  

   
Figure 71. Degradation behaviour of the hydrogel 

Percent weight change over 28 days in PBS. Results are presented as mean ± SE, n=3. ** denotes p ≤ 0.01 and *** 
denotes p ≤ 0.001. 
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4.2.3.3 Mechanical Property of the Hydrogel 

For all the cyclic compression experiments, samples retained its cylindrical shape and no liquid 

leaching was observed. The cyclic compression behaviour of the hydrogel was measured using 4 

different samples, and the median was reported with percentage error < 10% in Figure 72. The 

first cycle of the cyclic compression for all sample showed a slightly lower value than the 

subsequent cycles. With the compressive breaking test, all the experiments showed similar results 

up to the strain of 44.17% with 7.4 kPa stress. The hydrogel started to break and leaching of 

liquid was observed after 44.17% strain, and was completely destroyed by 80% strain. Data 

reported in Figure 73 is the median of triplicate samples; percentage error is < 10%. 

The Young’s modulus of the hydrogel was calculated to be 16.75 kPa. 

 

Figure 72. Cyclic compression test of hydrogel samples 

n=4. Data reported are the median of the quadruplicate samples: percentage error is < 10%. 

 
Figure 73. Hydrogel compression behaviour observed to 80% strain 

The experiment was repeated 3 times using identical materials. n=3. 
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4.2.3.4 Rehydration of the Compressed Hydrogel 

The diameter of the hydrogel remained the same before and after compression, and after 

rehydration. The height visually increased over time but some part of the hydrogel disintegrated, 

making it more difficult to measure the height of the samples. The weight of the sample increased 

for 8.128 ± 1.666% and 30.50 ± 6.410% after 24 and 48 hours, respectively. A repeated-measures 

ANOVA was utilised which demonstrated a significant difference between the weight of the 

rehydration process at varying time points (F(1, 2)=22.54, p=0.0416) (Figure 74). However, upon 

running a Tukey’s post-hoc analysis there were no significant differences between hour 0 and 48 

(p=0.0747).  

 
Figure 74. Rehydration behaviour of the hydrogel 

Percent weight change over 48 hours in PBS. Results are presented as mean ± SE, n=3. 

4.2.3.5 Live/Dead Assay Optimisation for the Hydrogel 

Calcein blue emitted significantly weaker fluorescence compared to the calcein AM with the 

same concentration. In addition, blue fluorescence had significantly higher background on the 

hydrogel compared to green or red fluorescence, making it even more difficult to distinguish the 

blue fluorescence emitted from the cells. In addition, although the colour of the emitted 

fluorescence is the same between the GFP and calcein AM, modification of light intensity, 

exposure and gain allowed visualisation of only one type or both. Therefore, calcein AM was 

selected for subsequent experiments. 

To have an appropriate fluorescent emission, the concentration of fluorescent stains (EthD-1, 

calcein AM and Hoechst 33342) was optimised with respect to hBMSCs.  

For EthD-1, a concentration range of 0.1–10 µM in PBS was recommended in the manufacturer’s 

instructions. The appropriate concentration stains the dead cell nuclei bright red without staining 

the cytoplasm significantly. With 0.2 and 1 µM of EthD-1, the cell nuclei were stained bright red 
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with minimum cytoplasm staining. The 4 µM EthD-1 caused the whole structure of the cell to be 

fluorescent. Therefore, 1 µM of EthD-1 was chosen for further experiments. 

For calcein AM, a concentration range of 0.1–10 µM in PBS was  recommended in the instruction. 

The adequate concentration stain does not emit significant fluorescence in the dead cell 

cytoplasm, while emitting sufficient fluorescence signal in live cells. The 1 µM calcein AM 

emitted the significant green fluorescence in live cells, while both live and dead cells with 4 µM 

calcein AM emitted green fluorescence. Therefore 1 µM calcein AM was chosen for further 

experiments. 

For live animal cells, 0.324–8.1 µM (0.2 to 5 µg/mL) of Hoechst 33342 in PBS was 

recommended by the manufacturer. Green fluorescence from unbound dye would be observed 

with 510–540 nm range, which indicates the Hoechst 33342 concentration was too high. The 

Hoechst 33342 concentrations of 1.62 µM and 4.86 µM were investigated, and the 1.62 µM was 

chosen as unbound dye in 4.86 µM Hoechst 33342 emits too much green fluorescence (emission: 

510–540 nm) which causes high background while imaging the other green fluorescence signal, 

such as GFP (emission: 510 nm) and Calcein AM (emission: 515 nm). 

4.2.3.6 Live/Dead Assay on the Hydrogel 

The viability of the hydrogel decreased significantly between day 2 and 7 and no significant 

viability difference was shown between day 7 and 14. However, 95.32 ± 0.6222%, 87.71 ± 

1.510%, and 89.16 ± 0.8767% cells were viable after 2,7 and 14 days of culture, therefore this 

hydrogel was biocompatible (Figure 75 and 77). Additionally, it can be seen that the hydrogel 

maintained its biocompatibility (> 75%) over the duration of the experiment. A one-way ANOVA 

was used to investigate if there were any significant differences between cell viability at various 

time points (F(2, 6)=14.23, p=0.0053) (Figure 76). A Tukey’s post-hoc analysis showed 

differences in cell viability between day 2 and 7 (p=0.0057); and day 2 and day 14 (p=0.0156). 

 
Figure 75. Fluorescent (Live/Dead and GFP) image of hBMSCs in hydrogel (Day 14) 

Red stain indicates the nuclei of dead cells. 
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Figure 76. Cell viability of hBMSCs in hydrogel 

Percent cell viability of the hBMSCs encapsulated in the hydrogel for up to 14 days. Results are reported as mean ± 
SE, n=3. * denotes p ≤ 0.05 and ** denotes p ≤ 0.01. 

4.2.3.7 Summary of the Hydrogel Characterisation 

Through the experiments with the developed hydrogel, it was shown that: 

• Hydrogel swelled significantly after 7 days of incubation. 

• Hydrogel did not degrade significantly after 28 days of incubation. 

• The Young’s modulus of the hydrogel was calculated to be 16.75 kPa. 

• The hydrogel did not break with 10% strain cyclic compression. 

• The hydrogel started to break down at 44% strain, and was completely degraded after 

80% strain. 

• The hydrogel rehydrated in PBS significantly after being compressed. 

• The hydrogel was biocompatible after 14 days of culture. 
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5 Discussion 
To date, as far as the author is aware, no studies exist combining PCL and chitosan for the 

fabrication of the AF region of TE-IVD for total disc replacement. Furthermore, employment of 

MEW technology for the fabrication of this TEC is entirely novel. The aim of the project was to 

use MEW and hydrogel curing as fabrication techniques to develop the AF and NP regions of the 

IVD from PCL and chitosan, and to investigate their potential in vitro use for TE. The overall 

idea is to later combine both regions to construct a TE-IVD that will replace damaged IVD.  

To achieve this, several experimental steps were carried out. The 3D-printing parameters were 

optimised for blends with various chitosan concentrations, the resulting 3D-printed scaffolds 

made with PCL and chitosan were characterised for physical properties and biocompatibility used 

in the development of the AF region. Once the biocompatibility of the PCL and chitosan was 

accomplished, these biomaterials were used for MEW fabrication. Once the MEW parameters 

were optimised, the resulting MEW scaffolds were physically, chemically and biologically 

characterised. A hydrogel, representing the NP region of the TE-IVD, was also developed, and 

its physical and mechanical properties tested, as well as its in vitro biocompatibility. 

The major conclusions and achievements of the current project are (1) optimisation of 3D-

printing parameters with a variety of chitosan concentrations, (2) optimisation of MEW 

parameters with a range of chitosan concentrations, (3) development of a chitosan hydrogel, (4) 

physical and chemical characterisation of the resulting 3D-printing and MEW scaffolds, and 

hydrogel; and (5) in vitro assessment of the resulting scaffolds and hydrogel.  

The conclusions can be summarised as follows: 

1. A range of chitosan concentrations with a maximum of 20% can be 3D-printed; and 

optimised 3D-printing parameters for each blend was determined in order to fabricate 

reproducible, successful scaffolds. 

2. Chitosan concentrations of up to 1 wt. % in PCL can be melt-electrowritten, and 

optimised MEW parameters for each blend was found in order to fabricate 

reproducible, successful MEW scaffolds. 

3. One chitosan hydrogel sample, H-1 (Table 4, page 33), was found to remain fluid at 

room temperature and form a gel at physiological temperature. 

4. All 3D-printed scaffolds showed increased cell viability with increasing chitosan 

concentration. 

5. Addition of chitosan did not significantly affect the surface morphology, but 

moderately affected the strand-thickness. 



 
 

103 

6. All MEW scaffolds were biocompatible with cell migration and number of cells 

increasing over time. 

7. CH1.0 scaffold (1 wt.% chitosan in PCL) had higher number of cells grown compared 

to other blends. 

8. The developed chitosan hydrogel was shown to be biocompatible and have appropriate 

unconfined compressive strength;  

The thin-strip-shaped MEW scaffold (fabricated in Appendix Z) and the hydrogel were combined 

to represent an IVD for proof-of-concept for this project (Figure 77). 

 
 

 

 

 

 

Figure 77. A constructed TE-IVD  

A construction process of the TE-IVD made with PCL MEW scaffold representing AF region (AF) and hydrogel 
representing NP region (NP). 

5.1 Analysis of 3D-printed Scaffold Fabrication 

5.1.1 3D-printing Parameter and Condition Optimisation 

The 3D-printing parameters and the printing conditions were thoroughly optimised in order to 

fabricate reproducible 3D-printed scaffolds. The optimised 3D-printing parameters for the 

PCL/chitosan blends were: a heating temperature of 85–90°C, an extrusion pressure of 400–450 

kPa, z-offset of 0.25–0.5 mm, and 0.25–0.4 second start break with pre-fabrication heating time 

of 2 hours. A polyethylene petri-dish was used as the printing substrate, and the strand height 

was set to 500 µm. The strand-thickness variation significantly decreases when fabricated with 

the optimum heating temperature (Sheshadri and Shirwaiker 2015). Therefore, the optimum 

heating temperature for each blend was investigated.  

In this study, the optimum heating temperature of PCL for 3D-printing was found to be 85–90°C. 

Previous 3D-printing studies heated the PCL at range of temperatures between 80°C and 90°C 

(Kim, Park et al. 2008, Yildirim, Besunder et al. 2008). However, the optimum heating 

temperature varied due to variability in PCL Mw, the individual heating system of the 3D printer 

as well as the variability in the ambient temperature of the surrounds. The low melting 

temperature and the 3D printable viscosity of the PCL used in this project further confirms its 

potential in easily creating detailed and complex structures for various applications. Additionally, 

NP 
AF 
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melt-based pneumatic extrusion 3D-printing has the added benefit of requiring the use of non-

toxic solvents, which are commonly employed for conventional fabrication methods (such as salt 

leaching and electrospinning).  

It was hypothesised that the addition of chitosan increases the optimum heating temperature of 

the blend, as the chitosan used in this project would just be mixed, but not melted in the PCL due 

to insufficient temperature (melting point of the chitosan: 150°C). As shown in a previous study 

by Huang et al., ceramics blended in PCL exhibited increased viscosity which was counteracted 

by increasing the temperature which softens the polymer (Huang and Bártolo 2018). A similar 

phenomenon was observed here with chitosan incorporation in PCL. The results showed that 

increasing temperature to 95°C enabled 3D-printing of blends containing 20 wt.% chitosan, 

which supports the hypothesis. 

The composite blend in the metal barrel was melted after 30 minutes of heating, and there was 

no significant difference in melting time between the blends. Although Ogata et al. indicated that 

the polymer that has been melted once would not significantly change the viscosity when reheated 

with higher temperature (Ogata, Yamaguchi et al. 2007), the smoothness of extrusion after 2 

hours of heating was greater when compared to the extrusion after 30 minutes of heating. This 

may be because the longer heating time allowed any trapped air to escape, resulting in an even 

distribution of extrusion pressure throughout the blend. 

The 3D printable chitosan concentration loaded into PCL was < 30% and the extruded material 

became more yellow and textured as the chitosan concentration increased. This colour gradient 

was due to the natural colour of the chitosan, and the textured surface indicates the incorporation 

of the chitosan powder in the melted PCL. With 30% chitosan, the 3D-printing nozzle was 

clogged causing inconsistent strand extrusion and strand breakage. Since chitosan does not melt 

at 90 degree, the optimal temperature for 3D printing with PCL, chitosan aggregates formed 

which clogged the nozzle. An excessive concentration of chitosan (30%) in relation to the 

concentration of PCL (70%) increased the chance of this happening, and made the material highly 

viscous which solidified more quickly inside the nozzle. This, in turn, caused partial or complete 

blockage of the nozzle resulting in inconsistent strand extrusion or strand breakage. Increasing 

the heating temperature to above the melting point of chitosan may increase the 3D printable 

chitosan concentration in PCL, however that was beyond the capability of the 3D Bioscaffolder 

set-up for this project. In addition, heating the blend at a higher temperature could also cause 

degradation of the chitosan structure, which could potentially lose its bioactive benefit. Other 

projects that combined PCL and chitosan include the use of a chitosan hydrogel to coat a 3D-

printed porous PCL scaffold, and in another study a PCL/chitosan composite hydrogel and 

electrospun sheet was developed (Sarasam and Madihally 2005, Dong, Wang et al. 2017). 
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However, to date, there are no other reports on melt-based pneumatic 3D-printing of 

PCL/chitosan composites. 

Previous melt-extrusion studies that used PCL-based biomaterial ink have employed glass or 

polyethylene petri-dishes as printing substrates; hence, these were tested for their potential use 

as suitable 3D-printing substrates (Chang, Boland et al. 2011). Aluminium foil has been utilised 

as a collector surface in various electrospinning studies, and was therefore also investigated 

(Braghirolli, Steffens et al. 2014). Glad wrap (made of low density polyethylene) was also 

investigated as an alternative to polyethylene petri-dish due to its flexibility, which may increase 

the ease of scaffold removal.  

The results showed that the polyethylene petri-dish was the most easy-to-handle, had strong 

scaffold-to-substrate adhesion, and scaffolds were easily removed. However, there were slight 

variations in the curvature at the bottom of the petri-dishes, causing variation in 1st layer strand-

thickness. This was addressed by adjusting the z-offset or repeatedly using the same petri-dishes. 

The deposited strands did not strongly adhere to the aluminium foil and was dragged across the 

aluminium surface as the print head moved around. This may be due to insufficient friction 

between the aluminium foil surface and the deposited strand. Although the scaffold printed on 

glad wrap had sufficient adhesion to the substrate and stayed during the printing procedure, glad 

wrap was dragged by the deposited strand and tugged along, resulting in wrinkles on the scaffold. 

The scaffolds printed on a glass petri-dish and glass-slide started to lift from the corners of the 

scaffolds during printing and were completely separated from the surface within 10 minutes of 

fabrication. Although a glass substrate may be appropriate for 3D-printing using gel-like 

biomaterials containing a high water-content, this lifting of the scaffold suggests it is not an 

appropriate printing substrate for melted polymer. For FDM of PLA and acrylonitrile-butadiene-

styrene, applying a water-soluble glue stick on the printer bed to enhance adhesion is a commonly 

known technique. Typically, the residual adhesive on the 3D-printed object is washed off with 

water as a post-printing process. However, this was not the ideal method for this project as the 

chitosan scaffold absorbs water which could cause errors in further experiments. 

5.2 Analysis of Melt-electrowritten Scaffold Fabrication 

5.2.1 Melt-electrowriting Parameter and Condition Optimisation 

For the MEW scaffold generations in this project, the parameters optimised were a heating 

temperature of 85–90°C, an extrusion pressure of 20–35 kPa, a voltage of 7.5 kV, printing speed 

of 20–28 mm/s, and z-offset of 3.43 mm. The structure of the scaffold was optimised to 

“Perimeter-then-infill” with no outline. The powder blends were heated for 2 hours before 
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initiation of extrusion. A glass sheet was used as the MEW substrate and the strand-distance was 

set to 400 µm with strand-thickness of 50 µm.  

It was found that 85°C was the optimum heating temperature of the PCL used for the MEW 

scaffold fabrication. Previous studies have suggested the optimum heating temperature for the 

PCL with Mw=50 kDa was 70 or 85°C (Brown, Dalton et al. 2011, Hewitt, Mros et al. 2019). 

However, with the PCL and the MEW setup used in the project, a Taylor cone was not formed 

with a heating temperature of 80°C or lower. This variation in the heating temperature may be 

due to a difference in the heating system of the machine, nozzle size and extrusion pressure. The 

heating temperature was kept at its lowest of the extrudable temperature for each blend, as the 

strands fabricated with higher temperature took longer to solidify once deposited; causing strands 

to become deformed or sink into the layers below. This will cause the layers to fuse together, and 

the resulting scaffolds to lose structural accuracy and to have closed or narrowed pores. The 

suggested optimum heating temperature of PCL for MEW varies between other projects (70 or 

85°C for Mw=50 kDa and 80°C for Mw=80 kDa) (Brown, Dalton et al. 2011, Hrynevich, Elçi et 

al. 2018, Abbasi, Abdal-Hay et al. 2019, Brennan, Eichholz et al. 2019, Fuchs, Youssef et al. 

2019, Hewitt, Mros et al. 2019, Saidy, Wolf et al. 2019). Brown et al. fabricated PCL MEW 

scaffolds using PCL of Mw 50 kDa and 80 kDa, and demonstrated the increase in fibre diameter 

and viscosity, and decrease in printing speed with PCL of higher Mw (Grosvenor and Staniforth 

1996, Brown, Dalton et al. 2011). As previously discussed in 4.1.1.1, the powder blend melted 

for 2 hours before the extrusion; which resulted in smooth and homogeneous extrusion.  

The melt-electrowritable maximum chitosan concentration loaded into PCL was 1%, with the 

flow and strand-thickness consistency inversely proportional to chitosan concentration. The 

upper limit of bioactive additive concentrations for MEW have been reported as 0.5% milk 

protein (lactoferrin and whey protein) in PCL, however no other bioactive polymers have been 

added to PCL for MEW thus far (Hewitt, Mros et al. 2019). This difference in the maximum 

melt-electrowritable concentration could be due to differences in particle size, weight, chemical 

structure or the polarity between the milk protein and the chitosan used in this project. It has been 

shown that additives with smaller particle size can be loaded into PCL with a higher concentration 

than additives with larger particle size for melt extrusion, as the viscosity of the blend with larger 

particles has a higher viscosity at the same additive concentrations (Huang and Bártolo 2018). 

Therefore, it can be expected that the heavier particles would sink faster to the bottom and clog 

the nozzle with lower concentration, whereas the particles with lighter weight would sink slower 

therefore allowing higher concentrations of the bioactive to be used. Another possible reason for 

the difference in maximum melt-electrowritable concentration is the charge of the additives. 

Chitosan and lactoferrin are positively charged molecules, whereas whey protein is negatively 
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charged under neutral conditions, which may have affected the maximum extrudable 

concentration between chitosan, lactoferrin and whey protein (Vardhanabhuti, Kelly et al. 2010). 

Urbanek et al. demonstrated that addition of chitosan could also affect the ability of strand 

deposition for solution-electrospinning (Urbanek, Sajkiewicz et al. 2017). Due to the similarity 

of fibre deposition processing between electrospinning and MEW (both utilising pressure and 

voltage to extrude the material), it was hypothesised that the chitosan additive would also affect 

the melt-electrowritability of the blend. Considering the current flow in the MEW system, it was 

assumed that the negatively charged molecules would be more extrudable due to the attractive 

pulling force from the positively charged platform, and the opposite applies for the positively 

charged molecules (Figure 78). This would cause extrusion difficulty, hence affecting the 

required parameter values for the fabrication of a successfully MEW scaffold (i.e. increase in 

heating temperature, extrusion pressure and voltage; and decrease in printing speed as chitosan 

concentration increases). The result (Table 19) indicated that a slight increase in extrusion 

pressure and decrease in printing speed was required for a successful MEW fabrication as 

chitosan concentration increased. However, these changes were not obvious as the amount of 

chitosan added was small.  

Another hypothesis made regarding the charge of chitosan was that it may affect its distribution 

in the deposited strand. It was hypothesized that the chitosan particles would be repelled against 

the platform and be located around the top part of the strands causing uneven distribution of 

chitosan particles. However, neither SEM images nor SB stain demonstrated any signs of uneven 

distribution of chitosan particles within the strand cross-section. This may be due to the high 

viscosity, very low concentration of chitosan and quick solidification of the melt PCL that limited 

their movement within the strand once deposited. In addition, assuming that the irregularities on 

the strands contained chitosan particles, it appears that their location was not affected by the 

charges. Also, it was shown in one paper that the chitosan powder diameter was > 25 µm (Hong 

and Kim 2011). This powder size may also have limited the movement of the chitosan powders 

within the strand. A future investigation to observe the particle size of the chitosan with optical 

microscope should be performed. 

 
Figure 78. MEW of the PCL incorporating chitosan particles 

Deposition of melt PCL (light blue) with incorporated chitosan powder (orange spheres). 
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There are several examples of developed 3D-printed or electrospun scaffolds made of 

PCL/chitosan blends dissolved in solvents (AA or formic acid). Research conducted by Van der 

Schueren et al. demonstrated that a maximum of 30 wt.% chitosan can be dissolved in 6 wt.% 

PCL solution in AA/formic acid solvent (Van der Schueren, Steyaert et al. 2012). This high 

concentration of chitosan in the fabricated scaffold was achieved due to the employment of 

organic solvents, which significantly increases its fluidity, and ability to be jetted. MEW does 

not employ solvents; therefore, the melt-electrowritable concentration of additives in PCL is 

limited. There was no literature found specifying the incorporation of chitosan powder into 

molten PCL for MEW fabrication, which further demonstrates the novelty of this work. 

The blends with chitosan concentrations of 1.5% and 2.5% were extrudable; however, the 

extruded strands thinned out and gradually ceased during the scaffold fabrication, and therefore, 

were not melt-electrowritable. A similar phenomenon was observed for 3D-printing as previously 

discussed, and this extrusion difficulty may be due to the chitosan powder particle size, charge 

of the additives or potential non-homogeneous distribution of chitosan powder in PCL, causing 

the presence of chitosan powder clusters in the melted PCL. In fact, with the blend containing 

more than 1% of chitosan, the nozzle was clogged after 12 or more hours of continuous pre-

heating; which indicates the potential sinking of chitosan aggregates in molten PCL due to gravity. 

The extrusion pressures required for the blends containing > 1% chitosan was significantly higher 

than that required for the blend containing £ 1% chitosan (£ 80 kPa and around 20 kPa, 

respectively), which may be the early indication of the blend being non-melt-electrowritable. 

After the cessation of the strand extrusion for the chitosan concentration of 1.5 and 2.5%, the 

voltage was turned off and extrusion pressure was increased to up to 400 kPa to remove the clog. 

Once the clog was removed, another attempt was made to fabricate MEW scaffold; however, the 

same issue occurred with a thinning strand and gradual cessation of extrusion. This may indicate 

the presence of multiple chitosan powder clusters at the nozzle tip. 

Zhiyuan et al. also reported that the addition of polar additive affects the resulting scaffold 

architecture (Zhiyuan, He et al. 2014). No significant difference in the strand-thickness was found 

between the range of chitosan concentration fabricated with the same MEW parameters. This 

could be because the amount of chitosan added was too low to significantly affect the strand-

thickness. The increasing variation in strand-thickness was caused by the increasing number of 

irregularities in the strands. At the fabrication step it was assumed that these irregularities were 

clumped chitosan, as it was not present in the PCL only scaffold and the number of irregularities 

increased as the chitosan concentration increased. This assumption was further supported with 

the SB staining, which was used for cell infiltration tests for the MEW scaffold, with the 

irregularities being stained with SB indicating that the irregularity was positively charged. This 

will be further discussed in 5.5.4.5. 



 
 

109 

The optimum MEW parameters for blends containing chitosan (0–1%) in PCL, and the 

relationships between the MEW parameters and scaffold architecture were investigated. The 

printing speed and extrusion pressure were found to have moderate non-linear relationships with 

the strand-thickness, but no other parameters had correlation with strand-thickness (Figure 79). 

This result was supported by the study conducted by Hrynevich et al., who reported non-linear 

relationships between the strand-thickness and printing speed or extrusion pressure for MEW 

scaffold (Hrynevich, Elçi et al. 2018). To our knowledge, no other study has investigated 

relationships between strand-thickness, voltage and z-offset. 

As observed in 3D melt extrusion printing, as the nozzle moves faster than the ratio of polymer 

extrusion, the extruded strand would not be able to wiggle and coil around itself, which allows 

the accurate deposition of the strand (Figure 79). If the printing head were to stay in the same 

position while extruding the material, the extruded material would hit the printing substrate and 

start coiling around itself, forming a swirl due to the increasing force of the electric field from 

the printing substrate (Figure 79)(Brown, Edin et al. 2014). Therefore, the printing speed during 

the scaffold fabrication for each blend was required to be optimised to match the rate of strand 

deposition. CTS for PCL used in this study was found to be in between 5–10 mm/s, and the 

optimised printing speed for each blend varied between 20–28 mm/s. 

 
Figure 79. Schematic diagram of strand deposition at various printing speeds 

CTS: critical translation speed. 

It has been demonstrated that the strand-thickness increases as the extrusion pressure increases, 

as the extrusion pressure directly affects the material deposition rate from the nozzle (Brown, 

Dalton et al. 2011). A similar result was observed in this study. Both the pore size and strand 

width exhibited increased variance as the extrusion pressure increased. This was most likely due 

to a mismatch in material extrusion speed relative to the pulling force of the applied voltage; 

causing inaccurate strand deposition. 
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The result from this project supported the results of Hrynevich et al., that there is a non-linear 

relationship of the strand-thickness with printing speed and extrusion pressure. The curves for 

printing speed and extrusion pressure showed a similar trend to the ones reported by Hrynevich 

et al. (Figure 80). The difference in the strand-thickness between the current study and Hrynevich 

et al. may be due to the difference in the machine and PCL used, experiment environment and 

other MEW parameters (such as heating temperature, extrusion pressure, and nozzle size). 

(A) (B) 

  
Figure 80. The thickness of the strands fabricated with range of parameters 

(A) Printing speed and (B) extrusion pressure for current project, n=12, mean ± SE. 

The applied voltage was also optimised in parallel with other parameters to allow the deposited 

strand to be attracted to the print substrate (Brown, Edin et al. 2014). The optimum voltage must 

be strong enough to form a Taylor cone at the nozzle tip and to continuously pull the cone towards 

the printing substrate. With the voltage of 0, 2.5 and 5 kV no Taylor cone was formed; showing 

these voltages were insufficient for the fabrication of the scaffolds. With the voltage 7.5 kV or 

higher, the variance of the strand-thickness gradually increased. This means that the excessively 

strong voltage would result in scaffolds with inconsistent strand-thickness and pore size. A study 

comparing the average fibre diameter of electrospun poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) using a range of applied voltage to the nozzle suggested that the average 

diameter of the electrospun fibre decreases as the negative voltage applied to the nozzle tip gets 

larger (i.e. more negative) (Tong and Wang 2010). Due to the similarity in fabrication mechanics 

between electrospinning and MEW, it was hypothesised that a similar reduction of the strand 

diameter would be observed. Decreasing strand-thickness with increasing voltage was observed; 

however, the correlation between the strand-thickness and the voltage was not significant. This 

may be because the location of the charges applied is different (negative charge to the nozzle and 

positive charge to the platform for Tong et al. and the current project, respectively). Since the 

applied voltage of 7.5 kV on the platform had the smallest variance in strand-thickness and met 

the criteria for successful MEW scaffold, the optimum voltage was found to be 7.5 kV for all 

blends.  
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The Z-offset, the distance between the nozzle tip and the printing substrate affected the 

consistency of both the strand-thickness and pore size especially at the smaller and larger z-

offsets. With 1.43 mm, the z-offset was too small causing the Taylor cone to touch the printing 

substrate, resulting in an unintentional dragging of the Taylor cone that resulted in variances in 

strand-thickness. With a larger z-offset, the growing effect of the electric field between the nozzle 

and printing substrate caused instability in the deposited strand as it got closer to the printing 

substrate; therefore, allowing the deposited strand to wiggle around before being laid down to the 

printing substrate. This caused the strands being laid at a random position, resulting in an 

inconsistent pore size throughout the scaffold. The z-offset that allows consistent strand-

thickness and pore size was found to be 3.43 mm for all blends. In the previous study 

investigating the effect of the distance between the nozzle and the platform for electrospinning, 

it was stated that the fibre diameter decreases as the distance increased (Tong and Wang 2007). 

A similar trend was seen with the z-offset between 2.43–5.43 mm; however, as the z-offset got 

larger the variance of the pore-width got larger; thereby losing the deposition accuracy benefit of 

MEW. Optimum z-offset was chosen to be 3.43 mm as both the strand-thickness and pore-width 

value stayed close to the value set in the successful MEW scaffold criteria. 

No significant relationships to the strand-thickness were observed with parameters such as 

voltage and z-offset. To our knowledge, there are no other studies that extensively investigates 

the effect of voltage and z-offset on strand architecture for MEW. Brown et al. investigated the 

effect of processing parameters in detail (2014); however, the effect of the voltage and z-offset 

on strand-thickness were not mentioned. It should be noted that the different machine, blend 

compositions and environmental conditions (such as atmospheric temperature or air flow in the 

laboratory) can affect the MEW specific parameters. Therefore, these parameters optimised here 

can only be used as a guideline for further studies, and it is suggested that detailed optimisation 

must be carried out for each individual experiment. 

It has been suggested that aluminium foil is the suitable printing substrate for 

electrowriting/electrospinning with melted polymers (Sukigara, Gandhi et al. 2003, Ingavle and 

Leach 2013). In this project, however, the deposited PCL fibres repelled from the aluminium foil 

and the resulting MEW scaffolds were slightly irregular in shape and architecture. These 

phenomena were also observed with polyethylene petri-dish resulting in messy strand deposition. 

These phenomena were not observed with the glass substrates investigated in this project. A 

logical explanation would be that aluminium foil became electrically charged from the voltage 

source of the platform which repelled the deposited polymer of the same charge, causing the 

inconsistent deposition of strands (Figure 81). For the polyethylene petri-dish, it can be concluded 

that the electric conductivity of the polyethylene petri-dish was lower than the critical value of 

the PCL which caused the decreased deposition rate of the melted polymer, causing the strand to 
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be more prone to the effect of the electric field flowing towards the print substrate. This resulted 

in the inaccurate deposition of the strands.  

 
Figure 81. Schematic diagram of repulsion between the strand and aluminium foil 

Both strand and aluminium foil were negatively charged and causing repulsion. 

Zhiyuan et al. suggested that polar molecules were more affected by electric fields than non-polar 

molecules during melt-electrospinning (Zhiyuan, He et al. 2014). However, the concentration of 

chitosan used in this study was much lower than the amount investigated by Zhiyuan et al.; 

therefore, the conductivity and adhesion property of the strands would not have been significantly 

affected. 

MEW allows the fabrication of highly porous, precisely deposited micro-architectural scaffolds 

(Wunner, Eggert et al. 2019). In this project, MEW scaffolds with various strand-distances (50 

to 1000 µm) were fabricated with PCL and tested for its processability and useability in IVD-TE. 

A majority of them were successfully fabricated with precise architecture, however, some strand-

distances (50, 100 and 200 µm) were not accurately deposited. The minimum strand-distances 

possible with PCL and PCL/chitosan blend were 200 µm and 250 µm, and the minimum strand-

distance increases as the chitosan concentration increases. This was important to be investigated, 

as it has been shown that the scaffold with smaller pore size promotes cell migration and activities 

than the scaffolds with larger pore size. 

The strands of some scaffolds that were supposed to be laid adjacent to one another were instead 

piled on top of one another for strand-distances of 50, 100 and 200 µm. Because of this, the 

fabricated scaffolds were thicker than desired. Due to this inaccurate strand deposition, the 

variance of strand distance correspondingly increased. This may be due to the electrical force 

between the depositing strand and the previously deposited strands, which caused the depositing 

strand to be instable and whip around, and thereby ending up lying on top of the previous strand. 

To support this hypothesis, the strand-thickness and the minimum pore size of the PCL scaffold 

fabricated in the current project was compared with that of other studies (Table 29). The strand-

thickness of the MEW scaffold fabricated in the current project was relatively larger than the 
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ones in other studies, and the minimum pore size investigated were similar to the majority of 

other projects. The distance ratio of the current study was larger than reported in other studies. 

This may be why the scaffolds fabricated with smaller strand distances (50, 100 and 200 µm) had 

relatively inaccurate strand deposition due to repulsive electric forces. Distance ratio was 

calculated with the following formula (Equation 5): 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑟𝑎𝑡𝑖𝑜	(%) = 	
𝑆𝑡𝑟𝑎𝑛𝑑	𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑚𝑖𝑛𝑖𝑚𝑢𝑚	𝑠𝑡𝑟𝑎𝑛𝑑	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
	𝑥	100 

Equation 5. Distance ratio of the MEW scaffold 
 

Table 29. Architectures of PCL MEW scaffold developed to date 

Strand-thickness for the current project listed in the first row is reported as mean ± SE. The strand-thickness from 
literature review are reported as mean ± standard deviation if stated, otherwise measured from SEM images provided.  

 
 

Since this study aimed to fabricate scaffolds for IVD tissue engineering which mimic the native 

AF region, physiological collagen fibre orientation and AF lamellar thickness were mimicked 

(Lazebnik, Singh et al. 2011). To do this, alternating parallel collagen fibre layers were angled at 

± 60° from the vertical axis with a thickness of less than 250 µm fabricated.Furthermore, to allow 

maximum mechanical property, the AF-lamellae must be wrapped concentrically; therefore 

flexibility, manipulability and processability were important to be investigated. For these reasons, 

layer heights of 50, 100 and 150 µm were investigated. The MEW scaffolds that were successful 

in recreating the set architecture were also tested for peel-ability from MEW substrate, flexibility 

and processability in order to test its competency for the use as AF region of TE-IVD. The 

majority of scaffolds were successfully peeled from the MEW substrate and were flexible enough 
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to curve around a tube. This showed that the scaffold can be handled for manufacturing and be 

flexible enough to form the AF region. However, the scaffolds that were easier to peel and were 

more flexible were problematic with regard to cutting as scissors smashed the layers and the 

strands delaminated from one another. This caused a majority of the scaffolds with a layer height 

of 100 and 150 µm being removed from the shortlist for the following experiments. It can be seen 

that there was a trade-off between these three tests, as the scaffolds that were easier to peel 

(requires structural rigidity) were less flexible, and also harder to cut without destroying the 

structural detail of the scaffold. 

The possible minimum strand-distance for all chitosan blends was investigated to set the smallest 

strand-distance used for subsequent cell infiltration tests. To the best of the author’s knowledge, 

there are no studies investigating the possible minimum strand-distance for PCL incorporating 

other biomaterials using MEW fabrication technique.  

The increase in the possible minimum strand-distance with various chitosan concentrations may 

be caused by the increased chance of having chitosan irregularities at the neighbouring strands, 

which may have caused the repulsion of the strands hence widening the strand-distance.  

5.3 Analysis of Hydrogel Development 

5.3.1 Gelation Behaviour of the Hydrogel 

The NP region of the TE-IVD must structurally mimic the native NP region in order to have 

similar mechanical characteristics to native NP. Therefore, utilisation of a hydrogel is a common 

strategy for developing the NP region. Considering the development phase and future clinical 

translation, the ideal physical characteristics of the hydrogel to be utilised in IVD-TE include: (1) 

fluid at room temperature, (2) quickly gels with the selected stimuli (for this project, temperature) 

and (3) remain solid at physiological temperature. Despite it being a superior gelling agent for 

chitosan, the cytotoxicity of bGP cannot be ignored in the development of a successful TE-IVD. 

Therefore, gelation behaviour of samples with various gelling agent ratios were investigated at 

room temperature and physiological temperature. Hydrogel components included chitosan 

solutions made with HCl and AA, bGP, SHC and PBS. The pH of the chitosan solution dissolved 

in AA was significantly lower than the one dissolved in HCl (pH 4.42 and 6.09). The bGP and 

SHC solutions were basic (pH 8.78 and 8.40), and PBS solution had pH of 7.2. At a lower 

concentration of bGP, too much electric repulsion between the positively charged chitosan chains 

inhibited the coagulation of chitosan chains, causing samples not to gel (Schuetz, Gurny et al. 

2008). With sufficient or above bGP concentration, the positive charge density was neutralised 

and extensive hydrogel bonding between a phosphate group and an ammonium group could occur 
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via electrostatic attraction, hence allowing the sample to gel (Schuetz, Gurny et al. 2008). In order 

to form hydrated and three-dimensional hydrogel with chitosan and bGP, it was also important 

to have hydrogen bonds between water and chitosan. 

While a majority of the samples remained fluid at room temperature overnight, some had gelled 

within the experimental period of up to 12 hours. The gelled samples H-3 and H-4 contained a 

higher ratio of SHC than other samples, therefore it was determined that SHC was a suitable 

gelling agent for chitosan. The difference in gelation behaviour between H-4 and H-5 (Table 4) 

indicated that SHC gels the chitosan solution at a faster rate than bGP at room temperature; 

therefore the amount of SHC should be limited so that the sample would not gel at room 

temperature. The difference in viscosity between the samples made with HCL (H-1, H-2 and H-

5) which did not gel, also support the incomplete crosslinking of the sample at room temperature 

with range of SHC ratios.  

No samples made with chitosan solution in AA gelled within the experimental period at room 

temperature despite the same ratio combinations of chitosan solution, bGP and SHC. The lack of 

setting was due to with the insufficient availability of protons in AA, which is a weaker acid 

when compared to HCl. The difference in viscosity between the chitosan solutions made with 

AA and HCl may be because of the polycationic characteristic of the chitosan, which caused 

repulsion to the proton released from HCl; hence chitosan was less soluble in HCl than to AA. 

Chenite et al. reported the turbidity of the hydrogel developed with higher concentration of bGP 

(Chenite, Chaput et al. 2000). This was also observed in H-3 but not observed in H-4, supporting 

the argument of Chenite et al.. 

At physiological temperature, H-1, H-2 and H-5 gelled within 12 hours of incubation in this order. 

Ganji et al. stated that the gelation time at physiological temperature decreased as the bGP 

concentration increased (Ganji, Abdekhodaie et al. 2007). Therefore, it was expected that H-5 

would gel quicker than H-1 and H-2, due to the higher concentration of bGP in the sample; 

however, the result showed the opposite. This may be because of the presence of SHC in H-1 

sample, which accelerated the gelation of H-1. The reason for H-2 (which contains a higher 

amount of bGP and SHC than H-1) to take longer to gel might be the larger PBS quantity, which 

would have reduced the pH of the sample; leading to the slower rate of gelation (Chenite, Chaput 

et al. 2000). Chenite et al. also suggested that the hydrogel would take longer or require a higher 

temperature to gel with a lower pH, which explains the result of the current project. As previously 

stated, transparency of the hydrogel decreases with higher concentration of bGP (Chenite, Chaput 

et al. 2000). The turbidity was also observed in the gelled H-1 and H-2, but not in H-5 after 

incubation overnight. However, it contradicts the argument made by Chenite et al., as H-5 had 
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higher concentration of bGP than H-1. One possibility is that the addition of SHC also caused 

turbidity in the chitosan hydrogel. 

No samples made with chitosan in AA gelled within the experimental period. As discussed earlier. 

This can be due to an insufficient amount of proton availability in AA. Ganji et al. demonstrated 

that by increasing the concentration of bGP, the gelation time at physiological temperature 

decreases. However, these adjustments were not investigated further due to time constraints. In 

addition, bGP is known to be toxic for the cells, therefore an increase in concentration was not 

warranted. 

5.4 Analysis of 3D-printed Scaffold Characterisation 

5.4.1 Surface Morphology and Scaffold Architecture of the 3D-

printed Scaffolds 

The result of this study indicate that surface roughness of the strand increased with increasing 

chitosan concentration. The roughness is especially obvious in the top view of the SEM image of 

CH20 (Figure 43, page 72). This phenomenon was also demonstrated in another study that 

incorporated particles of TCP in PCL. Dávila et al. demonstrated the difference in strand surface 

morphology from both a top and a cross-sectional view of the various concentrations of TCP 

incorporated in PCL, and observed an increasing appearance of particles in the strands (Dávila, 

Freitas et al. 2016). Some chitosan aggregates were also visible in the strand cross-sections, 

indicating the presence of chitosan particles throughout the scaffolds. 

The top view SEM images of the samples (Figure 43, page 72) showed the flattening of the first 

layer and gradual closure of the micropores on the scaffolds as chitosan concentration increased. 

SEM images taken by Dávila et al. also showed the closure of the micropores on the scaffolds 

containing TCP that were present in PCL scaffold, indicating that the TCP aggregates filled these 

micropores. Marcotte et al. suggested that these micropores of the PCL scaffold roughen the 

scaffold surface and can enhance cell activity on the scaffold (Marcotte and Tabrizian 2008, 

Sobral, Caridade et al. 2011). However, the size of the micropores present on the PCL scaffold 

strands were smaller than the hBMSCs used in the current project (10 and 30 µm in diameter, 

respectively). Therefore, it is questionable whether the micropores smaller than the size of the 

cells would significantly enhance the cell activity.  

Both top and cross-sectional view SEM images indicated the flattening or compression of the 

first layer, which was demonstrated by the strand architecture as well as the pore sizes viewed 

from top and cross-sectional views. This strand flattening was also reported by Rabionet et al. 
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with a heating temperature higher than optimum temperature (Rabionet Díaz, Polonio Alcalá et 

al. 2018). This suggests that the melted material that was deposited at high temperature would 

not have enough time to solidify before the next layer was deposited onto itself. To address the 

strand flattening, a temperature-controlling platform can be used. If the temperature-controlling 

platform was to be used in the future, it would be set to a lower temperature to speed up the 

cooling of the deposited strands, hence allowing the deposited strand to solidify before flattening 

or being compressed by the following layers. However, it should be noted that cooling of the 

platform significantly decreases the contact surface of the deposited strand to the printing 

substrate due to the faster hardening of the strand, hence the likelihood of the scaffold lifting 

from the printing substrate before cessation of the fabrication increased. Another possible factor 

that can prevent strand flattening is to lower the environmental temperature around the 3D printer 

during fabrication. It also encourages the strand extruded from the nozzle to solidify before it 

touches the print substrate, decreasing the chance of strand flattening. However, it can be an 

energy consuming option to take, so utilisation of the temperature-controlling platform may be 

preferred. Interestingly, strands of all layers except for the first layer almost retained its 

cylindrical shape despite the deposition of the following layer on top of itself. This may be 

because the strands of the second layer onwards have more surface area for the surrounding air 

to contact than the first layer, allowing the strand to cool faster than the first layer strands. 

5.4.2 Degradation Behaviour of the 3D-printed Scaffolds 

PCL degradation starts by hydrolysation via a catalytic process at ester groups, which makes it 

highly crystalline and lowers its molecular weight (< 3 x 103 Da)(Pitt, Chasalow et al. 1981). The 

next step includes the intracellular degradation and removal of broken down PCL as it 

disintegrates in the presence of cells, such as macrophages and fibroblasts (Woodward, Brewer 

et al. 1985). The first step of PCL degradation, hydrolysis, shows first order kinetics. This means 

that the degradation kinetics depends on the amount and the molecular weight of PCL 

(Woodward, Brewer et al. 1985). Additionally, PCL has an extremely slow degradation rate, 

ranging from 2 to 4 years depending on the initial molecular weight used for scaffold fabrication 

(Woodruff and Hutmacher 2010).  

Therefore, it was expected to have a declining curve for degradation kinetics for all blends, with 

the scaffolds containing higher amounts of chitosan may lose more weight than CH0 as chitosan 

is faster to degrade. It was also assumed that these scaffolds would not have a significant 

degradation of PCL over 28 days of incubation in PBS. Around 0.3% of weight was lost for CH0 

after 28 days of incubation. This supports previous studies by Lam et al. (degraded 0.4% over 3 

months) and Yeo et al. (degraded < 1% over 4 weeks) despite the difference in scaffold structural 

detail (Yeo, Sju et al. 2008, Lam, Hutmacher et al. 2009). It has been reported that the degradation 
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of PCL produces acid metabolites that would decrease the pH of the surrounding environment 

(PBS for the current project), which could potentially affect cell activity (Sung, Meredith et al. 

2004). Therefore, pH was also recorded throughout the 28 days of the degradation study. The pH 

of the PBS decreased over the 28 days from pH 7.45 to 6.11, which also followed the decreasing 

trend demonstrated by Sung et al. (Sung, Meredith et al. 2004). This pH reduction suggests that 

there were some acid metabolites produced by PCL during the experimental period (Qin, Li et al. 

2006). Contrary to our expectations, the scaffolds containing higher amounts of chitosan retained 

its weight more than CH0. In addition, a significant increase in weight at day 7 was observed 

despite the initial expectation. On day 14 to day 28, the scaffold containing higher chitosan 

concentrations had a faster degradation rate (i.e. the slope is steeper than that of CH0), suggesting 

degradation of chitosan within the scaffolds. 

These results would suggest that the scaffolds containing a higher amount of chitosan retained 

its weight better than the scaffold which only contained PCL. This may be due to the excellent 

water-holding capacity of the chitosan, which allowed significant swelling of the scaffolds (day 

7) and limited the evaporation of some water content while being dried in the oven for 12 hours, 

as indicated by Liu et al. (Liu, Wang et al. 2013). This desiccation time follows literature that 

developed electrospun PCL/chitosan scaffolds; however, it should be taken in account that the 

3D-printed strands (around 500 µm) are significantly thicker than electrospun strands (around 

200nm), therefore would have taken a much longer time to completely dry. More accurate results 

could have been obtained by desiccating the scaffolds for longer, such as 72 hours, as suggested 

by Fukunishi et al. (Fukunishi, Best et al. 2016). A study that investigated the degradation 

behaviour of the chitosan scaffold in PBS demonstrated that the scaffold solely made of chitosan 

lost around 4% of the original weight by day 28 (Huang, Onyeri et al. 2005). This supports the 

weight reduction of the chitosan containing scaffolds between day 14 and 28. This also supports 

the significant pH reduction during the period of the experiment despite the small amount of PCL 

degradation, as chitosan degradation also releases acidic metabolites. Also, utilisation of 4 mg/ml 

lysosome solution in PBS could have also sped up the degradation and increase mimicry of the 

in vivo environment (Wang, Ao et al. 2006).  

5.4.3 Solubility of the 3D-printed Scaffolds in Dimethylsulfoxide 

and Ethanol 

It was important to know that absolute ethanol and DMSO would not significantly alter scaffold 

characteristics before utilising them for sterilisation and subsequent MTT assay. Therefore, the 

solubility of the scaffolds in DMSO and absolute ethanol were investigated. Sashiwa et al. 

investigated the solubility of a variety of chitosan in various organic solvents and reported that 

only a portion of chitosan dissolved in DMSO (Sashiwa, Shigemasa et al. 2000). The current 
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study supported this study with no obvious scaffold destruction or architectural change within 

the chosen time period. 

Due to the opacity of the scaffolds, sterilising the scaffold with UV irradiation would be 

insufficient for the biological assay (Lerouge and Simmons 2012). A study compared the effect 

of three sterilisation methods (soaking in 70% ethanol, ethylene oxide or gamma radiation) on 

chitosan scaffolds and indicated that soaking in 70% ethanol showed adequate effects without 

significantly altering the physical, mechanical and biological characteristics (Marreco, Moreira 

et al. 2004). However, it was recommended not to use a sterilisation technique that involved 

water to avoid leaching of the chitosan particles out of the scaffolds. Therefore, scaffolds were 

soaked in absolute ethanol for the selected time period as a part of the sterilisation process. The 

scaffold’s gross morphology and ethanol colour did not change significantly after the soaking. 

Based on these results, absolute ethanol was employed to soak scaffolds in order to sterilise them 

for further experiments. Other properties such as compressive, mechanical, and biological 

properties with various sterilisation methods could have also been investigated, but it was beyond 

the scope of the current project. 

5.4.4 Cell Viability on the 3D-printed Scaffolds 

Various studies have confirmed the biocompatibility of PCL and chitosan with many types of 

cells. To further confirm their findings, the 3D-printed scaffolds made with PCL and chitosan 

were tested for its biocompatibility using hBMSCs for 7 days. All blends showed > 75% 

biocompatibility of cells only control, with increasing cell viability exhibited in a dose-dependent 

manner. However, no statistically significant difference was observed in cell viability between 

the blends. This follows the study conducted by Hong et al. which compared the cell viability of 

the electrospun scaffolds made with PCL only, and PCL and chitosan (Hong and Kim 2011). The 

reported biocompatibility of PCL scaffolds ranged between 75–83% after 7 days of culture (Sung, 

Meredith et al. 2004, Gautam, Chou et al. 2014, Yu, Hua et al. 2016). The result from this current 

project sits within the range suggested by the previous studies, indicating the reliability of the 

MTT assay performed in this project. 

Previous studies suggested that the electrospun scaffolds made with chitosan and PCL had higher 

biocompatibility than the electrospun scaffolds made sorely with PCL (Gautam, Chou et al. 2014). 

Based upon this, it was hypothesised that the cell viability would also increase with the increasing 

concentration of chitosan in 3D-printed scaffolds; hence the cell viability of the scaffolds was 

compared to that of CH0 scaffold. The % cell viability of hBMSCs increased as the chitosan 

concentration increased, indicating that chitosan improves the cell activity on the scaffolds. This 

result further confirms the data provided by Prabhakaran et al., where their electrospun 

PCL/chitosan composite scaffold demonstrating significantly higher biocompatibility than PCL 
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only scaffold (Prabhakaran, Venugopal et al. 2008). Therefore, the result from the current project 

not only confirms the additive biological effect of chitosan additive in PCL, but also demonstrates 

that the chitosan improves the cell activity within a 3D-printed scaffold. 

5.5 Analysis of Melt-electrowritten Scaffold 

Characterisation 

5.5.1 Surface Morphology of the Melt-electrowritten Scaffolds 

The SEM images indicated that the surface of the PCL-alone scaffolds was smooth with minor 

depressions. The surface morphology of the PCL strands was similar to that of other studies that 

fabricated MEW scaffolds; however, no minor depressions were seen on the strands of other 

studies (Abbasi, Abdal-Hay et al. 2019, Brennan, Eichholz et al. 2019). This may be due to the 

difference in the strand size between the current project and previous studies (i.e. strand-thickness 

from the current project: around 50 µm and the thickness of strand of previous studies: 4–20 µm 

where the depressions for the current project were 10–20 µm in length (Table 29)). In this project, 

scaffold strands containing chitosan retained minor depressions with increasing irregularities as 

the chitosan concentration increased. Since these irregularities were only present in the chitosan-

containing scaffolds and the number increased as the chitosan concentration increased, it was 

assumed that these irregularities were aggregates of the chitosan powders. 

In a study investigating the incorporation of wool keratin (10 wt.%) to PCL for melt-extrusion, 

surface roughness was observed in the SEM images (Ghosh, Ali et al. 2017); which supports the 

current project. Moreover, in a study showing a contradicting result there was no significant 

difference in strand surface morphology incorporating milk protein (0.5%) to PCL-alone 

scaffolds (Hewitt, Mros et al. 2019). The irregularities were present in the strands with the lowest 

chitosan concentration investigated (0.1%) in this project; which suggests that the molecular size 

of the chitosan was larger than that of whey protein.  

Both superior and cross-sectional SEM images confirmed that no major compression of the 

strands occurred. However, some pore closure (layers deformed and fused with the layer 

underneath) was observed in some of the scaffolds. Ideally, there must be a space between these 

layers allowing cell migration and the flow of nutrients and waste. This morphological defect can 

be prevented by decreasing the heating temperature so that the deposited strand would solidify 

before sinking towards the previous layer. Another possible option would be to reduce the 

extrusion pressure and increase the printing speed so that the deposited strand would not have 

time to sink before fixed in position. 
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5.5.2 Swelling Behaviour of the Melt-electrowritten Scaffolds 

The swelling behaviour of the melt-electrowritten PCL scaffold in this project was similar to that 

reported in a previous study (1.85 ± 0.72% and 2.52 ± 0.66%, respectively) (Hewitt, Mros et al. 

2019). This may be due to the difference in the strand-thickness (50.78 ± 0.45 µm and 52.34 ± 

2.41 µm), the scaffold design (strand-distance set to 400 µm and 300 µm with lay pattern of 

0/120° and 0/90°), as well as the type of aqueous solutions used for the investigation of swelling 

behaviour (PBS and distilled water). The difference in the scaffold architectures alters the surface 

area-to-volume ratio, which affects the amount of fluid that the scaffold can absorb (i.e. higher 

surface ratio means higher absorbing capability). Additionally, PBS used as an aqueous medium 

has a higher osmolarity which limits the water absorption to the scaffold when compared to 

distilled water which was used in the previous study. Previous studies reported that the 

electrospun scaffold containing chitosan and PCL demonstrated significantly higher swelling 

ratio than electrospun PCL scaffold (Cooper, Bhattarai et al. 2011, Prasad, Shabeena et al. 2015). 

However, for this project, no significant difference in swelling rate was expected for the MEW 

scaffolds. This was because of the lower chitosan concentration present in the scaffolds as well 

as the lower surface area-to-volume ratio of the MEW scaffold when compared to electrospun 

scaffolds which could limit the water up-take by the scaffolds. As hypothesised, no significant 

difference in the swelling behaviour of the MEW scaffolds with different chitosan concentrations 

was demonstrated in this project. The variance of the % weight change for this swelling 

experiment was high. This may be due to the small scaffold size and the uneven distribution of 

chitosan irregularities throughout the MEW scaffolds. This could have been avoided by having 

a larger scaffold sample or increasing the number of samples for each blend; however, this was 

not investigated further due to time constraints and the number of scaffold samples available. 

5.5.3 Degradation Behaviour of the Melt-electrowritten Scaffolds 

The PCL MEW scaffold cultured in PBS, in this study, lost 0.87 ± 0.41% of its weight in 28 days. 

In a study investigating the hydrolytic degradation of an electrospun PCL scaffold in PBS, around 

2% of the weight loss was observed after 28 days of incubation (Liu and Leonas 2010). The rate 

of weight reduction did not perfectly match their previous result, which might have to do with 

the difference in the scaffold architecture and the surface area-to-volume ratio between the 

electrospun scaffold and MEW scaffold. This relationship between the surface area-to-volume 

ratio and the degradation behaviour was further confirmed through this project, where the 3D-

printed PCL scaffold lost 0.30 ± 0.02% of its initial weight where the PCL MEW scaffold lost 

more than double the percentage over the same experimental period and the same experimental 

procedure. 
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As observed in 3D printed scaffolds, the increased weight by day 7 was due to chitosan swelling 

within the scaffold; and the subsequent decrease afterwards was attributed to chitosan 

degradation (Liu, Wang et al. 2013). A study performed by Huang et al. demonstrated 4% weight 

reduction of scaffolds solely made with chitosan over 28 days (Huang, Onyeri et al. 2005). The 

chitosan concentration of their scaffold was 100 % and that of the current study was 1% chitosan 

in PCL. Since there was  no significant difference observed in the degradation ratio between the 

chitosan blends in this study, this result correlates with a study published by Huang et al. 

5.5.4 Biological Analysis of the Melt-electrowritten Scaffolds 

5.5.4.1 Effect of Bovine Serum Albumin-Coating on the Culture Surfaces 

Due to the hydrophobicity of PCL, the scaffold made with PCL is often treated with chemicals, 

coating with cell adhesion molecules or blended with natural polymers to enhance cell adhesion 

to the scaffold (Cipitria, Skelton et al. 2011). For instance, for IVD-TE, studies which utilise 

electrospun PCL for AF tissue, fibronectin is used to coat the scaffolds to enhance cell adhesion 

to the scaffold (Martin, Milby et al. 2014). However, these surface modifications using chemicals 

tend to damage the scaffold morphology and may weaken its mechanical properties (Cipitria, 

Skelton et al. 2011). Also, some of these ingredients and resources used for coating the scaffolds 

are expensive and therefore not widely available. In addition, to the best of the author’s 

knowledge, there are no universal standard methods that apply to the various types of scaffolds 

without significantly changing the properties of the scaffolds. Therefore, in this study, a potential 

universal method which may encourage cell adhesion to the scaffold was investigated. 

In order to enhance the cell adhesion to the scaffold without altering scaffold properties, a 

modification to the culture surface was considered to be a viable option. Literature suggests that 

the BSA has been utilised to prevent non-specific binding of proteins (Abdallah and Ros 2013). 

Another literature search revealed a study demonstrating bacteria-adhesion prevention using 

crosslinked BSA-coating on titanium implant in vivo (An, Bradley et al. 1997). Keeping this in 

mind, the BSA was utilised to further investigate its cell-adhesion prevention property. The 

current project demonstrated that simply by pouring 1% BSA solution in the petri-dish and 

incubating overnight at 37°C, 5% CO2 prevented cell adhesion to the non-coated petri-dish. Cell 

adhesion speed was found to slow down on the treated cell culture surface.  

One major advantage of this method is that this is a simple and inexpensive method which can 

be done in any lab without special equipment. However, this BSA-coating was not as strong as 

the method previously reported, as it did not fully prevent cell adhesion to the cell culture surface. 

This can be improved by utilising the crosslinking agents such as UV or carbodiimide, as 

demonstrated in previous studies (An, Bradley et al. 1997). Overall, this method may be a simple 
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and inexpensive method to prevent cell adhesion to the non-coated petri-dish; however, further 

investigation must be conducted to improve the selective coating and to strengthen the effect of 

cell-adhesion prevention property in order for this method to be widely adopted.  

5.5.4.2 Effect of Bovine Serum Albumin-Coating on the Cell Morphology 

Cells that were cultured in BSA-coated petri-dish for 8 days then transferred to a T25-flask were 

incubated for another 6 days. Cells have elongated by 24 hours, and started duplicating to cover 

larger area of the flask by day 6. This suggests that the cells were still alive and viable after 8 

days of culture in the BSA-coated petri-dish. In addition, no major change in cell morphology 

was visually observed after being cultured on an BSA-coated petri-dish for 6 days; indicating 

that the cells did not differentiate into different cell types. This result suggests that the BSA-

coated petri-dish can be used to culture cells while preventing cells from adhering to the surface. 

However, it is important to note that only one type of cells was investigated for this project; 

therefore, further investigation is required with various cell types. Additionally, the effect of 

BSA-coating on the cell morphology can further be investigated through exploring the gene 

expression of the cells before and after culturing on the BSA-coated petri-dish.  

5.5.4.3 Fabrication of Circular Scaffolds as Cell Infiltration Initiator 

Since the uniform cell infiltration starting point was not achieved in the previous experiment, a 

solid starting point was considered as an alternative. The thin rectangular-shaped scaffold 

disintegrated when cutting with scissors. This may be due to the insufficient number of scaffold 

layers not achieving enough fixation between the layers. It could have been addressed by 

fabricating more layers to fix the strands into position. However, this pathway was not taken as 

it would take much longer to fabricate with more layers.  

The second option was to utilise a circular scaffold as a starting point. These scaffolds were 

fabricated with 3 layers and did not disintegrate during the separation process. This difference in 

stability is due an increased number of intersections as circular scaffolds had more intersections 

with other strands than the rectangular scaffolds. In addition, due to the relatively fewer bridging 

strands between the 5DCs, it was easier to distinguish the end points. 

5.5.4.4 Cell Culture Condition Optimisation with 5DCs  

The aim of this experiment was to investigate the effect of BSA-coating on cell adhesion to the 

scaffold by blocking cell adhesion to the petri-dish. It was found that the BSA-coating of the 

petri-dish accelerated cell adhesion to the scaffold as anticipated (i.e. adhesion observed by 24 

hours and by day 6 for BSA-coated and non-coated petri-dish, respectively). On the other hand, 

the concentration of chitosan (0 and 0.25%) seemed to have no effect on the initial speed of the 

cell migration for both non-coated and BSA-coated petri-dishes. By day 27, both 5DCs made 



 
 

124 

with CH0 and CH0.25 cultured on BSA-coated petri-dish were completely confluent with cells 

while the 5DCs on the non-coated petri-dishes were not. This provides evidence that the BSA-

coated petri-dish discourages cell adhesion which in turn encourages and accelerates the cell 

adhesion and proliferation on the 5DCs. 

It is commonly known that the addition of bioactive components enhances the cell adhesion to  

hydrophobic scaffolds (Cipitria, Skelton et al. 2011). However, our results showed that 0.25% 

chitosan in PCL did not notably accelerate cell adhesion onto the scaffold when compared to the 

5DC made with PCL alone. This may be because the concentration of chitosan was too low to 

affect the cell adhesion properties of the scaffold. Previous studies investigating the effect of 

chitosan as a bioactive additive on PCL electrospun scaffolds demonstrated that the significant 

improvement in cell viability was observed with a scaffold made with a higher ratio of chitosan 

in PCL (e.g. 3:10 and 1:7) (Wu, Wan et al. 2010, Abuelreich, Manikandan et al. 2017). Wu et al. 

also demonstrated that the salt-leached scaffold containing 3.6% chitosan in PCL did not show a 

significant difference in the number of cells attached to the PCL scaffold within 7 days of culture. 

This verifies why the 5DC with 0.25% chitosan did not significantly affect the cell adhesion and 

proliferation to the scaffold over the experimental period. 

The BSA-coating of the petri-dish, however, accelerated the initial speed of cell adhesion to the 

5DCs as well as the speed of cell infiltration on both CH0 and CH0.25 5DCs. This indicates that 

the BSA-coating not only prevents cells from adhering to the petri-dish surface but also 

encourages the cells to adhere and proliferate on the cultured scaffold. This is encouraging to the 

field of TE as this may accelerate the cell infiltration through large TEC. Additionally, the effect 

of BSA-coating lasted for the whole experimental period (30 days) with media being replaced 

every 3 days; representing the frugal and sustainable advantage of this method. 

5.5.4.5 Establishment of Cell Infiltration Test Protocol 

To the best of the author’s knowledge, no other studies have investigated the cell migration 

behaviour between the cell-seeded and acellular fibrous scaffolds to investigate the effect of 

scaffold architecture and components. In order to quantify the cell infiltration properties of the 

MEW scaffolds, two quantitative analysis methods (Hoechst 33342 nuclei-staining and SB 

colorimetric assay) were used.  

With Hoechst 33342 nuclei-staining, 3D distribution of the cells was observed; making it difficult 

to obtain accurate number of cells present in the 5DCs. The result showed that CH0.25 scaffold 

had significantly higher number of cells than CH0 after 26 days of culture, although no obvious 

difference in cell infiltration property at earlier time points was observed in the previous 

experiment (4.2.2.7). This indicates that the CH0.25 did not accelerate the initial cell adhesion to 

the scaffold, but the cells proliferated faster within the 5DC when compared to CH0.  
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The SB colorimetric assay performed on the 5DCs also confirmed that a greater number of cells 

were present on the 5DC made with CH0.25 than CH0. The accuracy of the SB assay was highly 

similar to that of nuclei-counting, indicating the reliability of this quantitative analysis method 

for the MEW scaffolds. It should be noted that the acellular 5DCs containing chitosan had higher 

background intensity with some sections of strand intensely stained, indicating the SB stain has 

bound to the chitosan present in the 5DCs. This was further supported by the standard curves of 

the scaffold weight and the absorbance with different chitosan concentrations (Figure 62), 

showing a steeper increase in absorbance with increasing chitosan concentration. 

The next portion of the cell infiltration test protocol investigated was to stabilise the 5DC in the 

centre of the sample scaffold. The initial trial was to weigh down the sample scaffold and a 5DC 

with a glass-slide (Appendix N). With the stabilisation method from Figure 85(A), the scaffold 

and 5DC remained intact. However, in the following experiment when cells were involved, some 

5DCs and scaffolds floated away from its original position. This caused the cells not to adhere to 

the scaffold hence the area of cell migration was extremely inaccurate (see Appendix M). In this 

experiment, the BSA-coated petri-dish also prevented the cell adhesion to the culture surface; 

further confirming the result from the previous experiment (4.2.2.4). Although the uniform cell 

migration starting point was achieved; the cells successfully migrated onto the sample scaffolds; 

and the contact between the 5DCs and the scaffold got stronger over time, extreme caution was 

required to handle the petri-dishes. In addition, waste products seemed to accumulate under the 

glass-slide due to limited substance transport. As these conditions were not ideal, a better method 

was pursued. 

The strands of the scaffolds used for Figure 20(A) and (B) method melted and fused together; 

indicating the temperature of the metal rod exceeded the melting point of the PCL as well as the 

optimum temperature for cell survival. The method presented in Figure 20(C), the spot-welding 

method of combining the sample scaffolds with 5DC encapsulated inside, sustained the micro-

architecture of the scaffolds and stabilised the 5DC position while providing the uniform cell 

infiltration starting point and sufficient nutrient and waste transport. This can be an effective 

approach for the layered scaffold including thermoplastic polymers, as this does not require any 

adhesives to make the scaffold sandwich with minimal effect on cell activity on the scaffold. This 

method, however, would not be suitable for the scaffolds with high-water contents or cell-

encapsulated gels (such as hydrogel or 3D-bioprinted scaffolds).  

Once the sandwich stabilisation method was established, this method was used to create scaffold 

sandwiches to observe the short-term cell behaviour, and to optimise the fixing method for the 

quantitative analysis. Throughout the experimental period, the cell migration progressed in a 

circumferential manner for the CH0 scaffold while only growing in defined areas for CH0.75. 
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This may be because the cells would migrate towards the bead-like chitosan irregularities in the 

CH0.75 scaffold while evenly spread in the CH0. This may be due to chitosan serving as an 

additional carbon or nutrient source for cell proliferation (Aziz, Cabral et al. 2015). The result 

showed that both area of cell travel and maximum distance of cell travel were superior on CH0. 

However, the number of the cells migrated on the CH0.25 scaffold at day 7 was significantly 

higher than that of CH0, indicating that more cells have migrated out of the 5DCs located in the 

CH0.25 sandwich to the CH0.25 scaffold than CH0. This contradicting result may be because the 

majority of the cells that migrated onto CH0 scaffolds remained on the sample scaffold sitting at 

the bottom of 5DCs whereas the cells have almost equally migrated to both sides of the sandwich 

on CH0.25 sandwich, causing the area of cell migration be inferior to CH0 but the number of 

cells to be superior to CH0. 

As a part of the optimisation process, the scaffold sandwiches were fixed in two different methods 

as described earlier. The scaffolds fixed as a whole could not be separated after being fixed, as 

the scaffolds were too brittle to be separated, which may decrease the measurement accuracy of 

the number of cells. 

The scaffold sandwiches that were separated before being fixed allowed superior visualisation of 

the cell distribution after staining. This allowed further understanding of the relationship between 

the area of cell migration and the number of cells migrated onto the sample scaffold. A novel 

protocol for cell migration on MEW scaffold was developed for this project. This protocol can 

also be used for other fibrous scaffolds; however, further investigation needs to be done in order 

to explore its limitations. 

 

5.5.4.6 Cell Infiltration Test on Scaffold with Various Pore Sizes 

All scaffolds increased the area of cell migration, the maximum distance of cell travel and the 

number of the cells on the scaffolds. The microscopic images (Appendix P) shows that the cells 

on the scaffolds with strand-distance of 600 µm spread faster at earlier to middle time points 

when compared to other scaffolds. The maximum distance of cell travel also followed a similar 

trend as the area of cell migration, with 600 µm > 250 µm > 400 µm as a general trend. The 

number of cells that migrated onto the scaffold also increased over time with 250 µm > 400 µm 

> 600 µm for all time points; indicating that cells preferred scaffolds of smaller pore sizes. The 

curves of area of migration and the maximum distance of cell travel started decreasing at day 17 

and converged to 300 mm2 and 10 mm, respectively. These maximum values are related to the 

size of the scaffold; therefore, for future investigations, the size of the scaffolds must be increased 

to obtain accurate results for later time points. The % of cells remaining in the control 5DCs from 
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day 0 to 28 (day 36 to 64 of culture) retained the number of cells over time, confirming that the 

5DCs were already confluent when placed on the scaffold sandwich to start the cell infiltration 

test. The % of cells remaining in the 5DCs that were harvested from the scaffold sandwich 

decreased over time indicating that some cells have migrated out from 5DCs to the scaffolds. The 

5DCs harvested from 600 µm and 250 µm scaffolds dropped their % of cells remaining in the 

5DCs at a faster rate compared to the 400 µm scaffolds, indicating that the cells preferred 

scaffolds with a strand-distance of 250 µm and 600 µm over 400 µm. Brennan et al. investigated 

the effect of MEW pore size (100, 200 and 300 µm, strand-thickness: 4.01 ± 0.06 μm) on hBMSC 

proliferation property over 21 days (Brennan, Eichholz et al. 2019). It has been shown that the 

scaffolds with 200µm pore size exhibited significantly greater deoxyribonucleic acid (DNA) 

content when compared to 100 and 300 µm pore sizes. This supports the result from the current 

project where the scaffold with 250 µm strand-distance had the greatest number of cells migrated 

onto the scaffold over 400 µm and 600 µm. For the future research applications, the strand-

distance can be changed to attune for migration speed or for a higher density of cell growth. 

 

5.5.4.7 Cell Infiltration Test on Melt-electrowritten Scaffold of Various 

Chitosan Concentration 

One scaffold sandwich failed to stabilise the 5DC in place. This may be because one of the sample 

scaffolds was slightly curved, which created enough space for the 5DCs to slide within the 

sandwich. After 7 days of culture, however, all sandwiches including the slightly unstable 

sandwich established sufficient cellular connection between the sample scaffolds and 5DCs, 

which further stabilised the 5DC positions in the scaffold sandwiches. 

All samples showed increasing areas of cell migration, maximum distance of cell travel, and 

increased numbers of cells grown on the scaffolds of each blend (Appendix U). Of all blends, the 

CH1.0 had a significantly greater area of cell migration and an increased number of cells grown 

onto the sample scaffolds. This indicates that CH1.0 had significantly higher cell proliferation 

property when compared to other blends. The % of cells remaining in the 5DCs isolated from 

CH1.0 sandwiches demonstrated that the cells preferred the CH1.0 scaffolds more than other 

blends, which also supports the result shown by the area of cell migration and the number of cells 

that migrated onto the CH1.0 scaffold. As shown by the results obtained from the area of cell 

migration, maximum distance of cell travel and number of cells on the sample scaffolds, other 

blends did not show significantly superior cell migration properties when compared to CH0. As 

discussed earlier, a previous study which utilised chitosan and PCL for the fabrication of 

electrospun mat demonstrated that the number of the adherent cells on the scaffold made with 
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3.6 wt.% chitosan in PCL were not significantly different to that of the PCL scaffold after 7 days 

of culture (Wu, Wan et al. 2010).  

In the current project, there was no significant differences seen on the number of cells on CH0 

and CH1.0 after 7 days of culture, supporting the result from the previously discussed study (Wu, 

Wan et al. 2010). However, the CH0.75 and CH1.0 showed statistically significant differences 

to CH0 in the number of cells that migrated onto it at day 14 (p=0.0034 and p<0.0001, 

respectively); indicating that the 1% chitosan would not significantly increase the number of cells 

at early stage of culture; however, it improves the cell proliferation at mid-stage of culture when 

compared to CH0. Most of the scaffolds showed no statistically significant difference in the 

number of cells at day 28; which may be because the cells have filled up the scaffolds and the 

rate of proliferation has slowed down. 

5.6 Analysis of Hydrogel Characterisation  

5.6.1 Swelling Behaviour of the Hydrogel 

A hydrogel is a crosslinked molecular network which holds a large amount of water or biological 

fluids (Rohindra, Nand et al. 2004). This water absorbing capacity is attractive for mimicking the 

NP region in IVD-TE, as the swelling pressure of the NP region affects the compressive modulus 

of the IVD. Therefore, the swelling property of the developed hydrogel was investigated. 

For the investigation of the hydrogel swelling rate, typically the hydrogel is in a lyophilised form 

at the initial time point (Szymaǹska, Sosnowska et al. 2015). This causes a rapid increase in the 

swelling ratio and the resulting swelling ratio was expected to be higher than the result obtained 

in the current project. In a study utilising lyophilised chitosan hydrogel for the swelling property 

investigation, the weight increased for 100–300% of the initial dry weight within 30 minutes of 

incubation in PBS (Szymaǹska, Sosnowska et al. 2015). In our study, however, the result showed 

that the hydrogel gained 4.71 ± 1.92% of the initial weight over the 7 days of incubation. This 

was because the hydrogel in our study was not lyophilised at the initial time point. The hydrogel 

samples were not lyophilised in this project as it has been seen that the lyophilisation mediated 

formation of pores within the scaffold may weaken the mechanical strength of the hydrogel; 

limiting its applications in IVD-TE (Sornkamnerd, Okajima et al. 2017). In addition, the 

unpredictable distribution of the pores within the structure may cause unpredictable alteration in 

the compressive modulus, which can be crucial for the use in load-bearing tissue including the 

NP. 
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5.6.2 Degradation Behaviour of the Hydrogel 

In the degradation experiment, the hydrogel swelled for the first 7 days at similar % weight 

changes as observed in the previous swelling experiment (4.71 ± 1.1% and 4.59 ± 0.25%, for 

swelling and degradation at day 7, respectively). This may indicate that both swelling and 

degradation experiments were performed with minimum errors.  

The increase in weight up to day 7 was due to the swelling of the chitosan hydrogel, which has 

great water-absorbing properties, as described in 5.6.1. The weight started decreasing after day 

7, due to degradation of the chitosan hydrogel. The degradation behaviour of the hydrogel was 

compared to previously published studies. A previous study demonstrated that increasing 

chitosan concentration slows down the degradation of the hydrogel (Ganji, Abdekhodaie et al. 

2007). The degradation rate presented by Lončarević et al. was greater than that presented in the 

current project after 28 days of incubation (around 5% and 1.19 ± 1.02%) when incubated in PBS. 

This difference may be because the hydrogel used in the current project had a higher final 

concentration of chitosan when compared to the previous study (2 and 1.2%, respectively).  

Another reason could be due to the difference in the contact area to the aqueous medium. The 

samples in the previous study were made elsewhere and then immersed in the PBS, whereas the 

samples in the current project were made in the transwell-plate and then immersed in the PBS 

while sitting inside the transwell, which significantly reducing the contact surface to the 

surrounding aqueous medium by limiting the water contact at the circumferential region. This 

method was taken to simulate the anatomical placement of the NP region in the in vivo 

environment, where the NP region is wrapped by the fibrous AF region which may limit its access 

to the surrounding biological fluid. This slow degradation may be beneficial for the use in IVD-

TE, as the regeneration of the NP region is expected to be slow due to the low healing capacity 

of the AF and NP cells. 

5.6.3 Mechanical Property of the Hydrogel 

Since NP is a load-bearing tissue, the biomimetic hydrogel must also have appropriate 

mechanical properties in order to develop a successful TE-IVD. Although a chitosan hydrogel, 

in general, possesses poor mechanical properties, the developed hydrogel maintained its gross 

structure after being compressed with a pressure of 7 kPa in an unconfined condition. This is 

above the unconfined pressure applied to the healthy human NP (0.3–5 kPa), showing its 

potential to be used as a NP region of the TE-IVD (Choi, Park et al. 2019). The unconfined 

compressive modulus of the developed hydrogel was also significantly higher than that of the 

human native NP (16.75 kPa and 5.39 kPa, respectively) (Cloyd, Malhotra et al. 2007). This 

indicates that the developed hydrogel has an appropriate mechanical property for its intended use 
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in the NP region of the TE-IVD. A chitosan hydrogel developed by Alinejad et al. exhibited an 

unconfined compressive modulus around 100 kPa, which is significantly higher than the hydrogel 

from the current project which exhibited 16.75 kPa compressive modulus (Alinejad, 

Adoungotchodo et al. 2018). This is because the amount of the gelling agent used in the previous 

study was significantly higher than the current study (0.1 M and 0.075 M for previous study and 

0.02 M and 0.01875 M for the current project, respectively), forming significantly greater amount 

of crosslinking between the chitosan and the gelling agent to deal with compression. However, 

excessive crosslinking causes reduction of cell viability in the hydrogel; which will be discussed 

in5.6.6. Additionally, although the hydrogel from the current project exhibited significantly lower 

unconfined compressive mechanical property that the study performed by Alinejad et al., the 

hydrogel from the current project is still applicable for the use in the NP region as it exceeds the 

unconfined compression modulus of the human native NP tissue.  

In another previous study, a cyclic compression property of the TE-IVD was also investigated 

for up to 5,000 cycles (0.5–3 N) with 0.5 Hz (Martin, Gullbrand et al. 2017). In this study, cyclic 

compression property of the hydrogel was investigated with 5 cycles with 0.07 Hz to 10% strain. 

The result of 5 cyclic compressions applied to the hydrogel is consistent with a general stress-

strain curve for cyclic compression. Predictably, some network rupture occurs on the first load 

cycle, but subsequent cycles overlay. This suggests the hydrogel’s integrity is overall maintained 

under repeat compression cycles. 

5.6.4 Rehydration of the Compressed Hydrogel 

Although the samples exhibited significantly increased weight over 2 days of incubation, a 

Tukey’s post-hoc multiple comparison analysis revealed no significant weight difference 

between each time point, however, this may be due to the small sample size. The hydrogel gained 

30% of the original weight within 48 hours. This indicates that the chitosan hydrogel was able to 

reabsorb water content even after being compressed beyond its breaking point. This rehydration 

ability is beneficial for developing NP region of TE-IVD, as the rehydration ability along with 

water-holding ability is crucial when used for load-bearing joint tissue (Lories and Luyten 2018). 

The diameter of the samples remained the same before and after the compression as well as after 

rehydration, which may be an indication of structural integrity retention throughout the procedure. 

However, because the hydrogel was compressed to 50% strain (above its breaking point 

(44.17%)), some physical damage may have occurred. This was observed by the disintegration 

of some fragments which occurred during the rehydration. As evident by the degradation 

experiment where the hydrogel did not experience extensive structural disturbances over the 28 

days, this hydrogel seemed to have a sufficient amount of chemical crosslinking. This aided the 

stability of the hydrogel even after the significant water-content release and uptake. These 
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advantageous characteristics lend support that the developed hydrogel may be an excellent 

candidate for the construction of the NP region of the TE-IVD. 

5.6.5 Live/Dead Assay Optimisation for the Hydrogel 

Since hydrogels absorb great quantities of water, it tends to cause high background intensity, 

which makes it difficult to obtain clear fluorescent images. Therefore, it was important to 

optimise the type and concentration of the fluorescent stains used for the hydrogel to achieve 

accurate imaging.  

The first step of the optimisation was the choice of live stain. To avoid the confusion of the 

emitted fluorescence between the GFP (green, present in both live and dead cells) and the calcein 

AM (green, present in live cells), utilisation of calcein blue was considered. However, the blue 

stain in hydrogel resulted in an intense background colour which may be caused by hydrogel 

absorbing the fluorescence stain and not releasing it while being rinsed with PBS. Another 

possible reason is that under the UV excitation, the hydrogel exhibited a blue autofluorescence. 

This may also be an indication of the high water-absorbing property of the developed hydrogel. 

Therefore, the usage of calcein blue was not an appropriate choice of live stain. Hence the calcein 

AM was kept as a live stain which allowed distinction between the GFP and calcein AM 

fluorescence with modification of the light settings.  

In order to obtain appropriate staining of the cellular structure encapsulated in the hydrogel, the 

concentrations of fluorescent stains were optimised following the guidelines provided by 

manufacturer. Using the optimised concentrations of fluorescence stains, nuclei successfully 

emitted blue, all cells emitted green, and dead cells emitted red fluorescence.  

5.6.6 Live/Dead Assay on the Hydrogel 

The developed hydrogel was highly biocompatible and more than 85% of MSCs encapsulated in 

the hydrogel remained viable after 14 days of incubation. This viability is higher than the viability 

presented by a previous study which investigated the chitosan hydrogel crosslinked with bGP 

with 3% final concentration of chitosan (70–75% viability after 4 weeks)(Richardson, Hughes et 

al. 2008). This difference may be due to the different final concentration of the bGP (0.02 M for 

the current project and 0.5M for the previous study). Although bGP imparts thermoresponsive 

gelation to the chitosan hydrogel, a suitable property for TE applications, bGP known to decrease 

biocompatibility (Szymaǹska, Sosnowska et al. 2015). In another study that combined both bGP 

and SHC to form a chitosan hydrogel, the biocompatibility was shown to be 75–80% after 14 

days of incubation (Alinejad, Adoungotchodo et al. 2018). This may be because the final 

concentrations of bGP and SHC for the previous study were significantly greater than the current 
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project (0.1 M and 0.075 M for previous study and 0.02 M and 0.01875 M for the current project, 

respectively). The chitosan hydrogel developed in the current study was found to be more highly 

biocompatible, therefore an appropriate NP replacement material in the TE-IVD. 

5.7 Critical Analysis of Methodology and Limitations 

The current project utilised an in vitro model of IVD (AF-lamellae and NP region) for the 

investigation of the biological performances of the MEW scaffold and hydrogel. In vitro model 

must be easy to establish, maintain and reproducible while offering effective results for the future 

investigations. However, results obtained from in vitro models may not be the complete 

representative of the in vivo results. One reason for this is that the in vitro cell culture environment 

does not completely resemble the physiological environments (such as biochemical components, 

oxygen and waste products) which are subject to change at all time in vivo (Antoni, Burckel et 

al. 2015). In addition, especially for the musculoskeletal structure, dynamic loading during the 

cell culture is shown to affect the MSC differentiation towards the specific cell types (Hudson, 

Mozia et al. 2015). With these limitations, the direct translation of in vitro result to in vivo result 

can be unreliable.  

Upon scaffold fabrication, it was important to be aware of the limitations associated with the 

Bioscaffolder 3.1 used for 3D-printing and MEW scaffold fabrication. These limitations come 

from the machine’s designed capability: maximum heating temperature of 110°C; maximum 

extrusion pressure of 600 kPa; maximum voltage of 30 kV; and the maximum nozzle size of 506 

and 400 µm for 3D-printing and MEW, respectively. These machine parameters limit the range 

of biomaterial ink that can be extruded as well as the amount of un-meltable material, i.e. chitosan 

incorporated into the meltable base material, i.e. PCL. For the melt-based pneumatic 3D-printing 

and MEW used in the current project, the base material had to have a melting point below 110°C 

and be extrudable through the nozzle within the maximum range of the Bioscaffolder. For 

instance, although some thermoplastic polymers (such as PLA and PGA) are shown to be 

adequate biomaterials for TE application, these melting points exceed the machine’s capacity 

(174°C and 225°C); therefore, these cannot be used for this fabrication method (Agrawal, 

Athanasiou et al. 1997, Chen, Chueh et al. 2003). Excessive viscosity or the particle size of the 

material could also be a limitation to the extrusion of the material, with insufficient extrusion 

pressure or inadequate nozzle size. Furthermore, the particle sizes and the chitosan particle 

incorporation within the PCL was not directly investigated in the current project. Although, small 

SE for the cell infiltration experiment (n=3) indicates that the incorporation of the chitosan across 

each blend types were consistent, further investigation must be performed to accurately 
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investigate the distribution of chitosan particles within the MEW scaffolds. This can be done by 

staining the scaffold with a chitosan-specific stains (e.g. Sulforhodamine B) as seen in 4.2.2.8. 

The MTT assay was employed to determine the cell viability of the 3D-printed scaffolds as it 

accurately detects viable cells through formazan crystals produced by mitochondrial reductase, 

which is not active in dead cells (Van Meerloo, Kaspers et al. 2011). Although MTT is a common 

colorimetric analysis used for measuring cell viability and proliferation, there are some 

limitations associated to this assay. One of the factors that may affect the MTT result is the culture 

media components (James 1994). In the current project, two different media components were 

used for the MTT assays (hPL for first MTT assay and FBS for the second). The media consists 

of hPL exhibited significantly higher background intensity compared to FBS-containing media. 

This was assumed to be caused by the hPL or heparin supplemented in the culture media used 

for the first MTT assay; however, the literature in this particular area seems to be lacking. In one 

study which utilised hPL and heparin as the culture media components, also seemed to encounter 

this limitation; which required subsequent quantitative analysis (cell counting with trypan blue 

exclusion) (Hemeda, Kalz et al. 2013). 

For the SEM imaging, the 3D-printed scaffolds and MEW scaffolds were cut with a razor blade 

and scissors, respectively. Although with naked eyes the cross-sections of both scaffolds were 

neatly cut, SEM images demonstrated some stretching and elongation of the cross-sectional 

region. This caused difficulty in the observation of the strand cross-sections in both types of 

scaffolds; indicating the need of exploring and improvement of the cutting method in order to 

achieve better cross-sectional observations. Future investigations may include: trying other 

cutting devices, and the cutting approach with razor blade, i.e. such as cutting with a saw-like 

motion or push-cutting. 

The cell infiltration test established in this project was inexpensive, and yield both qualitative 

and quantitative results over the selected period of time. Some advantages of this test include; 

that it allows observation of 3D cell movement and cell morphology, which also allows for 

determination of cell movement velocity. This test would also demonstrate the structural and 

chemical homogeneity of the scaffold through the cell movement irregularity with no need of 

special and expensive equipment. It should also be noted that this cell migration and infiltration 

test protocol can be used not only for MEW scaffolds, but also for electrospun scaffolds. Some 

of the potential limitations to this test is that, due to the lower resolution of the 3D-printing 

compared to these fibrous scaffolds, the sandwich method could cause insufficient contact 

between the scaffold for cell migration starting point and the test sample. Additionally, 

applicability of this test may be limited to the scaffold containing thermoplastic polymers. These 

limitations may be addressed by modifying this methodology, such as by punching out a section 
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of scaffold, seeding the punched-out section with cells and place it back into the hole. Another 

limitation was that the cells have migrated and proliferated at much higher rate than anticipated; 

resulting in the cells to reach at the edges of the scaffolds at the earlier stage of the experiment. 

This caused a reduction in the rate of area of cell migration and maximum distance of cell travel, 

as there was a physical limit of the scaffold size. Therefore, increasing the size of the sample 

scaffolds may be required for the future investigations. 

By measuring the number of cells migrated out of the 5DCs and comparing it with the number 

of cells present in the test sample, the rate of cell proliferation can also be identified. The power 

of this experiment was further enhanced by utilising BSA-coated petri-dishes, which prevented 

cell adhesion to the petri-dish and promoted cell migration to the test sample. However, further 

investigation is required to confirm its versatility. Overall, this test may be a novel method of 

observing 3D cell behaviour within the TEC. 

A SB colorimetric assay was utilised for the quantitative determination of the number of migrated 

cells, as it was shown to have greater accuracy compared to MTT assay (Van Tonder, Joubert et 

al. 2015). However, the calculation after measuring the absorbance was more complicated than 

anticipated, due to the reaction between the SB stain and chitosan particles. Although SB assay 

was chosen over nuclei-counting due to its high reproducibility and accurate result presentation, 

utilisation of other testing methods such as MTT assay or resazurin reduction assay may need to 

be tested for its compatibility with the cell infiltration test protocol established in this project. 

Some limitations for swelling and degradation experiment of the 3D-printed and MEW in this 

project includes the preparation of sample and sub-optimal drying time before weight 

measurement. Due to the number of scaffolds available, the samples were cut to small dimensions 

(8.75mm side) which may have caused the inconsistency in the amount of chitosan incorporated 

into the scaffolds. With the same reason, the sample number for each time points were kept as 

n=3. These limitations can be addressed by repeating the experiment with larger scaffold and 

larger number of replicates. The drying time for the degradation experiment seemed to be 

insufficient where the samples were not completely dry. This could be addressed by extending 

the drying time. 

Although fluorescence staining is a commonly used quantitative strategy, there are some 

limitations associated to this strategy. One is that because of the large number of cells adhered to 

or encapsulated into the scaffolds and hydrogel, and because cells were layering on top of each 

other, fluorescence from the each and individual cells could not be detected to determine the 

exact number of cells using the fluorescence strategy. Furthermore, it should be noted that the 

distinction between the fluorescence emitted from the GFP and calcein AM can be troublesome; 

which may result in the inaccurate determination of the cell viability. 
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5.8 Future Research 

The results from the current project can provide additional knowledge to the field of IVD-TE, in 

particular, to the replacement of damaged IVD with TE-IVD, while encouraging the use of 

chitosan as a bioactive component. The cell infiltration test that was established in this project 

could also be an easy and informative methodology for the analysis of cellular activity in a 3D 

environment. Although the current project explored some of the key characteristics of MEW 

scaffolds and the hydrogel (morphology, swelling and degradation behaviours, mechanical 

properties and biological properties), there is still more to be investigated (e.g. rheological 

behaviour of the hydrogel and tensile property of MEW scaffold). 

From the SEM images, micropores were observed on the 3D printed scaffolds. In this study, the 

effect of surface roughness on the cell activity was not investigated as it was beyond the scope 

of the study. However, a more in-depth analysis of the effects of surface roughness relative to 

cell adhesion would be worth investigating in the future. 

Also, the test samples that were utilised in the current project were not of physiologically relevant 

size. Therefore, further investigation of an anatomically accurate TE-IVD must be conducted by 

utilising the cell infiltration test protocol established in this project prior to proceeding to in vivo 

testing and further clinical translation. 

In vivo testing is mandatory for these MEW scaffold and hydrogel to be clinically acceptable. 

Examples include a subcutaneous implantation in the dorsal space and the disc space of mice, 

rabbits, and goats as suggested by previously published studies (Table 1). 

Other studies have extensively investigated the antimicrobial characteristics of chitosan (Rabea, 

Badawy et al. 2003, Zheng and Zhu 2003). However, this property was not investigated in this 

project as this was a proof of concept study to see if chitosan can be incorporated into the PCL 

MEW scaffold, and if the chitosan hydrogel can be utilised as a load-bearing tissue. Therefore, 

future studies must also investigate whether they are antimicrobial, using antimicrobial assay 

such as spread plate method or disc diffusion test (Yang, Yang et al. 2016). 

In addition, future studies should also aim to address some of the limitations of the current project. 

For example, although it has been shown that the BSA-coating of the petri-dish promotes cell 

adhesion and proliferation on thin and flat scaffold, it would be interesting to further investigate 

the effect of BSA-coating on the cell activity with thicker and larger scaffolds. Moreover, the 

size of the sample scaffold for the cell infiltration test must be optimised to allow this test to be 

utilised in various TE applications.  
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Furthermore, due to its high structural imitation of AF lamellae, the MEW scaffolds developed 

in this project could result in other applications outside TE. For instance, it can be further 

characterised and utilised as a clinical testing material for the AF repair method (including 

suturing and gluing of the AF defect).  

Due to the limited time period, the TE-IVD was not characterised as a whole structure in this 

project. Therefore, future studies could involve investigation of the mechanical and biological 

properties which includes; compressive mechanical property, cellular activity and ECM 

production. For instance, for the TE-IVD, it is crucial to have strong tissue-integration between 

the AF and NP region as well as between the AF-lamellae in order to exhibit the appropriate 

mechanical properties. Therefore, the effect of chitosan on cellular interaction between the NP 

region (chitosan hydrogel) and AF region (MEW scaffold made with PCL and chitosan) should 

also be investigated in order to perceive the tissue integration between AF and NP to enhance 

structural integrity. 

5.9 Conclusions 

In conclusion, the current project was performed to (1) thoroughly investigate the MEW 

technology to develop detailed micro-fibrous scaffolds from a biomaterial of chitosan 

incorporated into PCL as a bioactive additive and (2) to investigate the effectiveness of the 

chitosan-based hydrogel with two gelling agents (bGP and SHC) for the development of the TE-

IVD. It was demonstrated that up to 1% chitosan in PCL was successfully fabricated with the 

current MEW setup. 

The established novel cell infiltration test enabled the measurement of the cell infiltration speed, 

rate of cell migration, and cell proliferation with a single quantitative analysis. This cell 

infiltration test demonstrated that all blends of MEW scaffolds possess high hBMSCs viability 

with increasing number of cells which correlated with increasing chitosan concentration. Based 

on these results, MEW scaffolds made with CH1.0 was shown to be optimum from both its melt-

electrowritability and cell activity. In terms of the pore size of the MEW scaffold, strand-distance 

of 600 µm was recorded as the fastest cell spreading, while 250 µm strand-distance demonstrated 

the greatest number of cells at all time points.  

The chitosan hydrogel developed in this project demonstrated excellent hBMSC viability over 

14 days, with unconfined compressive modulus superior to that of human native NP and slow 

rate of degradation; showing suitability of this hydrogel for the construction of tissue-engineering 

IVD.  
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The current project provides encouraging results for IVD-TE, connecting several fields of science 

including material science, bioengineering, chemistry, biology etc. Overall, these separate 

components can be used for the future investigations of a TE-IVD. The results of this project 

represent a significant advancement in the IVD-TE field and warrants further exploration with 

an eye towards in vivo investigations. 
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 Cartilaginous Endplate Structure 

The CEP is a thin layer (0.5–0.6 mm thick) of hyaline cartilage consisting of water (50–60%), 

proteoglycans and collagen type II and IX, which sandwiches the AF and NP superiorly and 

inferiorly, and are integrated to the adjacent vertebral bodies (Kandel, Roberts et al. 2008, 

Gullbrand, Smith et al. 2018). The thickness of CEP decreases with age especially at the central 

region which confines the NP region (Roberts, Menage et al. 1989). The CEP contains rounded 

chondrocytes and has a lower permeability compared to the bone lying underneath, which limits 

the diffusion of the fluid and allows the NP to pressurise (Gullbrand, Smith et al. 2018, Stergar, 

Gradisnik et al. 2019). The CEP is highly responsible for keeping the disc cells healthy, as IVD 

has limited blood vessel supply and almost all the nutrients and wastes are diffused from the 

adjacent vertebral bodies through the CEP (Nerurkar, Sen et al. 2010, Frauchiger, Tekari et al. 

2017).  

 Cell properties of Intervertebral Disc 

Cells in the IVD have distinct phenotype which reflects the heterogeneity of the ECM in both AF 

and NP region (Nerurkar, Sen et al. 2010). Outer-AF cells are elongated and have fibroblast-like 

phenotype, whereas NP cells, inner-AF cells and CEP cells are spherical and have chondrocyte-

like phenotype (O'Halloran and Pandit 2007, Gullbrand, Smith et al. 2018). The matured NP cells 

have similar phenotypes and morphology to that of articular cartilage chondrocytes, however the 

ECM produced by these cells are distinct and these cells are embryologically different (Choi, 

Park et al. 2019). Notochordal cells exist in an NP region at an early stage of human life, however, 

after the age of 10, the population of notochordal cells decreases and only the chondrocytes 

remain in the NP region (O'Halloran and Pandit 2007). According to the classification established 

by Butler and Smith et al., cell morphology in NP region can be classified in 3 stages: (1) NP 

consists entirely of notochordal cells; (2) notochordal cells form clusters and the ECM increases; 

and (3) notochordal cells decrease and ECM and cartilage-like cells become the primary 

constitution (Butler and Smith 1967). At birth, humans are already in stage 2, and turns to stage 

3 during adolescence (Kobayashi, Baba et al. 2010). 

The average cell density of IVD is low compared to other tissues within the body, which are in 

average 9,000 cells/mm3 and 2,000–4,000 cells/mm3 in AF and NP, respectively (Clouet, Vinatier 

et al. 2009). However, these cell density decreases with age (Choi, Park et al. 2019). Due to this 

low density of cells in the IVD, most of IVD properties relies on the ECM structure (D'Este, 

Eglin et al. 2018). Since it was originally considered that restoration of the disc height by 

supplementing the NP region is the key to the IVD regeneration, markers for NP cells have been 

extensively investigated and SRY-box-transcription-Factor-9, type II collagen and aggrecan have 
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been shown to be functional NP cell markers (Buckley, Hoyland et al. 2018). Markers for AF 

cells have also been investigated recently and the cluster-of-differentiation-146, Mohawk as well 

as type I and II collagens are shown to be functional AF cell markers (Buckley, Hoyland et al. 

2018). 

 Spinal Fusion 

Spinal fusion is the most common surgical treatment method for lower back pain and IVD 

degeneration with its primary focus to remove pain and increase spinal column stability. This 

method is often taken when the instability of the spinal motion segment is detected. During the 

surgery, the degenerated or damaged IVD part is removed and the adjacent vertebral bodies are 

immobilised to stabilise the vertebral column using the metal plates and screws. This method will 

restore the disc height and decompress the neural components (Gullbrand, Smith et al. 2018). 

Sometimes spinal fusion is combined with discectomy or insertion of bone graft into the disc 

space in order to further increase the stability of the spinal motion segment (O'Halloran and 

Pandit 2007). The pain removal rate of the spinal fusion is 60–80%, however since this method 

does not mimic the mechanical and biological properties of the native IVD, it limits the range of 

motion and mobility of the patients (Richardson, Mobasheri et al. 2007, Reeks and Liang 2015, 

Gullbrand, Smith et al. 2018). In addition, due to the hypermobility of adjacent IVDs, spinal 

fusion may accelerate the rate of degeneration in adjacent IVDs which may also cause instability 

(Richardson, Mobasheri et al. 2007, de Beer and van der Merwe 2013). Some studies even 

suggest that there is no convincing difference in the pain removal of conservative treatment and 

spinal fusion (Gullbrand, Smith et al. 2018). 

 Partial/Full/Micro Discectomy 

Discectomy is another type of surgery performed for degenerated or herniated IVDs, which also 

focuses primarily on alleviating pain and remove neuropathy condition. During the surgery, the 

herniated part of IVD is removed and the adjacent vertebral bodies may be fused together with 

metal parts to enhance the mechanical stability of the motion segment. However, the long-term 

outcome of this treatments is still low, and 25% of patients experience pain after surgery (Gluais, 

Clouet et al. 2019). One of the reasons for this is the reoccurrence of NP tissue extrusion through 

untreated AF tears due to the limited healing capacity of AF tissue (Gluais, Clouet et al. 2019). 

Indeed, the AF defects left untreated after discectomy have been shown to associate with up to 

25% of the re-herniation of the IVD after the surgery, and it also increases the IVD degeneration 

prevalence in the patients by 20% when compared to the general population (Buckley, Hoyland 

et al. 2018, Gluais, Clouet et al. 2019). In addition, deciding the adequate amount of tissue 
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removal is challenging, as removing too little tissue may not alleviate pain and increase risk of 

re-herniation; and removing too much tissue may decrease the risk of re-herniation but increase 

the pain due to flattening IVD flattening (Buckley, Hoyland et al. 2018). 

 Total Disc Replacement (Arthroplasty)  

To resolve the issue associated with the spinal fusion and discectomy, another surgical treatment 

method called total disc replacement has been developed and investigated for over a decade. The 

artificial IVDs used in total disc replacement commonly consists of metal and polyethylene to 

anchor the device to adjacent bone and to function as articulation. This method removes the 

degenerated IVD and replaces it with an artificial IVD to restore its mechanical function as a 

motion segment, and subsequently, has potential to decrease the degeneration of adjacent IVDs 

(Gullbrand, Smith et al. 2018). The major advantages of the total disc replacement include 

minimisation of damage to the adjacent IVD and vertebral bodies; restoration of range of spinal 

motion; and minimisation of the risk of stenosis and spondylosis (Bowles and Setton 2017). 

However, the use of the artificial IVDs did not gain popularity over spinal fusion and discectomy 

due to the surgical complexity and higher risk of implant displacement compared to spinal fusion 

(Bowles and Setton 2017). In addition, although total disc replacement eliminates some of the 

issue associated with the spinal fusion, some other issues may arise, such as hypermobility, hypo-

mobility, artificial disc fatigue, material wear, loosening with osteolysis and inflammatory 

reaction to particulates due to wear (de Beer and van der Merwe 2013, Reeks and Liang 2015). 

One of the biggest reasons for those issues to occur is the inaccurate insert position of the implant 

(Bertagnoli, Hanson et al. 2015). This is due to the unique difference in shapes and conditions 

relative to each patient (de Beer and van der Merwe 2013).  

Moreover, since the mechanical load applied on the human lumbar IVD is extremely high, it is 

extremely challenging to manufacture an artificial lumbar IVDs with appropriate mechanical 

properties. This mechanical challenge may be one of the reasons that there are only three artificial 

lumbar discs approved by FDA; SB Charité (DePuy Spine), ProDisc-L (Synthes Spine) and 

ActivL (Aesculap Implant Systems) to date (Nesti, Li et al. 2008, Yue, Garcia Jr et al. 2016). 

 Synthetic polymers used in Intervertebral Disc 

Tissue Engineering 

PLA is one of the most extensively investigated thermoplastic biomaterials, which is derived 

from starches of corn and rice (Rasal, Janorkar et al. 2010). Due to its origin, PLA degrades in 

water, which makes it an appropriate biodegradable polymer for use in the medical field (Rasal, 
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Janorkar et al. 2010). Due to its high degree of crystallinity, PLA has a superior thermoplastic 

property. This allows PLA to be utilised in various manufacturing technologies such as injection 

moulding, fused deposition modelling and electrospinning (Auras, Harte et al. 2004). Low 

hydrophilicity of PLA may cause low cell adhesion or inflammation; however, addition of a 

bioactive polymer can solve this (Xu, Yang et al. 2017). In terms of medical applications, PLA 

has been FDA approved for human body use, and utilised as medical sutures, bone fixation 

devices and prosthesis.  

For IVD-TE, PLA has not been commonly used due to its relatively fast degradation. Mizuno et 

al. utilised solvent casted PLA to coat non-woven PGA mesh, which showed increasing amount 

of ECM components as well as DNA content over 16 weeks of subcutaneous implantation, 

indicating the excellent biocompatibility of the scaffold (Mizuno, Roy et al. 2004, Mizuno, Roy 

et al. 2006). PLLA is an isomer of PLA that has high tensile strength and has slow degradation 

(Akter 2016). Nanofibrous PLLA scaffold was seeded with human bone marrow-derived 

mesenchymal stem cells (hBMSCs) and investigated for its biocompatibility over 28 days with 

transforming-growth-factor-beta-1 (TGF-ß1) to promote cell differentiation (Nesti, Li et al. 

2008). Increasing DNA, collagen and GAG contents, change in cell morphology as well as 

uniform cell distribution was observed in the PLLA scaffold over the time period. 

PGA is a biocompatible, hydrophilic and biodegradable thermoplastic synthetic polymer, which 

also have great mechanical properties (Freed, Vunjak-Novakovic et al. 1994, Sheikh, Najeeb et 

al. 2015). However, PGA degrades too quickly via hydrolysis of ester groups under physiological 

conditions (Choi, Park et al. 2019). Therefore, its high tensile strength is reduced by half within 

2 weeks (Ikada 2006). This limitation associated with hydrolytic instability of PGA can be solved 

by the synthesis of co-polymers such as PLGA or poly-(glycolide-co-caprolactone) (Tian, Tang 

et al. 2012). PGA is often used in combination with other biomaterials to decrease these adverse 

aspects. Examples of combinations for TE that have been investigated include; PGA/alginate 

hydrogel, PGA/TCP, PGA/chitosan, and PGA/gelatin (Wang, Lin et al. 2003, Cao and 

Kuboyama 2010, Hajiali, Shahgasempour et al. 2011, Chan, Kung et al. 2015).  

The first TE-IVD was developed using PLA, PGA and alginate. The impression mould was made 

from ovine lumbar disc, non-woven mesh of PGA was seeded with AF cells, coated with PLA to 

represent AF region, and alginate and NP cell mixture was used as NP region (Mizuno, Roy et 

al. 2004). Both the gross morphology and biochemical characteristic showed similarity to that of 

native IVD. Subcutaneous implantation in mouse has also demonstrated the increase of collagen 

type I, II and GAG contents, indicating high biocompatibility of the scaffold containing PGA.  

PLGA, co-polymer of PLA and PGA, which is thermoplastic, highly biodegradable and 

biodegradable is also FDA approved for use in the human body (Gentile, Chiono et al. 2014, Do, 
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Akkouch et al. 2017). PLGA has been extensively used in the field of TE as its characteristics 

(such as permeability, swelling, degradation rate and mechanical properties) are controllable by 

altering the ratio of PLA:PGA. Through hydrolytic degradation, lactic acids and glycolic acids 

are produced as by-products, which can be harmful for human bodies (Danhier, Ansorena et al. 

2012). Gentile et al. reviewed the application of PLGA for TE, and demonstrated that PLGA can 

be utilised in both soft and hard TE (Gentile, Chiono et al. 2014). 

For IVD-TE, Kim et al. utilised PLGA (75:25 mole ratio of lactide to glycolide) solution 

impregnated with small intestine submucosa (SIS) or demineralized bone particle ((DBP) (Kim, 

Yoon et al. 2006). This scaffold was single-phased (no structural difference between AF and NP 

region) and had high porosity. Leoprine AF and NP cell mixture was seeded into the scaffolds, 

and the scaffolds were shown to be biocompatible for the period of the experiment in vitro (3 

weeks) and in vivo (6 weeks). Appearance of inflammatory cells was observed in in vivo, due to 

acidic by-product from PLGA decomposition and secretion of inflammatory agent from SIS, 

which needs to be solved before the clinical translation. In another study, Yang et al. developed 

the electrospun PLGA, PCL and collagen type I sheet for AF region aiming to fabricate the 

aligned nano-fibrous scaffold with improved properties compared to the raw materials (such as 

minimised swelling, shrinkage and stiffening and increased hydrophilicity) (Yang, Yang et al. 

2017). The AF scaffold consists of PLGA, PCL and collagen type I at 3:3:1 ratio promoted rat 

AF cell growth while retaining its structure over 4 weeks in vitro and 3 months of caudal disc 

space implantation. These studies further support the applicability of PLGA along with additive 

biomaterials for IVD-TE.  

PU is a synthetic polymer that has high biocompatibility, biodegradability and high mechanical 

properties (elasticity, tensile and compressive strength) (Brady, Dürig et al. 2017). Due to its 

simple manufacturing procedure and tailorable properties, PU has been used in various medical 

applications (Choi, Park et al. 2019). When degraded in vivo, PU releases carbon dioxide and 

water as by-products. PU has been utilised combined with other polymers including silk fibrin 

and dextran for medical applications (Chiarini, Petrini et al. 2003, Unnithan, Barakat et al. 2012) 

Despite these useful properties, PU has not been investigated as extensively as other biomaterials 

in IVD-TE. In one study, the PU scaffold was salt leached, implanted in the punctured porcine 

AF model and demonstrated the improvement in ECM deposition and disc height (Wang, Levene 

et al. 2017). PU has blended with silk fibrin to form injectable hydrogel which can be utilised for 

NP replacement and tested with an ex vivo porcine IVD model (Hu, Chen et al. 2012). This 

scaffold promoted cell proliferation and was biocompatible. In another study, the electrospun 

aligned PU scaffold coated with fibronectin was utilised to represent outer and inner-AF region 

seeded with outer and inner-AF cells isolated from bovine caudal spine (Iu, Massicotte et al. 2017, 
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Iu, Santerre et al. 2018). This was the first TE-IVD that consists of distinct outer and inner-AF 

region. It was demonstrated that supplementation of media with FBS, 1% insulin-transferrin-

selenium, proline, dexamethasone and pyruvate promoted outer-AF tissue formation while 

maintaining the deposition of appropriate ECM in the inner-AF as well as enhancing the tissue 

cellularity in vitro. This scaffold was further investigated in combination with the NP tissue 

formed on a porous calcium polyphosphate bone substitute, and showed appropriate ECM 

formation in both AF and NP region as well as stable integration between AF-lamellae as well as 

AF-NP interface. This was implanted in a bovine caudal disc acute defect model and the 

histological analysis indicated the presence of bone substitute and AF region after 1 month of 

implantation.  

PBST is a widely-used co-polyester in biomedical fields including absorbable suture, wound 

dressing and scaffolds for TE (Yuan, Chen et al. 2019). Its high biocompatibility, mechanical 

property and tensile properties can be beneficial for the AF region of the TE-IVD. It also has a 

high elastic recovery which is ideal for the used in AF region as it has to withstand cyclic and 

repeating complex load while maintaining the disc space. 

Yang et al. utilised PBST to fabricate the inner-AF region of the TE-IVD by electrospinning 

(Yang, Xiao et al. 2018). This was the first study of its kind that separately fabricated inner and 

outer-AF regions and formed tri-phasic scaffold. Fluorescent images of the in vitro-cultured 

PBST nanofibrous scaffold demonstrated even cell distribution with excellent biocompatibility 

(> 90%) over 3 days. In another study conducted by Yuan et al., PBST was utilised to fabricate 

molten tube for outer-AF and electrospun sheet for inner-AF region (Yuan, Chen et al. 2019). 

After 3 weeks of subcutaneous culture, most AF cells grew and deposited ECM on the edges of 

the inner-AF region, and few cells grew have infiltrated into the inner-AF region. Although the 

solid PBST tube as outer-AF region provided mechanical support to the TE-IVD, no cells grew 

on the outer-AF region over the period of the experiment. The TE-IVD showed cell growth and 

deposition of ECM after implantation into rabbit disc space, indicating that the TE-IVD is 

biologically functional to some extent despite the drop of cell viability after transplanted from rat 

subcutaneous to rabbit disc space.  

PEEK is a high thermal and chemical-resistant, semi-crystalline material that has high-tensile 

strength (Schmidt, Pohle et al. 2007, Yang, Xiao et al. 2018). PEEK has an excellent 

biocompatibility which is also suitable for development of medical implants (Jagur-Grodzinski 

1999). Since PEEK has high melting points (around 343°C) and exhibits great chemical 

resistance, it is insoluble to most solvents, and is commonly processed with inject moulding or 

selective laser sintering (Tan, Chua et al. 2003). For example, PEEK has been blended with 

hydroxyapatite to fabricate scaffold for TE application (Tan, Chua et al. 2003). Although the 
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fabrication technique that can be employed for PEEK can be limited, one advantage is that PEEK 

scaffold can be sterilised with steam autoclaving or UV irradiation technique without significant 

degradation in its property (Tan, Chua et al. 2003). 

For IVD-TE, Yang et al. fabricated the outer-AF structure of the tri-phasic IVD using PEEK 

which surround and confines the inner-AF along with NP region (Yang, Xiao et al. 2018). PEEK 

powder was melted and poured into a tube-shaped mould and let cool to form solid PEEK tube. 

After 8 weeks of implantation, solid PEEK tube did not have any cell growth indicating that it 

may require longer implantation or combining with other biomaterials that promote cell adhesion. 

 Natural Polymers used in Intervertebral Disc 

Tissue Engineering 

Collagen is the most abundant fibrous protein in the world, that can be sourced from connective 

tissue ECM in mammals, and makes up 25% of human tissue (Parenteau-Bareil, Gauvin et al. 

2010, Ferreira, Gentile et al. 2012). This makes collagen to be commonly used in biomedical 

applications which includes TE. The biocompatibility and cell adhesion property of collagen is 

higher than other natural polymers, but collagen has low immunogenicity (Tan, Wu et al. 2015). 

Collagen has a natural degradation pathway through enzymes referred to as collagenases 

(Shingleton, Cawston et al. 1996). Collagen is also temperature sensitive. It is liquid at room 

temperature and gels at 37°C; however, the mechanical property of the gel is shown to be poor 

(Yang, Leone et al. 2009). In addition, the gelation time is lengthy and thereby the 3D structure 

made with a collagen gel may not hold its shape until the end of gelation (Hospodiuk, Dey et al. 

2017). This slow gelation rate also affects the position of the other components (such as cells and 

bioactive molecules) in the gel, as gravity pulls down the other components before the collagen 

gelation, which results in an inhomogeneous distribution of other components in the collagen gel 

(Gao, Schilling et al. 2015).  

Collagen is one of the primary contents of the IVD, therefore it is predictable that collagen has 

also been widely utilised for IVD-TE, both for the AF and NP region. Due to the compositional 

difference between AF and NP regions (type I more abundant in AF and type II more abundant 

in NP), collagen type I hydrogel has commonly been utilised in AF region while type II has been 

used for NP region. Collagen (type I) hydrogel was first used in the AF region of the IVD 

construct by Bowles et al. in 2010 and further studied by Hudson et al. and Moriguchi et al. 

(Bowles, Williams et al. 2010, Hudson, Mozia et al. 2015, Moriguchi, Mojica-Santiago et al. 

2017). Collagen gel was contracted with its self-assembly property to recreate the aligned 

structure of collagen fibres and cells in AF region. In vivo long-term efficacy of their IVD 
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construct was also investigated using canine cervical model for several months (Moriguchi, 

Mojica-Santiago et al. 2017). The same high-density collagen gel showed great efficacy when 

seeded with ovine AF cells and used as an AF repair agent in rat tail model (Moriguchi, Borde et 

al. 2018). The aligned collagen fibres are better formed with 1 mg/ml collagen gel than 2.5 mg/ml 

collagen gel with aligned cell distribution; however, the poor mechanical property of 1 mg/ml 

collagen gel remains problematic (Bowles, Williams et al. 2010). Choy et al. developed a TE-

IVD with crosslinked collagen membranes representing lamellar AF region and collagen-GAG 

co-precipitate representing NP region (Choy and Chan 2015). This TE-IVD closely mimics the 

IVD structure, and the relationship between the number of lamellae and mechanical properties 

(mechanical strength and disc height retention after applied load) was investigated. It has been 

demonstrated that TE-IVD consist of 10 lamellae AF region demonstrated similar mechanical 

properties to the native AF tissue. Yang et al. utilised collagen type II for the NP region of their 

TE-IVD (Yang, Wang et al. 2018). Live/Dead assay indicated that rat NP cells were viable in the 

collagen type II hydrogel after 2 days of in vitro culture. The 3 months of rat caudal disc space 

implantation has also demonstrated the ECM deposition as well as the tissue integration with the 

adjacent vertebral bodies.  

Gelatin can be obtained from heat-treated collagen or through hydrolysis of animal collagen with 

acid or alkaline (Choi, Park et al. 2019). It is a heterogeneous, denatured and water-soluble 

protein that is low cost, highly available, has high biocompatibility and biodegradability. Gelatin 

is not as antigenic as collagen, but possesses high cell adhesion and proliferation properties (Su 

and Wang 2015). Gelatin affects collagen type II protein expression (Aldana and Abraham 2017). 

For IVD-TE, pure-fibrinous gelatin-TGF-β1 composite seeded with MSCs inhibited apoptosis 

and disc height reduction and increased collage type II content in a punctured rabbit AF model 

(Yang, Wu et al. 2010). However, in many cases in IVD-TE, gelatin was used as an additive to 

other biomaterials to improve the mechanical property and cell metabolism (Feng, Wei et al. 

2016). In another study, gelatin was mixed with oxidised HA to be injected into NP region after 

discectomy (Malhotra, Han et al. 2012). This study has demonstrated the restoration of disc 

height and range of NP motion, however the damaged AF remained untreated. Gelatin is one of 

the great substrates for the adhesion of human AF cells, therefore addition of gelatin to other 

polymers that have superior mechanical properties is a possible solution for AF regenerative 

strategy.  

HA, or hyaluronan is another major component of mammalian ECM found especially in cartilage 

tissue (Russo, D’Este et al. 2016). It is a linear anionic and hydrophilic polysaccharide which has 

a natural degradation pathway in human body through hyaluronidase (Csoka, Frost et al. 2001, 

Kogan, Šoltés et al. 2007). HA is high tuneable, biocompatible, bioresorbable, exhibits an 
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analgesic effect, is anti-bacterial and anti-inflammatory, all of which is advantageous for TE 

applications (Itano, Sawai et al. 1999, Collins and Birkinshaw 2013). Another advantage of HA 

is that it can take various physical forms which includes hydrogel, electrospun fibres, and sponges 

(Zawko and Schmidt 2010). In the highly concentrated HA solution, carboxyl groups in the HA 

chains repels and develops swelling pressure. This allows the HA to have high resilience and 

malleability similar to the human native NP (Toole 2004, Chen, Su et al. 2013). 

HA has been used for NP region of the TE-IVD in various studies (Nesti, Li et al. 2008, Park, 

Gil et al. 2011, Gullbrand, Ashinsky et al. 2018). Nesti et al. injected the HA/MSCs mixture into 

the PLLA nanofibrous scaffold seeded with MSCs to form the TE-IVD. The ECM deposition 

was observed in MSC-encapsulated NP over time, demonstrating biocompatibility of the HA 

with MSCs. In another study, HA was mixed with fibrin which and seeded with porcine 

chondrocyte. This study has also demonstrated increase in ECM compositions as well as DNA 

contents, supporting the in vitro cell viability and proliferation of chondrocytes in HA. 

Methacrylated HA was also investigated by Martin et al. to form NP region of the TE-IVD 

(Martin, Gullbrand et al. 2017). Both collagen and proteoglycan contents increased over the 15 

weeks of in vitro culture, with collagen staining concentrated at the centre and proteoglycans 

distributed throughout the NP region.  

Silk is a fibrous protein produced by silkworms and spiders, and is demonstrated as a promising 

biomaterial for variety of TE applications. One of the reasons is that silk has unique mechanical 

strength, elasticity, minimal immunogenicity, controllable biodegradability and high 

biocompatibility (Kundu, Kurland et al. 2014, Wöltje and Böbel 2017). The primary investigation 

of silk processing in the textile industry has also encouraged the utilisation of silk in the field of 

TE. Silk is relatively easy to obtain and has slow degradation via an enzymatic reaction involving 

plasmin present in the human body (Frauchiger, Tekari et al. 2017). Although it is defined by US 

Pharmacopeia that silk is non-degradable, enzymes such as proteases, collagenases and a-

chymotrypsin can be used to induce in vitro degradation (Horan, Antle et al. 2005). Silk in vivo 

degradation rate is influenced by the concentration of the silk as well as the architecture of the 

scaffold (Altman, Diaz et al. 2003). For example, the electrospun silk scaffold degraded over 8 

weeks in vivo and a silk scaffold fabricated with salt leaching was still present after 6 and 12 

months of implantation (Wang, Rudym et al. 2008, Zhou, Cao et al. 2010). Silk has been 

investigated its potential for bone, skin, vascular grafts, heart valves, IVD, and articular cartilage 

TE and drug delivery.  

Its relatively high compression resistivity, stability and hydrophobicity compared to other natural 

polymers allow silk to be a potential candidate for the AF region of the IVD-TE where high 

compressive and tensile strength is required (Park, Gil et al. 2011). Silk also has slow rate of 
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degradation and good cell adhesion, which may promote AF and NP cell adhesion and 

appropriate tissue formation. Park et al. investigated the biological effect of structural difference 

in AF region seeded with AF cells by comparing the lamellar and porous scaffold, and concluded 

that lamellar AF structure has superior cell infiltration and homogeneous distribution of collagen, 

DNA and GAG contents compared to porous AF structure in vitro (Park, Gil et al. 2011). Silk 

fibrin has been utilised in the NP region of their TE-IVD in conjunction with HA (Park, Gil et al. 

2011). The NP region was seeded with porcine chondrocytes and it has shown high 

biocompatibility after 4 weeks of in vitro culture.  

Agarose is a natural anionic polysaccharide polymer isolated from marine algae or seaweed, 

which shows similar biological properties to alginate (Frauchiger, Tekari et al. 2017). The high 

water-absorbability of agarose is beneficial for cell growth, differentiation and migration. In 

addition, the structural similarity of agarose to the ECM promotes cell adhesion, with appropriate 

oxygen and nutrient supply (Sánchez-Salcedo, Nieto et al. 2008). This cell adhesion property can 

further be improved by surface modification of the agarose scaffold, through blending other 

polymers or fabricating scaffold with micro/nano-stucture (Sakai, Hashimoto et al. 2007). 

Another useful property of agarose for TE application is that agarose is reversible property which 

gels at room temperature and is liquid at body temperature (Deryckere, Eeckhaut et al. 2012). 

Agarose is also pH-responsive due to the ionisable groups (polyelectrolytes) in the structure 

(Murdan 2003). These properties allow agarose to be an adequate biomaterial to fabricate cell-

encapsulated hydrogel, fibrous scaffolds, and 3D printed scaffolds for various TE applications 

(Zarrintaj, Manouchehri et al. 2018). 

Few studies have been performed for IVD-TE using agarose. Nerurkar et al. performed the 

biocompatibility of the agarose hydrogel over 6 weeks of in vitro culture, and demonstrated the 

increase in collagen, GAG and DNA contents will well-distributed cells throughout the scaffold 

(Nerurkar, Sen et al. 2010). Lazebnik et al. have utilised articular chondrocyte-encapsulated 

agarose as NP region of the TE-IVD, and demonstrated that cells were viable after 24 hours of 

in vitro culture (Lazebnik, Singh et al. 2011).  

Alginate is an anionic linear polysaccharide that is isolated from brown algae and bacteria 

(Frauchiger, Tekari et al. 2017) (Stergar, Gradisnik et al. 2019). This natural polymer is widely 

used for biomedical application due to its high availability, high biocompatibility, 

biodegradability, cost effectiveness, low cytotoxicity, and easy gelation upon mixing with 

divalent cations such as Ca2+, Ba2+ and Mg2+ (Drury and Mooney 2003, Lee and Mooney 2012). 

Ionic (with divalent cations), covalent (with amine) or acryl functionalised crosslinking can be 

utilised to improve the mechanical properties of the alginate hydrogel (Liling, Di et al. 2016). 

Alginate is also often chemically modified to enhance cell recognition and adherence, since it is 
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unable to interact with mammalian cells (Dhoot, Tobias et al. 2004). One disadvantage of alginate 

is the presence of impurities, such as heavy metals, proteins and polyphenolic compounds, dse to 

its marine origin. Therefore, alginate requires multiple purification processes to minimise 

possible immunogenic or inflammatory response (Lee and Mooney 2012). 

In terms of use in IVD application, photo-crosslinked alginate was shown to retain the bovine 

NP cell viability, promote ECM deposition, and maintain the mechanical properties in vitro and 

in vivo (Chou and Nicoll 2009). In addition, alginate hydrogel is shown to be an effective ECM 

for NP cells and chondrocytes (Shen, Wei et al. 2008). In a study performed in vitro and in vivo 

experiments for 3 months, alginate hydrogel was used as NP region and demonstrated high NP 

cell viability (Yang, Yang et al. 2017).  

Bacterial cellulose is a polysaccharide extracellularly produced by acetobactor xylinum 

(A.xylinum) bacteria into long non-aggregated nanofiber (Bäckdahl, Helenius et al. 2006). Its 

unique properties such as high Young’s modulus, high water holding capacity, high crystallinity, 

nanofibril network structure and high biocompatibility allow bacterial cellulose to be an attractive 

candidate for TE application (Yamanaka, Watanabe et al. 1989, Bäckdahl, Helenius et al. 2006). 

Bacterial cellulose also has high tensile strength when wet, which is also ideal for medical 

applications (Andrade, Pertile et al. 2010). With these properties, bacterial cellulose has been 

used for skin, blood vessel, cardiac, bone and cartilage TE scaffold (Fontana, De Souza et al. 

1990, Svensson, Nicklasson et al. 2005, Andrade, Pertile et al. 2010). 

In IVD-TE application, Yang et al. have developed a micropatterned mould using 

polydimethylsiloxane, and fermented A.xylinum on the mould to allow production of aligned 

nanofibrous bacterial cellulose to form AF region (Yang, Wang et al. 2018). This scaffold 

allowed aligned growth of rat AF cells and excellent biocompatibility, with the alignment of cells 

with microfibres increases with smaller distance. 

 Biological Materials used in Intervertebral Disc 

Tissue Engineering 

Biological materials, which are derived from the tissue of creature are another potential candidate 

for scaffold fabrication. Biological materials used for TE include DBP, articular cartilage and 

SIS. Decellularised ECM of healthy NP tissue may be appropriate as it allows recreation of 

microarchitecture and biochemistry of the native NP tissue. The decellularised NP ECM supports 

the cellular migration and proliferation (Buckley, Hoyland et al. 2018). Although this seems 

promising, decellularised NP ECM has only been used for NP replacement and not for TE-IVD. 
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Further studies are required to compare the short-term and long-term efficacy of the 

decellularised NP ECM and synthetic or natural biomaterials. 

For IVD-TE, several biological materials such as decellularized bone matrix, decellularised 

articular cartilage ECM, SIS and bacterial cellulose have been utilised (Zhuang, Huang et al. 

2011, Xu, Xu et al. 2015). 

Demineralisation of tissue removes the inorganic or mineral portion by treating with acid solution 

(Summitt and Reisinger 2003). The resulting tissue consists mainly of collagen, making the bone 

matrix flexible but have tensile strength like tendons and ligaments. Demineralised bone has been 

utilised in the biomedical field for decades, as early as 1889. Senn et al. demineralised xenograft 

bone to fill critical defects in the femur (Senn 1889). Urist et al. also demonstrated that 

demineralised cortical bone matrix induces new bone formation, and bone morphogenetic protein 

encourages the proliferation of MSCs (Urist 1965, Mizuno and Glowacki 1996). 

Kim et al. have impregnated DBP powder in PLGA solution and formed TE-IVD seeded with 

leporine AF and NP cells (Kim, Yoon et al. 2006). This scaffold was assessed in vitro and in vivo 

for biocompatibility, and PLGA/DBP scaffold has the higher viability than PLGA only scaffold 

over the 3 weeks of in vitro culture. Another study has developed the AF region of TE-IVD using 

demineralised bone matrix gelatin (Zhuang, Huang et al. 2011). The TE-IVD showed cell growth 

and increase in collagen, hydroxyproline, GAG and DNA contents over 12 weeks of 

subcutaneous implantation with the boundary between the AF and NP region became undefined 

over time. This also indicates that demineralised bone-derived material is effective for the use in 

IVD-TE. 

SIS is an acellular biomaterial that is naturally derived from the jejunum of mammals (commonly 

pigs) (McPherson and Badylak 1998). SIS is bioresorbable and consists primary of ECM that is 

rich in angiogenesis-supporting components such as fibronectin, GAG and collagens (Hodde, 

Badylak et al. 1996, Kim, Yoon et al. 2006). Badylak et al. described that SIS can be resolved 

rapidly and supports new blood vessel formation, while being temporal template for reformation 

of body tissues such as skin, musculoskeletal structures, dura mater and blood vessels (Badylak 

1993). 

Kim et al. also investigated the biocompatibility of the PLGA porous scaffold impregnated with 

SIS and SIS sponge, and showed that the DNA production was significantly higher in SIS sponge 

both in vitro and in vivo. Kim et al. has also demonstrated that culturing the scaffolds in vivo 

increases the DNA contents in scaffolds when compared to in vitro culture condition (Kim, Yoon 

et al. 2006). Despite the great biocompatibility, cell adhesion property and dense tissue formation 

of the SIS sponge, the SIS sponge lost its cylindrical structure within 6 weeks of implantation, 

which is insufficient for IVD-TE.  
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 z-offset and Strand Break Optimisation Process 

(A) (B) 

  
Figure 82. Optimisation process of 3D-printing parameter 

(A) z-offset (0.4, 0.3, 0.2, 0.1 and 0mm from top to bottom), (B) start break (0.4, 0.5, 0.25, 0 seconds from top to 
bottom). 
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 Microscopic Images of the Cells on Various 

Surfaces 
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Figure 83. hBMSC adhesion on different cell culture surface  

Images taken at x100 magnification. 
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 Cell Adhesion Comparison 
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Figure 84. hBMSC adhesion onto the scaffold on petri-dishes with and without BSA-coating 

Images taken at x100 magnification. 

 

 Scaffold Arrangement Optimisation 

The order of scaffold placement on the culturing surface also required optimisation. For 

simplicity, scaffold sets will refer to the 5DC and the scaffold together. On the non-coated petri-

dishes, pre-wetted 5DCs and PCL scaffold cut in a dimension of 17.5 mm square were placed as 

shown in Figure 20. The scaffold sets were covered with glass-slides (Microscope Slides, CAT. 

NO. 7101, interlab, New Zealand) to prevent scaffolds from floating and separating from each 

other; then 10 ml of hBMSC culture media was gently added. 

 
Figure 85. Scaffold-5DCs order optimisation 

The 5DCs stayed on the scaffold with Figure 85(A) method but floated away with Figure 85(B) 

method once media was added. Media was replaced by pipetting to ensure the 5DCs and scaffold 

remain together. The scaffolds with Figure 85(A) method passed both tests, hence was selected 

for further experiments (see Appendix O). 

 Cell Infiltration Test using Glass Slide 

In order to identify whether the glass-slide was capable of holding the scaffolds in place while 

providing nutrient supply, acellular scaffolds with cell-seeded 5DCs were placed on the BSA-

coated and non-coated petri-dishes in the form of Figure 86. Some glass-slides were coated with 

BSA by leaving the autoclaved and cooled glass-slides in the petri-dishes filled with BSA 

solution overnight at 37°C. The scaffold sets were covered with BSA-coated and non-coated 

500µm 500µm 500µm 500µm 

500µm 500µm 500µm 500µm 
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glass-slides. The hBMSC culture media (10 ml) was gently added to the petri-dishes and the 

petri-dishes was incubated for up to 21 days. Media was replaced every 3 days.  

 
Figure 86. Surface coating optimisation for cell infiltration test 

Scaffold sets were placed in between the (A)BSA-coated petri-dish and glass-slide, (B) non-coated petri-dish and glass-
slide, (C) BSA-coated petri-dish and non-coated glass-slide, (D) non-coated petri-dish and BSA-coated glass-slide. 
Yellow indicates the presence of BSA-coating. 

Since it was shown that the weight of a glass-slide can compress the 5DCs and the cut scaffolds 

while simultaneously allowing the cells on the 5DCs to access media, glass-slide use to create 

contact between the 5DCs and cut scaffolds looked promising. However, since it was not stated 

whether the hBMSCs would stick to the glass-slide used for this experiment, the glass-slide was 

also tested for cell adhesion properties with and without the BSA-coating. Although it was shown 

in the previous experiment that (A) method prevents 5DCs from floating away, some 5DCs 

floated once hBMSC culture media was added to the petri-dishes. Additionally, only one glass-

slide can fit in a petri-dish, therefore an increased volume of media was consumed for this 

experiment (i.e. not cost effective). 

BSA-coated petri-dish with BSA-coated glass-slide (Figure 86(A)) showed no cell migration 

when observed for 4 hours. Some migration towards the scaffold was observed at days 3 and 7. 

These migrated cells had expanded from day 7 to 11 and had good migration from day 14. By 

day 18, the cells had fully expanded to the edges of the scaffold and continued to show expansion 

by day 21. Throughout this time, there was no adhesion to the surface of the glass-slide or petri-

dish. 
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Non-coated petri-dish with non-coated glass-slide (Figure 86(B)) similarly did not demonstrate 

any migration after 4 hours. As hypothesised, cells detached from the scaffold and moved to the 

substrate at day 3. However, this continued on to day 7 with the cells not adhering to the scaffold. 

Interestingly, the scaffold still had no cell adherence on day 11 but migrated cells were found on 

the petri-dish. Throughout days 14, 18, and 21; there was some migration to the scaffold but was 

mostly on the petri-dish and glass-slide. 

The BSA-coated petri-dish with non-coated glass-slide (Figure 86©) also showed no migration 

after 4 hours. Some cells escaped to the non-coated glass-slide surface on day 3. However, there 

was a small portion of cells which migrated to the scaffold on day 7 which continued to days 11 

and 14. By day 18, most cells had migrated to the surface of the scaffold. On day 21, most of the 

cells were on the scaffold with some at the bottom of the petri-dish. 

Non-coated petri-dish with BSA-coated glass-slide (Figure 86(D)) was the only setup which had 

shown some cells detached from the seeded 5DC scaffold after 4 hours. On days 3, some cells 

had migrated to the petri-dish surface without adhering to the scaffold. This was the same when 

observed on day 7. Finally, by day 11, some cells had migrated to the scaffold with cells reaching 

the edges of the scaffold by day 18. The cells continued to expand in the scaffold when observed 

on day 21. Additionally, cells travelled towards the edges of the sample scaffold at later time 

points. 

Although this glass-slide method allows cell migration to the sample scaffold (Figure 87), some 

limitations were noticed including (1) seeded 5DC scaffold and glass-slide being easily displaced 

from its position especially when replacing the media; (2) it consumes a large amount of media 

for small number of samples; (4) autoclaving the glass-slide is energy and time consuming and 

(5) inefficient media and waste transport. Therefore, another method which addresses those 

limitations will be required. 

Since this method utilising glass-slide did not achieve the stable contact between the 5DCs and 

scaffolds and had limited cell migration to the scaffold, another method of sandwiching the 5DC 

was considered (see 3.4.5.8).   
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Figure 87. Scaffolds and 5DCs cultured in between glass-slide and petri-dish 

Scaffold set were cultured with various conditions at selected time points (x40 at 4 hour and x100 for later time points). 
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 Cell Migration with Various Pore Sizes 
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Figure 88. Cell migration progression on various pore sizes 

Cell infiltration over time on the scaffolds with various pore sizes (day 0 to day 28) was observed. Images were taken 
at x40 magnification and stitched together to observe the whole structure. 

 

  

1000µm 



 
 

181 

 p-value of Area of Cell Migration on Various 

Pore Size 

Table 30. p-values for the area of cell migration for pore size test 

(A) Area of cell migration between the time points, and (B) area of cell migration between the pore sizes. 

(A) Area of cell migration between the time points. 

 
(B) Area of cell migration between the pore sizes. 
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 p-value of Maximum Distance of Cell Travel on 

Various Pore Size 

Table 31. p-values for the maximum distance of cell travel for pore size test 

(A) Maximum distance of cell travel between the time points, (B) maximum distance of cell travel between the pore 
sizes. 

(A) Maximum distance of cell travel between the time points. 

 
(B) Maximum distance of cell travel between the pore sizes. 
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 p-value of Number of Cells on the Scaffolds of 

Various Pore Size 

Table 32. p-values for the number of cells on the scaffolds of various pore size 

(A) Number of cells on the scaffolds between the time points, and (B) number of cells on the scaffolds between the pore 
sizes. 

(A) Number of cells on the scaffolds between the time points. 

 
(B) Number of cells on the scaffolds between the pore sizes. 
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 p-value of Number of Cells on the 5DCs on 

Various Pore Size 

Table 33. p-values for the number of cells on the 5DCs isolated from various pore size 

(A) Number of cells on the 5DCs between the time points, and (B) number of cells on the 5DCs between the pore sizes. 

(A) Number of cells on the 5DCs between the time points. 

 
(B) Number of cells on the 5DCs between the pore sizes. 
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 Cell Migration with Various Chitosan 

Concentrations 

Blend Cell Migration over Time 
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Figure 89. Cell migration progression on various chitosan concentrations 

Cell infiltration over time on the scaffolds with various chitosan concentrations (day 0 to day 28) was observed. Images 
were taken at x40 magnification and stitched together to observe the whole structure. 
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 p-values of Area of Cell Migration on Various 

Chitosan Concentrations 

Table 34. p-values for the area of cell migration for chitosan concentration test 

(A) Area of cell migration between the time points, and (B) area of cell migration between the blends. 

(A) Area of cell migration between the time points. 
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(B) Area of cell migration between the blends. 
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 p-value of Maximum Distance of Cell Travel on 

Various Chitosan Concentrations 

Table 35. p-values for the maximum distance of cell travel for chitosan concentration test 

(A) Maximum distance of cell travel between the time points, (B) maximum distance of cell travel between the blends. 

(A) Maximum distance of cell travel between the time points. 
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(B) Maximum distance of cell travel between the blends. 
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 p-value of Number of Cells on the Scaffolds of 

Various Chitosan Concentrations 

Table 36. p-values for the number of cells on the scaffolds of various chitosan concentrations 

(A) Number of cells on the scaffolds between the time points, and (B) number of cells on the scaffolds between blends. 

(A) Number of cells on the scaffolds between the time points. 

 
(B) Number of cells on the scaffolds between the blends. 
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 p-values of Number of Cells on 5DCs on Various 

Pore Size 

Table 37. p-values for the number of cells on 5DCs isolated from various chitosan concentrations 

(A) Number of cells on the 5DCs between the time points, and (B) number of cells on the 5DCs between the blends. 

(A) Number of cells on the 5DCs between the time points. 

 
(B) Number of cells on the 5DCs between the blends. 
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 Melt-electrowriting of Poly-e-caprolactone 

Strips for Annulus Fibrosus Lamellae 

As a proof of concept, MEW AF-lamellae strips were fabricated using blend A. A 3-D model of 

strips (1.5 cm width, 15 cm length, and 0.1 mm height) was made on 3-D Builder and imported 

into GeSiM Software Robotics as STL file. This model was melt-electrowritten to 4-layers with 

50 µm strand-thickness and 400 µm strand-distance using the optimised MEW parameter of PCL. 

The strips were separated and cut in half width (7.5 mm width, 15 cm length) and UV sterilised 

to be rolled into a tube.  

 
Figure 90. AF strips fabricated with PCL 

 


