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Abstract 
Tissue engineering (TE) uses an interdisciplinary approach involving integrating the 

science and technology of cells, biomaterials and biologically active molecules to 

create, repair and/or replace tissues and organs. Generally, TE uses biomaterials for 

the manufacturing of scaffolds which provide structural support for cell attachment, 

cell growth, and cell differentiation. The generation of scaffolds with tailored, 

biomimetic geometries, mimicking the extracellular matrix (ECM), underpins the 

success of TE. Electrospinning is a versatile technique for producing nano/microscale 

fibres and it has great potential for producing scaffolds that imitate the 

microenvironment of native ECM. Variety of materials have been electrospun for the 

purpose of TE. Silk fibroin (SF) from the Bombyx mori silkworm is increasingly being 

recognised as a promising biomaterial due to its good biocompatibility, adaptable 

biodegradability and good oxygen/water vapour permeability. However, for some 

tissues the strength of scaffolds composed only of SF is not sufficient, and for others 

the biocompatibility of SF scaffolds could be further improved. There is, therefore, a 

requirement to improve the bioactivity of SF-based materials which will facilitate 

better tissue regeneration and as a consequence broaden the biomedical applications 

for which SF-based biomaterials can be used. This study aims to develop new 

electrospun SF based nanocomposites and evaluate their material and cyto-compatible 

characteristics as a way of determining their potential for use in TE applications. 

Halloysite nanotubes (HNT) are natural inorganic nanoparticles that have been widely 

incorporated into polymer matrices to obtain nanocomposites with improved 

mechanical, drug-loading, and cell attachment properties. In Chapter IV, SF/HNT 

nanocomposites with various HNT loadings were fabricated. The addition of a low 

amount of HNT (e.g. 1 wt%) enhanced the hydrophilicity and increased the water 

uptake capacity (WUC) of the composite nanofibre scaffolds above those fabricated 

from plain SF. Furthermore the Young’s modulus and tensile strength of scaffolds 

containing 3 wt% HNT was also higher than that of plain SF. However, HNT loadings 

higher than 3 wt% had a detrimental effect on these properties due to HNT 

agglomeration. Interestingly, composite scaffolds containing 1 wt% HNT better 

supported the viability and spreading of 3T3 fibroblasts, and the ordered differentiation 

of C2C12 myoblasts to produce aligned myotubes was similarly enhanced on this 

scaffold. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fibroin


 

iii 

Gelatin, is an inexpensive, natural material which can promote cell functions. In 

Chapter V, the effects of incorporating gelatin into SF matrix on material and 

biological properties of these scaffolds were investigated. It was found that when the 

gelatin content was increased, the degree of crosslinking also increased as a result of 

glutaraldehyde fixation of the composites. This enhanced crosslinking appeared to 

directly affect the mechanical, porosity, and WUC properties of the scaffolds. 

Furthermore, proliferation assays using 3T3 fibroblasts revealed that SF/gelatin 

nanofibre scaffolds at the blend ratio of 70/30 had the lowest 3T3 fibroblast 

proliferation rates and the deposition of ECM proteins was also the lowest on these 

scaffolds.  

Collagen type I (Col I), is a natural protein and the main component of many tissue 

ECMs. It contains abundant binding sites for cell adhesion molecules including those 

of the integrin family and this gives rise to the favourable cell adhesion and cell 

proliferation, and hence tissue regeneration characteristics attributed to this protein. In 

Chapter VI, the functionality of SF/Col I constructs as tissue scaffolds was assessed. 

Coating SF with Col I hydrogel was found to reduce the proliferation rate of 3T3 

fibroblasts relative to that seen on plain SF nanofibres. Moreover, immunofluorescent 

images revealed that incorporation of Col I hydrogels into the SF scaffolds down 

regulated fibroblast derived ECM protein deposition, and this was particularly 

apparent for fibronectin.  

Decellularised ECMs derived from cultured cells are attracting attention as scaffold 

materials for TE because it is increasingly being recognised that a cell’s ECM contains 

a complex, dynamic network of glycoproteins and growth factors that can direct cell 

fate. In Chapter VI, the functionalities of deposited 3T3 fibroblast- and human dermal 

fibroblast (HDF)-derived ECMs on scaffolds developed in previous Chapters and 

selected for their favourable characteristics, (i.e. SF and SF/HNT 1wt%) were explored 

for their ability to support keratinocyte expansion. It was found that SF and SF/HNT 

1wt% scaffolds supported keratinocyte growth, but that coating with either 3T3 cell or 

HDF ECM further enhanced keratinocyte expansion. Interestingly, keratinocytes 

grown on scaffolds coated with HDF-ECM appeared to be less committed to terminal 

differentiation. Keratinocytes cultured on SF/HNT 1wt%-HDF ECM proliferated 

more and more keratinocytes were undifferentiated, as indicated by the lower 

involucrin expression. In general SF/HNT 1wt%-HDF ECM was a superior substrate 



 

iv 

for the growth of primary human keratinocytes in vitro compared to SF scaffolds 

coated with 3T3 ECM or uncoated scaffolds.  

The goal of this project was to develop new electrospun SF based scaffolds which 

would broaden the application of SF biomaterials in TE. Data obtained from this study 

have shown the potential of SF/HNT nanocomposites as scaffolds. In addition, the 

novel SF/HNT 1wt%-HDF ECM scaffolds developed in this project may serve as 

substrates for the in vitro expansion of undifferentiated keratinocytes for clinical 

applications. 
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1.1 Background 

Every day, thousands of surgical procedures are performed to repair/replace damaged 

or lost tissue caused by disease, injury or trauma. Tissue engineering (TE) is an 

emerging multidisciplinary field which aims to develop technologies that allow 

damaged organs to be substituted with tissues generated in vitro. Ultimately TE 

approaches could solve issues associated with conventional allograft transplantation, 

like the scarcity of donor organs, the complexity of surgery, and the complicated 

postoperative care 1, 2. In most cases, TE requires a porous biomaterial to provide 

structural support for the cells. In the body the extracellular matrix (ECM) which is 

secreted by cells performs the scaffold role of the biomaterial in TE. Ideally, 

the artificial, biomaterial scaffold used TE should be degraded and replaced by the 

natural ECM of the intended tissue. The success of an implantable tissue engineered 

graft is enhanced if the biomaterial scaffold resembles the ECM structure of the tissue 

it is emulating; generally this means the scaffold should be composed of three-

dimensional (3D) networks of nanoscaled fibrous proteins embedded in a 

glycosaminoglycan hydrogel 3-6.  

The process of electrospinning has attracted enormous attention in TE. Electrospinning 

produces nanofibres with diameters ranging from several micrometres to nanometres, 

resembling natural ECMs in tissue with approximate diameter range of 50–500 nm. 

The simplicity and cost-effectiveness as well as the versatility in the materials that can 

be used are advantages of electrospinning. Moreover, the nanofibres can be tuned to 

produce large surface areas, high porosities and interconnected pores, which facilitate 

cell adhesion, proliferation, migration, and differentiation 7. The simplicity and cost-

effectiveness as well as the versatility in the materials that can be used are advantages 

of electrospinning. Electrospinning also allows the chemical and mechanical 

properties of the nanofibres to be modified by the incorporation of bioactive species, 

or the blending of the base materials with other polymers or nanoparticles. These 

features make electrospun nanofibres well suited as scaffolds for TE. Over the last few 

years, there has been unprecedented advances in the manufacturing of electrospun 

fibres and their corresponding functions for TE, including the regeneration of skin, 

bone, muscle, cartilage, and blood vessels 7-9. 

https://www.sciencedirect.com/topics/chemical-engineering/polymers


 

3 
 

Choosing an appropriate biomaterial is a critical for any cell scaffold. Amongst the 

variety of materials tested, silk fibroin (SF) has attracted attention due to its excellent 

mechanical properties, good biocompatibility for wound healing, very low 

immunogenicity and biodegradability. Generally SF for biomaterials is extracted from 

cocoons of the silkworm Bombyx mori (B. mori). SF from this species has been used 

clinically in surgical sutures since the end of the 19th century, and is still being used 

in dissolvable sutures. SF has been shown to be a promising scaffolding material for 

repairing skin, bone, cartilage, ligament and tendon, as well as vascular, neural, 

tracheal and bladder tissues 10, 11. It has major advantages over many proteins derived 

from tissues of allogeneic or xenogeneic origins, such as a lower risk of infection, and 

easier isolation and purification procedures. Furthermore, the large-scale processing 

infrastructure already in place for traditional silk textile industries provide economic 

advantages for also using SF from B. mori for biomedical applications 12.  

1.2 Research Significance and Objectives 

1.2.1  Research Significance 

In spite of the aforementioned advantages of SF as a biomaterial for TE scaffolds, there 

are aspects of SF-based scaffolds that could be improved. For example, for some 

tissues the strength of scaffolds composed only of SF is not sufficient, and the 

biocompatibility of SF scaffolds could be further improved 13-16. SF from B. mori does 

not have the amino acid motif, arginine-glycine-aspartic acid (RGD), that is recognised 

by many cell surface integrins and integrin engagement via this motif is important for 

promoting cell attachment and growth for many cell types. Hence, promoting better 

cell attachment to SF biomaterials is one of the challenges in TE 17-19. Recent 

developments have improved the effectiveness of SF in tissue scaffolds, such as 

blending the SF with other polymers, incorporating growth factors or bioactive 

proteins in the SF scaffolds and so forth 11, 20. However, other strategies could further 

improve the bioactivity of SF-based materials for better tissue regeneration and as a 

consequence broaden biomedical applications for which SF-based biomaterials can be 

used.  This study aims to develop new electrospun SF based nanocomposites and 

evaluate their material characteristics as well as their potential for TE applications.  

https://www.sciencedirect.com/topics/materials-science/biomaterials
https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/materials-science/biomaterials
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I. Halloysite nanotubes (HNT) are natural inorganic nanomaterials that have been 

widely incorporated into polymer matrices to obtain nanocomposites with 

improved mechanical properties, drug-loading properties, cell attachment and 

hemostatic performance. HNTs have many virtues as nanofillers including their 

abundance naturally, good dispersion ability, low toxicity and low cost. Other 

tubular nanoparticles, such as carbon nanotubes (CNTs), have been successfully 

used as functional fillers for nanocomposites for TE use. Nonetheless, there is 

evidence that CNTs may cause chronic inflammation and granuloma 

development 21, 22. In contrast,  phagocytes can effectively phagocytose HNT, 

thereby reducing their potential to induce inflammation 23. In addition, the 

cheaper price of HNT is a further advantage. HNT can easily be dispersed into a 

range of different polymers where they have shown good reinforcing abilities, 

giving rise to composites with improved mechanical properties. Accordingly, 

HNTs have been introduced as a reinforcing agent into polyvinyl alcohol (PVA) 
24, chitosan 25, gelatin 26 and alginate 27. HNT can be also used as either a carrier 

for drugs, or as a substrate for protein adsorption because of their hollow tubular 

nanostructure 28. In the latter case, HNT functionalised with the adhesion protein 

selectin were shown to preferentially bind leukaemic cells, an attribute that could 

assist in cancer treatment.  

Electrospun scaffolds prepared for TE that contain HNTs have also been 

reported. These include scaffolds of electrospun polymeric nanofibres, including 

polylactic acid (PLA) 29, poly(l-lactide) acid  (PLLA) 30, PVA 24, 

polycaprolactone (PCL) 31, poly (lactic-co-glycolic acid) (PLGA) 32 or alginate 
27. There are reports suggesting scaffolds that contain HNTs have potential for 

accelerating wound healing because the presence of HNTs supports cell 

adhesion and proliferation as well as enhancing the  tensile strength and Young’s 

modulus of the scaffold 33-35. For example, HNT significantly improved the 

compression properties of chitosan scaffolds, whilst the cell attachment and skin 

repairing properties of the chitosan were also increased 25. The addition of HNT 

to PLLA polymer matrices in a composite system was found to enhance their 

tensile strength and Young’s modulus, which may have contributed to the 

improved adhesion and proliferation of the murine osteoblastic cells that was 

observed 34.  The presence of HNT allowed higher protein adsorption and 

https://www-sciencedirect-com.dbgw.lis.curtin.edu.au/topics/materials-science/nanostructure
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improved the mineralisation of PCL/HNT nanocomposite relative to pristine 

PCL 31. Furthermore higher osteoblast differentiation was observed, suggesting 

the potential of PCL/HNT scaffolds for bone TE. It was reported that HNT-

“doped” PLGA nanofibres not only demonstrated significantly higher 

mechanical properties compared to their “not doped” counterparts, but they were 

also able to better promote cell attachment and proliferation 32. A study 

conducted on electrospun PLGA/HNT nanofibrous mats demonstrated that the 

nanocomposite exhibited an excellent biocompatibility 36. Moreover, fibroblasts 

cultured on the nanocomposite scaffolds displayed a phenotypic shape, implying 

that the cells could penetrate and migrate within the scaffolds similar to native 

ECM.  Consequently from these examples it can be deduced that polymer/HNT 

nanocomposites exhibit great potential for TE applications. 

However, to our knowledge, there is no scientific report on developing SF/HNT 

nanocomposites. Accordingly, the properties of HNTs inspired us to explore the 

benefits of ST blended with HNTs as a novel scaffold material for TE 

applications. 

II. Decellularised ECM derived from cultured cells are attracting attention as 

scaffold materials for TE because it is increasingly recognised that a cell’s 

ECM contains a complex, cell/tissue-specific, dynamic network of 

glycoproteins and growth factors that are capable of directing cell fate. 

Nonetheless, major challenges for these scaffolds are their fragility and their 

integrity loss upon cell adhesion and cell generated tension 37. In recent years, 

a new strategy has been developed based on incorporating native ECM into 

polymeric biomaterials. As such, polymeric scaffolds provide structural 

support, and ECM provides biological cues to regulate cell phenotype and 

function 38. Some studies have demonstrated the efficacy of ECM/polymer 

scaffolds for the regeneration of various tissues including bone 39, 40, cartilage 
38 and nerves 41. For instance, chitosan/SF scaffolds coated with schwann cell 

derived-ECM proteins demonstrated superior regenerative outcomes in the 

repair of a 10 mm gap in the sciatic nerve of rat, over the scaffold only group 
41. Harvestine et al. 39 similarly reported that the addition of a mesenchymal 

stem cell secreted ECM coating to bioactive glass /poly(lactide-co-glycolide) 
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scaffolds potentiated the efficacy of this substrate by promoting cell survival 

and function in vitro and in vivo. 

However, this type of polymer/ECM scaffold, has not been fully studied. In 

particular, to our knowledge, there are no reported studies on the applicability 

for TE of electrospun SF scaffolds with an ECM coating. Hence, we developed 

SF based scaffolds with fibroblast derived ECM and evaluated their 

functionality as tissue scaffolds. In addition, two proteins were chosen to be 

added to SF to improve its bioactivity. The rationale for this choice is given 

below:  

a) Gelatin, is an inexpensive, natural material obtained from the hydrolysis of 

the ECM component, type I collagen. Gelatin promotes cell adhesion, 

proliferation and migration, in part because it contains the amino acid 

motif, RGD, which facilitates cell adhesion via certain members of the 

integrin family of cell adhesion molecules 42, 43. Improvements in scaffold 

hydrophilicity and cell viability were demonstrated upon adding gelatin to 

the following polymers such as PLLA 44, PCL 45 , PLGA 46 and 

polyurethane 47. In relation to SF scaffolds, their lack of bioactivity and 

their slow degradation rates may, depending on their use, induce certain 

concerns. It was reported that blending SF with gelatin can improve cell 

adhesion and cell proliferation on SF based scaffolds and these scaffolds 

also degraded more quickly than similarly prepared scaffolds composed on 

SF only 48.  

b) Collagen type I, is a natural protein and the main component of many tissue 

ECMs.  It contains the amino acid motif, GFOGER, which is recognised 

by a sub-set of cell surface integrins particularly during wound healing 49. 

In addition, a number of proteins that contain the RGD integrin-binding 

motif bind to collagen, and so give rise to indirect cell-collagen interactions 

that cell adhesion and cell proliferation, and hence tissue regeneration 50. 

Collagen was used with PLGA and it was found that the presence of 

collagen contributed to enhancing the distribution of skin fibroblasts as 

well as promoting the formation of an epithelium in 2–4 weeks 51. The 

presence of collagen within PCL scaffolds markedly elevated cell 
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migration through activation of β1-integrins 52. Many other studies have 

shown that incorporation of collagen type I with other polymers promoted 

the biocompatibility of those polymers while retaining their mechanical 

strength 53, 54. Therefore, SF functionalisation with collagen could enhance 

cell adhesion and result in more ECM deposition.  

1.2.2  Research Objectives 

A range of different SF based electrospun nanofibres have been produced by others as 

scaffolds for tissue engineering, but to our best knowledge the incorporation of HNTs 

into electrospun SF mats is novel and has not previously been examined. Similarly, 

functionalising the SF mats with human dermal fibroblast extracellular matrices, as a 

way to better support primary human keratinocyte expansion is also novel. Hence, the 

main goal of this study was to produce electrospun SF scaffolds to support the 

proliferation of primary human keratinocytes. Accordingly, three different SF based 

scaffolds were prepared and analysed. These were achieved by: (1) incorporating HNT 

into the SF solution, (2) blending SF with gelatin and (3) coating SF electrospun 

scaffolds with collagen type I. Based on material and biological characterisations, an 

optimum scaffold was chosen and further functionalised with the deposition of 

fibroblast ECM. The efficiency of this SF based/ECM hybrid scaffold for keratinocyte 

expansion was investigated. The detailed steps are given as follows: 

• Manufacture SF/HNT nanocomposite scaffolds at different HNT contents (i.e., 1, 

3, 5 and 7 wt %). 

• Characterise SF/HNT nanocomposites. Examine material properties and 

investigate fibroblasts cell proliferation, C2C12 myoblast cell differentiation and 

cell morphology to find the optimum HNT content for a tissue scaffold. 

• Fabricate SF/gelatin blended nanofibres with different blend ratios (i.e., SF/gelatin 

100/0, 90/10 and 70/30).  

• Investigate the effect of SF/gelatin blend ratio on SF fibres using both material 

characterisation techniques and biological tests including fibroblast cell 

proliferation and fibroblast derived ECM deposition assays to find the optimum 

SF/gelatin blend ratio for a tissue scaffold. 
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• Prepare SF scaffold coated with type I collagen and study their material and 

biological properties. 

• Deposit ECM from 3T3 fibroblasts and primary human dermal fibroblasts (HDFs) 

on optimised SF based scaffolds and evaluate the potential of these scaffolds for 

keratinocyte expansion as a way of assessing if they could be useful for repairing 

skin wounds.  

1.3 Thesis Outline  

The thesis is structured into seven chapters as summarised below and Figure 1.1: 

Chapter I presents a brief background about the tissue engineering, SF based scaffolds 

as well as electrospinning and explains the research objectives of the project.  

Chapter II is an extensive literature review describing current findings and knowledge 

gaps in tissue engineering, electrospinning, silk fibroin and tissue scaffolds.  

Chapter III describes the research methodology including the preparation of the SF 

based spinning solution, electrospinning setup, post treatments as well as material and 

biological characterisation methods.  

Chapter IV describes SF/HNT nanocomposite fabrication with various HNT contents. 

The resulting nanocomposites were subjected to different material characterisation 

techniques including scanning electron microscopy (SEM), X-ray diffraction (XRD), 

Fourier transform infrared spectroscopy (FTIR), tensile tests, thermal analysis, water 

uptake and water contact angle measurements. The potential of SF/HNT scaffolds for 

TE applications were evaluated by conducting cell proliferation assays, cell 

differentiation assays and fluorescent imaging of cells on scaffolds. Based on these 

results, a scaffold with optimum HNT content in terms of both material properties and 

biological characterisation was reported. 

Chapter V describes the detailed fabrication of SF/gelatin scaffolds with different 

gelatin weight ratios. Prepared scaffolds were analysed by SEM, FTIR, XRD, porosity 

measurement, tensile tests, water uptake and water contact angle measurements. Cell 

proliferation assays and fibroblast derived ECM deposition studies were performed to 

assess scaffold functionality. 
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Chapter VI explains the preparation of SF nanofibre/collagen hydrogel composites 

and the evaluation of their morphology using SEM technique. Their hydrophilic 

properties are also described.  The functionality of SF/collagen constructs as a tissue 

scaffold was investigated by examining the proliferation of cells plated on these 

surfaces and the extent of ECM deposition. Thereafter scaffolds chosen from results 

obtained and described in Chapter IV and Chapter V were functionalised by fibroblast 

derived ECM and used as a substrate for growing keratinocytes. The effects of ECM 

deposition on the functionality of scaffolds for growing keratinocytes were assessed 

and reported.  

Chapter VII summarises main conclusions and presents a number of 

recommendations for future work. 
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Chapter II: Literature Review 
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2.1 Tissue Engineering 

Disease, injury and trauma can lead to damage and degeneration of tissues in human 

body. Traditionally, transplanting tissue from one site to another in the same patient 

(an autograft) or from one individual to another (a transplant or allograft) have been 

the bedrock to replace damaged and diseased parts of the body. Both approaches, 

however, have limitations. Harvesting autografts have serious constraints including 

lack of available donor tissue and donor site morbidity. Transplantation is limited by 

donor shortage, risk of infection, tumour development and requires life-long 

immunosuppression regimes 1, 55, 56. To address the aforementioned shortages, tissue 

engineering (TE) has emerged as an alternative approach with the potential to provide 

a cost-effective and long-term solution. The term TE was coined by Fung in October 

1987 at a National Science Foundation Workshop in Washington, USA. Although 

tissue engineering may be recognised as a relatively new approach, the idea of 

replacing tissue with another dates back to the 16th century when Italian surgeon 

Gaspare Tagliacozzi (1546–99) developed a technique using grafted skin taken from 

the patient’s arm for reconstructing of the nose 57. TE requires an interdisciplinary 

approach which combines the principles of engineering and life sciences towards the 

development of biological substitutes for regenerating, repairing or replacing diseased 

tissues. Its principle is to create tissues and organs that can mimic the structure and 

physiochemical characteristics of its natural counterparts through combination of the 

patient’s own cells and polymeric scaffolds, and ultimately transplanted into a patient 

by injection or surgery 55, 58-60. Figure 2.1 illustrates the classic tissue engineering 

strategy. 

https://www.sciencedirect.com/topics/engineering/transplants
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Figure 2.1 Classic concept of tissue engineering 59. 

2.2 Scaffolds 

One of the main objective in TE is to design and create a 3-dimensional (3D) template 

to simulate the structures and biological functions of the natural extracellular matrix 

(ECM) and to support cell growth, differentiation and spreading for the regeneration 

of new tissues. Regardless of the tissue type, key criteria should be considered for 

designing a scaffold as follows: 

i. Biocompatibility: This term refers to the ability of a biomaterial to perform its 

desired function with respect to a medical therapy, without eliciting any 

undesirable local or systemic effects in the recipient or beneficiary of that 

therapy, but generating the most appropriate beneficial cellular or tissue 

response in that specific situation, and optimising the clinically relevant 

performance of that therapy 61. Scaffolds should provide a microenvironment 

to support cell adhesion, proliferation and differentiation either in vitro culture 

or in vivo implantation. Biocompatibility is a necessity for biomaterials in order 
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to minimise inflammatory response, cytotoxicity and immunological reactions 

from the body 57, 62.  

ii. Biodegradability: Principally the scaffold degradation time should be 

matched with that of tissue regeneration, and additionally the degraded by-

products must be non-toxic, metabolised safely and exit the host body without 

any interference with other organs 63, 64. 

iii. Scaffold geometry: Scaffolds act as temporary templates and should resemble 

the structure of the native ECM in terms of architecture. Therefore a 3D 

construct with interconnected pore structure and a suitable pore distribution are 

required for cellular penetration, diffusion of nutrients and waste exchange, 

vascularisation and new tissue formation. Furthermore, scaffold topographical 

features can influence cell behaviour by providing contact guidance for cells, 

which in turn have an effect on the cytoskeletal arrangement and cell adhesion 
3, 65.        

iv. Mechanical properties: Biomaterials should possess mechanical properties 

comparable to the host tissue with shape stability and retain structural integrity. 

Moreover, critical cell functions such as differentiation, cytoskeletal 

organisation and process extension are influenced by the scaffold mechanical 

properties 66, 67. Such a mechanosensitivity has been shown for the 

differentiation of mesenchymal stem cells (MSCs). As such, depending on 

substrate stiffness, they can differentiate to neuronal cells or support osteogenic 

differentiation, indicating the role of substrate stiffness on the differentiation 

of stem cells towards specific lineages 68. 

Hence it can be inferred that choosing the proper type of biomaterials and methods of 

scaffold fabrication are critical for producing a clinically and commercially viable 

tissue-engineered construct.  

2.2.1  Scaffold Approaches in Tissue Engineering 

During the previous decade there has been growing interest in creating scaffolds for 

tissue engineering with four major scaffolding strategies being evolved (Figure 2.2): 

(i) cell encapsulation in self-assembled hydrogel matrix, (ii) cell sheets with self-
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secreted ECM, (iii) pre-made porous scaffolds for cell seeding and (iv) decellularised 

ECM (dECM) for cell seeding. In the following subsection, each method is briefly 

discussed. 

 

 

Figure 2.2 Schematic diagram of various methods for scaffold preparation in tissue engineering 62. 

2.2.1.1 Cell Encapsulation in Self-assembled Hydrogel Matrix 

In this approach, living cells were entrapped within a semi-permeable membrane or 

within a homogenous solid mass. The common materials for encapsulation are 

hydrogels, which are formed by covalent or physical crosslinking of water-soluble 
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polymers 69, 70. This method is a simple one-step procedure and featured as an 

injectable system whereby cells suspended in a liquid precursor solution were 

delivered in vivo to the site of interest. However, this approach has been rarely 

employed for hard tissue applications, mainly due to the weak mechanical properties 

of hydrogels 62.  

2.2.1.2 Cell Sheets with Self-secreted ECM 

The concept of this approach is based on cells secreting their own ECM upon 

confluency to create sheet-like structures for tissue reconstruction. Hence the cells 

were cultured on thermo-responsive culture surfaces until confluency, followed by 

detaching cell sheets by thermally adjusting the hydrophobicity of polymer coatings 

without enzymatic treatment. This method can be repeated to laminate multiple single 

cell layers and form a thicker matrix 62, 71. The main advantage of this technique is 

rapid neovascularisation. Nonetheless, it is difficult to prepare thick scaffolds since the 

thickness of each layer is typically 30 μm 72, 73. 

2.2.1.3 Pre-made Porous Scaffolds for Cell Seeding 

This is the most common and well-established method for scaffold fabrication. 

Essentially it involves fabricating scaffolds using natural or synthetic polymers, which 

is followed by seeding therapeutic cells and implantation.  Many studies have been 

conducted to develop techniques for shaping polymers into unique geometries to direct 

tissue regeneration, which are reproducible and can mimic the ECM structure. This 

scaffolding approach is associated with advantages such as a board choice of 

biomaterials as well as the capability to design scaffolds with tuneable architectures 

and microstructures 74, 75. Nevertheless, due to the limited penetration of cells into 

scaffolds the post cell-seeding process is time-consuming, thus leading to an 

inhomogeneous distribution of cells within the scaffolds resulting in the presence of 

heterogeneous features within the engineered tissue 62.  

2.2.1.3.1 Scaffold Fabrication 

It is crucial to develop scalable fabrication processes which are cost effective with 

good reproducibility. In this respect, scaffold manufacturing technology is an intensive 

research area and numerous methods have been developed, which can be divided into 

two main categories, namely conventional and advanced techniques 76. Scaffold 
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fabrication by conventional methods includes solvent casting or particulate leaching 
77, phase separation 78, gas foaming 79, melt moulding and combinations of these 

techniques 76, 80. Advanced manufacturing techniques include electrospinning and 

rapid prototyping (i.e., solid free-form) with examples of this prototyping technique 

including selective laser sintering, 3D printing and lithography 81, 82. Depending on the 

material bulk and surface properties and required scaffold functions, fabrication 

techniques must be selected so that scaffolds in the form of meshes, fibres, sponges, 

hydrogel, foams, etc., can be fabricated. In most fabrication techniques, polymers 

either undergo a heat and/or pressure treatment or else are dissolved in organic solvents 

to mould the materials into the appropriate shape 75.  However, each method is 

associated with different merits and limitations as summarised in Table 2.1.   

Solvent Casting and Particulate Leaching: Porous scaffolds could be generated by 

mixing polymeric solutions with porogens such as salt particles or organic compounds 

by casting them into a mould. Following this the solvent can be evaporated and the 

resulting membranes immersed in water or solvent in order to leach out porogens for 

producing a porous construct 77. 

Gas Foaming: In this technique, moulded polymers were exposed to a high pressure 

foaming agent such as carbon dioxide, nitrogen or fluoroform up to saturation 83.  Due 

to kinetic instability of the polymeric foam, the dispersed gas phase (i.e. discontinuous 

phase) tended to move upwards to form a scaffold composed of a nonporous bottom 

layer with a highly porous top surface 79, 84, 85. 

Phase Separation: This method used thermal energy to induce phase separation 

leading to a polymer-rich phase and a polymer-lean phase. The polymer-rich phase 

solidifies and the polymer poor phase is removed, leaving a highly porous polymer 

network 86. This generally takes place either by quenching the solution temperature 

below a binodal solubility curve or else exposing the solution to another immiscible 

solvent. The polymer-lean phase is eliminated by a subsequent freeze-drying or freeze-

extraction process resulting in porous polymeric scaffolds 78, 87. 

Melt Moulding: This technique involved mixing polymer powders (poly lactic-co-

glycolic acid (PLGA), poly(l-lactic acid) (PLLA), poly (glycolic acid) (PGA)) and 

porogen components (e.g., salt or polymer microspheres), which was followed by 
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pouring into the mould and heating the mould above the glass transition temperature 

of polymer 88. The leachable components are then removed by immersing the 

composite in water or solvents with a porous scaffolds to conform to the mould shape 
89.  

Fibre Bonding: Originally this method was developed by Mikos et al. 90 and the 

composite formation was based on non-bonded fibres embedded within a matrix, 

followed by thermal treatment and the selective dissolution of the matrix. For example, 

PLLA can be dissolved in chloroform as a matrix and cast over PGA non-woven 

meshed fibres and dried. Solvent removal is carried out by evaporation following heat 

treatment and fibre bonding 91. 

Self-assembly: The self-assembly process is based on spontaneous organisation of 

components into an ordered structure, which is induced by van der Waals interactions, 

hydrogen bonds, ionic bonds, water-mediated hydrogen bonds and hydrophobic 

interactions. Self-assembled matrices can be produced using natural or synthetic 

molecules such as peptide motifs and synthetic proteins 92-94. 

Electrospinning: Synthetic and/or natural polymeric solution or melt are fabricated 

into fibrous scaffolds with diameters in a nanometer range. In this process, a high 

voltage is applied to a polymer solution in a defined distance between a capillary and 

collecting substrate. As a result, polymer jet is ejected from the charged capillary and 

solvents are evaporated, which allows for the production of continuous micro- to 

nanoscale polymeric fibres collected on the collecting substrates 7, 95. 

Rapid Prototyping (RP): RP is also called solid free-form fabrication (SFF) or 

additive manufacturing (AM), which is a group of advanced manufacturing processes 

in which 3D architectures with controllable structures can be built layer by layer in an 

additive manner using computer-aided design (CAD)/computer-assisted 

manufacturing (CAM) software 76, 82. Briefly, 3D computer models can be created and 

cut into two-dimensional (2D) patterns that represent the cross-section of 3D structures 

used for manufacturing complex objects in a layer-by-layer fashion. The layers can be 

produced through different methods such as the solidification of melts, 

stereolithography or bonding of particles using either laser beam induced sintering 

(i.e., selective laser sintering) or special binders (3D printing®) 81, 96.  
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Table 2.1 Advantages and disadvantages for scaffold fabrication methods. 

 

Fabrication 

Technique 

Advantages Disadvantages Reference  

Solvent 

Casting/Particulate 

Leaching 

• Simple 
• Inexpensive 
• Highly porous 

scaffold 

• Toxic solvent,  
• Time consuming  
• Thin membrane 
• Hard to control pores 

interconnectivity 
 

 
 

77, 84 

 

Gas Foaming 
• Solvent-free 

process 
• Control porosity 

and pore size 

• Non-porous external 
surface 

• Low level of 
interconnectivity 

 
97, 98 

 

Phase Separation 

• Easily combined 
with other 
fabrication 
technologies to 
design 3D 
structures with 
control of pore 
morphology 

• High porosity 
 

• Limited material 
selection 

• Long process 
 

 

 
 

87, 99-101 

 

Melt Moulding 

• Non-solvent 
fabrication  process 

• Control of 
morphology and 
shape 

 

• High processing 
temperatures 

• Possibility of 
residual porogen 

 
 

88, 102 

 

Fibre Bonding 

• Large surface area 
• High porosity 
 
 

• Poor  control of 
porosity and pore 
size  

• Lack of availability 
of suitable solvents 

• Required appropriate 
melting temperatures 
of polymers 

 

 
 
 

86, 91 

 

Self-Assembly 

• Integration of 
bioactive 
molecules 

• Time-consuming 
• Lab based 
• Low yield 
• Poor mechanical 

properties  
• High cost  
 

 
 

86, 93, 94 
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Repaid Prototyping 

• High 
reproducibility 

• Excellent control 
over 

• geometry, porosity 
• No supporting 

material required 
 

• Expensive 
• Limited polymer 

type 

 
 

76, 81 

 

Electrospinning 

• High surface area 
• Quick and simple 

process 
• Cost effective 
• Continuous 

nanofibres 
 

• Hard to generate 
complex structure  

• No control over 3D 
pore structures 

• Large nanometer to 
micron scaled fibres 

 

86, 93 

 

2.2.1.3.2  Scaffold Material  

To fulfil the diverse demands in tissue engineering, various materials have been 

exploited as scaffolds for tissue regeneration. The choice of biomaterials, from which 

the scaffold should be fabricated, plays a critical role in this technology, and has a 

direct impact on selecting the fabrication method. Accordingly, material chemistry, 

molecular weight, solubility, shape and structure, hydrophilicity, lubricity, surface 

energy, water absorption and degradation are all important characteristics for 

biomaterials when applied to tissue engineering. Based on structural, chemical, and 

biological features, biomaterials used for tissue engineering can be categorised into 

various types such as ceramics, glasses, polymers and so forth. Biomaterials used in 

tissue engineering are typically divided into three groups including ceramics, synthetic 

polymers and natural polymers 57, 75, 103. 

Ceramics: Bioceramics such as hydroxyapatite (HA) and tri-calcium phosphate 

(TCP), and certain compositions of silicate and phosphate glasses (bioactive glasses) 

and glass-ceramics (such as apatite-wollastonite) react with physiological fluids and 

form strong bonds through the cellular activity to hard tissues, and in some cases for 

soft tissue engineering as well 75, 104. Due to their high mechanical stiffness and trivial 

tissue reactions, they have been favourable for bone implant applications although low 

elasticity, hard brittle surface and the difficulty of shaping for implantation restrict 

their potential use in clinical situations 57, 105. 

Synthetic Polymers: Numerous synthetic polymers have been used for tissue 

engineering. Among the big list of synthetic polymers PGA, PLGA, polyanhydride, 
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poly(propylene fumarate), polylactic acid (PLA), polycaprolactone (PCL), 

polyethylene glycol (PEG), and polyurethane (PU) are the most commonly used 103. 

They offer distinct advantages such as the ability to tailor their properties for specific 

applications, availability in large uniform quantities, long shelf time, and predictable 

and reproducible mechanical and physical properties 75, 106, 107. However, their lack in 

bioactivity increases the risk of rejection within the body. To modify their 

biocompatibility, different procedures have been developed such as surface laser 

engineering 108 and coating with natural biomaterials 109. Moreover, in some cases the 

by-products of degraded synthetic based scaffolds such as PLLA and PGA can cause 

cell and tissue necrosis 57.  

Natural Polymers: Natural polymers can be categorised as proteins (e.g., silk, 

collagen, gelatin, fibrinogen, elastin, keratin, actin, and myosin), polysaccharides (e.g., 

cellulose, amylose, dextran, chitin, and glycosaminoglycans (GAGs)), or 

polynucleotides (e.g., DNA and RNA) 75, 103, 110. Unlike synthetic polymers, they offer 

bioactive properties, thereby increasing cell attachment and viability. However, poor 

mechanical properties, in addition to potential immunogenicity due to their allogenic 

or xenogenic sources, are major concerns when natural polymer is used 57. To tackle 

these issues, technologies for reinforcing natural biomaterials and reducing the 

immunogenicity, such as the removal of telopeptides in procollagen, have been 

proposed 62, 111.  

It should be noted that polymers in their pure form (i.e., single component) cannot 

accommodate all the requirements for various tissue engineering applications. 

Therefore, by incorporating other components, multiple types of biomaterials with 

distinct properties can be fabricated to fulfil a specific application 112. 

2.2.1.4 Decellularised ECM for Cell Seeding 

Despite the growing knowledge and development in tissue engineering, synthetic 

scaffolds have failed to simulate the molecular complexity and organisation of native 

ECM. Moreover, each tissue has a specific ECM composition. Thereby, fabricating 

appropriate ECM mimicry may be beyond the means of any current engineering 

technique 62, 113. Decellularised extracellular matrices have been considered as one of 

the most promising alternatives, offering the advantage of preserving the structure 

proteins such as GAGs, glycoproteins and bioactive cues of their respective tissues 
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and organs 114-116. Essentially, this scaffolding method relies on eliminating the 

allogenic or xenogenic cellular antigens through physical, chemical, and biochemical 

methods while maintaining the natural composition of the basic structural and 

functional ECM proteins and GAGs 117-119. This method was first reported in 1973 as 

a technique to retain tissues to be used as a barrier for burn patients. However, ECM 

was first produced through the decellularisation of a source tissue for subsequent use 

as a bioscaffold for tissue regeneration in 1995, in which small intestinal submucosa 

(SIS) were used for vascular applications 120-122. In the last decade, the number of 

studies employing cell-derived ECM (CDM) have increased remarkably to process 

various types of tissues, including skeletal muscle, brain, urinary bladder, small 

intestinal submucosa, liver, skin/adipose tissue, blood vessels, heart valves and 

tendons 119, 121, 123-125. Moreover, there are decellularised scaffolds available 

commercially with Food and Drug Administration (FDA) approval to be used in 

humans such as dermis tissue (Alloderm®; LifeCell), porcine heart valves 

(Synergraft®; Cryolife) and porcine urinary bladder (Urinary bladder matrix; ACell) 
114, 125. 

The main merit of this approach is to generate scaffolds with the most natural-

simulating structures with high biocompatibility. However, cell residues may elicit 

pro-inflammatory and immune reactions upon implantation. In addition to this, it is 

very challenging to remove all the antigens from the construct without jeopardising 

the ECM integrity 62, 114. The creation of CDM requires three major considerations 

comprising cell source, culture condition and decellularisation methods 118.  

2.2.1.4.1 Extra Cellular Matrix: Composition and Function 

ECM represents the secreted products of resident cells of each tissue and organ, which 

not only act as a physical scaffold for cellular constituents, but also provide contextual 

information engaged in the regulation of various processes of any cell type. ECM can 

be defined as non-cellular tissue components, which are composed of either structural 

or non-structural (also known as glycoproteins) proteins. The main structural ECM 

proteins include collagens, laminins, fibronectin, and elastin that are organised into 

multimolecular nets to warrant the stiffness of tissue and meanwhile serve as ligands 

of cellular membrane receptors. Other important constituents of ECM are 

proteoglycans, growth factors and proteolytic enzymes, which are responsible for the 
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dissolution of the ECM 126-129. In fact, the ratios of ECM proteins as well as the 

topological, and biochemical composition of ECM are tissue-specific and markedly 

heterogeneous 130. Furthermore, ECM is a highly dynamic structure that can 

continuously undergo controlled remodelling usually in an enzymatical or non-

enzymatical manner, and its molecular compositions are exposed to a myriad of post-

translational modifications 129.  

ECM has a profound influence on cell signalling and tissue homeostasis (i.e., 

regulating cell behaviour by conveying information to cells). ECM conduct multiple 

functions, which in turn determines cell on cell migration, cell cycle progression, and 

cell fate decision. Firstly, it can serve as an anchorage site which is pivotal in the cell-

division process of stem cells. In addition, ECM’s physical properties can either 

support or inhibit cell migration by functioning as a barrier, anchorage site, or 

movement pathway.  

Moreover, biochemical features of the ECM allow cells to interrelate with their 

environment through various signal transduction cascades, emanating from the cell 

surface to the nucleus leading to gene expression or other changes of cell behaviour. 

The ECM limits the diffusive range, accessibility, and signalling direction of ligands 

to their cognate receptors.  Moreover, the ECM can also directly initiate signalling 

events, particularly by functioning as a precursor of biologically active signalling 

fragments 131, 132. Collectively, through these functions, ECM generates physical and 

biochemical cues that are critical for cell regrowth and tissue repair, and thus provides 

a natural microenvironment niche, support to preserve and enhance site appropriate 

cell phenotypes, and hence benefits tissue regeneration 132-134. Therefore it can be 

postulated that the presence of ECM is essential for tissue engineering procedures. 

Consequently, numerous studies have attempted to recapitulate the ECM’s function 

using synthetic or isolated ECM components such as collagen, fibrin or hyaluronan 
135-137. In spite of many advantages in the use of engineered scaffolds made of non-

native materials, particularly the ease of tailoring mechanical and chemical properties 

and rate of degradation, they have failed to reproduce the molecular complexity or 

organisation of native tissue ECM 118, 138. This has driven the use of native ECM itself 

as a biomaterial source, which is mainly grouped into tissue-derived ECM and cell-

derived ECM.  Both products have been granted FDA approval and have been utilised 

in pre-clinical and clinical applications. In particular, promising results were 
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manifested by using CDM for preparing off-the-shelf tissue engineered vascular grafts 

and heart valves, and novel cell culture substrates by mimicking specific niche 

microenvironments 118, 139. 

2.2.1.4.2 Cell Source 

The primary determinant of CDM composition is the cell source as the ECM 

expression patterns differ based on cell types 118, 125. Various cell types have been 

studied as an ECM source such as chondrocytes 140, 141, MSCs 142, 143 and fibroblasts. 

Fibroblasts are referred as a main cell type in connective tissues with their well-

recognised potential to produce a collage-rich ECM 118. Cell type has a great impact 

on inducing specific cell functions within the resulting CDM matrices 139. For example, 

using CDM with different cell sources (e.g., chondrocytes, MSCs and fibroblasts) is 

known to affect the chondrocyte function 144.  Relative to MSC or fibroblasts, 

chondrocytes cultured on ECM derived from chondrocytes, displayed higher 

chondrocyte adhesion along with lower proliferation. 

2.2.1.4.3 Culture Conditions: Macromolecular Crowding 

Culture condition has a predominant role in cell deposition and their organisation into 

the ECM. Cells within an in vivo tissue microenvironment are typically surrounded by 

dense macromolecules that regulate the molecular assembly of the ECM. However, 

under the standard culture setting, the physiological crowding of molecules failed to 

be replicated leading to the formation of unstructured ECM with a lack of critical 

components 145-147. In other words, despite the feasibility of creating an acellular ECM 

in vitro, standard culture conditions were regarded as an inefficient process and 

thereby resulted in the failure of CDM to copy the in vivo microenvironment of the 

tissue where the cells were obtained. The concept of adding macromolecular crowding 

(MMC) including inert synthetic or natural macromolecules into in vitro cultures 

becomes increasingly important for cell culture applications wishing to more 

accurately mimic the in vivo state 148, 149. It has been well documented that the addition 

of MMC promotes the deposition and formation of a more structured ECM 145, 150-153. 

2.2.1.4.4 Decellularisation Techniques 

The main objective of decellularisation is to balance the trade-off between elimination 

of cell associated antigens and retention of molecular composition, bioactivity and 
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structural integrity of the matrix itself. Decellularisation methods have been classified 

as physical, chemical, biological/enzymatic methods or a combination of these 

approaches 114, 118. A brief overview of common methods along with their influence on 

ECM structures is presented in Table 2.2. 

Chemical Methods: Chemical methods can include treatment with alkaline and acidic 

compounds, non-ionic, ionic or zwitterionic detergents 154. Chemical reagents are very 

efficient in removing both cellular cytoplasmic components and nucleic acids, such as 

RNA and DNA. Nevertheless, chemicals such as hydrochloric acid, ammonium 

hydroxide and acidic compounds may damage important molecules (e.g. GAGs) and 

further disrupt ECM structures 114, 119, 154.  

Physical Methods: Physical decellularisation typically involves snap-freezing 155, 

hydrostatic pressure 156, non-thermal irreversible electroporation 157, sonication 158 and 

agitation 159 to disrupt cell membranes and promote cell lysis. In all these methods, the 

speed of treatment, volume of reagent and mechanical agitation time should be 

modulated corresponding to composition, volume and density of the tissue. Physical 

methods can be adjusted to minimise the ECM disruption since they can be set to only 

break cellular membranes. However, other enzymatic or chemical treatments should 

be added in order to remove cellular debris 114, 154.  

Biological/Enzymatic Methods: This method includes two types of agents: (i) 

enzymatic-like nucleases 160, proteases 161, esterases 162, and (ii) non-enzymatic such 

as chelating agents (i.e., ethylenediaminetetraacetic acid (EDTA) and ethylene glycol 

tetraacetic acid (EGTA)) 163. Although enzymatic treatments can provide the effective 

removal of cell residues or undesirable ECM constituents, the risk of ECM disruption 

as well as the adverse impact of enzyme remanent on recellularisation or in vivo 

immune response is considerable 37, 119, 154, 164.   
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Table 2.2 Used methods for decellularisation of tissues/organs 114, 115, 119. 

Method Mode of action Effect on ECM 

Chemical 

Alkaline; acid 

 
Non-ionic detergents: 
Triton X-100 
 
Ionic detergents: 
Sodium dodecyl sulfate (SDS) 
 
Sodium deoxycholate 
 
 
Triton X-200 
 
Zwitterionic detergents: 
CHAPS 

Solubilise cytoplasmic components of cells and 
disrupt nucleic acid  
 
 
Disrupts DNA–protein, lipid–lipid and lipid–
protein interactions 

__ 
 

Solubilise cells and nuclear cellular membranes 
 
 

__ 
  

Possess properties of non-ionic and ionic 
detergents 

Possibility of collagen, GAG and growth factors loss 
 
 
 
Efficiency depends on tissue (effective for thin tissues)  
 
 
Remove nuclear residues and cytoplasmic proteins from dense tissue;  
tend to disrupt native tissue structures 

Mixed results depend on tissue structures, more disruptive to tissue 
structures relative to SDS 
 
Yield efficient cell removal when used with zwitterionic detergents 
  
 
Remove cells with ECM disruption similar to that of Triton X-100 

Physical  
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Snap freezing 
 
Mechanical force 
 
Mechanical agitation 
 
 
Electroporation 
 
 

Intracellular ice crystals disrupt cell membrane 
 
Pressure rapture cells  
 
Cause cell lysis, but more commonly used to 
facilitate chemical exposure and cellular material 
removal 
Micropore formation in cell membrane due to 
electrical potential destabilisation causes cell 
lysis 

ECM disruption or fraction  fractured during rapid freezing 
 
ECM can be damaged by applied mechanical forces 
 
Aggressive agitation or sonication can disrupt ECM as the cellular 
material is removed 
 
Electric field oscillation can disrupt ECM 

 

Biological  

Trypsin 
 
Endonucleases 
 
Exonucleases 

Cleaves peptide bonds on the C-side of Arg and 
Lys 
Catalyse the hydrolysis of the interior bonds of 
RNA and DNA 
Catalyse the hydrolysis of terminal bonds of 
RNA and DNA 

Prolonged exposure can disrupt ECM 
 
Difficult to remove from the tissues  
 
__ 
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2.3 Electrospinning  

In recent years, electrospinning, also known as electrostatic spinning, has gained 

enormous attention due to its potential for generating fibrous scaffold similar to the 

structure and function of ECM.  Electrospinning is a versatile technique with a 

relatively low-cost and simple setup to produce continuous fibres from natural, 

recombinant proteins and synthetic precursors with a diameter from nanometres to a 

few micrometres. Fibrous structures offer large specific surface area, high porosity and 

good inter-pore connectivity with a smooth surface, thus making electrospinning a 

popular choice for a board range of tissue engineering applications from neural and 

skin grafts, drug delivery devices to scaffold fabrication 165, 166.1 Figure 2.3 shows the 

popularity of electrospinning and its applications for tissue scaffolds, both of which 

are evidenced from a significantly increasing number of publications. 

 

 

 

 

 

                                                           
1 This section is captured and reorganized from the paper “Recent Progress in Electrospun Nanofibers: 
Reinforcement Effect and Mechanical Performance”. The authors’ attribution on this paper are given 
in Appendix C. 
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Figure 2.3 (a) Overview of the number of papers published with regard to electrospinning in the last 

18 years (sourced from Scopus database). (b) Overview of the number of papers published with regard 

to electropun nanofibres for tissue scaffolds in the last 18 years (sourced from Scopus database).  

Electrospinning has been expanded from the original electrospraying technique when 

Morton and Cooley patented a method to disperse fluids using electrostatic forces in 

1902 167. The method was further developed by Formhals who patented the fabrication 

of polymer filaments by electrospinning 168. In 1969, Taylor investigated the 

electrospinning process through mathematical modelling of the conical shape of fluid 

droplets formed under electrostatic forces, which has since then been referred to as the 

“Taylor cone” 169. Later in 1981, further improvements in the method were 

accomplished by Larrondo and Manley who reported the electrospinning of polymer 

melts 170. The potential of electrospinning for fabricating nanofibres was not well-

recognised until the early 1990s. However, since then extensive research have been 

carried out in this field and generated fibres have provided desirable features for a wide 

range of applications including nanofiltration, nanosensors, protective clothing, 

composite reinforcement, drug delivery and tissue engineering 165. 

The necessary criteria for polymer solution or melt to be electrospinable is being 

electrically conductive and possessing sufficient viscosity to be stretched without 

breaking into droplets. A basic set up of electrospinning apparatus consists of a high 

voltage supplier, spinneret system and collector (Figure 2.4). Polymer solution or melt 

is pushed into a capillary tube with a controlled flow rate. Upon applying a high 

electric force (10-50 kV) the pendant droplets at the end of the needle are distorted 

from a hemispherical shape into a cone shape (i.e., Taylor cone). When the electric 
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forces exceed the surface tension force of the Taylor cone, the charged jet travels 

toward a collector and, simultaneously, dries out or solidifies to leave ultra-fine fibres 

on the collector. Based on the jet trajectory direction, two electrospinning 

configurations, known as vertical and horizontal configurations, are generally used 165, 

166.  

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Schematic diagram of electrospinning 171.  

Typical electrospun nanofibres usually demonstrate monolithic, circular-shaped 

morphology with randomly oriented nonwoven structures and smooth surfaces. 

However, following recent developments, different nanofibres with specific structures 

such as core/shell, porous, hollow, necklace -like ribbon and multichannel tubular 

structures can also be fabricated 172. In order to manufacture well-aligned fibres, 

collectors have been amended into various forms such as rotating drum collector, 

rotating disk collector, frame collector, and auxiliary electrode/electrical field 173. 

Despite substantial attempts, electrospinning is subjected to some drawbacks including 

low productivity (up to 300 mg/hr) and the use of toxic solvents. Hence to overcome 

these issues tremendous efforts have been made leading to the incorporation of various 

developed electrospinning systems such as coaxial electrospinning, co-



 

32 
 

electrospinning, multi-jet and multi-hole electrospinning, emulsion electrospinning, 

side-by-side electrospinning, near field electrospinning (NFES) and electroblowing 
166. Currently, a few companies are engaged in commercial industrial‐scale 

electrospinning such as Inovenso Ltd., Elmarco Co, Stellenbosch Nanofiber Company, 

SNS NanoFiber Technology and others174.   

 

2.3.1  Effects of Various Parameters on Electrospun Nanofibres 

Morphology 

Fibre diameter and structural morphology are the most prominent features of 

electrospun nanofibres that directly determine their performance in targeted functional 

applications. Interestingly, these features can be tuned through the proper 

manipulation of different parameters that can be divided into three groups as follow: 

(i) solution parameters (i.e., solution viscosity, concentration, molecular weight, 

surface tension, electrical conductivity, dielectric strength and solvent volatility), (ii) 

operational parameters (i.e., flow rate, electric field strength, tip‐to‐collector distance, 

needle shape, collector type and geometry) and (iii) ambient parameters (temperature, 

humidity and air flow)  166, 175, 176. The relationship between these parameters and fibre 

properties has been investigated extensively and the summarised results are presented 

in Table 2.3. 

Table 2.3 Effect of different electrospinning parameter on fibres morphology. 

Parameter Effect  on fibre morphology Reference 

Solution 
parameter 

Concentration ↑ 

 

Diameter ↑, pore size ↑ 
Beaded fibres forms below the 
optimum range 

175, 177 

Molecular weight↑ Diameter ↑ 166 

Electrical 
conductivity↑ 

Diameter ↓, pore size ↓ 
Formation of micro-sized beads and 
dense net for excessive high 
conductivity 

178, 179 
 

Surface tension↓ Diameter ↓, pore size ↓ 180, 181 

Processing 
parameter 

Flow rate↑ 
Diameter ↑ , pore size ↑ 
beaded morphologies occur if the 
flow rate is too high 

179, 182 

Applied voltage↑ Diameter ↓ initially, then ↑ (not 
monotonic) 

166, 179 
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Tip to collector 
distance↑ 

Diameter ↓ 
Beads tend to form when the 
distance is too short or too long. 

183, 184 

Ambient 
parameter 

Humidity↓ Diameter ↓, pore size ↓ 166, 179, 185 
Temperature↑ Diameter ↓ 179, 182, 186 

 

 

2.3.2  Applications for Electrospun Nanofibres  

Due to distinctive features of electrospun nanofibres such as high surface area and 

interconnected fibrous networks, they have received significant attention for diverse 

applications. A schematic diagram of electrospinning applications in various fields is 

shown in Figure 2.5.  

2.3.2.1 Composite Reinforcement  

Electrospun nanofibres have been considered as an ideal candidate for composite 

reinforcements due to their high aspect ratio, high specific surface area, good 

mechanical properties and low density. The pioneering work in this field was 

conducted by Kim and Reneker 187 in 1999 when they tried to reinforce butadiene 

rubber (SBR) matrix with electrospun polybenzimidazole (PBI) nanofibres. Compared 

to pure SBR, an increase in Young’s modulus of ten times was achieved for the 

composite system. Following this, researchers investigated the effect of various factors 

such as fibre content, diameter, alignment, structure, surface treatment and so forth on 

their reinforcement efficiency to fully exploit nanofibres potential in this regard with 

more details being found elsewhere 165.  

2.3.2.2 Tissue Engineering 

Tremendous efforts have been made for the manufacturing of scaffolds mimicking 

ECM structures to assist in the formation of new tissue. The potential of 

electrospinning techniques to fabricate fibrous constructs as building blocks for tissue 

engineering scaffolds is well-recognised 177, 188, 189. Electrospinning offers the 

flexibility in material selection as well as the ability to control scaffold structure and 

properties. As a result of this, electrospun nanofibres have been widely used for 

different tissue engineering applications such as skin, bone, liver, neural, vascular and 
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cartilage 189, 190. In addition to this, nanofibre mats have been applied as drug carriers 

in drug delivery systems with the capability to control drug release and enhance the 

efficiency towards the sustained discharge of drug rather than a burst release. Drugs 

can be loaded into nanofibres by blending them with polymer solution, immobilised 

by physical or chemical procedures or indirectly loaded onto nanofibres. In addition, 

using electrospun nanofibres as a drug vehicle provides the opportunity to deliver 

drugs into desired target areas of the body. Furthermore, drug release kinetics can be 

regulated by changing fibre diameter, porosity, geometry, and morphology or by 

selecting different polymers. The incorporation of various drugs and molecules 

including antibiotics, anticancer agents, anti-inflammatory agents, proteins, DNA and 

RNA into nanofibres by electrospinning technique has been reported 177, 191 .  

2.3.2.3 Filtration 

Electrospun nanofibre structures provide necessary requisites for filtration purposes 

including high porosity and interconnected open-pore structures, submicron pore sizes, 

and large surface area to volume ratio. A thin layer of electropsun nanofibre over a 

metal mesh membrane displayed an extremely effective removal of more than 95% of 

PM2.5 (i.e., particulate matter of size 2.5 µm) in a polluted city environment 192. There 

are reports showing the feasibility to tune nanofibre filtration efficiency by changing 

the diameter, membrane thickness or physical and thermal post modifications 193-195.    

2.3.2.4 Sensor 

Electropsun nanofibres provide solutions to the challenge of highly sensitive and fast 

acting sensors mainly due to the provision of fabrication of more efficient interfaces 

with large surface areas, tailored pore structures, large stacking dimensions and easy 

surface modification. The sensitivity of materials in form of electrospun fibres are 

often higher than their cast film counterparts 196. Electrospun nanofibres have been 

utilised for acoustic wave, resistive, photoelectric, optical, and amperometric sensors 
196, 197. 

2.3.2.5 Catalyst 

The surge of interest in using electrospun nanfibres for applications where chemical 

reactions are involved has been raised. Unlike nanoparticles, fibrous membranes are 

self-supporting and their porous structures provide abundant exposed reaction sites 
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without any further concerns relating to agglomeration 198. Electrospun nanofibres can 

be used to form a catalytic material by electrospinning catalytic substances 199 or 

inclusion of catalytic nanoparticles or substances into nanofibres 200 or else serving as 

a template in which catalytic substances are coated over it 201. 

2.3.2.6 Protective Clothing 

Electrospun nanofibres can be easily incorporated into the design of protective 

clothing in possession of good mechanical properties, high penetration resistance of 

particles, and good breathability by eliminating costly manufacturing steps due to the 

possibility of their direct applications to garment systems 202, 203. The filtration 

efficiency of electrospun nylon 6 nanofibres over nylon/cotton woven fabrics for 

protective clothing was evaluated using NaCl particles (particle size= 300 nm) 204. The 

efficiency of more than 99.5% without losing the air permeability and pressure drop 

was attained. Besides, the incorporation of electrospun nanofibres not only enhanced  

the barrier performance of the filter significantly, but also their air permeability was 

much higher than that of most materials currently used for protective clothing 205. 
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Figure 2.5 Electrospun nanofibres application 165. 

2.4 Silk  

Silk is the only natural filament fibre which has been used for thousands of years. Silk 

fibres from silkworms have been used in textiles for nearly 5000 years and in the form 

of sutures for centuries206, 207. It is a protein-based polymer presenting in the glands of 

silk producing arthropods including silkworms, spiders, scorpions, mites and bees. 

Therefore a board diversity in the sequence, structural features and properties among 

the different species may be observed 11, 20, 208-211. For example it has been shown that 

relative to the African wild silk moth, Bombyx mori (B.mori) silk demonstrates a 

considerable higher amount of polar amino acids resulting in different cell attachment 

and also changes the chemical reactivity for side chain modification 212. It is also 

revealed that silk originating from spiders has superior strength and elasticity though, 

due to the cannibalistic nature of spiders, the commercial production of spider silk is 

restricted 11, 20. Silk fibres obtained from silkworm cocoons (e.g. B.mori) are one of 

the best characterised alongside with its ease of domesticating and cultivation 11. Silk 
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can be processed easily into a variety of structures including powders, films, sponges, 

mats, gels, fibres, tubes and microspheres 213.  

2.4.1  Silk Structure 

B.mori silk is composed of two classes of proteins, fibroin (fibrous protein) and sericin 

(globular protein). Sericins, with a molecular weight between 10 to 300 kDa, are the 

glue-like proteins which coats fibroin. Sericin constitutes 25–30% of the total 

silkworm cocoon mass, which due to its hydrophilic nature can be easily removed by 

a thermochemical process, known as ‘degumming’. It has been reported that sericin 

elicits an allergic reaction, and is therefore limited in its application in tissue 

engineering. However, recent studies have shown that the natively combined 

fibroin/sericin structures stimulate an immune response in the host and neither fibroin 

nor sericin by itself is associated with the immune response 214, 215. Some studies 

investigated the potential of sericin for biomedical applications, but thus far silk fibroin 

(SF) has been the most commonly used form of silk for biomedical applications 20. 

SF fibres produced from the gland located in the posterior region of B.mori, are about 

10–25 mm in diameter. SF protein consist of a light chain (Mw= ~26 kDa) and a heavy 

chain (Mw= ~390 kDa) which are present in a 1:1 ratio and attached together via a 

disulfide bond, as well as a glycoprotein (P25), which is non-covalently linked to these 

chains. The light chains are composed of a non-repetitive and more hydrophilic 

sequence, whilst a repetitive sequence of hydrophilic and hydrophobic blocks is 

present in the heavy chain. The hydrophobic domains of heavy chains are responsible 

for the crystalline structures of fibroin, and contain Gly-Ala-Gly-Ala-Gly-Ser, which 

is accordingly associated with extensive hydrogen and hydrophobic interactions within 

protein chains leading to homogeneous secondary structures. These highly crystalline 

regions yield high mechanical strength and toughness to the protein-based materials 
208, 211, 213, 216. The three common crystalline structures of fibroin are silk I, II, and air/ 

water assembled interfacial silk (silk III, with a helical structure). The alteration in silk 

conformation strongly influences its physiochemical and mechanical properties as well 

as solubility, thermal and enzymatic degradation 208, 217. The α-silk or silk I is the 

metastable structure that is obtained from spinning dope. There are different methods 

to convert silk I to a more stable structure (silk II) as a result of its β-sheet 

conformation. The most common approach to evoke β-sheets conformation, and 
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therefore induce water stability, is methanol treatment 218-220. Alternative methods 

include heat exposure, water vapour treatment, shear-force and the use of salts. In order 

to induce a reduction in β-sheet structures and sustain its elasticity, annealing with 

water is more promising relative to methanol treatment. The silk II structure is 

characterised by β-sheet capacity and is insoluble in mild acid and alkaline conditions. 

The β-sheet structures are asymmetrical featuring hydrogen side chains from glycine 

on one side and methyl side chains from alanine on the other, forming hydrophobic 

domains 217. 

2.4.2  Mechanical Properties  

Silk native fibres possess a favourable balance of modulus, breaking strength, and 

elongation. Silk toughness is higher than Kevlar which is referred to as a benchmark 

for high-performance fibres. Furthermore, in contrast to collagen that suffer from a 

lack of sufficient tensile strength (0.9–7.4 MPa) leading to the limitation of 

applications, B. mori silk fibres demonstrate high tensile strength (740 MPa) owing to 

its robust β-sheet conformation. It is worth mentioning that materials developed from 

silk fibroin solution display poor mechanical properties and brittleness, which is partly 

related to the loss of secondary structures in processed silk 208, 213. Different approaches 

have been implemented to tailor the mechanical properties of electrospun SF fibres. 

The most common strategies focus on inducing β-sheet structures using organic 

solvents or cross linking agents. Moreover, the fabrication of SF composites by adding 

agents into spinning dope, such as carbon nanotubes (CNTs) 221, 222, poly(L-lactic acid-

co-Ɛ-caprolactone) (P(LLA-CL)) 223, and native silk fibril 224  or depositing or growing 

ceramics 225 have been employed as an effective reinforcing method. Another approach 

is to improve the orientation degree of the fibres by using different collectors, although 

the resulting structures exhibit limited length or else are arranged parallel to one 

direction 226, 227. Jiang et al. 228 applied a straightforward method to construct the SF 

scaffolds with a grill-like structure which was found to be efficient for improving 

tensile properties. Ha et al. 229 mimicked the condition provided by insect such as using 

acidic dope solutions and the subsequent post-spin fibre drawing, which in turn 

increased the tensile properties. Fan et al. 230 reported additional enhancements in 

mechanical properties of SF scaffolds in the drawing direction relative to the transverse 

direction. The post-treatment of electrospun SF results in different mechanical 

properties. For instance, methanol-treatment causes higher yield stress and tensile 
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modulus, whereas water-vapour annealing yields better elastic properties 231. Overall 

these promising methods provide opportunities to fabricate SF scaffolds with 

mechanical properties corresponding to required target tissue applications.  

2.4.3  Biocompatibility 

Silk has been used as medical sutures for decades, indicating its biocompability. In 

1993 the FDA approved SF as a biomaterial and its potential was verified by the 

attachment and growth of fibroblast cells on B. mori SF matrices later in 1995. Various 

silk based medical devices have received their regulatory approvals such as the long-

term bioresorbable surgical mesh Seriscaffold® and a SF based ligament graft 

SeriACLTM 211. The potential of SF for supporting various cell type adhesion and 

growth including keratinocytes, osteoblasts mesenchymal stem cells, endothelial cells, 

epithelial cells, schwann cells, etc., has been well documented 208, 232-234. For tissue 

restoration it is crucial that the implanted scaffold causes no or minimal immune 

reaction from the recipient. Hence the evaluation of the biodegradation rate of material 

employing both in vitro trials and in vivo animal tests has gained increasing interest. It 

is well known that SF does not trigger the activation of an immune response and its 

subsequent foreign body response has been noted to be analogous or even less than the 

common materials in use today as biomaterials 235, 236. The biocompatibility of SF 

electropun scaffold was assessed by its implantation in rats on both sides of back and 

hip muscles for 8 weeks 237. A well-tolerated response by the host animals was 

observed and the scaffold degraded completely in vivo after 8 weeks. However, 

phagocytes and lymphocytes were found to have invaded the materials. Electrospun 

SF tube was used by Cotto et al. 238 as a vascular graft and based on in vivo evaluation 

a mild host reaction was observed. In another study where SF scaffold was implanted 

beneath the dorsal skin of rats, it was found that the biodegradation of the scaffold was 

inflammation-mediated to a certain level and that the biodegradation rate in the 

subcutaneous implantation model can be controlled by scaffold pore size 239. In vivo 

studies for ligament regeneration using MSCs cells seeded SF scaffold in a pig model 

demonstrated no record of malfunction after 24 weeks 240. It was shown that the 

morphological, structural properties and extent of β-sheet crystallinity of SF resulting 

from its preparation process influenced the in vivo behaviour. Thus, it is possible to 

tailor a SF scaffold in order to accommodate the required functions, repair 

characteristics and rates 241. In brief, the encouraging results confirm that SF based 
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products render good biocompatibility for wound healing and it is comparable to other 

biomaterials including collagen. Albeit there are reports implying moderate pro-

inflammatory cytokine production associated with SF 242, as well as amyloidogenesis 

caused by the debris of degraded SF 243. Furthermore, there exists concerns regarding 

the safety of silk biomaterials in the human body for a prolonged time period which 

need further investigations 208, 211.  

2.4.4  Biodegradation 

Biodegradation is a critical factor for tissue engineering, which has been well 

recognised with different definitions. It can be referred to as the degradability of 

material with biological elements by producing fragments, which can move away from 

the site by fluid transfer, but not necessarily from the body 244. United States 

Pharmacopeia related the absorbable biomaterial to the loss of tensile strength within 

60 days of post-implantation in vivo 208. Generally an ideal tissue engineering scaffold 

in most cases should be a temporary ECM with a degradation profile matching the 

formation of new tissue. To elucidate how SF nanofibres degrade, researchers utilised 

various measures such as mass loss and morphology changes, analysis of degraded 

products in vitro, in vivo evaluation by structural integration examinations, as well as 

testing mechanical properties after specific time intervals. The rate and extent of 

degradation may be highly differing, according to solvent type, SF concentration and 

crystalline and pore structure induced during processing. Implanted aqueous-derived 

SF scaffolds in Lewis rats degraded at a faster rate compared to the counterpart 

prepared by 1,1,1,3,3,3 hexafluoro- 2-propanol (HFIP) solvent. The latter 

demonstrated the presence of residues after 12 months while the former’s integrity was 

preserved for up to 6 months 245. The higher concentration of SF lessens the 

degradability of the scaffolds, which may be considered as a consequence of the 

enhancement in mechanical strength of the scaffolds and extent of material that has to 

be hydrolysed 246. Luo et al. 247  investigated the effect of porosity on the degradation 

of SF with the exposure of SF to collagenase IA for a duration ranging from 6 to 12 

days. It was found that higher pore density SF degraded more slowly relative to the 

scaffold with lower pore density. Proteolytic enzymes such as protease XIV, 

alphachymotrypsin and collagenase IA are able to digest SF. However, the 

susceptibility of SF to protease XIV is more pronounced 248. Furthermore, the degraded 

products of SF are soluble peptides and free amino acids, which are easily metabolised 
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by the body. A correlation was found between the β-sheet content and enzymatic 

degradation rate, where the presence of higher levels of crystalline structures resulted 

in reduced degradability rate 249, 250. To modulate the degradation of electrospun SF, 

Kim et al. 251 used different ratios of ethanol/propanol mixtures. It was reported that 

the 50/50 mixture ratio degraded faster than 70/30 and 100/0, suggesting the possibility 

of controlling SF biodegradation by changing recrystallisation conditions. The 

incorporation of protease specific cleavage sites contributes to hinder the degradation 

of SF in vitro 252 . Based on these findings, SF can be regarded as a good candidate for 

tissue engineering applications with the potential to control its biodegradability.  

2.4.5  SF Electrospinning 

SF was first electrospun from HFIP as the solvent by Zarkoob et al. in 1998 and 

patented in 2000 253. Early research in SF electrospinning focused on the selection of 

a proper solvent and controlling the conformational transitions of fibroin during 

electrospinning. The former influences fibres biocompatibility of SF whilst the latter 

determines their mechanical properties.  In the following subsections, a brief overview 

on SF electrospinning is provided.  

2.4.5.1 SF Solvent 

The fabrication of SF nanofibres with hexafluoroacetone-hydrate and formic acid as a 

spinning solvent has been reported 254-256. Jin et al. 257 demonstrated the possibility of 

SF electrospinning with a lower concentration of aqueous silk fibroin when it was 

blended with poly-(ethylene oxide) (PEO). Uniform fibres with fibre diameters in the 

range of 800–1000 nm and predominantly random coil structures were obtained. 

However, the inclusion of water soluble PEO can sacrifice the structural integrity and 

stability of SF fibres. Jeong et al. 254 investigated the effect of different solvents 

including HFIP and formic acid on fibre diameter and structure. It was reported that 

solvents with a faster evaporation rate (HFIP) led to the formation of smaller fibres 

with a lower proportion of β-sheet structures. In order to eliminate the concerns 

relating to the effect of residual organic solvent due to their toxicity, Wang et al. 258 

used the SF aqueous solution for electrospinning. Nevertheless, it was found that a 

concentrated SF aqueous solution (28 w/v%) was required  for its spinnability. 

Mimicking the silkworm's spinning condition, Zhu et al. 259, 260 prepared weakly acidic 

aqueous SF spinning dope (pH=4.8) and their results showed that by reducing pH, both 
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spinnable solution concentration and consequently the average diameter of the 

electrospun silk fibres could be decreased. The dominant role of pH for electrospinning 

a SF aqueous solution at low concentrations was further emphasised by Kishimotoa et 

al. 261 and their findings indicated that a basic solution (pH= 10–11) was very 

important for electrospinning at the low concentration of 5 wt%. In another study, they 

compared the SF spinnability, morphology and structure using an aqueous solution 

and formic acid solution 262. It was found that fibre diameters from formic acid solution 

were larger than that using aqueous solution. Nonetheless, no significant difference of 

the secondary structures was detected. Singah el al. 263 prepared concentrated aqueous 

SF solution by applying mild shearing under forced dehumidified air and generated SF 

non-woven mats using a free-liquid-surface electrospinning machine. The shear 

induced concentrating mechanism improved the electrospinning process by enhancing 

the viscosity and decreasing solution surface tension.  

2.4.5.2 Effect of Electrospinning  Parameter on SF Morphology 

Sukigara et al. 255 investigated the SF morphology by varying electric field, solution 

concentration and tip-to-collector distance. The associated results indicated a 

dominant role of solution concentration in producing uniform SF. Meinel et al. 264 

reported that at a relative humidity (RH) of 60%, uneven and beaded SF were obtained, 

whereas electrospinning below 30% RH led to the formation of uniform and bead-free 

fibres with fibre diameters of  530 ± 100 nm. Similar results were reported elsewhere 
265 by examining the effects of RH and PEO concentration on SF prior to the PEO 

extraction. It was revealed that after PEO extraction, the average fibre diameter of SF 

decreased from 414 ± 73 to 290 ± 46 nm. Cao et al. 261 electrospun SF with controllable 

morphology and thickness, which was shown to depend primarily on the SF 

concentration and electrical conductivity of the solution. Under an optimal spinning 

condition, SF non-woven mat displayed satisfactory apparent stress and strain to 

failure with values being 11.1 ± 0.7 MPa and 10.2 ± 1.6%, respectively.  

To gain a better insight and predict the optimal conditions for SF electrospinning, 

mathematical models were also used to develop a quantitative correlation between 

different electrospinning parameters and SF morphology and diameters. Sukigara et 

al. 266 employed response surface methodology (RSM) analysis and it was found that 

the effect of altering electric field on the fibre diameter of SF may be surprisingly small 
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or conversely unexpectedly significant depending on the SF concentration. This 

reflects possible interactions between spinning distance and fibre diameter on solution 

concentration and electric field. Amiralian et al. 267 evaluated the effect of 

concentration and applied voltage on the morphology and fibre diameter of SF via a 

RSM analysis. It was concluded that SF solution concentration was the most 

significant factor with a considerable influence on fibre diameter, whereas no 

significant effect was detected when applied voltage was varied. Recently, 

Chomachayi et al. 268 developed models based on a group method of data handling 

(GMDH) and artificial neural network to estimate the diameter of SF electrospun 

nanofibres. Both models provided relatively good accuracy. However, GMDH was 

reported as being more appropriate when the target was to predict SF diameter trends 

with the variation of electrospinning parameters.  

SF electrospinning is highly sensitive to the preparation conditions of silk, solution 

age and storage conditions, which ultimately influences the solution properties and 

rheological properties. Ko et al. 269 evaluated the effects of degumming conditions on 

solution properties and electrospinning performance of silk. It was revealed that the 

viscosity of the silk solution increased significantly by a slight increase in the sericin 

content below 1% (or at the degumming ratio above 25%) resulted in the improvement 

of electrospinnability and increase in fibre diameter. Aznar-Cervantes et al. 270 studied 

the effect of SF aqueous solutions’ preservation time at 4 °C on rheological properties 

and electrospinnability. The associated results demonstrated an increase in solution 

viscosity during the aging time for SF solutions up to 12 days in order to improve the 

electrospinnability. Furthermore, the light-chains of SF were influenced by the 

refrigeration time and its presence in the RSF solution decreased during storage, 

whereas in case of H-chains slight decrement in it’s the molecular weight were 

observed over the experiment. The effect of formic acid on the degradation of SF 

during storage was evaluated by Kim et al. 271. It was shown that the viscosity was 

nearly unchanged for 2 days, indicating that SF molecules were relatively stable in 

formic acid without any severe degradation. However, increasing the storage time 

demonstrated a detrimental effect on stability.  
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2.4.5.3 SF Electrospun Fibre Post Treatment  

In general, compared to natural cocoon fibres, as spun SF electrospun nanofibre 

possess poor mechanical properties and stability. This is mainly ascribed to the 

conformation changes induced under a regeneration process, which results in a lower 

β sheet configuration. As a consequence, lower crystallinity and lower mechanical 

properties can take place 272, 273. Organic solvents such as methanol and ethanol have 

been frequently used to convert random coil structures into the stable β-sheet 

conformation 274, 275. Kim et al. 271  immersed electrospun SF in 50% (v/v) aqueous 

methanol solution by varying the duration from 10 to 60 min at room temperature (RT) 

and the relevant results implied a fast conformational transition within 10 min, as 

evidenced by solid-state attenuated total reflectance infrared spectroscopy (ATR-IR) 

and X-ray diffraction. However after methanol treatment for SF, a decrease in porosity 

from 76.1% to 68.1% was observed, which suggested that the shrinkage happened due 

to the dehydration effects of this solvent. Methanol treatment induced a high degree of 

crystallinity in SF leading to a brittle structure and loss of porous structures. Therefore, 

water vapour treatment was employed as an alternative effective approach resulting in 

less brittleness. However, a longer treatment time is required to complete such a 

transition, namely at least 1 h versus 10 min for methanol treatment. More 

interestingly, water vapour treatment can improve the elastic properties of SF, whereas 

methanol treatment tends to enhance yield stress and tensile modulus 276-278. In a 

different approach, Silva et al. 279 successfully induced β-sheet structures by adding 

genipin into SF spinning dope without any post-treatment. Furthermore, this approach 

reduced the extent of swelling, and thereby led to thinner fibres when compared with 

silk fibroin nanofibres. Glutaraldehyde (GTA) has also been used as a chemical 

crosslinker in order to increase the stability of silk based nanofibres in SF 280. 

2.4.5.4 SF Composite Electrospinning 

To address the shortcomings of SF electrospun nanofibres in terms of strength, 

biodegradability, biocompatibility and also expand applications of materials with SF 

as their building blocks, various SF based electrospun composites have been 

developed. Table 2.4 lists some of typical polymers and nanoparticles that used with 

SF.  
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Table 2.4 Electrospun SF-based nanocomposites and their application. 

Polymer Research highlights Application Reference 

PCL  

• Core/shell structure 
• Enhance tensile strength  

Drug delivery  
 281 

 
• Highly oriented conduit of electrospun 

biocomposite 
Vascular tissue 
engineering 

282 

PLA 
• Core/sell structure with nerve growth 

factor encapsulation manufactured  
• Plasma treated composites to improve 

surface hydrophilicity  

Nerve tissue 
engineering 

283 

P(LLA-CL) 

• Increase tensile strength and elongation 
at break  

• Increase contact angle  
• Aligned electrospun composite 

fabricated by loading  Vitamin B5 

Vascular tissue 
engineering 
 
 
Nerve tissue 
regeneration  

223 
 
 
 

284 

PLGA 
• Improve mechanical properties and cell 

viability  
• Increase degradation rate  

Nerve tissue 
Engineering 
 

285 

Keratin 

• Enhance thermal stability 
• Decrease fibre diameter 
• Increase viscosity  

 
• Improve wettability  
• Decrease fibre diameter  

Tissue 
engineering 
 
 
 
 
Vascular tissue 
engineering 

286 
 
 
 
 

287 

Collagen 

• Increase fibre diameter and crystallinity 
with increasing collagen content 

• No significant difference in water uptake 
and tensile strength 
 

• Collagen/SF hybrid nanofibrous matrix 
may be a better candidate than a 
collagen/SF blend nanofibrous matrix 

 
Vascular tissue 
engineering 
 
 
 
 
Wound 
dressing 

       288 
 
 
 
 

      58 
 
 
 

Gelatin  

• Faster degradation rate by increasing 
gelatin ratio 

• Promote healing and elicit anti-scar 
effects on partial-thickness burn wound 
 

• Improve spinnability 
• Increase b-sheet structure and 

consequently breaking tenacity  
• Improve biological properties  

Wound 
dressing  

 

 

Blood vessel 
engineering  

     289 

 

 

     290 

Chitin  

•  Improve ydrophilicity  
• two types of electrospun structures (i.e., 

blend and hybrid scaffolds) 
• Phase-separated morphology for blend 

structures 

Tissue 
engineering 
scaffold 
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Chitosan 

• Promote conformational transition in SF 
• Decrease fibre diameter  
 
• Chitosan enhances osteogenic 

differentiation and SF promotes 
proliferation in nanofibre 

___ 
 
 
Bone tissue 
engineering  

291 
 
 

292 

Sericin • Improve thermal stability and mechanical 
properties 

Tissue 
engineering 

293 
Single wall 

carbon nanotube 

(SWCNTs)  

• Improve Young’s modulus 
• Nucleating effect of SWNTs on the silk 

___      221 

Multi-walled 

carbon 

nanotubes 

(MWCNTs) 

• Enhance mechanical properties  
 
• Increase in diameter, crystallisation and 

electrical conduction with increasing 
MWCNT loading 

Wound 
dressing  
 
Biomedical 
application 

222 
 
 

294 

Graphene 

• Increase contact angle, electrochemical 
conductivity and porosity with increasing 
of graphene content 

• Improve breaking strength and 
elongation  
 

• Improve thermal stability with the 
addition of graphene 

• Enhance electroactivity and mechanical 
properties 

   Peripheral 

nerve     

regeneration 

 

 

 

Tissue 

engineering 

  295 

 

 

 

 

     296 

Magnetite 

nanoparticles 

• Decrease in crystallinity 
• Decrease in fibre diameter  
• Not cytotoxic regardless of particle 

concentration 

Tissue 
engineering 

297 

Silver 

nanoparticle  

• Antibacterial activity against P. 
aeruginosa even at low Ag content (e.g., 
0.1% Ag, w/v) 

• Secondary structure affects the release of 
Ag+ 

Drug delivery   280 

Hydroxyapatite 

(HAp) 

• Enhance mechanical properties  
• Uniform distribution of HAp as a result 

of  using  coupling agent 
 

Bone tissue 
engineering  225 

 

 

 

 

 



 

47 
 

2.4.6 SF Electrospun Nanofibres and Their Tissue Engineering 

Applications  

2.4.6.1 Bone Regeneration 

In vitro studies show that SF naofibres can support human bone marrow stromal cell 

attachment, spreading and growth 298. The effects of SF scaffolds on bone regeneration 

in a rabbit calvarial model were investigated. It was found that mouse preosteoblast 

(MC3T3-E1) cells maintained their phenotypic features, as evidenced by the 

production of ALPase and osteocalcin, and calcification. Furthermore, SF nanofibres 

provided enough space for selectively guiding bone cells into the wound space, 

yielding new bone tissue formation within 12 weeks 299. Ki et al. 300 prepared 3D SF 

scaffolds by using a modified electrospinning method, and examined its potential for 

bone regeneration using a MC3T3-E1 cell line. Their findings confirmed the 

superiority of 3D SF structures over their 2D counterparts in terms of cell adhesion 

and proliferation, which was mainly ascribed to higher porosity. In spite of the 

osteogenic potential of electrospun SF biomaterials, it is preferable that nanofibrous 

structures of the scaffolds possess the reinforcement to render the mechanical 

properties required for bone formation. Therefore, SF composites have been developed 

by depositing or growing ceramics such as HAp on the surface of electrospun SF 

nanofibres 301, 302. To achieve a uniform distribution of HAp and enhance interfacial 

bonding between SF and HAp, Kim et al. 225 modified HAp nanoparticles using γ-

glycidoxypropyltrimethoxysilane. Their results demonstrated the reinforcing effect of 

HAp up to 20 wt.%  and osteoblasts-cultured scaffolds confirmed the scaffold 

biocompatibility. The biomineralisation of HAp through a calcium phosphate alternate 

soaking method on SF electrospun nanofibres was also found to be an effective 

procedure to prevent the agglomeration of HAp nanoparticles and resulting composites 

can support the early stage of osteoblast adhesion with a considerable improvement on 

the differentiation stage 303. To boost SF ability for bone repair, SF nanofibrous 

scaffolds were prepared with two-stage HAp incorporation in both the inner portions 

and outer surfaces of nanofibre structures. The scaffolds not only demonstrated an 

improvement of mechanical properties, but also were capable of providing a bone-

specific physiological microenvironment 304. 
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Since bone is a complex connective tissue with a unique combination of organic and 

inorganic elements embedded in ECM, the convenience of incorporating various 

components as well as the feasibility of manufacturing different structures by an 

electrospinning process, makes it attractive for bone tissue engineering. Li et al. 184 

assessed the bone formation from human bone marrow-derived mesenchymal stem 

cells (hMSCs) grown on SF nanofibres that were encapsulated with bone 

morphogenetic protein 2 and HAp nanoparticles alone or in combination. Based on the 

mineralisation and transcripts for genes involved in osteogenesis measurement, it was 

revealed that SF scaffolds containing both BMP-2 and HAp enhanced the bone 

formation significantly relative to plain SF. Recently, it was shown that the 

conjugation of recombinant human bone morphogenic protein-2 with SF scaffolds 

increased both water retention capacity and osteoinductivity of scaffolds 305. Yuan et 

al. 306 manufactured SF/PCL aligned fibrous scaffolds and reported the cooperation of 

fibre alignment with guiding cell elongation in the fibre direction, thereby affecting 

the cell movement direction. Since chitosan is beneficial for osteogenic differentiation, 

Chen et al. 307 produced electrospun SF/chitosan composites, followed by a new 

developed chemical post treatment using ethanol/ammonia. The chemically treated 

scaffolds were reported to enhance the proliferation and osteogenic differentiation of 

human foetal osteoblastic cells. 

2.4.6.2 Vascular Regeneration 

Vascular grafts should be non-thrombogenic and vasoactive with appropriate 

mechanical properties in terms of compliance, burst pressure, strength and suture 

retention. SF electropsun scaffolds with tubular structures demonstrated sufficient 

burst strength to sustain arterial pressures. The combination of good mechanical 

properties and biological compatibility make SF a good candidate for vascular grafts 
308.  Zhou et al. 309 fabricated vascular graft scaffold from aqueous solution of SF 

possessing seamless and porous (80% porosity) tubular structures. They also 

developed tubular constructs from SF/collagen using water as a solvent. By adding 

collagen, the fibre diameter and scaffold crystallinity increased, leading to a decrease 

in elongation ratio 288. Marelli et al. 310 developed SF tubular scaffolds (Inner diameter 

(ID) = 6 mm) demonstrating a compliance value higher than Dacron® and Goretex® 

prostheses, but rather lower than human saphenous vein. Catto et al. 238 manufactured 
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SF tubes for vascular applications with ID=1.5 mm with estimated compliance, which 

was similar or higher than that of native rat aorta and Goretex® prosthesis.  

SF has been electrospun with polymers such as PLGA 311, gelatin 312 and PU 313 to be 

used as vascular grafts. For example, thermoplastic PU were blended with SF and 

electropsun to provide elastomeric characteristics required for cardiovascular SF based 

patches and implanted into rat abdominal aorta 313. The scaffold could induce the 

growth of a neo-artery composed of tissue present in native healthy artery. Yu el al. 
314 developed a novel rotating collector and fabricated a continuous wavy–flat 

alternating SF/thermoplastic PU fibrous structure along the circumferential direction 

that provided a graft similar to natural elastic tissues. Vascular grafts of SF with a 

small diameter (ID = 3 mm) can be reinforced by coating with a silk sponge, leading 

to improvements in tensile strength and elastic modulus circumferentially and 

longitudinally as well as water permeation 315. 

One of the major problem in vascular graft is failure in obtaining a confluent 

endothelium on the lumenal surface, which can be caused by the thrombus formation 

of loosely attached endothelial cells. Hence, Liu et al. 316 prepared sulfated SF 

nanofibrous scaffolds to improve scaffold antithrombogenicity and evaluated their 

anticoagulant activity and cytocompatibility. Results indicated that sulfated scaffolds 

with improved anticoagulant activity supported endothelial cells and smooth muscle 

cells (SMCs) adhesion and proliferation with a higher expression of some phenotype-

related marker genes and proteins relative to plain SF.  

2.4.6.3 Neural Regeneration 

Peripheral nerve injury remains a common clinical problem. For the nerve gap shorter 

than 1–2 cm, the peripheral nervous system subjects to spontaneous nerve 

regeneration, whereas bridging methods are needed for longer nerve gap repair. With 

the development of tissue engineering, it is possible to fabricate implantable scaffolds 

for bridging disruption caused by peripheral nerve injury that will produce similar 

results to that of autografting. Electrospinning techniques have been applied to obtain 

SF‐based neural scaffolds for repairing peripheral nerve injures 285, 317, 318. SF 

electropsun scaffolds implanted as a nerve guidance conduit in a 10-mm defect of the 

sciatic nerve in rats promoted functional recovery by guiding regenerative axons and 

diminished neuropathic pain after nerve injury 319. Wang et al. 320 manufactured 
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aligned SF/P(LLA-CL) scaffolds, and then reeled them into nerve guidance conduits 

to enhance peripheral nerve regeneration. The results have shown that blending SF 

with P(LLA-CL) could promote nerve regeneration considerably. Tian et al. 283 

fabricated PLA/SF scaffold and encapsulated nerve growth factor (NGF) along with 

SF as a core of the scaffolds. The differentiated PC12 cells on plasma treated core/shell 

scaffolds showed elongated neurites with a length of 95 µm. 

The functionalisation of SF based nerve guidance conduits with neurotrophin such as 

NGF and glial-derived nerve factor (GDNF) has been demonstrated to improve the 

functional recovery of injured peripheral nerves 321. Liu et al. 322 loaded aligned 

electrospun SF scaffolds with dual factors of brain-derived neurotrophic factor and 

vascular endothelial growth factor for sustained released and implanted them in a 

mouse model to support nerve regeneration and angiogenesis in vivo. Compared to the 

control group, the dual-factor loaded SF scaffolds significantly promoted nerve 

regeneration and possessed a great potential in peripheral nerve repair. Madduri et al. 
323 loaded aligned and non-aligned SF fibres with GDNF and nerve NGF, which 

demonstrated that the presence of a nanoscaled topography on membranes and in nerve 

conduits considerably improved the axonal elongation and the orientation of axons and 

associated glial cells.  

Electrically active neural SF based implants incorporated with polyaniline 324, 

graphene 295, and SWCNTs 325 has shown to reduce the resistance of an electrically 

insulating material like SF, leading to make SF more appropriate for neural tissue 

engineering applications. The synergic effect of electrical stimulation and NGF on 

neuron growth was reported by the coaxial electrospinning of aligned P(LLA-CL)/SF 

loaded with NGF and polyaniline, which effectively supported PC12 neurite 

outgrowth and increased the percentage of neurite-bearing cells as well as the median 

neurite length 326. 

2.4.6.4 Skin Tissue Engineering and Wound Dressing  

Wound healing is a complex biological process and an ideal wound dressing should 

be biocompatible, prevent wound dehydration, protect the wound against dust and 

bacteria, and allow gas permeation 327. SF is beneficial to simulate the skin 

microenvironment, eliminate scarring and mitigate atopic dermatitis; accordingly 

wound dressings based on SF have drawn great attention 328, 329. Many researchers 
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tailored the structure 330 or surface of SF scaffolds 265 or else incorporated them with 

epidermal growth factor (EGF) 327, silver nanoparticles 331 and epidermal growth 

factor/silver sulfadiazine combinations 332 with the aim to enhance the wound healing 

process by increasing the cell proliferation (i.e., granulation tissue formation), increase 

the rate of neovascularisation, reduce inflammation and prevent the risk of infection. 

Moreover, the inclusion of antioxidant components such as grape seed extract 328, 

curcumin 333 and vitamin C 334 with SF nanofibres have shown promising results for 

skin regeneration applications. Wound healing efficiency of SF nanofibres 

incorporated with fenugreek was investigated using full thickness excisional wounds 

in a rat model 335. The relevant results indicated that the fenugreek inclusion not only 

enhanced mechanical, thermal, and antioxidant properties of scaffolds, but also the 

rates of wound healing and collagen deposition were improved. Manuka honey can 

modulate the moisture retention of SF scaffolds and in vivo wound healing assay 

indicated that the addition of Manuka honey improved the wound healing rate of SF 

fibrous matrices 336, 337. The immobilisation of antimicrobial peptide motif (Cys-

KR12) onto electrospun SF nanofibre membranes through a thiol-maleimide coupling 

procedure exhibited an antimicrobial activity against four pathogenic bacterial strains. 

Besides, it assisted the proliferation of keratinocytes and fibroblasts and improved the 

differentiation of keratinocytes with elevating cell-cell attachment 338. 

To obviate the thickness limitation and small pore size of electrospun sheets, Ju et al. 
330 employed a modified electrospinning approach integrated with progens (i.e., 

sodium chloride crystal) to create 3D SF membrane with large pores. The wound 

healing efficiency was evaluated using a deep second-degree burn animal model in 

rats and it was found that the presence of 3D nanostructures facilitated the expression 

of growth factor gene in the burn wounds, yielding accelerated wound healing 

compared to a medical gauze control. Sheikh et al. 339 introduced a cold-plate 

electrospinning technique. The obtained SF construct exhibited high porosity with 

controlled thickness and an easy contouring of facial shape, making it a suitable 

scaffold for artificial skin reconstruction. Akturk et al. 340 employed wet 

electrospinning, which was followed by freeze drying to prepare 3D SF nanofibres and 

coated scaffolds with citrate-capped gold nanoparticles. Gold nanoparticles enhanced 

degradation profiles and mechanical properties significantly without a notable effect 

on the healing stage compare to SF scaffolds without nanoparticles, albeit they were 
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both better than an untreated skin control in terms of neovascularisation and 

granulation tissue formation. To optimise the architecture of SF scaffolds for 

enhancing their wound healing ability, Hodgkinson et al. 341 compared nano- to 

microscaled SF scaffolds and noted higher expressions of ECM genes, collagen types 

I and III as SF diameter decreased. Lee et al. 342 introduced a new approach to induce 

large pore size into SF scaffolds, thereby facilitating cell infiltration by dropping two 

different sizes of NaCl crystals above the rotating collector, and compared its wound 

healing effect for a full-thickness skin defect with Matriderm. The dermal regenerative 

effect was comparable for both scaffolds although the SF scaffold mostly degraded 

and did not cause wound contracture unlike Matriderm.  

2.5 Halloysite Nanotube (HNT) 

The name ‘halloysite’ was derived from Omalius d’Halloy who found the mineral in 

Angleur, Liége, Belgium and it was first described by Berthier in 1826. Halloysite 

nanotubes (HNT) with the chemical formula of Al2Si2O5(OH)4·nH2O are naturally 

occurring aluminosilicate tubule clays, formed by rolling kaolin sheets with an  Al:Si 

ratio of 1:1 and are found deposited in soils worldwide 33, 343. Based on the state of 

hydration, HNTs are generally categorised into two groups: hydrated HNTs (when n 

= 2) (i.e., HNTs-10 Å), in which the “10 Å” designation indicates the d001 value of the 

layers. On the other hand, dehydrated structures (when n = 0) (i.e.,  HNTs-7 Å) can be 

attained by the loss of interlayer water molecules under mild conditions 344. The 

physical appearance and structure of HNTs is shown in Figure 2.6. Generally, HNTs 

are 0.2 to 2 μm in length with inner and outer diameters in the range of 10-40 and 40-

70 nm, respectively. The internal lumen is mostly composed of (Al–OH) groups, while 

the external shell is covered by siloxane groups (Si–O–Si), and the edges of the sheet 

have a few silanols/aluminols 28. This morphology and chemical structure results in 

HNT possessing internal and external surfaces with positive and negative charges, 

respectively. Generally, the HNTs surfaces have a negative charge in a wide pH range, 

facilitating the electrostatic interaction with cationic polymers. Both their site-

dependent aluminosilicate chemistry and lumen structures are cooperative to achieve 

the feasibility of implementing various post-modifications on HNTs for targeted 

applications. In comparison with nanoclays and nanosilica, their lower content of 

hydroxyl groups make them less hydrophilic (i.e., HNT contact angle in water is as 

low as 10 ± 3°) 28, 343, 345. 
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Figure 2.6 (a) Raw halloysite, (b) ground halloysite, (c) TEM and (d) SEM photos of HNT mined from 

Hunan Province, China, 28 and (e) schematic diagram of the crystalline structure of HNT 346. 

HNTs are a green and cheap material (typically $4 per kg) and abundantly available 

from natural deposits with a global supply totalling several thousand tons per year, 

which facilitates their mass-scale industrial applications. This is unlike the gram-scale 

production of CNTs with a relatively high price ($500 per kg). Due to their tubular 

structures, HNTs possess high aspect ratios in a typical range of 10-50, which is 

beneficial for potentiating polymers by the optimisation of load transfer from polymer 

matrices to HNT in composite systems. Besides, their hollow structure yields a 

relatively low density (2.14–2.59 g/cm3), which is similar to montmorillonite (MMT) 

and kaolinite and lower than fillers such as talc and calcite CaCO3. Their low density 

is advantageous for preparing light-weight polymer composites. In terms of porosity, 

HNTs have one-dimensional tubular porous structures with rich mesoporous (2–50 

nm) and even macroporous (> 50 nm) scales, which are larger than fillers such as 

CNTs. Thus their specific surface area and total pore volumes are relatively high 

although still lower than those of MMT. It should be noted that the morphology and 

structure of HNTs are highly altered and become dependent on the deposits 28, 343, 347. 
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Generally, a major challenge in using nanoparticles is to achieve uniform particle 

dispersion in solutions due to their high surface activities, which encourages 

nanoparticle agglomeration. For instance, the existence of strong intrinsic van der 

Waals attractions between CNTs impedes their uniform dispersion in common 

solutions 348. Interestingly, the tube-like morphology of HNT, as well as the presence 

of a few hydroxyl groups and siloxane on their surface, diminishes the tube-tube 

interactions. As such, uniform HNT dispersion can be usually achieved, which is also 

beneficial to the industrialisation of polymer/HNT nanocomposites. It is worth 

mentioning that the high biocompatibility and low cytotoxicity of HNTs warrant their 

safe use in different fields 28, 33, 349. 

HNTs can also act as free flame retardants in polymers by exerting a barrier effect 

toward both mass and heat transport. Furthermore, when compared to polymers, HNTs 

have a much higher thermal stability with an initial degradation taking place at 

approximately 400 °C.  In addition, polymeric chains and degradation products can 

enter the lumens of HNTs, thus hindering mass transport and further promoting the 

thermal stability 343. 

2.5.1  Applications of HNTs 

The abundant nanosized tubular HNTs with tubular structure, good mechanical 

properties and low cytotoxicity are of increasing interest for the manufacture of 

advanced materials in diverse applications including nanoscaled carriers for storage 

and controlled release of guest molecules, drug delivery, tissue engineering, filler in 

polymers, adsorbent, energy storage devices, catalysts and biosensors 350, 351. Here we 

focused on polymer/HNT nanocomposites and focus on electrospun HNT-based 

nanocomposites and their biomedical applications.  

 

2.5.2  HNT Based Nanocomposites: Fabrication Methods, Properties and 

Biomedical Applications 

HNT as a type of natural, environmentally inert and inorganic filler has been added 

into many polymers to improve mechanical properties, thermal stability, flame 

retardancy or even act as nucleating agents for the accelerated crystallinity of 

polymers. HNT nanocomposites can be fabricated through different methods such as 
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solution/melt casting 352, in situ polymerisation 353, layer-by-layer (LbL) techniques 
354, electrophoretic deposition 355 and electrospinning 36. A brief description of each 

manufacturing technique and corresponding examples of polymers that have been used 

are presented in Table 2.5. 

   Table 2.5 Fabrication approaches of HNT based nanocomposites.  

Technique Method description  Polymer Reference  

Solution Casting 
HNTs and polymer were dispersed in 
proper solvent and composites 
formed by casting or precipitation. 

PVA 
PEG 

352 
356 

In situ Polymerisation 
HNTs were dispersed in a liquid 

(monomer, solvent) followed by 

polymerization. 

Polyaniline  

Polystyrene 

357 

353 

LbL Technique 
Layers of oppositely charged 
materials were deposited 
alternatively with washing steps in 
between. 

Polyetherimide 
Chitosan 

354 
358 

Electrophoretic 

Deposition 

The method is based on 
electrophoretic motion of colloidal 
particles or polymer 
macromolecules under the influence 
of an electric field forming a deposit 
at the electrode surface. 

Hyaluronic acid 
 

359 
 

Electrospinning 
High-voltage was applied to a stream 
of polymer solution, forming 
continuous micro/ nanofibres.  

PLA 
PCL 
PLGA 

29 
31 
36 

 

Due to their high aspect ratios and excellent mechanical properties (the elastic modulus 

of HNTs is 140 GPa), it is expected that HNTs can be promising nanofibres for 

reinforcing polymers 26, 28. For instance, the inclusion of 2.3 wt% HNTs into epoxy 

improved the impact strength by 4 times without sacrificing flexural properties 360. 

Handge et al. 361 reported a linear enhancement of elasticity and storage modulus of 

polyamide 6 with increasing HNT content, in which 90% improvement in Young’s 

modulus was observed with the incorporation of 30 wt% HNTs. Liu et al. 362 revealed 

that HNTs enhanced tensile stress and Young’s modulus of chitosan/HNT composites 

considerably by 134% and 65%, respectively, with increasing HNT content up to 7.5 

wt.%.  



 

56 
 

The incorporation of HNTs into polymers can also increase thermal stability of 

nanocomposites, which is mainly ascribed to their lumen structure and high thermal 

stability. Such improvements in thermal stability and flame retardancy have been 

observed on polymers such as polyethylene 363, chitosan 364 and so forth. Du et al. 365 

observed 60 °C and 74 °C increases in the temperature at 5% weight loss in nitrogen 

and the temperature at maximum weight loss rate in air, respectively, when modified 

HNTs were incorporated into poly(propylene) (PP). The flame-retardant effect of 

HNTs on polyamide 6 was investigated with the results suggesting that HNTs acted as 

a thermal insulation barrier at the composite surface during burning, and consequently 

improved the fire performance of the composites 366. 

HNTs can also act as a heterogeneous nucleating agents and hence alter the 

crystallisation behaviour of semicrystalline polymers. Accordingly, an enhancement 

in crystallisation temperature and degree of crystallinity, together with a decrease in 

activation energy for the crystallisation, can be expected 28, 33. HNTs play a 

heterogeneous nucleating agent role for polymers such as polyvinyl alcohol (PVA) 367, 

PLA 368 and PCL 369. The addition of HNTs to PVA led to an increase in the 

crystallisation temperature of composites whilst the use of excessive amounts of HNTs 

tended to reduce the increasing trend in the crystallisation temperature due to the 

aggregation of HNTs in polymer matrix 367. As reported by Ning et al. 370, well-

dispersed HNTs in PP matrices act as nucleating agents resulting in an increase of 

overall crystallisation rate. 

Due to hollow HNT lumen structures along with their cytocompatibility, non-toxic 

characteristics and natural abundancy, HNTs can be incorporated into polymers with 

the aim to develop biomedical applications.  It has been shown that HNTs significantly 

enhanced the compression properties of chitosan scaffolds, whilst the cell attachment 

and skin repairing properties of the chitosan were also improved 25. The incorporation 

of HNTs into alginate by solution-mixing and freeze-drying enhanced the attachment 

and proliferation of mouse fibroblast cells due to the biocompatibility of HNTs as well 

as an increase in surface roughness 27. The feasibility of using HNTs as a drug carrier 

has been studied and there are many reports concerning drug release of 

nanocomposites based on HNTs embedded in various polymers such as PVA 371, 

alginate 372, gelatin 373 and so forth.  The drug release rate could be further retarded by 

coating polymers onto drug-loaded HNTs. For example, coating HNTs with chitosan 
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demonstrated a drastic reduction in drug release compared to uncoated HNT 

counterparts due to the existence of an additional barrier through which the drug must 

diffuse 374. Except for drugs, other active agents have also been encapsulated into 

HNTs for sustained release including antimicrobial agents 375, essential oils 376 and 

DNA 377. Since pore size is a critical factor for drug delivery purposes, various 

techniques have been implemented to enlarge the lumen size and HNT porosity such 

as etching of alumina from the inside of the tubes or changing the pH of a water 

suspension containing HNTs 378, 379. 

According to the above-mentioned advantages of HNTs, there are significant prospects 

for polymer/HNT composites. To fully profit from the incorporation of HNTs into 

nanocomposites, particle dispersion and interface interaction between HNTs and the 

polymer matrix must be regulated, otherwise they may have detrimental effects such 

as interfacial slippage and weak mechanical properties. Consequently, HNT 

functionalisation is a promising method to enhance particle dispersion and load 

transfer between HNTs and matrix. In this regard, two common methods have been 

employed, namely covalent functionalisation and non-covalent modifications, with 

more details being found elsewhere 28.  

2.5.2.1 Electrospinning HNT Based Nanocomposites: Properties and 

Biomedical Applications 

As mentioned in Section 2.5.2, electrospinning is one of material processing methods 

that has been employed to fabricate HNTs based nanocomposites. The first study on 

electrospun polymer reinforced with HNTs was conducted by Touny et al. 380 in which 

PLA/HNT composites were fabricated and the effects of various electrospinning 

parameters to obtain bead-free fibres were investigated. Final results indicated a 

decreasing trend in fibre diameter upon addition of HNT owing to an increase in 

electrical conductivity. Tao et al. 381 demonstrated that the addition of a small amount 

of HNTs (<5 wt%) into PGA  induced chain orientation by hydrogen bonding between 

PGA carbonyl groups and silanol groups on HNT surfaces, whereas at higher loading 

disordered PGA chain orientation occurred, which was related to HNT aggregation 

and anisotropic alignment in PGA fibres. The characterisation of electrospun 

PLA:PCL/HNT composites showed a slight decrease in the crystallinity of 

nanocomposites, thereby decreasing the glass transition temperature of PCL, the 
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crystallisation temperature and melting temperature of PLA within composite 

materials 382. Based on a systematic study evaluating the effect of HNT content on the 

properties of PLGA/HNT nanocomposites, the incorporation of a small amount of 

HNT (1 and 3% relative to PLGA) significantly increased strength and Young’s 

modulus without sacrificing the biocompatibility of PLGA nanofibres 32.  

Lue at al. 383 studied the impact of HNT surface modification with polydopamine 

layers on mechanical properties and cytocompatibility of electrospun PLLA/HNT 

composite scaffolds. The associated results revealed more uniform HNT dispersion 

under filler modification in the matrix. As a result, superior tensile strength as well as 

MC3T3-E1 cells adhesion and proliferation were detected relative to both PLLA and 

HNT/PLLA fibre membranes. Further investigations on evaluating the HNT 

modification effect on PLA/HNT nanocomposites implied that modification of HNTs 

contributed to better nanoparticle dispersion leading to the enhancement in both tensile 

modulus and strength 29. To enhance drug absorption capacity of HNTs, it was shown 

that HNT modification by a coupling reaction with 3- aminopropyltriethoxysilane and 

maleic anhydride from hydroxyl groups of neat HNTs facilitated the drug loading of 

diclofenac sodium and diphenhydramine hydrochloride due to electrostatic interaction. 

Additionally, nanofibres containing modified HNTs displayed excellent mechanical 

properties and thermal stability relative to those with neat HNT, which was mainly 

attributed to homogeneous dispersion of modified HNTs and strong interfacial 

adhesion between HNTs and polymer matrix 384.   

As evidenced by Nitya et al. 31, the presence of HNTs allowed for higher protein 

adsorption and improved the mineralisation of PCL/HNT nanocomposites when 

compared to pristine PCL. Furthermore, higher osteoblast differentiation was 

observed, suggesting the potential of PCL/HNT composite scaffolds for bone tissue 

engineering. Moreover, it was reported that the incorporation of HNTs into 

polydioxanone matrices by electrospinning formed a 3D scaffold prone to being used 

for regenerative endodontics 385. According to proliferation results with human dental 

pulp-derived cells as a function of the HNT content, HNTs exhibited a high level of 

biocompatibility. However, a HNT loading of 10 wt% led to a significant increase in 

fibre diameter as well as a reduction in scaffold strength.  
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Qi et al. 36 reported a drug delivery system using HNTs as a carrier for loading a drug 

model, tetracycline hydrochloride, embedded within PLGA nanofibres to achieve a 

sustained release profile. Based on their findings, the inclusion of drug loaded 

PLGA/HNT nanocomposites not only considerably improved mechanical properties, 

but also reduced the drug burst release and prolonged the release rate. Further studies 

confirmed the cytocompatibility of composite based on in vitro viability results using 

mouse fibroblast cells cultured onto fibrous scaffolds 386. Moreover, composite 

nanofibres were able to release the antibacterial drug TCH in a sustained manner for 

42 days and displayed antimicrobial activity solely associated with the encapsulated 

TCH drug. Lee et al. 24 revealed that the crosslinking of PVA/HNT nanocomposites 

could alter the release pattern of encapsulated drugs, at which non-crosslinked 

nanofibres released the loaded drug more quickly than those that had been crosslinked. 

Another study demonstrated that the inclusion of 20 wt % HNTs in fibres, which 

allowed for 25 wt % metronidazole drug loading in PCL/gelatin microfibres, led to a 

3-week sustained drug release relative to 4 days when directly admixed into the 

microfibres, which favoured to prevent the colonisation of anaerobic fusobacteria and 

potential use of such scaffolds as guided tissue regeneration membranes 387. Unlike 

most studies that focused on single drug delivery systems,  Zhang et al. 30 encapsulated 

two types of drugs, namely polymyxin B sulphate (antimicrobial) and dexamethasone 

(anti-inflammatory), into HNTs and embedded these into PLA via electrospinning. 

Based on the in vivo study of infected full-thickness burns, nanocomposite membranes 

were capable of co-delivering both drugs and improved wound healing significantly. 

2.6 Gelatin 

Gelatin is a natural biopolymer obtained from the hydrolysis of collagen and can be 

easily extracted from animal tissues such as skin, cartilage, and bone. The hydrolysis 

of collagen denatures the triple-helix conformation and gelatin, with a heterogeneous 

mixture of single or multi-stranded polypeptides, each with extended left-handed 

proline helix conformations and containing between 300–4000 amino acids, is 

obtained. The amino acid sequence of gelatin is similar to its parent protein and 

composed of 14% hydroxyproline, 16% proline and 26% glycine 388-390. Gelatin can 

possess a structure with different physical properties and chemical heterogeneity 

features, depending on its collagen source (bovine, porcine or fish), type and age of 

animal as well as preparation technique. Generally, depending on the pre-treatment 
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procedure, two types of gelatin are commercially available, namely Type A (acid 

process) and Type B (alkaline process). The former type possesses a larger number of 

amino groups whilst the latter is obtained by converting glutamine and asparagine 

residues into glutamic and aspartic acid, leading to the higher content of carboxyl 

groups 391. Due to the existence of both acid and basic functional groups, gelatin 

demonstrates an amphoteric behaviour. In other words, it can be negatively or 

positively charged in an alkaline or acidic environment, respectively. Moreover, the 

isoelectric point for gelatin depends on processing conditions and its value can vary in 

a pH range of 6–9.5 and 4.5–5.6 for type A and type B gelatin, respectively 389, 392. 

Gelatin is water soluble and its aqueous formed gel is thermally reversible with a gel 

melting temperature less than 35 °C, which is below the body temperature and 

endowing unique organoleptic characteristics 388. Rheological properties of gelatin 

have a crucial role in determining its quality for particular applications. Accordingly, 

the gel strength and thermal stability have been measured based on a standard protocol 

and the value referred to as ‘bloom strength’. The term ’bloom strength’ is indicative 

of the number of grams required for a 0.5 inch diameter probe to deflect a set gel by 4 

mm, typically ranging from 30 to 300 g. The bloom strength and thermostability are 

dependent on the molecular properties of gelatin, specifically its amino acid 

composition and molecular weight distribution. Typically gelatin extracted from fish 

exhibits lower bloom strength relative to those from mammals 390, 393. Additionally, 

mammalian gelatin is widely used as an excipient in pharmaceutical processing 42, as 

a stabiliser in vaccines 394, and as an agent in food processing for many years 391. Based 

on target applications, gelatin can be manufactured into various forms such as films, 

nanofibres, micro- or nanoparticles, and dense or porous hydrogels 395. 

2.6.1  Gelatin Electrospinning 

Gleatin was first electrospun by Huang et al. 396 and it was shown that, despite the 

solubility of gelatin in water, electrospinning gelatin aqueous solution is not feasible 

mainly due to its instability and gel transition at RT. To make an electrospinnable 

gelatin solution, organic solvents such as 2,2,2-trifluoroethanol 397 or HFIP 398 have 

been successfully employed. Due to the highly corrosive nature of these solvents, 

alternative solvent systems such as using carboxylic acids (formic acid 399 or acetic 

acid 400), solvent mixtures (acetic acid and ethyl acetate) 401, aqueous solutions of 

carboxylic acids 402, or use of gelatin aqueous solution at high temperature 403 have 
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been proposed. Many reports investigated gelatin electrospinning and optimisation of 

the resulting nanofibres in detail and gelatin fibres with small and large diameters were 

manufactured by changing electrospinning parameters such as solvent systems and 

concentration 392, 404, 405. However, electrospun gelatin nanofibres are water soluble and 

mechanically weak which can further restrict their long-term application, especially 

for biomedical purposes. Therefore, different physical, enzymatic and chemical 

crosslinking methods have been applied in the literature 392. Physical methods were 

based on using plasma, UV radiation, electron beam irradiation 406, and 

dehydrothermal treatment, which are nontoxic but generally less efficient, with a lack 

of control over the reaction kinetics of crosslinking 404, 407, 408. So far, chemical 

crosslinking is the most common method to crosslink gelatin and many chemicals 

including formaldehyde 409, GTA 408 carbodiimide 410, dextran dialdehyde 411, diepoxy 
412, glucose 400 and genipin 413 have been used. Amongst them, GTA has gained 

increasing attention due to its high efficiency, low price and availability. However, the 

residuals of GTA can impose cytotoxic effects on the cells 414. The specific reaction 

mechanism of glutaraldehyde with amino acids in proteins is not clearly understood. 

Glutaraldehyde is presumed to cross-link in an inter- and intramolecular fashion by the 

formation of covalent bonds. This can occur in two ways: formation of Schiff bases by 

reaction of an aldehyde group with an amino group of lysine or hydroxylysine or an 

aldol condensation between two adjacent aldehydes. The Schiff base linkage is a very 

unstable bond, whereas the aldol condensation product is stable415, 416. Sisson et al. 417 

explored the effect of different crosslinking methods on electrospun gelatin nanofibres 

such as vapour-phase GTA, aqueous phase genipin, and glyceraldehyde, as well as 

reactive oxygen species from a plasma cleaner. The final results showed the best 

results from glyceraldehyde and genipin due to their low toxicity and resistance toward 

degradation in cell culture medium at 37 °C. Cross-linking can also induce significant 

improvements on the mechanical performance of gelatin nanofibres. For instance, 

crosslinking gelatin nanofibres with genepin improved elastic modulus and strength at 

break up to values of approximately 990 and 21 MPa, respectively, when compared 

with 240 and 6 MPa for the non-crosslinked counterparts 418. Similarly, Zhang et al. 
419 reported a nearly 10-fold increase in both tensile strength and tensile modulus of 

gelatin naofibres after treatment using GTA. Furthermore, fibres preserved their 

morphology up to 6 days when subjected to immersion in warm water at a temperature 

of 37 °C. To develop a new and convenient crosslinking approach  for gelatin 
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nanofibres, Zhan et al. 420 reported an in situ material process to produce crosslinked 

nanofibre membranes by incorporating GTA into electrospinning solutions before 

processing. 

Gelatin has been blended with other polymers such as PCL 421, 422, PLGA 423, PLLA 
398, PGA 424 and PU 425 to improve their stability and mechanical properties. In 

addition, gelatin possesses a fast degradation time and highly hydrophilic surfaces 

while the nature of other synthetic polymers such as PLCL, PCL, PLA, etc., are 

hydrophobic with good mechanical performance. Hence electrospinning blended 

gelatin/synthetic polymers is an efficient way to combine these advantages and 

minimise their respective defects 392. Li et al. 426 reported that adding polyaniline into 

gelatin reduced the average diameter and increased mechanical integrity. Gelatin has 

also been electrospun with PCL to create scaffolds in order to avoid the requirement 

for cross-linking. The incorporation of 30 and 40 wt% gelatin showed an optimum 

combination of hydrophilicity 427. Similarly, the blending of gelatin into PCL with a 

blend ratio of 30:70 resulted in the formation of composites with high mechanical 

stability and excellent elastic properties of fibres with an improvement in their 

degradation rate 428. 

Apart from synthetic polymers, some natural polymers are also electrospinnable with 

gelatin including chitosan 429, SF 289, zein 430, fibrinogen 431 and so forth. Interestingly, 

electrospinning gelatin with zein led to the formation of scaffolds with hydrophobic 

surfaces with a water contact angle of 118.0°, which is ascribed to homogenous 

dispersion of zein acting as cross-linkers with strong interactions in an aqueous phase 

to maintain 3D nanofibre structures 430. Li et al. 432 reported that the incorporation of 

hyaluronic acid could improve the electrospinning processability of aqueous gelatin 

solutions. Blending gelatin with chitosan also rendered fibres with more uniform 

morphologies and enhanced elastic properties when compared to pure gelatin or 

chitosan nanofibres, implying the existence of intermolecular interactions within 

electrospun gelatin/chitosan nanofibres 429. 

Compared to other natural polymers, there are more reports on electrospinning gelatin 

with SF and evaluating the resulting nanocomposite properties. The addition of gelatin 

into SF not only enhanced the spinnability of SF, but also improved mechanical 

properties because of the formation of intermolecular hydrogen bonds and the 
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increment of β-sheet structures in nanocomposites 290. Chomachayi et al.  433 found 

that the incorporation of gelatin to SF enhanced nanofibre diameter, bulk 

hydrophilicity, surface wettability, and mass loss percentage. Nevertheless, a slight 

reduction in ultimate tensile strength and Young’s modulus was also observed. 

Okhawilai et al. 434 investigated the effect of preparation conditions for electrospun 

fibre mats of Thai SF/type B gelatin, which reported a decrease in average fibre 

diameter by increasing the applied voltage and decreasing the SF content. 

Additionally, SF degradation was elevated and cell proliferation was enhanced by 

adding gelatin to SF scaffolds. Sasithorn et al. 435 fabricated SF/gelatin composite 

nanofibres by varying the weight ratios of SF to gelatin via needleless electrospinning 

and highlighted a positive role of gelatin weight ratio in increasing the diameter of the 

resulting nanofibres.  

2.6.2  Gelatin-Based Electrospun Materials for Tissue Engineering 

Electrospun gelatin fibre has evoked the interest of researchers for tissue engineering 

applications due to its similarities to collagen and other distinctive features including 

biological origin, excellent biocompatibility, antithrombogenicity, non-

immunogenicity, biodegradability, and commercial availability. Gelatin has many 

integrin binding sites to facilitate the adhesion and differentiation of living cells. 

Additionally, their 3D fibrous structure simulates the ECM of human and organs very 

well, which can be potentially used in developing biomimicking artificial ECM for 

engineering tissues, wound healing dressings, and drug release 389, 392, 408. 

2.6.2.1 Bone Regeneration 

Meng et al. 46 studied the potential of gelatin/PLGA composites with aligned and 

randomly oriented morphologies as bone tissue engineering scaffolds. The addition of 

gelatin improved the hydrophilicity of scaffolds and increased their adhesion and 

proliferation of MC3T3-E1 cells. In addition, the aligned construct directed cell 

orientation in the longitudinal axis for guided bone regeneration. Blending gelatin with 

PCL also promoted the wettability and cell viability of scaffolds and their guided bone 

regeneration ability was apparent 397. Rong et al. 45 embedded natural bone powders 

into electrospun PCL/gelatin scaffolds and studied their biocompatibility by seeding 

adipose-derived stem cells (ADSCs). The biocompability of gelatin with the 

mechanical strength of PCL, along with the rigidity of natural bone, were found to 
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combine to promote ADSCs cell growth, proliferation, and differentiation of prepared 

scaffolds. The inclusion of β-tricalcium phosphate into gelatin nanofibrous membranes 

promoted alkaline phosphatase activities, and osteogenic gene expression in rat bone 

marrow MSCs cells 436. To obtain specific bioactivity towards bone applications, 

satisfactory results were reported by embedding calcium phosphates and bioactive 

glasses 389, 437. Kim et al. 438 showed a significant improvement in bone-derived 

cellular activities with the inclusion of hydroxyapatite into gelatin nanofibres relative 

to pure gelatin. In vivo bone formation results indicated that biphasic calcium 

phosphate loaded gelatin/PVA composites increased bone formation within 2 and 4 

weeks 439.  

2.6.2.2 Neural Regeneration 

Fibre orientation provides the informational cues to the cells and accordingly can 

influence neural outgrowth 392. Aligned biocomposites based on PCL/gelatin 

nanofibrous scaffolds were studied for neural tissue regeneration. Gelatin blending 

ratio considerably influenced scaffold properties and the probability of fibre breakage 

increased with increasing the gelatin content. PCL/gelatin with a weight ratio of 70:30 

was noted to possess the most balanced characteristics to match all the required 

specifications for nerve tissue. Furthermore, neonatal mouse cerebellum nerve cells 

were elongated parallel to the direction of fibres 440. The same positive results were 

observed by Gupta et al. 441  when they seeded schwann cells for axonal regeneration 

on PCL/gelatin scaffolds. However, the affinity of cells toward nanofibres with 

random structures was more pronounced relative to aligned counterparts. Binan et al. 
442 developed a non-woven material made of co-electrospun PLA/gelatin fibres loaded 

with instructive cues including retinoic acid and purmorphamine. The resultant 

scaffolds displayed a degradation rate and mechanical properties similar to those of 

peripheral nerve tissue and seeding neural stem-like cells on scaffolds resulted in rapid 

cell proliferation and differentiation into motor neurons. 

2.6.2.3 Vascular Regeneration 

Shalumon et al. 44 mixed gelatin with PLLA to increase the flexibility of PLLA and 

render a cell-friendly environment. Gelatin content directly influenced the 

hydrophilicity of scaffolds and increased the viability and proliferation of human 

umbilical vein endothelial cells (HUVECs) and SMCs cells proportional to the gelatin 
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content. The addition of PLLLA also improved the estimated burst pressure, which 

can be used to prepare more strengthened vessels 443. Wang et al. 444 loaded heparin, 

an anticoagulant agent, into gelatin nanofibres as controlled delivery devices for 

vascular tissue engineering. The addition of heparin decreased fibre diameters 

considerably and the sustained release of heparin over 14 days was achieved. Blending 

gelatin with synthetic polymers such as PU can improve endothelial cell adhesion and 

proliferation relative to plain PU by providing a closer matching construct to native 

vessels 47. Core-sheath configurations for vascular grafts were explored using 

PCL/gelatin mixture as the core and PU in the shell, leading to both favourable 

mechanical properties and binding sites for the cell attachment and proliferation 445. 

Coimbra et al. 446 showed that the presence of gelatin in core-shell mats composed of 

a PCL core and a functionalised gelatin shell enhanced the hydrophilicity of scaffolds, 

and thus decreased the hemolytic and thrombogenic characteristics. The recent study 

conducted by Joy et al. 447 showed the benefits of in situ crosslinked blend of gelatin- 

oxidised carboxymethyl cellulose for vascular tissue engineering. The mechanical 

properties validated the physical eligibility for its prospective usage as a vascular graft 

and its non-toxicity and minimal immune response for implantation.  

2.6.2.4 Corneal Regeneration 

A desirable scaffold for corneal regeneration should have corneal ECM structures with 

a thickness of around 550 µm and providing sufficient refractive power. Corneal ECM 

can be considered as natural fibre reinforced hydrogel 389. To mimic corneal ECM 

structures, gelatin nanofibres were used to reinforce alginate hydrogel and 15–16% 

weight fractions of electrospun gelatin fibres improved their elastic modulus from 78 

kPa to 0.45–0.5 MPa, which was very close to the cornea's value 448. Gao et al. 449 

conducted a comparative study using aligned and randomly structured gelatin/PLLA 

scaffolds for guiding the aligned growth of corneal stroma cells. It was deduced that 

aligned nanocomposite scaffolds provided an external stimulus for the orderly 

arrangement of cells and enhanced cell viability more significantly.  

2.6.2.5 Skin Regeneration and Wound Healing  

Gelatin based scaffolds possess an inherent capability to promote in vitro adhesion and 

proliferation of fibroblasts and in vivo skin wound healing due to it being a collagen 

derivative which is a major ECM protein 392. Powell and Boyce 450 fabricated dermal 
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substitutes by electrospinning gelatin and observed the key role of porosity and 

interfibre distance in tissue morphogenesis. Inter-fibre distances between 5 and 10 µm 

supported satisfactory dermal and epidermal layer formation including a continuous 

basal keratinocyte layer. Due to the moist and nutritious nature of wound 

environments, there is a high risk for bacterial infection which can hinder the healing 

process. The addition of silver nanoparticles into gelatin nanofibres exhibited the 

highest antibacterial activity against Pseudomonas aeroginosa, which was followed 

by Staphylococcus aureus, Escherichia coli, and methicillin-resistant S. aureus, 

respectively 451. Gelatin fibres loaded with vitamin E and/or A impeded the growth of 

Escherichia coli and S. aureus significantly 452. Moreover, fibres were also found to 

promote the adhesion and proliferation of L929 fibroblasts in the early stages of culture 

and elevated their collagen production. The incorporation of herbal extract with wound 

healing ability such as Centella asiatica into gelatin nanofibres were explored and an 

in vivo study in a rat model demonstrated their higher recovery rate compared with 

neat gelatin mats with reduced frequency of dressing change 453 Further studies on 

gelatin fibrous scaffolds loaded with extracts of grape seed polyphenols 454, Lawsonia 

inermis 455, thyme essential oil 433 and antibacterial agents such as ceftazidime 456 and 

gentamicin sulfate 457 were conducted resulting in the acceleration of wound healing 

processes. The feasibility of elecrospun cellulose acetate/gelatin as an effective 

simulator of the structure and composition of native skin was assessed by Vatankhah 

et al. 458. It was shown that scaffold adherence to the wound could be tuned by altering 

the gelatin amount within the compositional blend. Interestingly, scaffolds with a 

blend ratio of 25:75 enhanced the skin regeneration of full-thickness-injured tissues 

while a ratio of 75:25 could act as a low-adherent wound dressing. 

An ideal tissue skin graft and wound care should possess good mechanical properties 

along with ease of handling. Hence, researchers blended gelatin with other polymers 

such as PLLA 459, PU 460 and PCL 461 and so on to fulfil the required demands in 

fabricated nanofibrous scaffolds. Duan et al. 462 investigated the mechanical properties 

of electrospun gelatin/PCL fibres and reported that increasing the PCL content 

enhanced mechanical properties but reduced cell adhesion. Gelatin/PCL retained 

sufficient mechanical strength for handling after 1 week of culture time and further in 

vivo transplantation studies revealed the capability of nanocomposites to repair skin 

defects in the nude mouse. The efficiency of gelatin/PLLCL fibres for wound healing 
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was studied both in vitro and in vivo 463. Gelatin/PLLCL (blend ratio: 60:40) fibres 

resulted in good mechanical strength in wet conditions. Furthermore, compared to 

controlled wounds, nanofibrous scaffold accelerated wound closure and regeneration 

to 10 days and promoted re-epithelisation. Nourozi et al. 464 encapsulated epidermal 

growth factor in PLGA/gelatin hybrid nanofibres for skin regeneration and associated 

results indicated the higher gene expression of collagen type I and III relative to plain 

gelatin with excellent hemostatic features. For smart wound dressing, shape memory 

polymer or a multifunctional polymer was blended with gelatin and promising results 

were observed. Tan et al. 465 noted that electrospinning blends of 

gelatin/chitosan/shape memory PU not only provided favourable water vapour 

transmission ratio, hydrophilicity, cytocompatibility antibacterial activity, but also that 

PU was found to possess good controllability on the tensile force under different 

strains, which could further ease material processing and shape recovery-assisted 

closure of cracked wounds. Dongargaonkar et al. 466 electrospun blends of covalently 

conjugated highly branched star-shaped polyamidoamine dendrimer to gelatin and 

converted such electrospun scaffolds into semi-interpenetrating networks with 

photoreactive polyethylene glycol diacrylate. This unique gelatin−dendrimer 

nanofibre construct allowed higher drug loading capacity accompanied with the 

remarkable flexibility for generating electrospun multifunctional dressing materials. 

In order to promote skin graft quality and reduce scarring, astragaloside IV (AS) was 

loaded to gelatin/SF scaffolds and applied topically on deep partial-thickness burn 

wounds 289. AS-loaded SF/gelatin nanofibrous dressing was more effective for wound 

healing when compared with that of control samples without the nanofibrous dressing 

and triggered pro-angiogenesis of partial thickness burn wound whilst exerting anti-

scar effects. Promising results were also observed when human dermal fibroblasts 

cultured on gelatin/GAGs nanofibres, in which cells were completely attached and 

populated on the fabricated scaffold surfaces. 

2.7 Collagen 

Collagen is regarded as the most abundant protein within the mammalian body, which 

imparts physical support and structural integrity to tissues. Collagen, containing 

molecular structures or fibrillar structure, is the predominant protein of most hard and 

soft tissues comprising about 25% of total dry weight of mammals. To date, 29 distinct 

collagen types have been identified. Based on their structure, chain bonding, and 
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position within the human body, it can be classified into eight families including fibril-

forming, basement membrane, microfibrillar, anchoring fibrils, hexagonal network-

forming, fibril-associated collagens with interrupted triple helix [FACIT], 

transmembrane, and multi-plexins 50, 467, 468. Collagen types I, II and III are the most 

common collagens and referred to as classical fibril-forming collagens. Trimeric 

molecules of collagen have three polypeptide α chains assembled into triple helix 

structures leading to either homotrimers or heterotrimer formation. Each α chain 

consists of amino acids with -Gly-X-Y- sequences in which X and Y are mostly proline 

and 4-hydroxyproline, respectively 469-471. 

Since collagen is a ubiquitous protein, it has various sources such as animals and 

vegetables.  Common sources of collagen from animals are bovine, porcine, rat, human 

collagen, and marine organisms such as fish. It is preferably extracted from tissues rich 

in fibrous collagens including dermis, tendon and bone 50, 467. However, due to the 

concerns about using animal-isolated collagen such as variability, allergic reactions 

and risk of disease transfection, synthetic sources have been developed. For example, 

artificial polymer commercially named as KOD is a synthetic protein made of 36 

amino acids and it emulates native collagen structures and folding 472. Moreover, 

producing recombinant human collagens by host cells is an alternative promising 

approach to obtain collagen whilst avoiding the risks of immune problems 473, 474. 

One of the valuable aspect of collagen based material is their good biocompatibility 

and poor immunogenicity relative to other proteins. Furthermore, collagen possesses 

unique properties such as porous structure, permeability, good biodegradability and 

offers the ability to tune the morphology, adhesion, migration and differentiation of 

cells. All these characteristics are contributed to the widespread use of this material in 

many biomedical applications. Nonetheless, due to poor mechanical properties, as well 

as structural instability upon hydration, various approaches such as crosslinking or a 

structural modification agent or blending with other polymers have been applied 467, 

468, 475. 

2.7.1  Collagen-Based Scaffolds for Tissue Engineering 

Owing to its high water affinity, low antigenicity, very good cell compatibility and the 

ability to promote tissue regeneration, collagen has been considered as a favourable 

material for tissue repair and reconstruction. Therefore, many studies have reported on 
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collagen fabrication and its widespread range of applications both in vivo and in vitro 
392, 476, 477. Collagen scaffold can be fabricated by electrospinning conferring structural 

and biological properties of the natural collagen ECM under optimised conditions. 

Intrinsic features of the electrospinning process make it possible to manufacture 

collagen fibres analogous to native collagen characteristics with an ability to improve 

cell growth and penetration capacity 53, 478, 479. Another efficient technique to 

manufacture collagen scaffold is lyophilisation in which the mechanical properties of 

the resulting scaffolds depend on the collagen concentration in solution 480. Collagen 

scaffolds in a mono-component system can be characterised by weak mechanical 

properties with limited applications. Hence, apart from crosslinking, blending with 

other polymers is a promising strategy to overcome its deficiencies 481. Natural 

polymers such as chitosan 482, SF 35 and alginate 483 and synthetic polymer including 

PLA 484, 485 and PVA 486 were blended with collagen to modify collagen-based 

scaffolds with promising prospects in tissue engineering applications.   

For instance, it was reported that the addition of silk into collagen scaffolds greatly 

improved the matrix stability against excessive fibre swelling and shape deformation 

in cell culture medium 487. Moreover, the ultimate tensile strength and elasticity of 

collagen scaffolds increased monotonically with silk content, ranging from 40 to 182 

MPa and from 0.58 to 4.45 GPa, respectively. Sionkowska et al. 488 noted that the use 

of hyaluronic acid to collagen/chitosan blends improved the scaffold elasticity along 

with its porosity.   

Incorporating a low amount of PGA into collagen sponge not only enhanced the 

compressive modulus by a factor of six times, but also suppressed collagen shrinkage 

when submerged in simulated body fluid. Hence, a higher number of L929 cells were 

attached with deeper infiltration 489. Baylan et al. 490 found that increasing the weight 

fraction of PCL nanofibres within collagen scaffolds displayed better size retention. In 

addition, inclusion of PCL resulted in accelerated mature osteoblast phenotype 

development. Mozdzen et al. 491 integrated arrays of PLA fibres into collagen scaffolds 

using 3D printing for the development of tendon bone junction repair. The results 

demonstrated the ability to tune the mechanical performance of fibre-scaffold 

composites at the bulk scale. 
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In the following subsection, several typical applications of collagen based scaffolds in 

tissue engineering are briefly introduced. 

2.7.1.1 Bone/Cartilage Regeneration 

The main components of bone tissues are collagen type I and hydroxyapatite with a 

small amount of type V. Therefore, collagen is an attractive polymer to prepare 

scaffolds emulating the native ECM of bone. It should be noted that various collagen 

based scaffolds were proposed with the aim of improving its mechanical properties so 

that it can be used as a hard tissue 468. For example, the incorporation of inorganic 

bioceramic components such as calcium phosphate or β-tricalcium phosphate into 

collagen improved not only its mechanical properties, but also enhanced 

osteoconductivity and dimensional stability of the scaffolds. In addition, the surface 

area of the collagen scaffolds also increased, which yielded incremental cellular 

adhesion 492-494. Apart from this, carbon based components such as CNTs possessed 

good bone-tissue compatibility and could support osteoblast proliferation and bone-

forming functions 495. There are many investigations reporting promising results when 

natural or synthetic polymers were blended with collagen for bone repair. Alhag et al. 
496 found that collagen/GAGs scaffolds could provide a proper 3D microenvironment 

for the osteogenic differentiation of MSCs with the stimulating effect of osteogenic 

factors. The bone mimicking tri-component scaffolds, composed of PCL, collagen I, 

and HAp, promoted MSCs cell spreading and proliferation and simultaneously offered 

a good support for endogenous reparative cells that could be infiltrated into the implant 

sites 497.  

Collagen-based biomaterials used for cartilage regeneration tend to be more flexible 

and are preferably made with type II collagen as opposed to most other collagen-based 

biomaterials, which are prepared using type I collagen 50. Collagen gel as matrix 

scaffolds can be used for a clinically applicable treatment for focal defects of articular 

cartilage. However, its biomechanical property is still unsatisfactory 498. Recently, a 

novel technology known as matrix-induced ACI has raised attention to promote 

cartilage repair. This method is based on the combination of autologous chondrocytes 

with tissue engineering scaffolds and artificial 3D collagen matrix 499.  
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2.7.1.2 Neural Regeneration 

Collagen based scaffolds, either in the form of tubular conduits or aligned templates, 

were shown to be good substrates for nerve regeneration in several preclinical models, 

mainly due to the excellent biocompatibility and cell-adhesive nature of collagen 500. 

Liu et al. 501 demonstrated the potential of electrospun collagen nanofibres for spinal 

cord injuries. It was noted that aligned collagen fibrous membranes resulted in 

elongated astrocytes. Cui et al. 502 manufactured functional collagen scaffolds by 

filling the collagen nerve conduit with linear ordered collagen scaffolds integrated with 

recombinant proteins to bridge a 35 mm long facial nerve gap in minipig models. The 

functional composite conduit exhibited favourable mechanical properties, as well as 

an acceleration in nerve reconstruction. Moreover, the addition of collagen into 

synthetic scaffolds such as PCL was shown to improve schwann cell migration, neurite 

orientation, and process formation of schwann cells, fibroblasts and olfactory 

ensheathing cells relative to plain PCL 503. 

2.7.1.3 Vascular Regeneration 

In 1986, collagen based scaffolds were employed for blood vessel reconstruction by 

Weinberg and Bell 504. The scaffolds were composed of collagen multilayers integrated 

with a Dacron mesh to provide desirable tensile strengths. Further investigation by Lee 

et al. 505 indicated that collagen/PCL scaffolds could serve as an appropriate 

environment for vascular cell growth. Concurrently, it could resist high degrees of 

pressure and flow for a long time.  

2.7.1.4 Skin and Wound Healing 

Collagen is considered as the most clinically effective material that facilitates wound 

healing and has distinctive merits for skin tissue engineering since up to 70% to 80% 

of the dry weight of dermis is consisted of collagen type I 506. Collagen-based wound 

dressings have long been used for burn coverage and ulcer treatment 507, 508. They have 

been processed into various form of gel, sheet, fibre, or sponge and are commercially 

available (Promogram®, Johnson & Johnson and Puraply®, Royce Medical) 509. Rho 

et al. 510 fabricated fibrous collagen scaffolds and evaluated their effects on human 

keratinocytes and skin tissue engineering. Based on in vitro observation, keratinocyte 

adhesion and spreading were promoted and open wound healing tests indicated the 
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proliferation of fibroblasts and young capillaries in the early stage of wound healing. 

Collagen can be blended with several bioactives and polymers that could act in a 

synergistic manner, which helped to accelerate the wound healing process. Previous 

work illustrated that freeze dried collagen/chitosan scaffolds seeded with fibroblasts 

and keratinocytes could promote rapid remodeling of ECM at a rate similar to that of 

the native dermis 511. In addition, the authors also reported the organisation of elastin 

deposits in thin fibrils after 90 days, a process which normally took several years in 

humans. Ti et al.512 fabricated collagen/chitosan spongy scaffolds loaded with 

thymosin beta 4 (Tβ4) to elevate a wound healing process in diabetic rats. Their results 

revealed the sustained release of Tβ4, which in turn caused the enhancement of both 

migratory and proliferative activities of high glucose-treated HUVECs cells, as well 

as angiogenesis improvement. To mimic the biological cues offered by the skin dermis, 

Rnjak-Kovacina et al. 513 prepared electrospun collagen/elastin scaffolds and found 

that crosslinked scaffold nanofibres supported human dermal fibroblast attachment, 

migration and proliferation. It was noted that adding elastin to collagen was beneficial 

to reduce wound contraction and improve skin regeneration. Many studied embedded 

silver nanoparticle into collagen scaffolds and reported good wound-healing efficacy 

owing to their intrinsic antibacterial, anti-inflammatory, controlled drug release 

profile, and hemostatic properties 514, 515. PCL is a synthetic polymer frequently used 

with collagen for skin regeneration. The presence of collagen within PCL/collagen 

scaffolds facilitated cell migration through the activation of integrin-β1 52. In addition, 

the differentiation ability of keratinocytes can be promoted by immobilising epidermal 

growth factor on PCL/collagen fibres 516. Apart from PCL, collagen was also used with 

PLGA and it was found that the presence of collagen contributed to skin fibroblast 

distribution enhancement as well as promoting the formation of an epithelium in 2–4 

weeks 51, 517. There have been many reports incorporating diverse organic/inorganic 

materials which have strengthened the properties of collagen scaffolds in the scientific 

research. Nonetheless, since July 2015, only a limited number of polymers including 

collagen, hyaluronic acid, PLLA, hyaluronic acid and non-biodegradable 

polymethylmethacrylate (PMMA)  beads have been granted FDA approval as dermal 

fillers 468. Hence, further research should be carried out to obtain the clinical 

requirements for therapeutic applications. 
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2.8 Summary 

The injury of organ and/or tissues has an important impact on life quality and involves 

large social and economic costs. Using traditional medical and surgical treatments is 

constrained due to limitations including donor shortage, immunological problems and 

the risk of infection. In this context, tissue engineering has emerged to regenerate 

required tissues or organs for patients. With the evolution of scaffold design for tissue 

engineering, electrospinning has attracted enormous attention because of its ability to 

generate fibrous scaffolds resembling natural ECMs in tissue. Electrospinning is 

considered to be an inexpensive, versatile, scalable and straightforward technique, 

which offers continuous ultrafine fibre manufacturing from either synthetic or natural 

polymers. Physical, mechanical, and chemical properties of scaffold constructs 

produced by electrospinning processes can be modified to generate a variety of 

different matrices. Furthermore, the ability of electrospinning techniques to combine 

different types of materials leads to an unlimited material range of scaffolds with 

distinctive features 4, 518.  

Amongst a variety of materials tested, SF has established a good reputation in various 

tissue engineering applications. SF-derived scaffolds have distinctive properties, such 

as good biocompatibility, biodegradability, minimal inflammatory response and ease 

of processability. Many studies have reported that electrospun SF scaffolds not only 

support cell adhesion, proliferation, and differentiation in vitro, but also enhance tissue 

repair in vivo 11, 217, 519. However, slow degradation, and relatively weak mechanical 

properties are disadvantageous for clinical applications. In addition, when the SF 

nanofibre component is alone, it is difficult to regulate cell proliferation and 

differentiation. The previous findings demonstrate that SF properties could be 

improved by blending with other polymers 228, 290, 519. Despite the significant progress 

made, the SF based scaffold application could be tremendously expanded by 

developing new SF composites and accordingly enhance specific properties of SF 

scaffolds for certain applications.  

In addition, to date, great endeavour has been taken in creating scaffolds mimicking 

ECM. However, most approaches focus on incorporating one component of the ECM 

to polymeric scaffolds as opposed to the entire network. ECM-polymer composite 

scaffolds harness the naturally-occurring bioactive signals from a selected cell source 
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to improve the biological responses of subsequently seeded cell populations. For 

example, scaffolds containing human osteoblast-derived ECM have been 

demonstrated to promoted osteogenic differentiation of human embryonic stem cells 
520, 521. There is an unmet demand to develop ECM-polymer composite scaffolds and 

investigate their performance particularly for tissue engineering applications.  
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Chapter III: Materials and Methods 
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3.1 Silk Fibroin Extraction  

Bombyx mori silk fibroin (SF, The Yarn Tree, Greenville, SC, USA) was extracted 

from silk cocoons, as described by Rockwood et al. 213.  5 g of cocoons were cut and 

worms discarded.  Cocoon pieces were boiled in a 0.02 M sodium carbonate (Na2CO3, 

≥99%, Sigma Aldrich, NSW, Australia) aqueous solution for 30 min, and subsequently 

rinsed 3 times with ultrapure water for 20 min and subjected to gentle stirring on a stir 

plate to remove sericin proteins. The extracted SF was then dried at room temperature 

(RT) for 24 h, and dissolved in 9.3 M lithium bromide (LiBr, ≥99.9%, Sigma) solution 

at 60 °C. This solution was dialysed against ultrapure water at RT for 48 h using a 

dialysis membrane (MWCO 12400 Da, Sigma), followed by filtration (Pore size: 0.22 

µm, Thermo Fisher Scientific). The solution was freeze-dried to produce regenerated 

SF. The preparation process is illustrated in Figure 3.1.  

 

 

 

 

 

 

 

 

 

Figure 3.1 The preparation process of SF.  
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3.2 Electrospinning  

3.2.1  SF/HNT Electrospinning  

Halloysite nanotubes (HNTs), donated by Imerys Tableware Asia Ltd, New Zealand, 

contain 49.5% SiO2, 35.5% Al2O3, 0.29% Fe2O3 and 0.09% TiO2, with traces of CaO, 

MgO, K2O and Na2O. HNTs possess outer diameters in the range of 40-120 nm and 

lumen diameters of 15-100 nm. The HNT lengths vary ranging from 300–1500 nm. 

HNTs were first sieved through a 125 μm mesh to remove granules522, 523. HNTs were 

dried at 80 °C under vacuum for 12 h, and then HNTs at different loadings relative to 

SF (1, 3, 5 and 7 w/w%) were dispersed in formic acid (≥98%, Sigma) using a IKA T 

25 digital ULTRA-TURRAX® dispenser (IKA, Staufen, Germany) with a rotor speed 

of 7000 rpm for 30 min prior to the ultrasonication (model ELMA Ti-H-5,  Elma 

Schmidbauer GmbH, Singen Germany) at 25 kHz with a sweep mode and 100 % 

power intensity at 40 °C for 1 h. The lyophilised SF at the concentration of 13 w/v% 

was added to the HNT/formic acid solution and stirred for 3 h. The NaBond NEU 

commercial nanofibre electrospinning unit (NaBond Technologies Co., Ltd, 

Shenzhen, China) was used for electrospinning. Prepared SF/HNT solutions were 

loaded into a plastic syringe using an 18 gauge stainless steel needle at the tip. A 

voltage of 16 kV was applied to the blunt needle (inner diameter of 0.6 mm) and the 

flow rate was set at 0.3 mL/h using a syringe pump. The fibres were formed on a plate 

collector covered by aluminium foil with a needle-to-collector distance of 13 cm. The 

electrospinning process was carried out at RT and the setup is illustrated in Figure 3.2.  

3.2.1.1  Post Treatment of Electrospun SF/HNT Scaffolds 

To improve the stability of nanofibres, they were immersed in methanol (≥99.9%, 

Sigma Aldrich) for 15 min and then left in the fume hood overnight to dry.  
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Figure 3.2 The electrospinning setup, (a) syringe pump, (b) polymer solution, (c) needle tip, (d) voltage 

supplier, (e) collector. 

3.2.2  SF/gelatin Electrospinning 

To prepare SF/gelatin blended solution, lyophilised SF were dissolved in formic acid 

and stirred for 1h. Subsequently, type A gelatin from porcine skin (300 bloom, Sigma) 

was added to the solution at the weight ratios given below, and this mixture was stirred 

for 2 h to obtain a homogeneous solution. The final concentration of spinning solution 

e) Collector  

a) Syringe pump 

c) Needle tip 

b) Polymer solution 

d) Voltage supplier 
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was controlled at 13 w/v% and various blending ratios of SF/ gelatin by weight (i.e., 

100/0, 90/10 and 70/30) were prepared. For the electrospinning process, the prepared 

SF/ gelatin solution was placed in a 10 mL syringe equipped with a blunt needle (inner 

diameter: 0.6 mm). The flow rate was set at 0.3 mL/h using a syringe pump. The needle 

was connected with a high voltage power supplier set at 16 kV to stretch the droplets 

of the injected solution. The electrospun nanofibres were collected on a plate collector 

with a needle-to-collector distance of 13 cm. The collected fibre mats were left 

overnight under fume hood to dry. The electrospinning process was carried out at 

ambient conditions.  

Gelatin nanofibres were also manufactured by dissolving gelatin in formic acid at 

solution concentration of 13 w/v% and similar electrospinning parameter as a 

benchmark. 

3.2.2.1  Post Treatment of Electrospun SF/gelatin Scaffolds 

To stabilise and control the degradation rate of the fabricated SF/gelatin nanofibres, 

three different crosslinking procedures were followed as below:  

1. Methanol treatment: air dried SF/gelatin scaffolds were treated with methanol 

(99.9%, Sigma) for 15 min and left under fume cabinet to dry.  

2. D,L-glyceraldehyde (GC) treatment: based on a material-processing protocol 

mentioned by Sisson et al.417 SF/gelatin scaffolds were immersed in the following 

solution for 19 h at room temperature (RT): 0.5% w/w GC (≥90%), Sigma Aldrich) 

dissolved in 70% (v/v) ethanol/water.  

3. Glutaraldehyde (GTA) treatment: 10 mL of aqueous GTA solution (20% v/v, Sigma 

Aldrich) in a petri dish was placed in a sealed desiccator. SF/ gelatin nanofibres 

together with a supporting aluminium foil were exposed to GTA vapour for 6 h at RT. 

Afterwards, crosslinked nanofibre scaffolds were immersed in a 0.1 M glycine (Sigma 

Aldrich) aqueous solution for 1 h to block unreacted aldehyde groups.  
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3.3 Material Characterisation 

3.3.1  Viscosity Measurement  

The viscosities of prepared solutions for electrospinning were measured using 

Modular Advanced Rheometer System (Haake MARS, Thermo Electron Corp., 

Germany) and associated data were extracted via HAAKE RheoWin Data Manager 

Software. The temperatures of the cone and plate were kept constant at 25 °C and shear 

rate was linearly increased from 10 to 100 s-1 at 25 °C. The test was conducted on three 

replicates from each group of solutions.  

3.3.2  Scanning Electron Microscopy (SEM) 

Morphological characterisation of electrospun nanofibres was investigated with 

scanning electron microscope (ZEISS EVO 40XVP, Carl Zeiss, Oberkochen, 

Germany), depicted in Figure 3.3 at an accelerating voltage of 15 kV. Nanofibre mat 

samples were mounted on SEM stubs with carbon tape and sputter coated with 

platinum.  The average fibre diameter was determined by randomly measuring 100 

fibres (i.e., N=100) from each SEM image using ImageJ software, in expression of 

mean ± standard deviation (SD). 

To identify the embedded HNT on the surfaces of SF nanofibres, elemental analysis 

was performed using an Oxford Instruments energy-dispersive X-ray spectrometer 

(EDS) at the accelerating voltage of 10 kV. The analysis of X-ray spectra was 

performed using Inca software (Oxford Instruments, Abingdon, UK). The relevant test 

was conducted on two replicates from each group of scaffolds. 



 

82 
 

 
Figure 3.3 SEM instrument. 

3.3.3  Fourier Transform Infrared Spectroscopy (FTIR)  

In order to observe structural and conformational changes of the proteins within the 

scaffolds, chemical characterisation was carried out by Spectrum 100 Optica FTIR 

Spectrometer (PerkinElmer Inc., Waltham, MA, USA). FTIR spectra were acquired in 

a transmission mode with the resolution of 4 cm-1 and a wave number range of 400–

4000 cm-1 using an attenuated total reflectance (ATR) method 524. Test was conducted 

on three replicates from each group of scaffolds. 

3.3.4  X-ray Diffraction Analysis 

The X-ray diffraction was conducted by an X-ray diffractometer D8 Advance (Bruker 

AXS, Germany), with a Cu Kα radiation source (wavelength λ= 0.1541 nm) at 40 kV 

and 40 mA using a LynxEye detector (Figure 3.4). XRD analysis was carried out on 

two replicates from each group of scaffolds. All XRD samples were scanned from the 
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diffraction angle 2θ = 5–40° at a scan rate of 0.015°/s. The d-spacing (d) for a specific 

scattering angle (θ) was determined from Bragg’s law as follows: 

𝑛𝑛𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑑𝑑                                                                                                                                                 (1) 

where n is an integer. 

 

Figure 3.4 XRD instrument. 

3.3.5  Contact Angle and Water Uptake Capacity 

Fibre mat hydrophilicity was evaluated by measuring the water contact angles of the 

scaffolds using a CAM101 goniometer (KSV Instruments Ltd, Finland). The water 

droplet, approximately 5 µl, was deposited on scaffold surfaces and images of the 

droplet were automatically taken as a function of time. The contact angle was 

calculated by CASTTM2.0 software based on captured images. The average of 5 

separate samples was calculated for the contact angle data. 

To determine the water uptake capacity of scaffolds, samples were weighed and 

subsequently immersed in distilled water at RT for 24 h.  Before measuring the weights 
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of wet samples, the excess of water on the surfaces was removed with filter paper. The 

water uptake capacity of scaffolds can be calculated as follows: 

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑢𝑢𝑢𝑢𝑤𝑤𝑤𝑤𝑢𝑢𝑤𝑤 (%) = �𝑊𝑊− 𝑊𝑊0
𝑊𝑊0

�× 100%                                                                       (2)                                                                            

Where W and W0 represent the weights of the sample before and after soaking in water, 

respectively. The average of 5 samples was calculated. 

3.3.6  Porosity Measurements 
The Brunauer−Emmet−Teller (BET) surface area, pore volume, and pore width of 

SF/HNT scaffolds were characterised using a Tristar 3000 (Micromeritics, Norcross, 

GA, USA). The pore volume and the pore-size were computed by applying the 

Barrett–Joyner–Halenda (BJH) method in the relative pressure (P/P0) range of 0.01 to 

0.99. The samples were degassed in a vacuum at 40 °C overnight before the tests. Two 

samples for each material batch were used and representative data were reported.  

The porosities of SF/gelatin scaffolds were determined using their apparent density 

(ρapparent) and bulk density (ρbulk), as shown in Eq. (3).  In between, ρapparent in the unit 

of g/cm3 was estimated on the basis of scaffold mass mscaffold (g), scaffold thickness t 

(cm) and scaffold area A (cm2) according to Eq. (4). As for the parameter of ρbulk, bulk 

densities of SF and gelatin (i.e., ρSF and ρgelatin) were referred to as 1.25 and 1.35 g/cm3, 

respectively 525, 526 in order to determine corresponding bulk density of SF/gelatin fibre 

mats. ρbulk was calculated in Eq. (5) where wgelatin and wSF denoted the mass fractions 

of gelatin and SF, respectively. Five samples for each material batch were used with 

finally reported average data and standard deviations. 

  Porosity = �1 − �𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

�� × 100%                                                                   (3)                                                               

 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  =  𝑚𝑚𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠

t ×A 
                                                                                               (4)                                                                                                 

 1
𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

=  𝑤𝑤𝑔𝑔𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎

𝜌𝜌𝑔𝑔𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎
 + 𝑤𝑤𝑆𝑆𝑆𝑆

𝜌𝜌𝑆𝑆𝑆𝑆
                                                                                               (5)   

 The thickness of scaffolds (𝑤𝑤) was measured by using a micrometer at four different 

positions of fibre mats for obtaining their average measurements.   
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3.3.7  Degree of Crosslinking 

The degree of crosslinking of SF/gelatin scaffolds were determined using 2,4,6-

trinitro-benzene-sulfonic acid (TNBS, 5 % (w/v) in H2O, Sigma) assay, as described 

by Bubnis et al.527 Briefly, 1-3 mg of each scaffold was immersed in 1 ml of a 4% 

(w/v) NaHCO3 (≥99.5%, Sigma) solution and 1 ml of a freshly prepared solution of 

0.5% (w/v) TNBS. After the incubation for 2 h at 40 °C, 3 mL of 6 M hydrochloric 

acid (HCl, 37%, Sigma) was added and the solution was heated at 60 °C for 90 min. 

After cooling down to room temperature, the resulting solution was diluted with 5 ml 

of deionised water, and absorbance was measured at 345 nm with a UV/vis 

spectrometer (BioPhotometer plus, Eppendorf, Hamburg, Germany). The degree of 

crosslinking was calculated as follows: 

Degree of crosslinking (%) = �𝐴𝐴0− 𝐴𝐴𝐶𝐶
𝐴𝐴0

�× 100%                                                           (6) 

where A0 and AC are the absorbance of SF/gelatin nanofiber mats before and after 

crosslinking, respectively. The experiment was performed in triplicate under the same 

conditions. 

3.3.8 Tensile Tests 

Mechanical properties of the scaffolds were obtained from stress−strain curves using 

a Lloyds Universal Testing Machine (Lloyds EZ50, Ametek-Lloyd Instruments Inc., 

Fareham, UK) at the crosshead speed of 10 mm/min with the ambient temperature of 

25 °C and humidity of 65%. Rectangular scaffold specimens with a dimension of 10 

mm × 30 mm were prepared according to the method reported in the previous literature 
528. First, a cardboard frame was cut in a rectangular shape (10 × 50 mm2). Then the 

scaffolds were cut in dimensions of 10 mm (width) × 30 mm (gauge length), glued 

onto the top and bottom areas of the frame, and further mounted on the tester. 

Subsequently, the frame edges of cardboard were cut prior to the tests. The specimen 

thickness was measured using a micrometer at five different positions of the scaffolds 

to record the average thickness in range of 200–530 µm. Sample preparation and 

tensile testing procedure are demonstrated in Figure 3.5. Ten samples from each 

material batch were used for measurements. 
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Figure 3.5 Tensile tests of scaffolds, a) paper template for preparing samples 396, b) a typical tensile test 

sample, c) tensile test operation and d) tested sample after fracture. 

3.3.9  Thermal Analysis 

Thermal properties of nanofibres were examined using a Mettler-Toledo TGA/DSC 1 

STARe System thermogravimetric analyser and differential scanning calorimeter 

(Schwerzenbach, Switzerland) along with STARe software, as shown in Figure 3.6. 

Approximately 8 mg from each scaffold was weighed into alumina crucibles and 

heated from 30 °C to 800 °C at a rate of 10 °C /min under the flow of argon gas at flow 

rate of 20 mL/min. Thermal analysis were conducted on two replicates from each 

group of scaffolds and representative data were reported. 

 

 

 

 

 

a b 
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Figure 3.6 TGA/DSC instrument. 
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3.4 Biological Characterisation: Tissue Culture and Cell Based 

Assays 

3.4.1  Cell Lines 

3T3 Murine Fibroblasts 

3T3 cells were purchased from European Collection of Cell Cultures, Porton 

Down,UK.  

Primary human dermal fibroblasts (HDFs) 

Primary human dermal fibroblasts (PCS-2-1-012) (HDFs) were purchased from 

American Type culture collection (ATCC, Manassas, VA). 

C2C12 Murine Myoblast 

C2C12 cell line was obtained from the American Type Culture Collection (ATCC, 

Manassas, VA, USA). 

Human Neonatal Keratinocytes 

Human neonatal keratinocytes were purchased from Thermo Fisher Scientific, Gibco.  

3.4.2  Tissue Culture Media, Buffer and Supplements 

Tissue Culture Media  

Dulbecco’s Minimum Essential Medium (DMEM), DMED (phenol red free), RPMI, 

Defined Keratinocyte Serum Free Medium (DKSFM), HEPES (1M), L-glutamine 

(200Mm), Sodium Pyruvate (100mM) and Human Serum were purchased from Gibco, 

Life Technologies (Carlsbad, CA). Foetal Bovine Serum (FBS) was supplied by 

Serana Europe GmBH. (Pessin, Germany). Complete media comprised the various 

base media (DMEM, RPMI, DMEM (phenol red free)) supplemented with 10 mM 

HEPES, 1 mM sodium pyruvate, 2 mM glutamine and 10% FBS. 

0.05M Ethylenediaminetetraacetic acid (EDTA) Stock Solution 

EDTA (Spectrum Chemical) was dissolved in 40 mL of doubled distilled water 

(ddH2O) at the final concentration of 0.05M. Then, 1M NaOH was added to dissolve 

EDTA and the pH level was adjusted to 7.4. The volume was made up to 50 mL using 

ddH2O. 
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3.4.3 Cell Counting 

Cells 3T3 and C2C12, were counted using the Z™ Series COULTER COUNTER® 

(Beckmann Coulter, Indianapolis, IN). Harvested cells (100 µL or 200 µL) were 

diluted in 10 mL isotonic saline and 500 µL of this sample was counted by the 

instrument in which gates were set to exclude both dead cells and cellular debris from 

the analysis, meaning that the cell concentration was determined only for live cells. 

The actual cell concentration was calculated by taking into consideration the dilution 

factor.  

Keratinocytes and HDFs cells were counted by using a hemocytometer. 10 μL of 

resuspended cells were transferred into a microcentrifuge tube, mixed with 10 μL of 

0.4% trypan blue (Sigma) and then 10 μL of cell suspension was applied into the 

hemocytometer. Live, unstained cells were counted from all four corners and the 

middle of the hemocytometer grid (Figure 3.7; number 1-5). The number of viable 

cells/mL was calculated as follows:   

Cells/mL = Total Cell Count ÷ 5 × 104 × 2 fold dilution                                                            (6) 

 

 

 

 

 

 

 

Figure 3.7 A representative diagram of a haemacytometer indicating one corner of the square that 

should be used for counting (Adapted from Abcam website). 

3.4.4  Freezing and Thawing Cell Lines 

Freezing Fibroblasts and Myoblasts 

Cells (HDFs, 3T3 and C2C12) were harvested and resuspended in complete media 

(DMEM complete media for HDFs and C2C12 cells and RPMI complete media for 
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3T3 cells), which was followed by centrifugation at 1100 rpm for 5 min. Without 

disturbing the cells pellet, media was removed and the cell pellet was resuspended in 

freezing medium (50% of complete tissue culture media, 40% FBS and 10% DMSO). 

The cell concentration of 50 × 104 cells/mL was transferred into cryogenic vials and 

placed in a “Mr Frosty” freezing chamber (Nalgene Labware, Nalge Nunc 

International, Rochester, NY, USA). The cryogenic vials were placed in a -80 °C 

freezer, and then transferred to liquid nitrogen storage. 

Freezing Keratinocytes  

Conditioned DKSFM was recovered from keratinocyte cultures and filtered using a 

0.22 μm syringe filter unit. Then freezing media A (i.e., 50% conditioned DKSFM/ 

50% fresh DKSFM) and freezing media B (i.e., 40% spent DKSFM/ 40% fresh 

DKSFM/ 20% DMSO) were prepared. The keratinocytes were harvested and 

resuspended in PBS/4% human serum/1mg/mL soybean trypsin inhibitor (Gibco, 

Thermo Fisher Scientific), counted and centrifugation at 1,100 RPM for 5 minutes. 

Without disturbing the pellet, the media was gently discarded. The cell pellet was 

resuspended in freezing media A, then 5 × 104 cells were mixed with freezing media 

B and transferred into cryovials. The cryovials were placed first in a “Mr Frosty” 

freezing chamber (Nalgene Labware, Nalge Nunc International, Rochester, NY) and 

then in a -80 °C freezer overnight followed by transferring to liquid nitrogen storage. 

Thawing Fibroblasts and Myoblasts 

Pre-warmed complete media (DMEM complete medium for HDFs and C2C12 cells 

and RPMI complete medium for 3T3 cells) were added into a 25 cm2 tissue culture 

(T25) flask. Frozen cells were defrosted by placing in a 37 °C water bath and then the 

warmed media was added dropwise to the thawed cells and mixed. When the cells had 

been diluted by a ratio of 1:3 (cell solution: media), this mixture was placed into a 25 

cm2 tissue culture flask and total volume in the flask slowly increased to 5 mL by the 

addition of the pre-warmed media. The media was changed after the cells adhered (~ 

60 min).  

Thawing Keratinocytes 

The 25 cm2 tissue culture flask was coated with 3 µg/cm2 of type I collagen (diluted 

in PBS), for 2 h at 37 °C. Cells were quickly thawed in a 37 °C water bath and diluted 

to a ratio of 1:3 (cell solution: media) by adding warmed DKSFM media drop wise to 
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the cells. The diluted cell solution was then transferred into the T25 tissue culture flask, 

and further warm DKSFM was slowly added to make up 5 mL final volume. After the 

cells attached (~3-4 hours), the media was replaced.  

3.4.5  Cell Culture and Maintenance 
3T3 Murine Fibroblasts 

3T3 fibroblast cells were maintained in complete RPMI medium in a humidified 37 

°C incubator at 5% CO2. When the cells reached 70-80% confluency, they were 

subcultured. Briefly the media was removed and the cells were rinsed with 5 mL PBS.  

Then 500 μL trypsin-EDTA (0.05%, Life Technologies) was added to the flask and 

incubated at 37 °C for 5 min to detach cells.  Cells were suspended in 3 mL of RPMI 

complete media and then counted. Cells were seeded at 15 x 104 density per T25 flask 

for maintenance. Experiments were conducted with cells passaged less than 25 times.  

HDFs Fibroblasts 

HDFs fibroblast cells were cultured in a complete DMEM and incubated in a 

humidified 37 °C incubator at 5% CO2. Cells were subcultured when they reached 80-

90% confluency by discarding medium from the flask and rinsing with 5 mL PBS. 

Then 500 μL of 0.05% trypsin-EDTA (Life Technologies) was added and incubated 

for 5 min at 37 °C. Cells were resuspended in 2.5 mL complete DMEM and then were 

counted. Cells were seeded at 25 × 104 cells per T25 flask for maintenance, and were 

used at less than 16 passages for all experiments. 

C2C12 Murine Myoblasts 

C2C12 myoblasts were maintained in a complete DMEM in an incubator at 37 °C with 

5% CO2. Cells were subcultured at 60-70% confluence and used for experiments with 

the passage less than 20. To subculture the cells, the medium was discarded and the 

growth surface washed with 5 mL PBS. Cells were dissociated from the flask by 

incubating with 0.05% trypsin-EDTA at 37 °C for 5 min, and then suspended in 3 mL 

complete DMEM and counted. Cells were seeded at a density of 4 × 104 cells per T25 

flask for maintenance. 

Keratinocytes  

Keratinocytes were maintained in DKSFM and housed in a humidified 37 °C incubator 

equilibrated at 5 % CO2. Keratinocytes were passaged when they reached 80% 
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confluence and cells below passage 4 or 5 were used for all experiments. Briefly, the 

medium was removed from the T25 flask and cells were washed gently with 5 mL 

PBS before 5 mL of 0.5mM EDTA/PBS was added to the flask and incubated at RT 

for 5 min. The EDTA/PBS solution was then discarded and replaced with 500 μL of 

0.05% trypsin-EDTA and incubated for 5 min at 37 °C. Cells were resuspended in 5 

mL of PBS/4% human serum/1mg/mL soybean trypsin inhibitor and were then 

transferred to a centrifuge tube to be pelleted by the centrifugation at 1100 rpm for 5 

min. Keratinocytes were resuspended in DKSFM and counted using a haemocytometer 

followed by being seeded at density of 20 × 104 cells per T25 flask for maintenance. 

3.4.6  Cell Morphology  

3T3 fibroblast cell morphology on SF/HNT scaffolds was observed using SEM and 

fluorescent imaging. The procedure for sample preparation in relation to each 

technique is summarised in the following subsections.  

3.4.6.1  Solutions, Buffers & Cell seeding 

HEPES Buffered Saline (HBS) 

This buffer comprised 150 mM NaCl (Sigma Aldrich), 10 mM HEPES, 1 mM MgCl2 

(Sigma Aldrich) and 1 mM CaCl2 (Sigma Aldrich) and was stored at 4 °C. 

4% (w/v) Paraformaldehyde  

2.4 g of paraformaldehyde (Sigma Aldrich) was added to 50 mL HBS and heated at 

55 °C until the solution was clear. The PH was adjusted to 7.4 with 1M NaOH and the 

volume made up to 60 mL by the addition of HBS. The solution was filtered and stored 

at 4 °C and used within a month.   

Blocking Solution  

Blocking solution consisted of HBS containing BSA (1% (v/v), Hyclone) and 5% (v/v) 

of FBS.  

Scaffold Preparation 

Scaffolds (1 × 1 cm2) were sterilised by ultra violet radiation (UV) for 40 min on each 

side, and then incubated at 37 °C in complete DMEM (phenol red free) media. 
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Cell Seeding 

3T3 cells were harvested, pelleted and then resuspended in DMEM (phenol red free) 

medium, at a concentration of 16 × 104 cells/mL. Scaffolds prepared as indicated 

above, were wiped with autoclaved cotton buds and transferred to a 6-well tissue 

culture plate (NUNC). Two replicate scaffolds were used from each group of 

nanocomposites. 500 μL of the cell suspension (8 × 104 cells) was added to the 

scaffolds and incubated at 37 °C for 30 min. Then 3 mL DMEM (phenol red free) 

medium was added to each well. The culture medium was changed every 48 h. 

Scaffolds without cells were incubated in medium as negative controls. 

3.4.6.2  Scanning Electron Microscopy 

To observe the 3T3 cell morphology on day 1 and day 3 culture, Field emission 

scanning electron microscope (FE-SEM, Zeiss NEON 40 EsB Cross Beam) at the 

accelerating voltage of 5 kV was used. Scaffolds were rinsed twice with HBS and fixed 

with 4% paraformaldehyde in HBS for 15 min at RT. They were washed twice with 

HBS before being blocked for 1 h at RT with blocking solution. Scaffolds were 

transferred to a 12-well plate and chemically dehydrated via serial dilutions in ethanol 

(100%, 90%, 70%, 30% and 10%, Sigma) for 10 min each. Then they were dried in a 

freeze dryer and coated with platinum for imaging.  

3.4.6.3  Immunofluorescence Staining 

On day 1 and day 3 of cell culture, scaffolds were rinsed twice with HBS, fixed with 

4% paraformaldehyde for 15 min and washed HBS followed by permeabilisation with 

cold 0.1% Triton X-100 (Sigma)/HBS for 3 min. Then, cells were rinsed twice with 

HBS before being blocked in blocking solution (1 h). Blocking solution was removed, 

and scaffolds were stained for Filamentous actin (F-actin) by incubating in phalloidin-

Alexa Fluor® 488 (1:200 in blocking solution, Thermo Fisher Scientific) for 1 h at 

RT. Afterwards, scaffolds were rinsed 3 times with HBS (5 min each) before being 

incubated with 500 μL DAPI (1:2000 in HBS) for 10 min at RT. The µscaffold were 

rinsed 3 times with 1 mL HBS as before and mounted on glass slides using 30 μL 

Vectashield antifade mounting medium (Vector Laboratories). Coverslips were put on 

the scaffolds and sealed with nail varnish. Images were captured using a Nikon A1+ 
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Confocal Microscope (Nikon, Tokyo, Japan) in 3 different locations on each scaffold. 

To generate a three-dimensional (3D) image, Z-stack images were obtained and 

merged to generate a single image using NIS-Elements AR analysis software. 

3.4.7  Proliferation Assay  

Cell proliferation on SF/HNT scaffolds was examined using 3T3 fibroblasts and 

C2C12 myoblasts. On SF/gelatin and SF/Col I scaffolds 3T3 cell proliferation was 

studied. Sample preparation and protocols are described below.  

Scaffold Preparation 

Scaffolds of uniform size were obtained by using a 6 mm punch. These discs were 

sterilised and prepared as described above (Section 3.4.6.1).  

3D Collagen Type I (Col I) Hydrogel  

Rat tail type I collagen (Col I) (4 mg/ml) was purchased from Advanced Biomatrix 

(Carlsbad, CA). Circular moulds were prepared (diameter: 9 mm, height: 7 mm) and 

placed in 24-well tissue culture plates (NUNC) and sterilised with UV for 1h. 

Hydrogels of Col I were prepared according to the manufacturer’s protocol. Briefly, 

the desired volume of collagen was calculated and one part of chilled neutralisation 

solution at 4 °C were mixed with 9 parts of Rat Tail Collagen. Then 120 μl of Col I 

mixture was added to each mould and incubated at 37 °C for 1h for the gel formation. 

SF/Col I Scaffolds  

SF methanol treated scaffolds were punched into 12 mm discs, placed in 24 well tissue 

culture plates and sterilised with UV for 40 min on each side. Then 25 μl of the Col I 

mixture (prepared as above) was added to the scaffolds and incubated at 37 °C for 1h 

for the gel formation. 

Cell Seeding 

3T3 and C2C12 cells were harvested using 0.05% trypsin-EDTA (500 μL) at 37 °C 

for 5 min and suspended in 5 mL complete DMEM (phenol red free) medium. Cells 

were washed, resuspended in 0.5 mL of complete DMEM (phenol red free) medium 

and counted.  The 3T3 and C2C12 cells were made up to concentrations of 40 × 104 

and 22 × 104 cells/mL, respectively. The prepared scaffolds were wiped with 

autoclaved cotton buds to remove excess medium, and transferred to 12-well plates. 

The cells were seeded to each scaffold by adding 5 μL cell per scaffold (6 replicates) 
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and incubated at 37 °C for 30 min before adding 2 mL DMEM (phenol red free). 

Scaffolds (4 replicates) without cells (background controls) were incubated in 

medium. Culture medium was changed every 48 h.    

3.4.7.1 Assay Protocol 

Cell growth was measured in 96-well tissue culture black plates (NUNC) using 

CellTiter-Blue® (Promega). As the different cell types grew at different rates, cell 

growth was analysed at different times: day 1 and day 3 for 3T3 cells, and day 1and 

day 2 for C2C12 cells. At the specified times, scaffolds were transferred to a 96-well 

black plate and 100 μL DMEM (phenol red free) medium was added to each scaffold, 

followed by the addition of 20 μL CellTiter-Blue reagent. To generate a standard curve 

for calculating cell numbers, cells of a known number (titrated from 20 × 104- 3 × 103 

cells/well) were added to the black plate and labelled with 20 μL CellTiter-Blue.  The 

plates were incubated in a humidified 37 °C incubator equilibrated at 5 % CO2 for 4 h 

before measuring the fluorescence intensity using EnSpire Multimode plate reader 

(Perkin Elmer, Waltham, MA).  

3.4.8  Differentiation Assay  

The differentiation of C2C12 cells on SF/HNT scaffolds was investigated as described 

below. 

Differentiation Medium 

Differentiation medium consisted of DMEM (phenol red free) medium containing 10 

mM HEPES, 1 mM sodium pyruvate, 2 mM glutamine and 2% Horse serum (HS). 

Blocking Solution  

Blocking solution was HBS supplemented with BSA (1% (v/v), and 10% (v/v) goat 

serum.  

Scaffold Preparation 

Scaffolds (1 × 1 cm2) were sterilised and prepared as described above (Section 3.4.6.1). 

Cell Seeding 

C2C12 myoblasts were harvested, pelleted and resuspended in DMEM (phenol red 

free) complete medium, at a concentration of 8 × 104 cells/mL. Two replicate scaffolds 
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were placed in a 6-well plate and 50 μL of cells (4 × 103) per scaffold were added and 

incubated for 30 min at 37 °C before the addition of 3 mL complete DMEM (phenol 

red free) medium. After 4 days, the medium was replaced with differentiation medium, 

which was changed every second day. After 4 days, differentiation of C2C12 was 

assessed by immunofluorescence staining.  

Scaffolds were rinsed with HBS, fixed in 4% paraformaldehyde for 15 min, washed 

and the cells permeabilised using cold 0.1 % Triton X-100/PBS for 3 min at RT and 

washed with HBS. Scaffolds were blocked with blocking solution for 1 h at RT and 

then incubated for 1 h at RT with anti-slow muscle myosin antibody (Millipore) diluted 

1:200 in blocking solution. Scaffolds were washed by soaking in HBS with two 

changes of buffer, and then incubated in 200 μL of secondary antibody (anti-mouse 

Alexa Flour 488, diluted 1:400 in blocking solution) for 1 h at RT. Samples were then 

washed by immersion in HBS before being incubated for 10 min in 500 μL DAPI 

(diluted 1:2000 in HBS) and washed as previously. Scaffolds were mounted on glass 

slides using 30 μL Vectashield antifade mounting medium and coverslips were sealed 

using nail varnish. Images were captured using a Nikon A1+ confocal microscope. 

3.4.9  Fibroblast Derived Extracellular Matrix (ECM) Deposition 

3.4.9.1  Media, Buffers and Solutions 

Normal ECM Deposition Media (NDM) 

This medium was DMEM (phenol red free) medium supplemented with 10% FBS, 10 

m HEPES, 2 mM L glutamine, 1 mM sodium pyruvate and 30 μg/mL ascorbic acid 

(Wako Chemicals).   

Macromolecular Crowding ECM Deposition Medium (MCDM) 

To prepare this medium, 37.5 mg/mL Ficoll 70 (Sigma) and 25 mg/mL Ficoll 400 

(Amersham) were dissolved in DMEM (phenol red free) medium and the solution was 

filtered before the addition of the supplementary reagents: 10 mM HEPES, 2 mM L 

glutamine, 1 mM sodium pyruvate, 30 μg/mL ascorbic acid and 10% FBS.  

Phosphate Buffered Saline (PBS) & Blocking solution 

1 PBS tablet (Ameresco, Ohio, USA) was dissolved in 100 mL of ddH2O. Blocking 

solution was PBS containing BSA (1% (v/v) and 10% (v/v) goat serum. 
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1M Tris Buffer (pH 7/8) Stock Solution 

12.11 g of Tris-base (Sigma) was dissolved in 90 mL of ddH2O and to adjust the PH 

(7 or 8), 1M HCL was used. The final volume was adjusted to 100 mL with adding 

ddH2O. 

5% Sodium Deoxycholate Stock Solution 

To prepare 5% (w/v) sodium deoxycholate, 1 g of sodium deoxycholate (Sigma) was 

dissolved in 20 mL ddH2O and filterd with a 0.22 μm syringe filter and stored at RT.  

DNase I Buffer and Working Solution 

The 10x DNase I Reaction was 100 mM Tris Buffer (pH 7) containing 25 mM MgCl2 

(Sigma) and 5 mM CaCl2 (Sigma). This was filtered with a 0.22 μm syringe filter and 

stored at -20 °C. DNase I working solution consisted of 0.02 mg/mL DNase I 

(Amresco), 1X DNase I reaction buffer, and 0.16x EDTA-Free protease inhibitor 

(Roche). Fresh solution was made up before use. 

5x Phospholipase A2 (PLA2) Reaction Buffer and Working Solution 

The buffer was 250 mM Tris Buffer (pH 7), 5mM MgCl2 (Sigma) and 5mM CaCl2 

(Sigma). It was filtered with a 0.22 μm syringe filter and stored at -20 °C. The PLA2 

working solution contained 20 U/mL of PLA2 (Sigma Aldrich), 1x PLA2 reaction 

buffer, 0.5% sodium deoxycholate (Sigma) and 1x EDTA-Free protease inhibitor 

(Roche). Fresh solution was made up for each use.  

3.4.9.2 Deposition of Fibroblast Derived Extracellular Matrix on Scaffolds 

Scaffold Preparation 

Scaffolds (four replicates) were punched into 6 mm discs, sterilised with UV, as 

described and incubated in either MCDM or NDM media for 1h.  

Fibroblast Cell Seeding 

3T3 and HDFs cells were harvested, pelleted, and resuspended in either MCDM or 

NDM media at densities of 50 × 104 cells/mL and 200 × 104 cells/mL, respectively. 

Scaffolds were placed in 24-well plates and 5 μL of either 3T3 or HDFs cell 

suspensions applied to them and incubated at 37 °C for 30 min to allow cell adhesion. 

Then 1 mL of either MCDM or NDM media was gently added to each well. Scaffolds 
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were incubated for 7 days at 37 °C in an incubator equilibrated at 5% CO2 and the 

medium was changed every two days.   

Decellularisation of Fibroblast-Derived Matrix 

 At day 7 of cell culture, medium was removed and scaffolds were rinsed twice with 

PBS before being incubated in PLA2 working solution at 37 °C for 30 min. Samples 

were then washed twice with PBS, and then incubated in DNase I working solution at 

37 °C for 30 min. Thereafter, samples were washed three times with PBS.   

3.4.9.3 Immunofluorescent Staining for Extracellular Matrix Deposition 

Auto-fluorescence Check: Prior to immunofluorescent staining, the auto-fluorescent 

of SF/gelatin scaffolds were checked. Scaffolds (1 × 1 cm2) were sterilised with UV 

for 40 min on each side followed by incubation at 37 °C in complete DMEM (phenol 

red free) medium for 24 h. Afterwards, samples were rinsed twice with PBS buffer, 

and then fixed with 4% paraformaldehyde for 15 min. After rinsing 3 times with PBS, 

they were incubated in a blocking solution of PBS/10% goat serum/1% BSA for 1 h at 

RT. Scaffolds were mounted onto a glass slide using 30 μl Vectashield antifade 

mounting medium (Vector Laboratories), coverslips were put on each scaffold and 

sealed with nail varnish. Images were captured with a Nikon A1+ Confocal 

Microscope. 

Immunofluorescence Staining: Decellularised scaffolds were fixed with 4% 

paraformaldehyde in PBS for 15 min at RT. After washing with PBS, the ECM on the 

scaffolds were incubated in blocking solution for 1 h at RT. Blocking solution was 

removed and one replicate from each sample was incubated for 1 h at RT with primary 

antibody (recognising ECM proteins) i.e., fibronectin, type I collagen, type IV 

Collagen (Abcam) or rabbit IgG control (Invitrogen). These antibodies were prepared 

in blocking solution. Samples were then washed three times with PBS and incubated 

for 1 h at RT with secondary antibody (Goat anti-rabbit Alexa Fluor® 647, Invitrogen) 

diluted in blocking solution (1:400). After washing three times with PBS (5 min/wash), 

scaffolds were mounted on glass slides as described and images were captured with a 

Nikon A1+ confocal microscope. 
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3.4.10 Immunofluorescence Staining of Keratinocytes Grown on 

Different Substrates 

Immunofluorescent staining of keratinocytes was conducted on either pristine 

scaffolds (SF or SF/HNT 1 wt% treated with methanol) or scaffolds coated with either 

3T3 or HDFs derived acellular matrix.  

Scaffold Preparation 

Scaffolds were punched into 6 mm discs and sterilised under UV for 40 min followed 

by incubation in DKSFM media for 1h. In case of scaffolds coated with fibroblast 

derived ECM, they were incubated in DKSFM media for 1 h. Moulds were prepared 

(diameter: 9 mm and height: 7 mm), and sterilised with UV for 40 min. Scaffolds were 

transferred to a 24-well plate and placed in the moulds.  

Cell Seeding 

Keratinocytes were harvested, pelleted and resuspended in DKSFM, at a concentration 

of 2.7 × 104 cells/mL. 150 μL of this cell suspension (0.4 × 104 cells) was added into 

the moulds containing scaffolds and incubated at a 37 °C or 3h. Then 1 mL DKSFM 

was added to each well and the culture medium changed every 48 h.  

Immunofluorescence Staining 

At day 4 or day 8 of cell culture, keratinocytes were fixed with 4% paraformaldehyde 

(in HBS) for 15 min and washed twice with HBS before being permeabilised with cold 

0.1% Triton X-100 /HBS buffer for 3 min. Keratinocytes were washed twice with HBS 

and blocked for 1 h in blocking solution at RT. After discarding the blocking solution, 

one replicate from each sample was incubated in antibodies recognising keratin 10 

(K10) and keratin 14 (K14) (these antibodies were provided by Prof. Birgit Lane, 

A*STAR Institute of Medical Biology, Singapore). In addition, an antibody 

recognising involucrin (Sigma) was also used. All antibodies were diluted in blocking 

solution and incubated on the cells for 1h at RT. Cells were washed 3 × 5 min with 

HBS and then incubated for 1 h at RT with the secondary antibody, Alexa488 anti-

mouse IgG (Molecular Probes, ThermoFisher Scientific; OR, USA) prepared in 

blocking solution (1:400). Cells and scaffolds were washed three times with HBS (5 

min each) and mounted on glass slides as described. Images were captured with a 

Nikon A1+ confocal microscope. 
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3.5 Statistical Analysis 

Data were presented as means ± standard deviation (SD). Data analysis were 

performed by using GraphPad Prism 6 software (GraphPad, San Diego, CA, USA). 

Data were tested for normality of distribution. If the data were normally distributed, a 

parametric test was conducted; if not, a non-parametric test was conducted. P-value (p 

< 0.05) was considered statistically significant.  

For normally distributed data, statistical comparisons were performed using one-way 

analysis of variance (ANOVA) followed by Tukey’s posthoc test.  

Non-normally distributed data were analysed using the Kruskal-Wallis one way 

analysis of variance followed by Dunn’s multiple comparison test. 
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Chapter IV: Development and Characterisation 

of Silk/Halloysite (SF/HNT) Nanocomposites 
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4.1 Introduction 

The ultimate goal of tissue engineering is to assist the repair of damaged or lost tissue 

by surgically inserting a fabricated scaffold in vivo at the site of tissue damage. Ideally 

these scaffolds should have functional properties resembling the native extracellular 

matrix (ECM) of that tissue. Hence, the ideal tissue scaffold should support cell 

adhesion, cell proliferation and the correct pattern of cell differentiation and so 

facilitate the formation of new, functional tissue 55, 529-531. In this context 

electrospinning has been considered as having the potential to produce nanoscale 

fibrous structures that resemble the ECM 7, 177. In order to satisfy the prerequisite 

specifications in regeneration of tissues via electrospinning, extensive research has 

been conducted on scaffolds fabricated by electrospinning with the result that methods 

have been developed to vary fibre morphology, to incorporate bioactive molecules into 

the fibres and to blend together different polymers into the fibres. These approaches 

have made promising advances towards achieving the desired mechanical and 

bioactive properties for scaffolds designed for different tissues 188, 532. Apart from the 

fabrication method the other key element for creating desirable scaffolds, is choosing 

the appropriate starting material, or materials.  

Bombyx. Mori silk fibroin (SF) is a natural protein polymer that is attractive for 

biomedical applications because of its excellent biocompatibility, adaptable 

biodegradability and good oxygen/water vapour permeability 11, 533, 534. Recent 

advances in SF processing technology has enabled the preparation of SF in either 

aqueous or organic solutions such that it can be easily formed into various structures 
228, 535. It has been well documented that SF has potential to serve as a platform for 

supporting stem cell based tissue engineering in the generation of bone, cartilage, 

vascular or ligament-like tissues 228, 264, 536. However conventional electrospun SF 

scaffolds usually demonstrate weak mechanical properties relative to natural tissues 

which limits their biomedical applications 221. Two main strategies were employed to 

counter such limitations: either a post treatment method which usually involves water 

vapour annealing, or the inclusion of a reinforcing agent to prepare composite fibres 
228, 537. For instance embedding a low amount of MWCNTs into SF was found to be 

beneficial for improving tensile properties 222. Blending SF with other polymers such 

as poly(L-lactic acid-co-ϵ-caprolactone) (P(LLA-CL)) 538, poly(e-caprolactone) (PCL) 
539, poly ethylene oxide (PEO) 228, sericin 294,  Polyhydroxybutyrate-co-
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hydroxyvalerate 540 and collagen 541 has also enhanced mechanical properties of SF 

scaffolds.  

Halloysite with a layered-tubular structure (HNT) is a double-layered aluminosilicate 

that naturally occurs as hollow tubular structures with sizes in the submicron range. It 

has gained considerable attention as a novel biomaterial because of its good 

biocompatibility and dispersion properties, low toxicity and the presence of active 

groups on the nanotube surfaces. HNT can be used as a drug delivery vehicle availing 

the controlled released of a drug. In addition, incorporation of  HNT to polymers has 

the potential to substantially improve strength 296, 542, 543 and bioactivity 261 of 

nanocomposites 31, 544. Interestingly, only a small amount of HNT (i.e. 5 wt%) is 

needed to provide the requisite increase in scaffold performance for the properties 

indicated, and such low concentrations HNT are not expected to be toxic in a biological 

setting 31, 545. HNT has been embedded in various electrospun polymeric nanofibres 

(e.g. polylactic acid (PLA) 29, PLLA 30, 546, polyvinyl alcohol (PVA) 24, PCL 547, poly 

(glycolic acid) 548, poly (lactic-co-glycolic acid) (PLGA) 32and alginate 27) for use in 

biomedical applications. The biocompatibility of HNT was demonstrated by the study 

where it was incorporated into PLGA fibres and this scaffold was shown to support 

fibroblast proliferation 36. The addition of HNT to the PLLA polymer enhanced its 

tensile strength and Young’s modulus, and improved the adhesion and proliferation of 

mouse embryo osteoblast precursor cells (MC3T3-E1) 34. Moreover, inclusion of HNT 

can promote the adsorption of proteins, which was shown to facilitate cell attachment 

and accelerate wound healing processes 31. In light of these findings, it may be 

expected that incorporation of HNT into SF matrices could improve both the scaffold’s 

the mechanical properties as well as its ability to support cell behaviour resembling 

that seen in vivo. 

In this chapter, different amounts of HNT were used to modify the electrospun SF 

fibres. The effects of HNT content on morphology, porosity, hydrophilicity, thermal 

and mechanical properties of the electrospun fibres were investigated. The in vitro 

biocompatibility of SF/HNT nanocomposites for wound healing applications was 

examined by investigating the proliferation, differentiation and morphology of cells 

plated on SF/HNT scaffolds. Fibroblasts and myoblasts were chosen for these 

experiments. The former is the most abundant cell type in connective tissue and the 
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latter have the potential to differentiate into myotubes (the first step towards producing 

a muscle fibre). 
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4.2 Method Development 

4.2.1  Electrospinning Optimisation of SF/HNT Scaffolds 

The morphology and final structure of electrospun nanofibres are dependent upon the 

concentration of the polymer solution and the electrospinning parameters 188. In order 

to fabricate smooth and bead free fibres, SF spinning solutions of various SF 

concentrations (8, 10, 12, 13 and 14 w/v%) were electrospun at a high voltage of 16 

kV applied to the blunt needle with inner diameter of 0.6 mm, needle-to-collector 

distance of 13 cm and flow rate of 0.3 mL/h.  The morphology of the resulting fibres 

was observed by scanning electron microscopy (SEM) and the micrographs are shown 

in Figure 4.1 (a-e).  
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Figure 4.1 SEM micrographs of electrospun SF fibres at applied voltage of 16 kV, needle-to-collector 

of 13 cm, flow rate 0.3 mL/h with SF concentrations of a) 8 w/v%, b) 10 w/v%, c) 12 w/v%, d) 13 w/v% 

e) 14 w/v%; scale bar = 2 µm. 

These data (Figure 4.1 a-e) indicated the role of SF concentration in fibre formation, 

as uneven and beaded fibres were obtained at SF concentrations below 13 w/v%. With 

increasing SF concentration, the number of beads decreased, and uniform, bead-free 

fibrous structures were fabricated. At a SF concentration of 14 w/v% uniform fibres 

were formed, but the spinning procedure was not continuous and was interrupted due 

to the high SF concentration. Therefore, all further electrospinning was conducted with 

a SF concentration of 13 w/v%, an applied voltage of setting 16 kV, a needle-to-

collector distance of 13 cm and a flow rate of 0.3 mL/h. 

4.2.2  Proliferation Assay Optimisation 

To assess whether scaffolds support cell growth, a proliferation assay was performed. 

A number of different methods were trialled to determine the most appropriate set of 

assay conditions to use with the scaffolds. These methods are detailed in the following 

subsections.  

4.2.2.1 AQueous One Assay 

The AQueous One assay (CellTiter 96 AQueous One solution, Promega, Madison, WI, 

USA) is a colorimetric assay for determining the number of viable cells in a sample. 

The assay is based on a tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; commonly called MTS) 

that is reduced by cells to form a soluble coloured formazan product. This formazan 

product is measured by absorbance at 490nm and the value obtained is directly 

proportional to the number of living cells in a tissue culture plate. However, on 

occasion chemical interference may cause non-enzymatic reduction of MTS and the 

generation of the formazan product in the absence of cells giving rise to significant 

background absorbance values. To determine the extent to which the SF scaffolds 

generate background readings the assay was performed on medium and methanol 

treated SF scaffolds without cells (three replicates). Two different media were tested: 

Dulbecco's modified Eagle’s medium (DMEM) and DMEM (phenol red free) 

complete media. These assays were performed in 96-welled plates, 100 µl of media 

being added to the scaffolds in the wells followed by 20 µl of the Aqueous One reagent 
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and the plates were incubated at 37⁰C for either 1.5 h or 3 h before absorbance at 490 

nm was assessed. These data are presented in Figure 4.2 (a, b). It is clear from this 

Figure that regardless of media type, scaffolds had significant signal. Hence, the 

AQueous One assay cannot be used to measure cell numbers on the SF scaffolds 

because the background signal is too high.  

 

Figure 4.2 Background signal generated by SF scaffolds with Aqueous One reagent.  Media with or 

without SF scaffolds were labelled with AQueous One and incubated for (a) 1.5 h and (b) 3 h. 

Absorbance at 490 nm is shown and means of 3 replicates are plotted. 
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4.2.2.2 CellTiter Blue Assay  

The CellTiter Blue ® (Promega) assay was tested as an alternative. This assay is based 

on the active component, resazurin, a weak fluorescent compound which is converted 

to the highly fluorescent resorufin by living cells and the fluorescent signal is 

proportional to the number of viable cells. To investigate the suitability of this assay, 

methanol treated SF scaffolds, DMEM (phenol red free) medium and 3T3 cells titrated 

from a concentration of 10 × 104 to 1.56 × 103 in 100 µl medium were labelled with 

20 µl CellTiter Blue and incubated for 4 h and plates the fluorescent signal was 

measured using an EnSpire Multimode plate reader. As shown in Figure 4.3 both 

medium and methanol treated SF scaffolds in medium had a low background signal 

for all 5 replicates relative to 3T3 standard curve and the difference was quite high 

confirming the potential of cell quantification on scaffold based on this assay.  

 

Figure 4.3 Standard curve for CellTiter Blue assay. Relative fluorescent Units (RFU) are shown for 

medium, scaffolds with and without 3T3 cells labelled with CellTiter Blue for 4 h.  

Plotted data were based on the mean values of 5 replicates for SF and DMEM (phenol red free) medium 

and 3 replicates for 3T3 standard curve. Note that the error bars are much smaller than data point 

symbols. 
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4.2.3  Cell Morphology Optimisation 

4.2.3.1 Confocal Microscopy 

To observe whether the 3T3 cells adhered and spread on the scaffolds, or remained un-

spread nuclei and filamentous actin (F-actin) were stained with DAPI and Rhodamine 

phalloidin (10 Units/mL, Molecular Probes) respectively diluted in PBS. Briefly, 3T3 

cells were harvested, pelleted and resuspended in DMEM (phenol red free) medium, 

at a concentration of 8 × 104 cells/ mL. 250 μL and 50 μL of the cell suspension were 

seeded on collagen coated coverslips (4.8 cm2) and SF scaffolds (1 cm2) respectively. 

After culturing for three days, cell morphology was observed using a Olympus IX-81 

high content screening inverted fluorescent microscope (Olympus, Tokyo, Japan). 

Figure 4.4 (a, b) are images of cells on collagen coated coverslips (control) and SF 

scaffolds after 3 days of culture. The scaffolds produced a high background signal 

which interfered with observing the cell morphology. 

To reduce the scaffold signal and improve the images Nikon A1+ confocal microscope 

(Nikon, Tokyo, Japan) was used. Scaffolds were loaded with two different 3T3 cell 

concentrations (either 0.4 × 104 or 0.8 × 104 cells), cultured for 3 days and stained with 

DAPI and rhodamine phalloidin. As before cells on collagen coated coverslips served 

as controls and to maintain an equivalent cell density on the larger surface 3T3 cells 

were seeded at concentrations of 2 × 104 and 4 × 104. Representative images are shown 

in Figure 4.5 (a - d). The background was considerably decreased using confocal 

microscopy and the cell morphology was clearer (compare Figure 4.4 and 4.5), so 

confocal microscopy was used for observing cell morphology. Moreover cell density 

of 0.8 × 104 was appeared to be more reasonable for further experiments.  
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Figure 4.4 Representative images of 3T3 cells seeded on collagen coated coverslips at a density 2 × 104 

cells per well (a, b) and on SF scaffolds at cell density of 0.4 × 104 (c, d) and cultured for 3 days.  

Images of DAPI and rhodamine phalloidin stained cells were obtained using an Olympus IX-81 

microscope. Scale bar = 50 µm  
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Figure 4.5 Representative images of 3T3 cells seeded for 3 days on collagen coverslip at cell 

concentration of (a) 2× 104 and b) 4 × 104 and on SF scaffolds at cell density of (c) 0.4 × 104 and d) 0.8 

× 104. F-actin were stained with rhodamine phalloidin (red) and nuclei were stained with DAPI (Blue). 

Images were obtained using Nikon A1+ confocal microscope. Scale bar = 50 µm. 

4.2.3.2 SEM Microscopy 

 To investigate the influence of HNT on cytocompatibility of SF scaffolds scanning 

electron microscopy (SEM) was employed. Initially, samples were prepared for SEM 

as follows: 3T3 cells (0.8 × 104 /scaffold) were seeded on SF scaffolds (1 cm2) and 

cultured for 3 days. Scaffolds were then dehydrated by immersion in serial dilutions 

of increasing ethanol concentrations, air-dried, platinum coated and observed under a 

Zeiss EVO 40XVP SEM at an accelerating voltage of 10 kV. Representative images 

for methanol treated SF and SF/HNT 1 wt% are shown in Figure 4.6 (a - d). In these 

images the cells are opaque and their morphology is unclear. This is especially the case 

when viewed at high magnification. This may have been due to the delicate nature of 

the cells causing them to be damaged during the dehydration and drying procedure, or 

by the high SEM accelerating voltage. To improve image quality samples were freeze 

dried and observed at a lower accelerating voltage of 5 kV, as described in detail in 

Section 3.4.6.2, Chapter III. The images obtained are presented and discussed in 

4.3.10.2.  
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Figure 4.6 SEM micrographs of scaffolds seeded with 3T3 cells and cultured for 3 days. SF (a, b) and 

SF/HNT 1wt% (c, d).  

 

4.2.4 Differentiation Assay Optimisation 

To address whether SF/HNT scaffolds support differentiation of C2C12 myoblasts, 

cells (0.4 × 104)  were seeded on 1 cm2  scaffolds and maintained in DMEM (phenol 

red free) complete medium for 4 days, before being switched into differentiation 

medium (DMEM/ 2% Horse Serum ) for 4 further days (see details in Section 3.4.8, 

Chapter III). To evaluate myotube formation, scaffolds were immuno-stained with 

than an antibody recognising alpha-smooth muscle actin (α-SMA) and counter-stained 

with DAPI. Alpha-smooth muscle actin is a differentiation marker of muscle cells. The 

images obtained by fluorescent microscopy are presented in Figure 4.7 (a - e). 

Although the α-SMA antibody staining indicated that myotubes had formed and DAPI 

staining suggested these were multi-nucleate, this staining protocol was not optimal 

with respect to the myotube structure that was revealed. In an effort to improve the 

images of myotube morphology, immunostaining with an anti-myosin antibody was 

performed. It was found that the anti-myosin antibody staining better revealed 

myoblast differentiation into myotubes and myotube morphology. Relevant images are 

shown in Section 4.3.11.  
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Figure 4.7 C2C12 cell differentiation on SF/HNT scaffolds.  

The scaffolds seeded with C2C12 cells were stained with DAPI (blue) and an α-SMA antibody (green). 

Images were obtained using fluorescent microscopy.  (a) SF, (b) SF/ HNT 1 wt%, (c) SF/ HNT 3 wt%, 

(d) SF/ HNT 5 wt%, (e) SF/ HNT 7 wt%; Scale bar = 100 µm.   

 

Merge  α-SMA DAPI 

a 

100 µm 

100 µm 

100 µm 100 µm 

100 µm 100 µm 

100 µm 

a 

100 µm 100 µm 100 µm 

100 µm 100 µm 

100 µm 100 µm 

100 µm 

b 

c 

d 

e 



 

115 
 

4.3 Results and Discussion 

4.3.1  Fibre Morphology 

Electrospun SF/HNT scaffolds were fabricated under the optimised conditions 

outlined above (Section 4.2.1) and their surface morphologies were observed by SEM. 

Figure 4.8 (a-e) shows representative SEM images of plain SF and SF/HNT with 

different HNT content. Pristine SF fibres have smooth and bead-free surfaces and the 

simultaneous addition of HNT to the SF scarcely had any effect on the fibre surface. 

The high magnification images (Figure 4.8 (a-e) insets) revealed infrequent 

irregularities in the SF/HNT nanocomposite fibres with HNT content of 1 wt% and 3 

wt%, which could be attributed to HNT that were well embedded into the SF fibres. 

At higher HNT content of 5 and 7 wt%, more frequent irregularities were visible and 

had the appearance of nanotubes protruding from the side or end of the SF nanofibres. 

The morphology of the nanofibres were not markedly changed by methanol treatment; 

the fibrous structure was retained, but methanol treatment did cause a little swelling 

(Figure 4.8 (f-j)). 

Nanofibre diameters in the scaffolds were determined and these data are represented 

as frequency distribution histograms (Figure 4.9 (a-e)). Pristine silk produced fibres 

with an average diameter of 358.3 (±65.8) nm and with the inclusion of HNT the 

average diameter increased in accordance with the concentration of HNT. The average 

diameter of SF/HNT nanofibres with the addition of 1, 3, 5, and 7 wt% HNT was found 

to be 388.1 (±64.18), 394.4 (±63.01), 410.3 (±51.3) and 437.2 (±50.7) nm respectively 

(Table 4.1). The inclusion of HNT moderately increased the fibre diameter of SF 

nanofibres. This finding was consistent with other studies. These studies have shown 

that inclusion of HNT into PLA 29, PCL 31, PLGA 36 and polydioxanone 385 resulted in 

formation of fibres with larger diameters. This phenomenon can be attributed to the 

enhanced solution viscosity due to the addition of HNT; increasing solution viscosity 

is known to induce increasing resistance against the jet leading to increased fibre 

diameters 31.  
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Figure 4.8 SEM images of as spun SF/HNT scaffolds: (a) SF, (b) SF/ HNT 1 wt%, (c) SF/ HNT 3 wt%, 

(d) SF/ HNT 5 wt%, (e) SF/ HNT 7 wt%; and (f-j) are the corresponding methanol treated scaffold; scale 

bar = 2 µm. SF concentration was 13 w/v% throughout. Insets show high magnification images of each 

scaffold scale bar = 1 µm. Circles within built-in EDS images indicate embedded HNT.  
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Figure 4.9 Fibre diameter distribution of methanol treated: (a) SF, (b) SF/ HNT 1 wt%, (c) SF/ HNT 3 

wt%, (d) SF/ HNT 5 wt%, and (e) SF/ HNT 7 wt% nanofibres.  
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Table 4.1 Fibre diameter results of SF/HNT nanocomposites.  

 

 

 

 

 

 

 

Statistical analyses using ANOVA followed by Tukey’s test were conducted.  a-c Different superscripts 
indicate significant differences between scaffolds (p < 0.05). 

4.3.2  X-ray energy dispersive spectroscopy (EDS) 

X-ray energy dispersive spectroscopy (EDS) was used to identify the elemental 

composition of the nanofibres. As shown in Figure 4.10 (a)-(e), the EDS analysis 

indicates the chemical composition of silk fibroin comprises carbon, oxygen and 

nitrogen elements. Whereas, the presence of aluminium and silicon elemental peaks 

correlates with the addition of HNT to the SF solution prior to electrospinning, and 

evidence of nanotubes in the fibres as revealed by SEM (Figure 4.10). Given that the 

typical chemical formula for HNT is (Al2Si2O5 (OH)4. nH2O) 29, these data indicate 

that HNT have become incorporated into the SF fibres.  

 

 

 

 

 

Sample Diameter (nm) 

SF              358.3 ± 65.8a 

SF/HNT 1 wt% 388.1 ± 64.18b 

SF/HNT 3 wt% 394.4 ± 63.01b 

SF/HNT 5 wt%              410.3 ± 51.3b 

SF/HNT 7 wt% 437.2 ± 50.72c 
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Figure 4.10 EDS spectra of methanol treated Silk/HNT scaffolds (a) SF, (b) SF/ HNT 1 wt%, (c) SF/ 

HNT 3 wt%, (d) SF/ HNT 5 wt%, (e) SF/ HNT 7 wt%. Scanning electron micrographs of the samples 

analysed are shown in the inserts. Red circles: HNT incorporated in the SF fibres.   

 

4.3.3  BET Surface Area and Porous Structures 

The pore size is an important parameter of scaffolds for tissue engineering. Inadequate 

pore size can limit the diffusion of nutrients or reduce cell attachment 549. It has been 

well documented that the proliferation of cells is dependent on scaffold pore size 550-

553. Thus the BET surface areas, pore size and pore volume of SF and SF/HNT 

scaffolds were measured and the results are summarised in Table 4.2. The data appear 

to suggest that the addition of HNT into SF enhances the BET specific surface area of 
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the resulting nanocomposites. The BET specific surface area of electrospun SF 

nanofibres membrane was 4.47 m2/g and it increased with increasing HNT up to 9.06 

m2/g when 7 wt% HNTs were added. This can be attributed to the increased surface 

roughness of SF/HNT nanofibres due to presence of HNTs on their surfaces. Although 

the incorporation of HNT resulted in an increase in the diameters of electrospun fibres, 

such increased diameters did not lead to a reduction in surface area. These results are 

consistent with those of Makarmei et al. 554, who also indicated that incorporation of 

HNTs led to an increasing BET surface area of electrospun polyacrylonitrile 

nanofibres.  

In contrast, pore volume and pore width of nanocomposites did not change uniformly 

with increasing HNT content. The pore volume and pore width of SF fibres were 

0.0081 cm3/g and 7.61 nm as well as 0.0146 cm3/g and 9.51 nm respectively, for 

scaffolds with the inclusion of 1 wt% HNTs, but decreased to 0.0084 cm3/g and 4.13 

nm respectively, when 7 wt% HNTs were added. HNTs have a lumen structure with 

inner pores, the incorporation of HNTs within polymer matrices can enhance pore 

volume of the construct when HNTs are well dispersed 28. At low HNT content of 1 

wt% the pore volume increased due to the presence of lumen inside the HNTs whilst 

as the HNTs content increased the agglomeration block the inner pores of HNT lumens 

and caused the reduction in pore volume.  

Table 4.2 BET results of SF and SF/HNT nanocomposites.  

Sample Pore width (nm) Pore volume (cm3/g) BET surface area 
(m2/g) 

SF 7.61 0.0081 4.47 

SF/HNT 1 wt% 9.51 0.0146 6.14 

SF/HNT 3 wt% 8.66 0.0122 8.06 

SF/HNT 5 wt% 4.66 0.0103 8.43 

SF/HNT 7 wt% 4.13 0.0084 9.06 

4.3.4 Contact Angle and Water Uptake Capacity 

The suitable hydrophilicity of the scaffolds is required for cell adhesion, proliferation 

and tissue integration 555-558. To gain an insight into the wettability of the scaffolds, the 

water contact angle test was conducted. Water droplets placed on the scaffold surfaces 

were photographed (Figure 4.11 (a-e)) and the data are presented in Table 4.3. It was 
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found that on all scaffolds the contact angle of the water droplet was less than 90°, 

which is the criterion for categorising a surface as hydrophilic 559. For scaffolds with 

the inclusion of 1 wt% HNT, the contact angle was 57.52° as opposed to 64.23° for 

SF, and this decrease can be ascribed to the hydrophilic nature of HNT 34, 560. 

Surprisingly, further increasing the HNT content had an adverse effect and increased 

the contact angle up to 70.76° for SF/HNT 7 wt%. This discrepancy can be attributed 

to the changes in specific surface area which can be an indicator of surface roughness 
561, 562. To alter the wettability of a material two strategies can be employed: changing 

the chemical nature of the surface 563 or modulation of the surface roughness 561, 564. 

Hydrophobic surfaces can be formed by hydrophilic substances if the surface 

roughness enhanced 562, 565, 566. As surface roughness increases, the material’s surface 

energy reduces (i.e., interfacial tension between polymer and water reduces) and 

becomes hydrophobic (i.e. a similar phenomenon as superhydrophobic materials) 567. 

As evidenced by SEM images of SF/HNT nanocomposites (Figure 4.8 insets (c-e)) 

and the BET surface area results, as the HNT content increased, more irregularities 

were formed thereby yielding rougher surface. Thus, the peculiar effect of HNT on 

hydrophilicity of the SF/HNT nanocomposites may be due to increases in surface 

roughness. Similar results and conclusions have been reported for other HNT 

containing materials, for example HNT nanocomposite materials based on 

polypropylene, PLA and PLLA 34, 561, 564, 567. 

 Table 4.3 Static contact angles of SF/HNT fibrous scaffolds. Statistical analyses using ANOVA followed by Tukey’s 

test were conducted. * P ≤ 0.05. 

Sample Water contact angle (degree) 

SF 64.23°± 4.01° 

SF/HNT 1 wt% 57.52° ± 6.73°* 

SF/HNT 3 wt% 65.73° ± 7.29° 

SF/HNT 5 wt% 66.33° ± 5.46° 

SF/HNT 7 wt% 70.76° ± 4.82°* 
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Figure 4.11 Contact angle images: (a) SF, (b) SF/ HNT 1 wt%, (c) SF/ HNT 3 wt%, (d) SF/ HNT 5 

wt%, (e) SF/ HNT 7 wt%. 

Another important factor for scaffolds is their ability for water diffusion, which allows 

the transportation of nutrients, and helps the growth of new cells. 568-570. Figure 4.12 

depicts the water uptake capacity for SF and SF/HNT nanocomposites after 24 h. The 

water uptake capacity (WUC) determined for SF/HNT 1 wt% was significantly higher 

than that measured for SF and for the other nanocomposites that contained more HNT. 

The value for SF/HNT 1 wt% was 462% in comparison to 326% for SF, and values 

between 290-314% for nanocomposites with the inclusion of 3-7 wt% HNT. As 

hydrophilicity, high surface area and pore volume all contribute to increasing the WUC 
571, hence given  SF/HNT 1 wt% scaffolds had the highest WUC it is not surprising 

that these scaffolds also had the lowest contact angle and highest pore volume (0.0146 

cm3/g) relative to other nanocomposites. These data are in accordance with other 

published report indicating the role of pore volume on WUC of scaffolds 572.  
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Figure 4.12 Water uptake capacity of SF and SF/HNT nanocomposites. In all cases the tests were 

performed on 5 replicates. Means +/- SDs are shown. Statistical analyses using ANOVA followed by 

Tukey’s test were conducted. * P ≤ 0.05, **P ≤ 0.01. 

4.3.5  FTIR Analysis  

To determine if incorporation of HNT into the SF scaffolds caused a change in the 

molecular structure of the SF, FTIR was performed and these data are shown in Figure 

4.13. The main peaks at 1651 cm−1 (amide I) and 1536 cm−1 (amide II) were detected 

in “as-spun” SF fibres which is attributed to the random coil conformation 280, 573. After 

methanol treatment, the characteristic peaks of SF scaffolds were found at 1627 and 

1520 cm−1, which can be assigned to amide I and amide II in the β-sheet conformations, 

respectively 316, 574. This is an indicator of a change in the chemical conformation of 

SF from random coil to β-sheet state. SF has two types of molecular conformation of 

the secondary structure, called silk I and silk II. Silk I is a metastable form of SF that 

is soluble in water and non-crystalline; random coil conformations are usually called 

silk I. On the other hand, silk II is a highly stable and organised structure that is 

insoluble in water; the β-sheet conformation is called silk II. Generally, both silk I and 

silk II are present in SF products, but it is their relative proportions that can define the 



 

124 
 

final properties 575, 576. Previous studies documented that the conformational transition 

of SF from random coil to β-sheet state could be induced by methanol treatment 

through the effects of dehydration 274, 275, 577.   

Two peaks were evident in HNT powders, at 3621 and 3694 cm−1, arising from the 

OH stretching vibration of the inner Al-OH groups of the HNTs 372, 578. The other 

relevant peaks at 1005 and 910 cm−1 can be assigned to the stretching of Si-O and Al-

OH groups, respectively 29. SF/HNT nanocomposite scaffolds have not demonstrated 

the peaks characteristic of HNTs, which is probably because of the small loading of 

HNT relative to the quantity of SF. Moreover, SF/HNT nanocomposite scaffolds with 

different HNT contents produced the same absorption peaks as that of pure SF, 

implying that the addition of HNTs does not influence the overall structure of SF.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 FTIR spectra of as-spun, methanol treated SF and SF/HNT nanocomposites scaffolds. 
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4.3.6  XRD Diffraction Analysis 

In order to identify the structure of SF, X-ray diffraction was used. Figure 4.14 

illustrates the XRD pattern of as-received HNTs, as-spun SF nanofibres and methanol 

treated SF/HNT nanocomposites. Three major diffraction peaks at 2θ angle of 12.49°, 

20.44° and 25.04° were found for HNT powder which were assigned to (001), 

(020)/(110) and (020) crystal planes, respectively 34. Based on Bragg’s law, these 

peaks are associated with d-spacing values of approximately 0.73, 0.44 and 0.35 nm, 

respectively. The amorphous structure of as-spun SF was evident with the absence of 

its XRD peak, whereas after methanol treatment, SF had a peak at 2θ = 20.3° 

corresponding to the β-sheet structure (Silk II) 294, 535. This peak was observed for all 

scaffolds regardless of the HNT content, confirming their β-sheet structure, however 

it overlaps with the diffraction pattern of HNT at 20.44°. Moreover, in all the 

nanocomposites the HNT peak pattern was also evident and as the HNT content 

increased, the diffraction patterns at 2 θ =12.5° and 25.1° intensified.  Notably, the d-

spacing values for these corresponding peaks remained almost unchanged at 0.7 and 

0.35 nm indicating that HNT intercalation by SF molecular chains does not noticeably 

take place. 
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Figure 4.14 XRD pattern of SF/HNT scaffolds and as received HNTs. 

 

4.3.7  Mechanical Properties 

For tissue engineering applications where scaffolds are implanted in the body, it is 

desirable that mechanical properties of the scaffold match that of the corresponding 

tissue 36, 579. Hence the effects of HNT content on mechanical properties of the 

resulting scaffolds were investigated and the results are shown in Figure 4.15 (a-d). 

Scaffolds comprising only SF possessed a Young’s modulus of 158.08 ± 51.82 MPa 

and a tensile strength of 7.94 ± 2.54 MPa. For scaffolds modified with 1 and 3 wt% 

HNTs, Young’s moduli were 159 ± 43.23 and 233.67 ± 18.40 MPa, respectively, and 

the corresponding tensile strengths were 8.07 ± 2.92 and 11.35 ± 1.79 MPa. These 

increases are due to the inherent toughness of HNT 29, 34, 580 and good dispersion of 
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HNTs, thus, the applied external load can be effectively transferred to HNT giving rise 

to the improvement in mechanical properties of scaffolds 547. 

However, increasing the HNT content from 5 to 7 wt% had a detrimental effect on the 

tensile properties of nanocomposites at which Young’s modulus and tensile strength 

were reduced to 90.20 ± 40.07 and 4.64 ± 1.34 MPa, respectively with the inclusion 

of 7 wt% HNT. This could be explained by the agglomeration of HNT at higher filler 

contents, a suggestion supported by the SEM images (Figure 4.8 (d-e)) showing HNT 

agglomeration when 5 and 7 wt% HNT were incorporated. These agglomerates can 

potentially hinder the good filler–matrix interfacial adhesion and reduce the effective 

load transfer from the polymer matrix to the fillers. As a result, these agglomerates act 

as the source of flaws, causing deterioration in mechanical performance 537, 547. Pan et 

al. 537 also reported 2.8- and 4.4-fold increase in breaking strength and Young’s 

modulus respectively when incorporating 1 wt % of functionalised MWCNTs into SF 

as opposed to SF mats, but further HNT content weakened the mechanical properties 

of SF/MWCNTs nanocomposites. The elongation at break was not affected by HNT 

loading and was 20.39% for SF, whereas it reached 15.21% at the HNT content of 7 

wt% which can be considered negligible. Similar results were reported by others 381, 

545, 547 where the elongation at break of nanocomposites decreased with the addition of 

HNT due to the formation of typical aggregates. 
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Figure 4.15 (a) A representative stress-strain curves of SF/HNT nanofiber mats. Mechanical properties 

of SF/HNT scaffolds at different HNT contents: scaffold (b) Young’s modulus (c) tensile strength (d) 

elongation at break of SF with different HNT loadings. In all cases, the analyses were performed on 10 

replicates for each scaffold batch. Means +/- SDs are shown. Statistical analyses using ANOVA 

followed by Tukey’s test were conducted. * P ≤0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001. 

Elongation at break data demonstrated no statistically significant differences (P > 0.05). 
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4.3.8  Thermal Properties 

4.3.8.1 Thermal Stability 

In order to study the effect of HNT on thermal decomposition/stability of SF/HNT 

nanocomposites, TGA was performed and results are given in Figure 4.16 (a-b) and 

summarised in Table 4.4. The decomposition temperatures at weight losses of 10 and 

50% were labelled as T10% and T50% respectively and these values were determined 

from the TGA curves. Based on thermogravimetric curves in Figure 4.16 (a), all 

scaffolds demonstrated two distinct phases. The first phase of weight loss was recorded 

at less than 100 °C, which can be attributed to the evaporation of water. The second 

phase which occurred at around 270-350 °C is probably due to fibroin degradation 

associated with the breakdown of peptide bonds 335. The incorporation of HNT can 

increase the thermal stability of SF fibres, demonstrating increased decomposition 

temperatures and reduced weight loss, as shown in Figure 4.16 (a). The onset 

temperatures of T10% for SF/HNT scaffold become higher in range from 230-240 °C 

relative to 201.65 °C for SF scaffold. Similarly, T50% increased with increasing HNT 

content in the range of 407-412 °C as opposed to 395.3 °C for plain SF. However at 

higher HNT contents (5 and 7 wt%) both  T10% and T50% decreased slightly, as a result 

of HNT agglomeration. The results suggest that inclusion of HNT into the SF 

nanofibres improved the thermal stability of the scaffolds. This improvement can be 

attributed to the high thermal stability of HNT as well as barrier effect toward both 

mass and heat transport. In addition, it is possible polymer chains and degradation 

products can enter the lumens of HNT, thus delaying mass transport and further 

improving the thermal stability 28.  

To study the thermal and decomposition behaviour of the SF/HNT nanocomposites in 

detail, DTG scans of the scaffolds were obtained, as illustrated in Figure 4.16 (b). 

Three distinguishable peak temperatures of weight loss for pure SF and 

SF/HNT scaffolds were detected, which were symbolised using Td1, Td2, and Td3. The 

peak Td1, at around 66.77 °C is probably due to moisture loss, whereas Td3 at about 

291.32 °C is more likely due to decomposition of the SF protein.  Both peaks revealed 

increasing tendencies with increments in HNT content, in particular Td3 reached its 

maximum value at 312.4 °C when 3 wt% HNT was added. Like the TGA values, all 

three decomposition temperature peaks decreased at HNT contents of 5 and 7 wt%, 
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but this was still higher than plain SF. This phenomenon may be attributed to good 

HNT dispersion and HNT agglomeration at both low and high HNT loadings, 

respectively. A similar trend was reported by Abdullah et al. 581 in that the thermal 

stability of PVA/starch/HNT nanocomposites at high HNT loadings decreased due to 

the typical effect of HNT agglomeration. 

Table 4.4 TGA, DTG and DSC data of SF and SF/HNT scaffolds. Temperature unit is degrees Celsius.  

Sample 
TGA DTG DSC 

T 10% T 50% Td1 Td2 Td3 Tg TC Tm  

SF 201.65 395.3 68.22 222.41 290.65 139.82 284.95 296.87  

HNT particles     499.56     

SF/HNT 1 
wt% 230.84 407.6 70.97 231.37 311.54 138.93 281.19 297.40  

SF/HNT 3 
wt% 240.63 412.68 70.85 234.35 312.42 138.55 283.51 304.33  

SF/HNT 5 
wt% 239..88 409.3 69.9 228.26 309.26 137.62 282.14 303.98  

SF/HNT 7 
wt% 234.52 408.4 68 226.49 308.57 137.44 282.16 298.06  
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Figure 4.16 Thermal stability of SF, SF/HNT scaffolds and as-received HNTs: (a) TGA curves (b) and 

DTG curves.  

4.3.8.2 DSC Analysis 

Figure 4.17 shows the DSC curves of SF and SF/HNT nanocomposites. Endothermic 

peak at around 60 °C – 70 °C were observed for all samples, which is assigned to the 

evaporation of water or remaining solvent in the samples 582. The curve of SF scaffolds 

exhibits an endothermic peak at 126.71 °C that corresponds to the glass transition 

temperature (Tg) of SF, an exothermic peak at 284.95 °C related to the crystallisation 

via the conformational transition to a β-sheet structure of amorphous SF chains (TC), 

and an endothermic peak at 294.87°C assigned to the melting/decomposition of SF 

chains (Tm). It can be found that Tg slightly decreased from 139.82 °C for SF 

nanofibres to 137-138 °C for the SF/HNT nanocomposites. This may be due to a 

reduction in chain entanglement of SF caused by the presence of the HNTs, which may 

have enhanced the motion of the polymeric chains 29, 583.  

The addition of HNT shifted the TC peaks to lower temperature levels, in range of 281–

283 °C as opposed to 284.95 °C for SF nanofibres. This trend may be due to the 

nucleating effect of HNT when embedded within polymer matrices in nanocomposite 

systems 28, 581, 584, however in my system this effect (if it exists at all) is very trivial. 
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On the other hand, Tm values of nanocomposite fibres increased with the addition of 3 

and 5 wt% HNT, but this was not so evident with the addition of 1 wt% HNT and 

curiously with the inclusion of 7 wt% HNT, the Tm value was very similar to that of 

SF alone despite being still higher. The reported inherent high thermal stability of HNT 

as well as their barrier effect on mass and heat transfer 581 could be contributing to the 

effects observed. 

 

Figure 4.17 DSC curves of SF/HNT scaffolds at different HNT contents.  

 

4.3.9  Proliferation Assay  

To assess whether HNT in SF scaffolds could alter cell behaviour the growth of 3T3 

cells on the various scaffolds was measured using the CellTiter Blue assay. Cell 

numbers were determined at days 1 and 3 after cells were seeded onto the scaffolds. 

As shown in Figure 4.18, cell numbers increased with increasing culture duration for 
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all scaffolds, and the difference between scaffolds was not significant although the 

relative number of cells on the SF/HNT 1 wt% was higher than that on plain SF (p ≤ 

0.05). The reason for this is not clear but the increased hydrophilicity of this scaffold 

(discussed above, Section 4.3.4) may have been a contributing factor. This effect was 

lost when more HNT were incorporated.  

 

 

Figure 4.18 Proliferation of 3T3 fibroblasts seeded on SF and SF/HNT nanocomposite after 1 and 3 

days of culture.  

These data are means +/- SD of 6 replicates. The data are representative of three independent 

experiments. Statistical analyses was conducted using ANOVA with Fisher's least significant difference 

(LSD) test. * P ≤ 0.05. 

 

4.3.10 Cell Morphology 

4.3.10.1 Confocal Microscopy 

Viability and growth of the 3T3 cells was further assessed by observation of the cell 

morphology using fluorescence microscopy. Cell nuclei were stained with DAPI 

(blue) and filamentous actin was stained with phalloidin (green). As shown by the 

images captured after 1 and 3 days of culture (Figure 4.19, 4.20) cell adhesion and cell 

spreading on all the scaffolds were visible. The area covered by the cells increased 

with the culture time as is expected if the cells are proliferating. From day 1 images it 
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is clear that the cells on the substrates with less HNT (either SF or SF/1 wt% HNT) 

(Figure 4.19 (a - b)) were more elongated compared with those on substrates with a 

higher HNT content where the cell shape was more spherical (Figure 4.19 (c - e)). 

Importantly the cells are uniformly distributed on the materials, however lower 

densities of cell nuclei were observed for scaffolds with HNT contents of 5 and 7 wt% 

(Figures 4.19 and 4.20). These data suggest the materials are homogenous. These 

confocal microscopy data were consistent with the proliferation assay data (Figure 

4.18). 
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Figure 4.19 Representative images of 3T3 cells cultured for 1 day on a) SF, (b) SF/ HNT 1 wt%, (c) 

SF/ HNT 3 wt%, (d) SF/ HNT 5 wt%, (e) SF/ HNT 7 wt%.  

3T3 cells were fixed with 4% paraformaldehyde before being stained with phalloidin-Alexa Fluor® 488 

(Green). Nuclei were stained with DAPI (Blue). Scale bar = 50 µm.  
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Figure 4.20 Representative images of 3T3 cells cultured for 3 days on a) SF, (b) SF/ HNT 1 wt%, (c) 

SF/ HNT 3 wt%, (d) SF/ HNT 5 wt%, (e) SF/ HNT 7 wt%. 

3T3 cells were fixed with 4% paraformaldehyde before being stained with phalloidin-Alexa Fluor® 488 

(Green). Nuclei were stained with DAPI (Blue). Scale bar = 50 µm.   
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4.3.10.2 SEM Microscopy 

Figure 4.21 (a-e) are representative SEM images of SF and SF/HNT scaffolds with or 

without 3T3 cells after 1 and 3 days of culture. The SEM micrographs indicated that 

all scaffolds provided a three-dimensional environment with interconnected pores that 

supported cell attachment confirming the cytocompatibility of HNT containing 

scaffolds, in accordance with the literature36 and our immunofluorescent images 

(Figures 4.19 and 4.20). The cells were less spread on scaffolds with 7 wt% HNT 

relative to other scaffolds. Cells on the other scaffolds (SF and SF/HNT 1, 3, 5 wt%) 

were quite elongated indicating adhesion and spreading had occurred. On day 3 of 

culture the cells were almost a confluent layer on all scaffolds. However, images of 

the cell layer on SF/HNT 1 wt% scaffolds indicated smaller regions of unoccupied 

scaffold compared to the other substrates (Figure 4.21). These data are consistent with 

the cell proliferation data (Figure 4.18) and the confocal microscopy images (Figure 

4.20). Thus, introducing low amount of HNT (1 wt%) into SF scaffolds did not change 

the morphology of cells on this material compared to that of cell on SF scaffolds and 

the NHT content seemed to have favoured cell growth.  

Cell morphology data obtained from both confocal and SEM microscopy are 

consistent with the cytocompatibility of other HNT based composites that were 

previously reported27, 34. For example, Lue et al. 34 investigated the cytocompatibility 

of HNT and surface modified HNT on poly(l-lactide) (PLLA) composites. They 

observed superior proliferation rates and cell spreading of mouse embryo osteoblast 

precursor cells on HNT containing nanocomposites as opposed to pure PLLA. Liu at 

al. 27 similarly found enhanced attachment and proliferation of mouse fibroblasts on 

alginate/HNT composites relative to pristine alginate. Furthermore, the addition of 

HNT into PVA 545, PLGA 36 and chitosan 362 had a negligible effects on cell 

proliferation and cell morphology. From my data incorporation of 5-7 wt% HNT into 

SF scaffolds decreased cell spreading, but at lower contents, HNTs did not alter cell 

morphology. 

It is known that some factors of a substrate material for cell growth such as chemical 

composition, hydrophilicity, roughness and porosity can greatly influence cell 

adhesion and growth. For example, it was shown by Christopherson et al. 585 that 

smaller fibre diameters were beneficial for neural cell attachment and proliferation 

when these cells were cultured on non-woven electrospun fibre meshes. In addition, a 
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decrease in the porosity of a nanofibre matrix was shown to affect cell attachment, 

resulting in less cell viability 335. Murphy el al. 553 noted that scaffold surface area plays 

an important role in initial cell adhesion and also indicated the advantage of larger 

pores in reducing cell aggregation that develops along the edges of the scaffolds. 

Another feature which should be considered is hydrophilicity of a scaffold, as this has 

been shown to favour the attachment and proliferation of cells 586, 587.  Svachova et al. 
547 noted that NIH-3T3 fibroblasts cells proliferated more on uniform distribution of 

HNT in polycaprolactane/gelatin nanocomposites rather than in presence of HNT 

agglomerates. Qi et al. 32 reported that the incorporation of HNT did not have a 

significant impact on cell proliferation when compared to pure poly(lactic-co-glycolic 

acid) (PLGA) fibres suggesting good biocompatibility of HNT, which is consistent 

with other literatures 36, 386, 544. Moreover, it was demonstrated that HNT possess high 

biocompatibility for human Caucasian lung carcinoma cells at a low concentration 588 

Taken altogether it can be deduced that higher hydrophilicity, WUC, pore volume and 

better dispersion of HNT at 1 wt% loading cooperate to make the scaffold a more 

favourable microenvironment for fibroblasts to attach, grow in, and proliferate in 

respect with other substrates. 
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Figure 4.21 SEM Images of cell morphology when cells were grown for 1-3 days on various scaffolds: 

(a) SF, (b) SF/ HNT 1 wt%, (c) SF/ HNT 3 wt%, (d) SF/ HNT 5 wt%, (e) SF/ HNT 7 wt%; Control: 

scaffolds incubated in media without cells, scale bar = 10 µm; middle column: day 1 3T3 culture, scale 

bar = 20 µm; right column day 3 3T3 culture scale bar = 10 µm. 
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4.3.11 Differentiation Assay 

The murine myoblast cell line C2C12 was used to investigate the effect of various 

scaffolds on cell differentiation. The first step was to determine the compatibility of 

the scaffolds for C2C12 cell proliferation. Therefore, C2C12 cells were cultured in 

DMEM (phenol red free) complete media on SF/HNT scaffolds and cell numbers at 

day 1 and day 2 after seeding were determined using the CellTiter Blue assay. The 

data in Figure 4.22 are representative of 3 independent experiments. The number of 

viable C2C12 cells on SF and all the SF/HNT scaffolds after two days in culture were 

comparable.  

 

 

Figure 4.22 C2C12 proliferation on SF and SF/HNT scaffolds after 1 and 2 days of culture.  

These data are means +/- SD of 6 replicates. The data are representative of three independent 

experiments. Statistical analyses using ANOVA followed by Tukey’s test were conducted. No 

significance difference between scaffolds were detected (P > 0.05).  

The development of skeletal muscle is a multistep process, involving myoblast 

proliferation initially, then withdrawal from the cell cycle and differentiation into 

multinucleated myotubes 589. To determine the effect of SF/HNT scaffolds on C2C12 

cell differentiation, C2C12 cells were first allowed to proliferate close to confluence 

and then were switched into differentiation medium. As shown in Figure 4.23 (a-e) 

myotube formation, as revealed by staining with an anti-myosin antibody, occurred on 

all scaffolds.  However, the nature of the myotubes formed consistently varied 

according to the scaffolds on which the cells were growing. Myotubes were longer and 
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better aligned on SF/HNT 1 wt% scaffolds than on any other substrate. The myotubes 

that formed on scaffolds containing 3 wt%, 5 wt% and 7 wt% HNT were short, thick 

and disorganised, and this effect was particularly apparent for the scaffolds containing 

the high concentrations of HNT. Myotubes on SF scaffolds were aligned but were 

shorter than those on SF/HNT 1 wt% scaffolds.    

It has been reported by others that structural and mechanical properties of scaffolds 

can play an important role in regulating myoblast differentiation and differentiation 

generally 590-593. For instance, Yang et al. 594 reported a higher rate of neural stem cell 

differentiation on PLLA mats with fibre diameters in the nanometre range rather than 

in the micrometre rage. Some studies showed that hydrophilic surfaces also facilitated 

interactions with cells and enhanced cell behaviour like the initial attachment, 

proliferation and differentiation 595, 596. For example grafting silk fibroin to 

polyurethane (PU) scaffolds improved the hydrophilicity of the composite and this led 

to higher proliferation and better differentiation of myoblasts compared to when 

myoblasts were on pristine PU 597. Scaffold stiffness, as measured by the Young’s 

modulus is another factor that should be considered, as nonflexible scaffolds are not 

suitable for myoblast differentiation 592. An elastic, yet comparatively stiff scaffold 

would allow myoblasts to differentiate into myotubes without the myotubes from the 

surface 598. For optimal myotube length, alignment, and maturation a scaffold elasticity 

resembled to that of normal muscle is required 599. Levy-Mishali et al. 600 investigated 

a range of PLGA scaffolds with different stiffness and found that those with a Young’s 

modulus of greater than 200 kPa, enabled myotube formation, but scaffolds with a 

lower Young’s modulus collapsed under the forces generated by the myotubes. Evrova 

et al. 601 demonstrated that the cell response can be manipulated by regulating the 

microenvironment. It was found that blending poly(ethylene oxide) (PEO) to PLGA 

resulted in increased myotube formation and self-alignment, when compared to 

PLGA-only scaffolds, and these functionality differences were attributed difference in 

scaffold flexibility 602. Gilmore et al. 603 investigated the effect of surface roughness 

of polypyrrole films on differentiation of C2C12 cells and observed enhanced 

myofibre formation correlated with films that had less roughness. 

In our study, the Young’s modulus of all scaffolds were much higher than 320 kPa (in 

the range of MPa, Figure 4.15 (a)). Thus, it can be presumed that the change in 

Young’s modulus of the scaffolds did not play a critical role in myoblast responses, 
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moreover, all scaffolds had a modulus that allowed myoblast differentiation. However, 

other factors including specific surface area, pore volume, hydrophilicity and WUC 

were different between the scaffolds. From our data one can infer that higher 

hydrophilicity, and porosity, plus the smoother surface of SF/HNT 1wt% scaffold may 

have contributed to guiding the alignment and elongation of the myotubes that formed. 

In contrast, incremental increases in HNT (3, 5, and 7 wt%) in the SF scaffolds resulted 

in more hydrophobic, rougher surfaces and the number of thin, striated myotubes that 

formed was markedly reduced, and this was particularly evident at the higher HNT 

concentrations. Thus, the results obtained here suggest that scaffold stiffness is only 

one component, and other factors such as WUC and surface roughness should also be 

taken into account when designing a material to support myoblast differentiation. 
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Figure 4.23 C2C12 cell differentiation on SF/HNT scaffolds. 

Cells were stained with DAPI (blue) and an anti-myosin antibody (green) to reveal myotube formation: 

(a) SF, (b) SF/ HNT 1 wt%, (c) SF/ HNT 3 wt%, (d) SF/ HNT 5 wt%, (e) SF/ HNT 7 wt%; Scale bar = 

100 µm. 
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4.3.12 Summary 

In this chapter a series of silk/HNT nanocomposites with different HNT contents (1, 

3, 5, and 7 wt %) were fabricated by electrospinning. The average fibre diameter of SF 

was 358.3 (± 65.8) nm and the inclusion of HNT led to increased fibre diameters of up 

to 437.2 (± 50.72) nm for scaffolds with the inclusion of 7 wt% HNT. Incorporating 1 

and 3 wt% HNT improved the stiffness and tensile strength by 47 and 42% 

respectively, however higher HNT loadings caused a deterioration in the mechanical 

properties of the scaffold, probably as a result of HNT agglomeration. An increase in 

thermal stability and a reduction in weight loss for all SF/HNT nanocomposites were 

also observed; a result consistent with the barrier effect of HNT against mass and heat 

transfer. In comparison with pristine SF, the addition of 1 wt% HNT, decreased the 

contact angle and improved WUC of the fibrous mats by 1.5 times.  Furthermore, in 

vitro cytocompatibility of all SF/HNT scaffolds were confirmed by the good viability 

and the spread morphology of 3T3 fibroblasts when they were cultured for up to 3 days 

on these scaffolds. Additionally SF/HNT scaffolds supported the formation of 

myotubes by C2C12 myoblasts. However, a combination of low specific surface area 

and high WUC of the substrate appeared to be the most favourable elements for 

differentiation of C2C12 cells. Collectively these results suggest that introducing a 

very low amount of HNT (1 wt%) provides advantageous physical properties, and the 

cytocompatibility assessment suggests that SF/HNT fibrous scaffolds are promising 

scaffolding biomaterials for tissue engineering. 
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Chapter V: Development and Characterisation 

of Silk/gelatin (SF/gelatin) Blended Nanofibres 
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5.1 Introduction  

The development of decellularisation techniques, to separate the extracellular matrix 

(ECM) of a tissue from the cells that reside in that tissue, has made attractive the notion 

of using tissue ECMs as biological scaffolds for clinical applications.  

Decellularisation removes cells and cell antigens that could trigger an immune 

response in a recipient, but preserves the ultrastructure and composition of the tissue 

ECM. Natural ECMs contain many bioactive molecules that drive tissue homeostasis 

and regeneration. In addition, in the absence of cells, natural ECMs possess excellent 

biocompatibility and do not elicit adverse effects such as inflammatory responses and 

graft rejection 604-606. Reports of the clinical use of decellularised tissues document 

various levels of success 607, 608. This may be because cells usually are attached or 

deeply enclosed within the ECM, and the elimination of all cellular antigens during 

the decellularisation process without compromising the ECM integrity is a challenge. 

Moreover, native ECMs are fragile, and can be perturbed upon subsequent cell 

adhesion and cell generated tension 607, 609. 

Polymeric biomaterials are more robust materials and can be produced with tuneable 

and reproducible mechanical and material properties 1, 610, 611. However, these 

materials lack the molecular complexities of the native ECM and as a result they also 

lack bioactivity. Hence, attempts have been made to incorporate specific ECM 

components into polymeric biomaterials to enhance their bioactivity 612-614. 

Nevertheless, these scaffolds failed to recapitulate the natural sophisticated tissue 

microenvironment because of the limited set of synthetic or purified ECM components 

that are available 40, 604, 606.  

Consequently, an alternative approach was developed in recent years where the native 

ECM is integrated into polymeric biomaterials. This method exploits the advantages 

of both classes of materials and produces scaffolds where material properties can be 

controlled by the choice of synthetic components, and the bioactivity can be controlled 

by the cells used to deposit the ECM 609, 615. The potential of polymer/ECM composites 

for tissue scaffolding applications has been explored by a few research groups. Gu et 

al. 41 used chitosan/SF scaffolds coated with schwann cell derived (SC)-ECM proteins 

to repair a 10 mm gap in the sciatic nerve of rats. They found superior regenerative 

outcomes for SC-ECM modified scaffolds compared to that seen with scaffolds 
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lacking the SC-ECM proteins. Harvestine et al. 39 reported that coating bioactive glass 

/PLG scaffolds with MSC-secreted ECM proteins potentiated the efficacy of these 

substrates by promoting cell persistence/viability and function in vitro and in vivo. 

Sadr et al. 40, manufactured hybrid ECM-polymer materials based on the combination 

of 3D polyesterurethane (PEU) scaffolds and human MSC (hMSC) secreted ECM. 

Relative to plain PEU, ECM/PEU composites better supported the osteoblastic 

differentiation of newly seeded hMSC by up-regulating the expression of typical 

osteoblastic genes, and increasing calcium deposition (6-fold higher). Goyal et al. 609 

fabricated poly (desamino tyrosyl-tyrosine carbonate) electrospun nanofibres and 

coated these with NIH 3T3 cell generated ECM. This hybrid ECM-scaffold displayed 

enhanced functionality compared to its counterpart without ECM, as it promoted not 

only cell adhesion, but also new ECM assembly. Levorson et al. 38 produced constructs 

composed of electrospun PCL nanofibres coated with cartilage-like ECM, by 

coculturing chondrocytes and MSCs on the electrospun nanofibres. However in this 

case their goal was not to produce an acellular scaffold, but rather to assess the best 

ratio of chondrocytes:MSCs required to produce a cartilage-like ECM using the least 

possible number of chondrocytes.    

Gelatin is an inexpensive natural polymer derived from the partial hydrolysis of 

collagen. It is non-immunogenic, biodegradable, easy to process and biocompatible 

for clinic use 389, 392. This protein also contains the cell binding motif, arginine-glycine-

aspartic acid (RGD), within its sequence making it favourable for cell adhesion. 

However, gelatin is rarely used alone owing to its high brittleness, and thus to be an 

effective biomaterial it needs to be modified by crosslinking, or grafting to, and or, 

blending with other polymers 616-618.  

Considering the strengths and weaknesses of SF (discussed in Chapter IV) and gelatin 

we hypothesised that blending SF with gelatin would overcome the shortcomings of 

the individual proteins as materials for tissue engineering scaffolds. Moreover, as 

others have successfully blended SF with gelatin and prepared films and electrospun 

mats 289, 433, 616, 619 it was assumed that combining the approach of using cell-secreted 

ECMs on SF/gelatin blended electrospun mats would boost the efficiency of these 

scaffolds for tissue engineering. In this chapter, we investigated this hypothesis by 

developing SF/gelatin electrospun nanofibres with different gelatin weight ratios and 

assessing their material properties using various analyses including scanning electron 
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microscope (SEM), Fourier transform infrared spectroscopy (FTIR), mechanical 

testing, water uptake capacity (WUC) tests, water contact angle measurement and X-

ray diffraction (XRD) analysis. Subsequently, 3T3 fibroblasts were seeded onto 

SF/gelatin scaffolds and their proliferation as well as the ECM these cells secreted 

were evaluated.  
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5.2 Method Development 

5.2.1 Optimisation of SF/gelatin Electrospinning 

To optimise the concentration of the SF/gelatin solution for electrospinning two 

concentrations of 11 and 13 w/v% with SF/gelatin blending ratios of 100/0, 90/10 and 

70/30 were used. Electrospinning was set up at an applied voltage of 16 kV, flow rate 

of 0.3 mL/h and a needle-to-collector distance of 13 cm. Figure 5.1 shows SEM images 

of electrospun SF/gelatin fibres using a final SF/gelatin concentation of 11 wt% with 

the different blending ratios. It is clear that regardless of the ratio of SF/gelatin, beads 

formed on all the nanofibres generated. However, the number of beads decreased with 

increasing the gelatin content, suggesting that blending gelatin improved both the 

viscosity and spinability of the 11 w/v% solution 432, 620. On the other hand, a 13 w/v% 

SF/gelatin solution resulted in smooth, bead free fibrous structures. The SEM 

micrographs of these scaffolds are given and discussed in Section 5.3.2.   
 

 

Figure 5.1 SEM micrographs of as-spun SF/gelatin nanofibres at the final concentration of 11 w/v%, 

with different blending ratios: a) 100/0, b) 90/10 and c) 70/30. 
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5.2.2  SF/gelatin Post-treatment Optimisation 

As the SF/gelatin nanofibres were fabricated for tissue engineering applications their 

stability in aqueous conditions was essential. Stability of as–spun SF/gelatin scaffolds 

was examined initially. Scaffolds with different blending ratios were cut into 1×1 cm2 

pieces and incubated in DMEM complete media for 24 h at 37°C in an incubator 

equilibrated at 5% CO2. After incubation, all scaffolds regardless of blending ratio 

were partially dissolved and difficult to transfer. Therefore three post-spinning 

treatments were investigated namely, immersion in 100% methanol for 15 min and air-

dried, GC and GTA (see details in Section 3.2.2.1). Figure 5.2 shows the representative 

images of SF/gelatin 90/10 scaffolds following the different post-spinning treatments. 

It can be seen that both methanol and GC resulted in brittle mats that were not usable 

for further material characterisation. On the contrary, GTA successfully crosslinked 

the SF/gelatin scaffolds without being brittle.  However, the colour of the nanofibres 

changed from white to light yellow. Consequently, GTA treatment was used 

subsequently to stabilise SF/gelatin scaffolds.  

 

Figure 5.2 Representative images of SF/gelatin 90/10 electrospun nanofibres treated with a) methanol, 

b) GC and c) GTA.  

5.2.3 Extracellular Matrix Deposition Development  

To examine whether ECM proteins secreted from fibroblasts remained attached to the 

scaffolds following decellularisation, immunostaining was performed. 3T3 fibroblast-

secreted ECM were prepared, as described in detail in Section 3.4.9.2, Chapter III and 

stained with primary antibodies that recognise various ECM proteins, for example anti-

fibronectin, anti-collagen type I and anti-collagen type IV. Initially, anti-rabbit Alexa 

Flour 488 was used as a secondary antibody and the results are shown in Figure 5.3 

a c b 
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(A). Immunostaining of SF scaffolds treated with methanol revealed that a deposited 

ECM was preserved during the decellularisation process and all of these ECM proteins 

were retained on the scaffold. However by this method, the ECM proteins could not 

be detected for GTA crosslinked SF and SF/gelatin scaffolds with different gelatin 

blend ratios. A comparison of the isotype control and auto-fluorescent images of each 

scaffold in Figure 5.3, revealed the GTA crosslinked scaffolds displayed high auto-

fluorescence in the absence of antibody and these images were brighter than their 

corresponding isotype controls. The high auto-fluorescence of scaffolds masked any 

signals from antibody binding and therefore the presence of the ECM proteins could 

not be detected. Moreover, the auto-fluorescence of methanol treated SF scaffolds was 

considerably lower than either GTA cross-linked SF or SF/gelatin scaffolds, indicating 

GTA cross-linking is responsible for the high background signal observed. Zhu et al. 
621 also found that GTA crosslinking induced auto-fluorescence of collagen/silk fibres, 

and this was corroborated by the increased fluorescence intensity of the band between 

520–560 nm in fluorescence spectra of collagen fibres upon GTA crosslinking. The 

formation of a Schiff base (C=N) between the collagen and GTA as well as the 

increased fibre stiffness that restricted the intramolecular rotation were found to be 

responsible for this effect.  
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Figure 5.3 A) Immunofluorescence labelling of 3T3-secreted ECM on scaffolds methanol treated SF 

and GTA treated SF/ gelatin scaffolds with different gelatin ratios.  

3T3 cells were cultured for seven days, cells were removed and the ECM was fixed with 4% 

paraformaldehyde and stained with antibodies recognising fibronectin (a-d), type I collagen (e-h), type 
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IV collagen (i-l) and isotype control (m-p). The secondary antibody was an anti-rabbit Alexa Fluor® 

488. Images were taken using Nikon A1+ confocal microscope. Scale bar = 50 μm.  

B) Auto-fluorescent images of scaffolds under 488 nm wavelength. Scaffolds were incubated in media 

fixed with 4% paraformaldehyde and imaged by confocal microscopy at 480 nm (i) methanol treated 

SF, (ii) GTA treated SF, (iii) SF/gelatin 90/10, (iv) SF/gelatin 70/30. Scale bars = 50 μm.  

To find a wavelength that produced lower background fluorescence, GTA crosslinked 

SF scaffolds were examined at different wavelengths (i.e., 488, 560 and 674 nm) using 

the fluorescence microscope, and these images were compared with those for SF 

methanol treated scaffolds. From Figure 5.4, it is clear that methanol treated scaffolds 

produced very low background signals at all wavelengths. In contrast, the GTA 

crosslinked scaffolds produced a very high signal at a wavelength of 488 nm, but the 

auto-fluorescence was significantly reduced at higher wavelengths and the lowest 

background was at 647 nm. Hence, an Alexa Fluor 647-conjugated second antibody 

was used subsequently to detect primary antibody binding to proteins on GTA cross-

linked scaffolds. The detailed method is given in Section 3.4.9.3, Chapter III, and the 

corresponding images and discussion are presented in Section 5.3.10. 

 

 

 

 

 

 

 

 

Figure 5.4 Auto-fluorescent check of methanol treated SF under different wavelength.  

Scaffolds were incubated in MMC media for 24 h at 37 °C followed by fixation with 4% 

paraformaldehyde and imaged by Nikon A1+ confocal microscope at (a,d) 480 nm, (b,e) 560 nm and  

(c, f) 647 nm.  
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5.3 Results and Discussion 

5.3.1  Viscosity 

A key factor in determining the fibre morphology is solution viscosity, and this is 

directly proportional to the solution concentration and polymer molecular weight 622. 

Since the concentration of SF/gelatin solution is constant at 13 w/v%, the ratio of 

SF/gelatin is the only parameter to impact the solution viscosity. Figure 5.5(a) shows 

the viscosity of SF/gelatin solutions with different blending ratios. Regardless of 

gelatin content, all SF/gelatin solutions exhibited typical Newtonian fluid behaviour 
623. Because the viscosity of solutions is relatively unaffected by the shear rate, the 

shear viscosity at a fixed shear rate (i.e., 100 s-1) was measured and these data are 

presented in Figure 5.5 (b). It was found that solution viscosity gradually increased 

with the increased weight ratio of gelatin in the SF/gelatin mixture. A similar trend 

was reported by Bao et al. 619 where they showed that blending gelatin with SF 

improved the solution viscosity and spinnability of these solutions for electrospinning. 
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Figure 5.5 (a) Viscosity as a function of shear rate for SF/gelatin solutions in formic acid at constant 

concentration of 13 w/v %, (b) viscosity of SF/gelatin solution at a constant shear rate of 100 s-1. These 

data are mean and SDs of 3 replicates. 

5.3.2  Fibre Morphology 

Figures 5.6 (a-c) show SEM images of as-spun SF and SF/gelatin fibres at various 

blending ratios. All scaffolds were comprised of homogeneous, bead-free nanofibrous 

structures. After cross-linking the fibrous structure of all scaffolds was preserved 

(Figures 5.6 (d–f)); however, the fibres were expanded and the space between the 

fibres was reduced. Fibre swelling and fibre fusion (particularly evident in Figure 5.6e) 

may have been caused by partial dissolution of the fibres following exposure to the 

moisture-rich glutaraldehyde vapour.  

From Figures 5.7 (a-c), average fibre diameters for SF, SF/gelatin (90/10), SF/gelatin 

(70/30) were 403.5, 422.7, and 426.4 nm, respectively. The addition of gelatin into SF 

formed fibres with marginally larger diameters and less variability. However, this 
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effect was not statistically significant. These data are in agreement with those obtained 

by Chomachayi et al. 433 for similar fibre materials. This behaviour can be explained 

by slight increase in solution viscosity with the addition of gelatin (discussed above). 

Although this increased viscosity would have induced higher resistance against the 

electrospinning jet, it could be minor because the fibres were not significantly thicker. 

Additionally, the more uniform fibre distribution implied an improvement of 

electrospinnability of SF/gelatin solution when the gelatin content was increased 434. 
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Figure 5.6 SEM micrograph of as-spun a) SF, b) SF/gelatin 90/10, c) SF/gelatin 70/30 and GTA 

crosslinked d) SF, e) SF/gelatin 90/10 and f) SF/gelatin 70/30. 
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Figure 5.7 Fibre diameter distribution diagrams of GTA crosslinked a) SF, b) SF/gelatin 90/10, c) 

SF/gelatin 70/30 nanofibres. Statistical analyses using ANOVA followed by Tukey’s test were 

conducted. Fibre diameter demonstrated no statistically significant differences at different gelatin blend 

ratios (P > 0.05). 
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5.3.3 FTIR  Analysis 

The FTIR spectra of GTA modified fibre mats are shown in Figure 5.8. The spectrum 

of gelatin sample showed characteristic peaks at around 3304 cm− 1 for amide A (N–

H stretching vibration), 1640 cm− 1 for amide I (C═O stretch), 1539 cm− 1 for amide II 

(C–N stretching and N–H bending) and 1240 cm− 1 for amide III (N–H in phase 

bending and C–N stretching vibration) 405, 406, 624, 625.  

In the GTA cross-linked SF fibre mats, FTIR peaks centred at 1627 and 1522 cm−1 

(Figure 5.8 (a)) and could be assigned to amide I and amide II, respectively, which was 

indicative of β-sheet structures. FTIR spectra of SF/gelatin fibre mats at the blend 

ratios of 90/10 and 70/30 revealed characteristic peaks similar to SF implying that the 

presence of gelatin did not hinder the GTA induced transformation of SF from random-

coil to β-sheet conformation 288, 626, 627. 

 

Figure 5.8 FTIR spectra of GTA crosslinked (a) SF, (b) SF/gelatin 90/10, (c) SF/gelatin 70/30 and (d) 

gelatin. 
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5.3.4 XRD Diffraction Analysis 

Figure 5.9 showed the X-ray diffraction patterns of crosslinked SF, gelatin and 

SF/gelatin fibre mats. Gelatin possessed a reflection at 2θ = 18.2° corresponding to α-

helical structures 420. The XRD curve of SF demonstrated diffraction peaks at 14.51° 

and 17.29°, as well as a less intense peak at 20.74° to confirm the existence of β-sheet 

structures 628-630. In SF/gelatin fibre mats, the diffraction patterns were almost the same 

as that for the SF mats, which implied that the β-sheet conformation of the SF was 

retained in SF within SF/gelatin fibre mats, which is consistent with the FTIR data 

obtained in this study. 

 

Figure 5.9 XRD patterns of GTA crosslinked (a) SF, (b) SF/gelatin at the blend ratio of 90/10 (c) 

SF/gelatin at the blend ratio of 70/30 and (d) gelatin. 

5.3.5 Degree of Crosslinking 

GTA crosslinks proteins through its aldehyde groups. The aldehyde groups react with 

the free amino groups of lysine and hydroxylysine in the gelatin and SF, forming bonds 

similar to those of Schiff bases 631, 632. SF/gelatin mats prepared at the blend ratio of 
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of 34% for SF alone (Figure 5.10). It is probable that incorporation of gelatin with high 

number of free –NH2 groups enhances the extent of crosslinking for SF/gelatin 

scaffolds 621, 633. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 Degree of crosslinking for GTA modified SF/gelatin mats using TNBS assay. These data 

are mean and SDs of 3 replicates. Statistical analyses was performed with Kruskal–Wallis test followed 

by Dunn’s multiple comparison test. * P ≤ 0.05.  

5.3.6 Porosity Measurements  

Tissue scaffolds to be used for tissue engineering require a certain level of porosity, as 

has been discussed previously. Moreover, the porosity requirement varies depending 

on the tissue that is being repaired and the degradation rate of the scaffold. Increasing 

the gelatin content appeared to decrease the porosity of the GTA treated SF/gelatin 

fibre mats (Figure 5.11). The porosity of SF/gelatin fibre mats at the blend ratios of 

90/10 and 70/30 were 59% and 47%, respectively as opposed to 62% for pure SF mats. 

The crosslinking data indicated the addition of gelatin to SF gave rise to a higher 

degree of crosslinking, which in turn yielded more fibre twining (see Figure 5.6) with 

more evident reduction of mat porosity at the SF/gelatin ratio of 70/30. It has been 

reported that an increase in fibre diameter at higher gelatin levels can contribute to the 

decreased porosity of their fibre mats 634, 635. However the fibre diameters were not 

significantly different in this study.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

0

10

20

30

40

50

60

SF SF/gelatin 90/10 SF/gelatin70/30

D
eg

re
e 

of
 c

ro
ss

lin
ki

ng
 (%

)



 

164 
 

 

 

 

 

 

 

 

 

 

Figure 5.11 Porosity of GTA treated nanofibres SF/gelatin mats. These data are mean and SDs of 5 

replicates. Statistical analyses using ANOVA followed by Tukey’s test were conducted. * P ≤0.05, ** 

P ≤ 0.01. 

5.3.7  Contact Angle and Water Uptake Capacity 

To investigate the effect of gelatin on the hydrophilic properties of SF/gelatin fibre 

mats, the water contact angle and water uptake capacity of crosslinked mats were 

measured and the results are presented in Figure 5.12. The water contact angles 

measured on all of the fibre mats were less than 90°, which is indicative of hydrophilic 

features. The addition of gelatin did not significantly alter the contact angle of fibre 

mats, the contact angles varied from 75.31 ± 7.5° for SF to 69.94 ± 7.68° for SF/gelatin 

at the blend ratio of 70/30. These data can be explained by the hydrophilic nature of 

gelatin 425. On the other hand, as shown in Figure 5.12, the WUC of SF was much 

higher with value of 405% for pure SF as opposed to 350% and 232% for SF/gelatin 

fibres at the blend ratios of 90/10 and 70/30, respectively. Such a finding was probably 

due to the incorporation of gelatin into the SF matrix and the increased GTA 

crosslinking resulting in more dense fibre mats, so that it was difficult for water 

molecules to enter the scaffolds 636. As shown earlier higher gelatin content led to 

lower fibre porosity, thereby limiting water diffusion into the fibre mats.  Xiao et al. 
633 reported a similar behaviour for SF/gelatin hydrogels crosslinked with genipin, and 
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this study also suggested that the wettability of fibre mats could be modulated by 

adjusting the SF/gelatin blend ratios. 

 

Figure 5.12 water uptake capacity and contact angle for GTA modified SF/gelatin mats. These data are 

mean and SDs of 5 replicates. Statistical analyses using ANOVA followed by Tukey’s test were 

conducted. ** P ≤ 0.01, *** P ≤0.001. Contact angle data demonstrated no statistically significant 

differences (P > 0.05). 

5.3.8  Mechanical Properties 

Mechanical properties of crosslinked fibre mats with different gelatin content were 

shown in Figure 5.13. The mechanical properties of SF scaffolds were not affected by 

the addition of gelatin (P ˃ 0.05). Tensile strength and Young’s modulus of SF were 

11.21 MPa and 268.67 MPa, respectively. This increased up to 14.23 MPa and 342.31 

MPa accordingly when 30 wt% of gelatin was added, but the difference was not 

significant. Based on crosslinking data (Figure 5.10) where the crosslinking density 

became higher with increasing the gelatin content, and as the proteins were restrained 

by the crosslinking sites, it was expected that the mats would be stiffer in the presence 

of more gelatin. Others have reported that in their systems the formation of 

intermolecular interactions between SF and gelatin enhanced the mechanical 

properties of SF/gelatin mats 335, 408, 637. Moreover, higher gelatin content gave rise to 

higher crosslinking densities resulting in fibre fusion, and thereby decreasing the 
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porosity and increasing fibre entanglement which was reported to result in mechanical 

strength enhancement 638, 639. However our data did not fit this pattern.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13 Mechanical properties of GTA modified SF/gelatin fibre mats: a) Young’s modulus, b) 

tensile strength and c) elongation at break. These data are mean and SDs of 10 replicates. Statistical 
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analyses using ANOVA followed by Tukey’s test were conducted. No significance difference between 

scaffolds were detected (P ˃ 0.05). 

5.3.9 Proliferation Assay 

Cell viability and cell proliferation as a function of the time on a scaffold is indicative 

of the cell compatibility and appropriateness for tissue engineering of particular 

scaffolds. To acquire an insight into cytocompatibility of SF/gelatin fibre mats, 3T3 

cells were seeded onto GTA treated SF/gelatin scaffolds. Cell proliferation was 

determined and the results are displayed in Figure 5.14. After 1 day, there was no 

significant difference in cell proliferation on SF or the SF/gelatin fibre mats regardless 

of the SF/gelatin ratio. However, after 3 days cell proliferation markedly increased in 

all samples and the analysis suggested that the rate of proliferation was higher on SF 

mats compared to the proliferation rate on the SF/gelatin fibre mats with the highest 

gelatin ratio. It was expected that cell proliferation would increase with increasing 

gelatin content, a finding seen by others and interpreted as due to the greater numbers 

of integrin binding sites 640-642. Surprisingly, we found the opposite trend; with more 

gelatin in the SF scaffolds cell proliferation was lower.  One plausible reason for this 

result was that crosslinking consumed the glutamate and aspartate residues in Arg-

Gly-Asp (RGD) in gelatin, and  thereby reduced the number of integrin binding sites 
643. Moreover, alterations in the morphology, porosity and WUC of scaffolds with the 

addition of gelatin, could also have contributed to the reduced cell proliferation. 

Previous research by Yeo et al. 58 showed a reduction in keratinocyte spreading and 

proliferation on GTA crosslinked SF/collagen mats, as compared to mats of either neat 

collagen or neat SF. They ascribed this finding to the different conformation of blended 

SF/collagen matrices due the interaction between collagen and SF. Interestingly, they 

did not observe the same effect for fibroblasts seeded onto these mats.  Yao et al. 644 

reported that a higher gelatin content in PCL/gelatin composites did not necessarily 

result in better cell responses and they indicated the important role of the physical 

microenvironment, characteristics such as mechanical properties, in directing cell 

responses. In addition, Grover et al. 643 found that crosslinking gelatin films with a 

carbodiimide had detrimental effect on cell responses and they suggested this was a 

consequence of changes in physical properties such as roughness and stiffness of the 

gelatin films as a result of the crosslinking, as well as a reduction in the number of 

available cell binding sites. It is well documented that highly porous structures with 
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interconnected pores assist with the provision of nutrients and gas exchange, which 

then helps cell proliferation and cell migration 551, 634. Higher WUC and more storage 

of water can help to store growth factors in the scaffold as well as facilitating biofluid 

transport and cell migration 645. Therefore, possibly the superior porosity and WUC of 

pristine SF scaffolds compared to SF/gelatin scaffolds, facilitated better nutrient 

transport and diffusion of signalling molecules, as well as providing more space for 

cell proliferation and migration, thereby giving rise to the higher proliferation rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14 Proliferation of 3T3 fibroblasts seeded on GTA treated SF/gelatin fibre mats after the first 

and third days of culture. These data are means +/- SD of 6 replicates. The data are representative of 3 

experiments. Statistical analyses was performed with Kruskal–Wallis test followed by Dunn’s multiple 

comparison test. *P < 0.05. 

  

5.3.10 Extracellular Matrix Deposition 

To determine if 3T3 cells deposited an ECM onto the scaffolds that remained 

following decellularisation, immunostaining was performed using antibodies 

recognising type I collagen and fibronectin (Figure 5.15 (a-f)). These experiments 

confirmed that cells deposited their ECM onto the fibrous scaffolds, and the deposited 

ECM was preserved during the decellularisation process as staining of both type I 

collagen and fibronectin was detected. However, not all scaffolds triggered the same 

level of ECM protein deposition. Both fibronectin and collagen type I staining 
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intensity appeared to be the strongest on plain SF followed by SF/gelatin 90/10, and 

the SF/gelatin 70/30 scaffolds showed considerably lower levels of staining with the 

antibodies used. These findings were consistent with the proliferation assay data, as 

the highest gelatin content resulted in less cell growth. It is therefore expected that 

there would be less ECM deposited on those scaffolds that were less favoured for cell 

growth. As discussed in Section 5.3.9, differences in the morphology, porosity and 

WUC of the SF and SF/gelatin scaffolds were reflected in 3T3 cell growth patterns 

and accordingly the amounts of ECM that were secreted.  

 

 

Figure 5.15 Deposition ECM proteins by 3T3 fibroblasts on GTA treated SF/ gelatin scaffolds. 

3T3 fibroblast cells (0.25 × 104 cells per scaffold) were cultured for seven days, then cells were removed 

and the ECM was fixed and stained with antibodies recognising fibronectin (a, c, e) and type I collagen 

(b, d, f). The secondary antibody was an anti-rabbit Alexa Fluor® 647. Images were taken using a Nikon 

A1+ confocal microscope. Scale bar = 50 μm. 
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5.4 Summary 

SF/gelatin fibre mats with different gelatin content were successfully prepared by 

electrospinning and then stabilised with GTA. These scaffolds possessed different 

properties according to the gelatin content, although incorporating 30 wt% gelatin did 

not significantly enhance either the tensile strength or the Young’s modulus. 

Increasing the gelatin content decreased the porosity and WUC of SF/gelatin fibre mats 

relative to those of neat SF. SF/gelatin fibre mats at the blend ratio of 70/30 had the 

lowest 3T3 cell proliferation rates and the least ECM deposited. Such findings may be 

associated with the fact that GTA crosslinking induced changes in the physical 

characteristics of the scaffolds when the gelatin content was highest. It is probable, 

WUC and porosity played a role in regulating cell functions. As a result, it could be 

concluded that plain SF scaffolds provided a superior microenvironment for cell 

growth and ECM deposition compared to the SF/gelatin fibre mats.  
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Chapter VI: Extracellular Matrix (ECM) 

Deposition on Silk based Scaffolds and Their 

Characterisation 
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6.1 Introduction 

The skin safeguards the body from the outside environment. The ability of the skin to 

self-renew enables wound repair and the replacement of dead cells. Most cutaneous 

wounds heal in a few days, however if the damage is extensive and extends into the 

dermis, medical intervention may be required 646, 647. Split-thickness autologous skin 

grafting is considered as the traditional therapeutic strategy for treating severe wounds. 

However, this approach is not viable in cases of extensive injury where considerable 

amounts of skin are needed and available healthy donor sites are lacking. Thus, the 

development of engineered skin graft substitutes has emerged as a clinical need 648, 649. 

Grafting of in vitro-expanded keratinocytes, is an alternative approach to augment the 

repair of damaged skin. For this purpose, keratinocytes are usually isolated from a 

small skin biopsy and are expanded in culture before being applied to the patient’s 

wound sites 650. However, a layer of keratinocytes is very fragile and simply covering 

the wound with a keratinocyte layer may not be the best engraftment procedure. The 

addition of a bioscaffold to support the cell layer can improve mechanical properties 

of the graft and facilitate cell survival and growth 462, 651. 

SF has been extensively used to engineer scaffolds for repairing many tissues including 

skin, because of its high mechanical strength, cytocompatibility and malleability 652, 

653. SF is known to support the adhesion of human keratinocytes and fibroblasts 231, 519, 

654, 655 and a recent study conducted by Zhang et al. 656 provided systematic preclinical 

and clinical evidence that SF films can be used for the healing of full-thickness skin 

defects using both small and large animal models. SF based scaffolds prepared by 

electrospinning have been shown to outperform SF films or a woven matrix of SF 

microfibres when these materials have been used as wound dressings. The electrospun 

SF scaffolds were better able to support keratinocyte adhesion and spreading and well 

as collagen retention 654. Electrospun SF patches, used as wound dressings, were found 

to accelerate wound repair in a diabetic mouse model shown to have  significantly 

delayed wound healing 657. Despite various studies indicating the benefits of SF 

scaffolds, single-component SF scaffolds may not be sufficient for optimal dermal  

regeneration due to shortage of cell specific-binding sites and limited growth factor-

adsorbing capacity 658. Therefore blending SF with other polymers 658-661 or 

incorporating growth factors with the SF 327, 332  has been suggested as ways to enhance 
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the functional shortcomings while taking advantage of the structural benefits of using 

SF as a dermal alternative.  

Type I collagen (Col I) is the major structural and functional protein of the dermal 

ECM. It  contains abundant integrin-binding sites and has been shown to enhance cell 

proliferation and hence tissue regeneration 662.   Despite its role in wound re-

epithelisation and healing, the use of pure Col I as a tissue scaffold is problematical 

because of its poor mechanical properties, fast degradation and issues associated with 

in vivo contraction 663. Numerous studies have shown that incorporating Col I with 

other polymers promotes the biocompatibility of those polymers whilst retaining their 

mechanical properties 53, 54. In particular, combining Col I with SF through various 

approaches such as coating 664-666 and blending 667, 668 could overcome the potential 

limitations of collagen matrices and improve SF biocompatibility.  

There is a growing body of work reporting the use of biological scaffolds composed 

of ECM derived from the decellularisation of tissues or organs 669, 670. Some 

commercial products derived from human dermis shown to be successful clinically 

include: FlexHD (Ethicon, Somerville, NJ), Dermamatrix (Synthes, West Chester, 

PA), Allo-patch HD (Conmed, Largo, FL), Memoderm (Memometal, Inc., Mahwah, 

NJ) and Graftjacket Regenerative Tissue Matrix (Wright Medical Technology, Inc., 

licensed by KCI, an Acelity company, San Antonio, TX) 671, 672. Other studies have 

demonstrated the efficacy of ECM/polymer scaffolds for the regeneration of various 

tissues including bone 39, 40, cartilage 38 and nerves 41. However, to my knowledge, no 

studies have been reported on using a polymer functionalized with ECM to 

successfully facilitate keratinocyte expansion.  The ultimate goal of this work is to 

develop this biomaterial containing keratinocytes as a skin graft.  

In this chapter we first evaluated the effect of a type I collagen coating on SF scaffolds 

using cell proliferation assays and immunofluorescent staining of the ECM secreted 

by 3T3 fibroblasts. The scaffolds with the best cytocompatability criteria as 

determined from Chapter IV were chosen to study the efficacy of two different 

fibroblast types: murine 3T3 fibroblasts and primary human dermal fibroblasts 

(HDFs), for firstly ECM deposition and secondly the ability of these ECMs to support 

keratinocyte growth and monolayer formation.  

 



 

175 
 

6.2  Method Development 

6.2.1  Immunofluorescence Staining of ECM Deposited on SF/ Col I 

and 3D Col I scaffolds 

To examine whether ECM proteins remained on the scaffolds following 

decellularisation, 3T3 cells were grown on scaffolds for 7 days under MMC then the 

scaffolds were decellularised and immunostained using antibodies against fibronectin, 

collagens type I and type IV (Figure 6.1 A). Decellularisation of 3T3-derived matrix 

and their immunofluorescent staining was performed as explained in Sections 3.4.9.2 

and 3.4.9.3, Chapter III. 

The deposition of fibronectin as well as collagen type I and type IV were detected for 

on SF scaffolds.  A patchy distribution of fibronectin was detected on SF/Col I 

scaffolds. However, the deposition of the ECM proteins could not be detected on 3D 

Col I Hydrogels. The images of scaffolds incubated with the isotype control antibodies 

and the autofluorescence of the scaffolds without incubation with antibodies (Figure 

6.1 A (xi-xiii) and B), indicated incorporating Col I gel onto the SF scaffolds created 

an autofluorescent effect when viewed at a wavelength of 480 nm, making 

visualization of ECM proteins difficult. This autofluorescence was much improved 

when scaffolds were viewed at 647 nm (Figure 6.1 (B)). Accordingly, ECM protein 

deposition immunofluorescence was performed using an Alexa Fluor 647 nm 

secondary antibody.   
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Figure 6.1 Immunofluorescence labelling of 3T3-secreted ECM protein on scaffolds and scaffolds 

autofluorescence check. 

A) 3T3 cells were cultured for 7 days with MMC. Then cells were removed and the ECM was fixed 

with 4% paraformaldehyde and stained with antibodies recognising fibronectin (i-iii), type I collagen 

(iv-vi), type IV collagen (vii-ix) and isotype control (x-xii). The secondary antibody was an anti-rabbit 

Alexa Fluor® 488. Images were taken using Nikon A1+ confocal microscope. Scale bar = 50 μm. 

B) Scaffolds were incubated in MMC media for 24 h at 37 °C followed by fixation with 4% 

paraformaldehyde and imaged by Nikon A1+ confocal microscope under different fluorescent channel 

(a-c): 480 nm and (d-f):647 nm. 

 

6.2.2 Optimisation of Keratinocyte Growth on SF based Scaffolds 

Coated with ECM 

Numerous reports have demonstated that MMC enhances the deposition and 

supramolecular assembly of ECM 147, 151, 152. Accordingly, MMC was used for 3T3 

cell ECM deposition. The deposition of three major ECM components:  fibronectin, 

type I collagen and type IV collagen were detected on both SF and SF/HNT 1 wt% 

scaffolds by immunofluorescence staining (Figure 6.2 A). To investigate whether 

these substrates can support keratinocyte expansion, keratinocytes were initially 

seeded at density of 0.4 × 104 cells/scaffold onto SF and SF/HNT 1% scaffolds coated 

with 3T3 fibroblast-derived ECM deposited with MMC media. Keratinocytes were 

grown in Defined Keratinocyte Serum Free Media (DKSFM) for 4 days before being 

fixed with 4% paraformaldehyde and stained with antibodies recognising cytokeratin 

14 (K14), a marker of basal keratinocytes. Nuclei were stained with DAPI. This 

experiment revealed that the keratinocytes did not grow as compact colonies and 

neither did they stratify on these substrates (Figure 6.2 B). Instead they remained as 

small single cells with a round morphology, and the very low number of nuclei that 

stained with DAPI indicted poor keratinocyte growth on either of the scaffolds. 

To determine if the keratinocytes were reacting poorly to MMC conditions, 

keratinocytes were grown on 3T3-derived matrix deposited with or without MMC. Col 

I was used as a positive control, as it is generally used with KSFM to propagate 

keratinocytes 673. All substrates were prepared in a 24 well plate. Briefly, keratinocytes 

were harvested, pelleted and then resuspended in DKSFM, at a concentration of 8 × 

104 cells/mL. 250μL of this cell suspension (2 × 104 cells) was added to the wells. At 
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day 4, cell morphology was observed by phase contrast using a Zeiss Axiovert bright 

field inverted microscope (Zeiss, Oberkochen, Germany). Keratinocytes grew as 

colonies on both Col I and 3T3 ECM matrix without MMC substrates, however more 

cells were observed on Col I substrates (Figure 6.3 a, b). In contrast, distinct changes 

in cell morphology were observed when keratinocytes were cultured on 3T3 ECM 

matrix with MMC. These keratinocytes were disorganised, there were very few 

colonies and many cells had an aberrant elongated morphology (Figure 6.3 c). From 

these data it appeared that MMC played an adverse role in keratinocyte growth and 

caused the changes in cell morphology observed. All further fibroblast ECM 

deposition was done in DMEM without MMC.  
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Figure 6.2 A) Deposition of fibronectin, type I collagen and type IV collagen by 3T3 fibroblasts 

on SF and SF/HNT 1 wt% scaffolds. 3T3 fibroblasts (0.25 × 104 cells) were cultured for 7 days with 

MMC. The cells were then removed and the ECM was fixed with 4% paraformaldehyde and stained 

with antibodies recognising fibronectin (i,ii), type I collagen (iii,iv) and type IV collagen (v.vi). Scale 

bars are 50 μm. 

 B) K14 expression by keratinocytes grown on fibroblast-derived ECM deposited on SF (SF-3T3 

ECM) and SH/HNT1 wt% (SF/HNT1 wt%-3T3 ECM). Keratinocytes (0.4 × 104) were cultured on 

the scaffolds for 4 days in DKSFM, fixed with 4% paraformaldehyde and stained with antibodies 

recognising cytokeratin 14 (K14; a,b) and with DAPI. Scale bars are 50 μm. 

 

 

 

 

 

 

 

  

Figure 6.3 Representative phase contrast images of keratinocytes grown on (a) Col I (b) 3T3 ECM 

matrix without MMC and (c) 3T3 ECM matrix with MMC. 

Keratinocytes (2 × 104) were seeded into wells of a 24-well plate that contained either 3T3 ECM matrix 

with MMC, 3T3 ECM matrix without MMC or Col I (3ug/cm2) and cultured for 4 days in DKSFM. 

Arrows indicate keratinocytes with elongated morphology. Scale bars are 100 μm. 
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6.2.3 Determining HDF Concentration for ECM deposition on SF 

based Scaffolds  

It was necessary to determine a HDF density that produced a confluent cell layer on 

the scaffolds thereby ensuring the scaffolds were well covered with the ECM secreted 

by these cells before the decellularisation step. Thus, HDFs were cultured at different 

seeding densities, either 0.3 × 104, 1 × 104 or 2 × 104 for 4 days in complete DMEM 

(phenol red free). The cells were fixed then stained with DAPI and phalloidin-Alexa 

Fluor® 488 to detect cell nuclei and polymerised actin respectively. 

Immunofluorescence images were captured using Nikon A1+ confocal microscope 

(Nikon, Tokyo, Japan). As shown in Figure 6.4, the HDFs had a uniform spindle 

shaped morphology that is typical of fibroblasts. The cells did not proliferate 

sufficiently when used at 0.3 × 104 cells/scaffold, whereas a confluent monolayer was 

achieved at the higher cell densities. If the monolayer became over-confluent after 7 

days of culture, cells may have detached, accordingly 1 × 104 HDFs/scaffold was 

chosen for further work.  
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Figure 6.4 Representative images HDFs on SF or SF/HNT 1% scaffolds at day 4 post seeding.  

The cells were seeded at (a-d) 0.3 × 104, (e-h) 1 × 104 and (i-l) 2 × 104 on SF and SF/HNT1 wt% 

scaffolds. After 4 days of culture, cells were fixed with 4% paraformaldehyde and stained with 

phalloidin-Alexa Fluor® 488 (Green) and DAPI (Blue). Scale bars are 50 μm.  
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6.3 Results and Discussion 

6.3.1  Scanning Electron Microscopy (SEM) 

The morphology of electrospun nanofibres of SF, SF/Col I scaffolds and 3D Col I 

Hydrogel are shown in Figure 6.5. Plain SF scaffolds (Figure 6.5 a) exhibited smooth 

and homogeneous nanofibrous structures with an average diameter of 378.9 nm ± 65.6. 

Col I hydrogels were composed of a dense network of fibrils and many fibrils self-

assembled to form massive fibrils. The fibrous structures remained for SF/Col I 

scaffolds however the void space was filled with collagen gel and the fibres appeared 

larger.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 SEM micrographs of (a) SF methanol treated nanofibres scaffold, (b) 3D Col I hydrogel and 

(c) SF/Col I scaffold (scale bar = 10 µm). Insets show images of the corresponding scaffolds at higher 

magnification (scale bar = 2 µm). 
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6.3.2  FTIR Analysis 

The FTIR spectra of SF, SF/Col I scaffold and 3D Col I hydrogel are depicted in Figure 

6.6. Since SF and Col I are both proteins composed of a high number of glycines and 

alanines, their FTIR spectra are quite similar.  The spectra of Col I scaffolds showed 

the amide I band at 1635 cm− 1 resulting from C=O stretching and amide II at 1556 

cm− 1 derived from N-H bending coupled to C–N stretching vibrations.  In addition, a 

broad peak at about 3300–3400 cm− 1 was assigned to amide A due to N-H stretching 
674, 675. In SF nanofibres amide I and amide II peaks were centred at 1627 and 1522 

cm−1, respectively indicating the β-sheet structure of SF as a result of methanol 

treatment 665, 676. The FTIR spectrum of the SF/Col I scaffolds demonstrates the 

characteristic bands of the parent molecules. However, the transmittance band 

intensities of amide I and amide II increased relative to both pure collagen and SF.  

Figure 6.6 FTIR spectra of (a) SF, (b) SF/Col I scaffold (c) 3D Col I Hydrogel. 
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6.3.3  Water Contact Angle Measurements 

Water contact angles of SF, SF/Col I scaffolds and 3D Col I hydrogels were measured 

and the results are presented in Table 6.1. The higher the contact angle the lower the 

hydrophilicity of the material. The 3D Col I hydrogel possessed the lowest contact 

angle of 17.54° indicating highly hydrophilic nature due to its amino acid and water 

content 677. The average contact angle of the SF scaffolds was 70.1° and this reduced 

to 60.83° for SF/Col I scaffolds. These results suggested that the collagen coating 

improved the surface hydrophilicity of SF. 

Table 6.1 Water contact angles of SF, SF/Col I scaffold and Col I hydrogel. 

Sample Water contact angle (degree) 

SF 70.50 ± 5.05 

SF/Col I 60.83 ± 4.06 

Col I hydrogel 17.54 ± 1.11 

 

6.3.4  Proliferation Assay 

The proliferation of 3T3 fibroblasts on SF, SF/Col I scaffolds and 3D Col I hydrogels 

were evaluated after 1 and 3 days of cell culture. As illustrated in Figure 6.7 , it is 

apparent that cell number increased with time for all three scaffolds, indicating that the 

scaffolds were cytocompatible. The proliferation rates for the different substrates were 

not statistically different (p > 0.05) and comparable results were observed for SF and 

Col I hydrogels. This may have been due to the high collagen concentration used in 

this study (3.6 mg/mL). Collagen density can alter the cell response, as reported by 

Abreu et al. 678. It was shown increasing the collagen density from 2 to 4 mg/mL results 

in stiffer scaffolds, which suppresses fibroblast proliferation and exerts more 

resistance to retraction of the hydrogels. The collagen concentration also affects the 

characteristics of the hydrogel. For example, high collagen concentrations decrease 

both the diffusion rate and the length of the collagen fibres, which affects the 

https://www.sciencedirect.com/topics/materials-science/amino-acids
https://www.sciencedirect.com/science/article/pii/S0928493116303800#f0035
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organization of the gel that forms 679-681, and as demonstrated by Xie et al. 682 the 

fibrous structure of the collagen gel can induce different cellular responses. For 

example, high fibre stiffness, along with shorter fibre lengths, restrained the transfer 

of cell traction forces to nearby fibres thereby impeding human mesenchymal stem 

cell spreading, proliferation, and migration. Thus, it is possible that hydrogels formed 

with lower Col I concentrations may enhance fibroblast proliferation above that seen 

with plain SF, which is not the case in here, as Col I concentrations were not optimised 

for cell proliferation in the present experiments.  

 

 

 

 

 

 

 

 

 

Figure 6.7 Proliferation of 3T3 fibroblasts seeded on SF, SF/Col I scaffolds and 3D Col I hydrogel after 

the first and third days of culture. 

 The data are representative of three separate experiments. Values are means +/- SD of 6 replicates. 

Statistical analyses using ANOVA followed by Tukey’s test were conducted. No significance difference 

between scaffolds were detected (P ˃ 0.05). 

6.3.5 Immunofluorescent Staining of ECM Proteins Deposited on 

different scaffolds 

To determine whether 3T3 fibroblasts deposit ECM on SF, SF/Col I scaffolds and 3D 

Col I hydrogel, 3T3 cells were grown for 7 days on these substrates and 

immunostaining was performed using antibodies recognising fibronectin, collagens 

type I and type IV following decellularisation (Figure 6.8 ). Scaffolds without any 

ECM deposition were also immunestained with these antibodies to confirm that the 
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observed staining in Figure 6.8 were indicative of ECM deposited proteins (Figure 

A.6, Appendix A). The staining intensities of the collagen type IV and the collagen 

type I antibodies was very similar on all three scaffolds, albeit the staining pattern is 

different on plain SF compared to the other scaffolds. Fibronectin staining intensity 

was the strongest on pristine SF, followed by SF/Col I scaffold and fibronectin was 

not detected on 3D Col I hydrogel. It seemed that incorporation of Col I into the 

scaffolds reduced the amount of fibronectin expressed by the 3T3 cells. A similar 

finding was observed by Davenport and Nettesheim 683; they found lower fibronectin 

expression by epithelial cells on collagen type I gel coated membrane compared to the 

amounts of fibronectin deposited on uncoated membranes.   

Fibronectin plays a crucial role in a number of cellular mechanisms including cell 

adhesion, growth, migration, differentiation, wound healing, and matrix assembly 684, 

685. The interaction between α5β1 integrin and fibronectin has shown to inhibit the 

terminal differentiation of keratinocytes 686, and there is a decrease in the affinity of 

α5β1 integrin for fibronectin when the keratinocytes are committed to terminal 

differentiation 687. The main purpose of coating the SF scaffold with collagen was to 

enhance its biofuctional properties thereby creating better microenvironment for 

keratinocyte proliferation. However, the immunofluorescence images (Figure 6.8) 

revealed that incorporation of Col I into the SF scaffold down regulated the fibroblast 

derived ECM protein deposition, in particular fibronectin protein, which plays an 

important role in maintaining keratinocytes in an undifferentiated state. As the addition 

of Col I did not have the desired function, in following sections the scaffolds used were 

methanol treated SF (which from Chapter V and the results here outperformed both 

SF/gelatin and SF/Col I scaffolds) and SF/HNT 1 wt% (developed in Chapter IV). 
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Figure 6.8 Deposition of fibronectin, type I collagen and type IV collagen by 3T3 fibroblasts on SF, 

SF/Col I scaffold and 3D Col I Hydrogel.  

3T3 fibroblast cells (0.25 × 104) were cultured for 7 days with MMC media. Then cells were removed 

and the ECM was fixed with 4% paraformaldehyde and stained with antibodies recognising fibronectin 

(a-c), type I collagen (d-f) and type IV collagen (g-i). The secondary antibody was an anti-rabbit Alexa 

Fluor® 647. Images were taken using Nikon A1+ confocal microscope. Scale bar = 50 μm. 

6.3.6  Immunofluorescent Staining of 3T3 cell ECM Proteins 

Deposited on SF and SF/HNT 1 wt% scaffolds 

Numerous studies have shown that acellular ECM can assist in maintaining a stem cell 

phenotype and improve stem cell self-renewal during in vitro expansion 688-690. For 

instance, ECM derived from mesenchymal stem cells (MSCs) promotes the 

proliferation of MSCs and maintains their high responsiveness to the osteogenic 

inductive effect of  bone morphogenetic protein 2 (BMP-2) during culture expansion 
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691. Interestingly, ECMs are tissue-specific, i.e., the ECM from one tissue best 

maintains cells from the same tissue 692, 693. Here the goal is to develop scaffolds that 

could be used in skin grafts, and so the ECM from mouse 3T3 fibroblasts, cells that 

have previously been shown to support human primary keratinocyte proliferation in 

vitro (data from Prof. Deirdre Coombe’s lab, not shown), were used to coat SF and 

SF/HNT 1 wt% scaffolds.  

To verify whether 3T3 cell ECM was deposited on SF and SF/HNT1% scaffolds, 

immunofluorescence staining was conducted. These experiments revealed that three 

of the major ECM molecules (fibronectin, type I collagen and type IV collagen) were 

deposited by the 3T3 cells on both substrates (Figure 6.9). However, a slightly more 

dense deposition of type I collagen and type IV collagen was observed on the SF/HNT 

1 wt% scaffolds compared to the plain SF scaffolds. This visual interpretation from 

the immunofluorescence images is consistent with the 3T3 fibroblast proliferation and 

morphology data (Sections: 4.3.9 and 4.3.10, Chapter IV), as they showed a superior 

proliferation rate and were more spread on SF/HNT 1wt% relative to the pure SF 

scaffolds. 
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Figure 6.9 Deposition of fibronectin, type I collagen and type IV collagen by 3T3 fibroblasts on SF and 

SF/HNT 1 wt% scaffolds.  

3T3 fibroblasts (0.25 × 104) were cultured for 7 days in DMEM (phenol red free), subjected to 

decellularisation and the ECM fixed with 4% paraformaldehyde and stained with antibodies recognising 

fibronectin (a,b), type I collagen (c,d) and type IV collagen (e,f). The secondary antibody was an anti-

rabbit Alexa Fluor® 647. Images were taken using Nikon A1+ confocal microscope. Scale bar = 50 μm. 

 

Fi
br

on
ec

tin
 

Ty
pe

 IV
 C

ol
la

ge
n 

Ty
pe

 I 
C

ol
la

ge
n 

SF SF/HNT 1 wt% 
a 

d 

b 

f e 

c 



 

190 
 

6.3.7  Keratinocyte Growth on SF based Scaffolds Coated with 3T3 

Fibroblast Derived ECM 

One goal of this work was to determine if SF based scaffolds could support 

keratinocyte proliferation and whether 3T3 fibroblast-derived ECM was beneficial for 

keratinocyte growth. To this end, keratinocytes were cultured on SF and SF/HNT 

1wt% scaffolds with and without the 3T3 fibroblast ECM coating (i.e., the ECM coated 

scaffolds were: SF-3T3 ECM and SF/HNT1wt%-3T3 ECM). After 4 or 8 days of 

culture immunofluorescent staining was performed using antibodies that recognised: 

cytokeratin 14 (K14), cytokeratin 10 (K10) and involucrin to investigate the 

keratinocyte differentiation status on each substrate. K14 is a marker of basal 

keratinocytes, while K10 and involucrin are early markers of terminal differentiation. 

Immunofluorescence images from day 4 revealed that K14 expression was observed 

in keratinocytes on all four substrates, indicating the presence of basal keratinocytes 

(Figure 6.10 i-iv). Interestingly, keratinocytes behaved differently on each substrate. 

On plain SF and SF/HNT 1wt% keratinocytes grew as single cells, whereas on both 

3T3 ECM coated scaffolds keratinocytes grew as colonies with distinct boundaries. 

While the expression of K10 was not observed in keratinocytes on any substrate, 

involucrin expression was noted in cells on all scaffolds (Figure 6.10 v-xii).  

From the data given in Figure. 6.11, it is clear that after 8 days of culture, K14 staining 

was evident in keratinocytes on all four scaffolds. However on SF scaffolds clear, 

intense staining was restricted to a subpopulation of cells. In contrast, staining was 

more pronounced on the other scaffolds and on SF/HNT1wt%-3T3 ECM scaffolds 

where the staining was quite uniform with virtually all keratinocytes expressing this 

basal cell marker; the uneven nature of the scaffold surface means that a portion of the 

keratinocyte layer is not within the field of focus and hence the staining is less visible 

in this region.  Importantly, on all scaffolds there are areas where the keratinocytes 

appear to have formed cell-cell junctions and they have assumed the cobblestoned 

morphology that is characteristic of proliferating keratinocytes. The DAPI staining 

suggested that the keratinocytes had reached a near confluent monolayers on both 3T3 

ECM functionalised scaffolds. However, not all cells were of the same size and it is 

likely the larger cells were differentiating. This conclusion is consistent with the 

staining pattern observed with the involucrin antibody, as predominantly the large cells 
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were positive for this differentiation marker. In contrast, no keratinocytes stained with 

the K10 antibody regardless as to the scaffold upon which they were growing.   

Previous studies have demonstrated the potential of electrospun nanofibres for human 

keratinocyte adhesion and proliferation 694, 695 . In particular, Min et al. 654, 696 reported 

that electrospun SF nanofibres enhanced keratinocyte adhesion and spreading, because 

they provide a large surface area for cell attachment as well as good biocompatibility. 

Likewise our data show that both SF and SF/HNT1wt% scaffolds supported 

keratinocyte growth. Others have also shown that cell-secreted ECM deposited on 

polymeric scaffolds enhance their biological performance. Harvestine et al. 39 reported 

that the addition of MSC-secreted ECM onto bioactive glass /poly(lactide-co-

glycolide) scaffolds potentiated the efficacy of this substrate by promoting cell 

survival and function in vitro and in vivo. Similarly Goyal et al. 609 showed that coating 

poly(desamino tyrosyl-tyrosine carbonate) with NIH 3T3 cell generated ECM 

promoted not only cell adhesion but also the assembly of new ECM.  Our results also 

indicated that coating the scaffolds with 3T3 cell ECM enhanced keratinocyte 

adhesion, an expected result given that we demonstrated the presence of type I 

collagen, type IV collagen and fibronectin on both SF and SF/HNT1% scaffold 

following decellularisation of the 3T3 cell layer (Figure 6.9) and what is known about 

these ECM proteins and keratinocyte behaviour. Both type I collagen and fibronectin 

are important ECM components of skin. Fibronectin has a major role in promoting cell 

adhesion, migration and differentiation 685. Type IV collagen is also crucial for the 

maintenance of the stem cell-like characteristics of basal keratinocytes 697, 698. Type IV 

collagen and type I collagen enhance human keratinocyte migration in vitro 699, 700.  

Although all 4 substrates support keratinocytes adhesion, but it seemed that SF/HNT 

1wt% scaffolds were more favourable, as there were more keratinocytes growing as 

colonies-forming of small cells on SF/HNT1% with or without ECM compared to their 

SF counterparts. It is known that physiochemical properties of scaffolds such as 

hydrophilicity/hydrophobicity, surface morphology, functionality and roughness 

effect their cellular response 701, 702. Hence, this result may be attributed to the superior 

water uptake capacity and pore volume of SF/HNT 1 wt% scaffolds (Sections 4.3.3 

and 4.3.4, Chapter IV). In addition, the ECMs secreted by the 3T3 cells SF/HNT 1 

wt% scaffolds were slightly more dense than those on SF scaffolds (Figure 6.9), 

possibly providing more protein binding sites favourable for keratinocytes adhesion.  
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Figure 6.10 Expression of K10, K14 and involucrin by keratinocytes grown for 4 days on the SF based 

scaffolds with or without 3T3 ECM coating.   

Keratinocytes (0.4 x 104) were cultured in DKSFM on different substrates. Keratinocytes were fixed 

with 4% paraformaldehyde and stained with antibodies recognising cytokeratin 14 (K14; i-iv), 

involucrin (v-viii) and cytokeratin 10 (K10; ix-xii). Nuclei were stained using DAPI (Blue). Scale bars 

are 50 μm.  
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Figure 6.11 Expression of K10, K14 and involucrin by keratinocytes grown for 8 days on the SF based 

scaffolds with or without 3T3 ECM coating.    

Keratinocyte culture and immunostaining conditions were as described in Figure 6.10. Antibodies 

recognising: cytokeratin 14 (K14; i-iv), involucrin (v-viii) and cytokeratin 10 (K10; ix-xii). Nuclei were 

stained with DAPI (Blue). Scale bars are 50 μm. 
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6.3.8  Immunofluorescent Staining of HDF Derived ECM on SF and 

SF/HNT 1wt% Scaffolds 

Given that SF and SF/HNT1wt% scaffolds support keratinocyte growth and ECM 

proteins from the murine 3T3 fibroblasts further promoted their expansion the question 

was asked as to whether ECM from human dermal fibroblasts (HDFs) similarly 

assisted keratinocyte growth. If SF and SF/HNT 1 wt% scaffolds coated with HDF 

derived ECM was effective it is likely such scaffolds would be more favourably 

viewed by Regulatory Agencies for use in the clinic.  

Hence, the appearance of the matrix produced by HDFs grown on both SF and 

SF/HNT1 wt% scaffolds was examined by immunostaining. As can be seen in Figure 

6.12, fibronectin, type I collagen and type IV collagen were expressed by HDFs grown 

on both scaffolds. Fibronectin staining was patchy and it seemed that it was almost 

equally expressed by HDFs on both SF and SF/HNT 1wt% scaffolds as the staining 

intensities were similar. Immunofluorescent staining revealed Type I collagen and type 

IV collagen were deposited in a more organised, and a slightly more dense fashion on 

SF/HNT 1wt% scaffolds compared to that seen for pristine SF scaffolds.  
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Figure 6.12 Deposition of fibronectin, type I collagen and type IV collagen by HDFs on SF and 

SF/HNT1wt% scaffolds. 

HDFs (1×104) were grown in DMEM (phenol red free) until day 7 and then decellularised. The ECM 

was fixed with 4% paraformaldehyde and immunostained with antibodies recognising fibronectin (a,b), 

Type I Collagen (c,d) and Type IV Collagen (e,f). The secondary antibody was Goat anti-rabbit Alexa 

Fluor® 647. Scale bars are 50 μm. 
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6.3.9  Keratinocyte growth on SF based scaffolds Coated with HDF 

Derived ECM 

In an effort to recapitulate the dermal niche that the keratinocytes inhabit in vivo, HDF-

derived ECMs were used to coat the SF and SF/HNT1wt% scaffolds (i.e., SF-HDF 

ECM and SF/HNT1wt%-HDF ECM). Keratinocytes were grown on SF and 

SF/HNT1wt% scaffolds with or without the ECM coating. After 4 and 8 days of 

culture, immunofluorescent staining was performed using antibodies recognising K14, 

K10 and involucrin. As can be seen in Figure 6.13, after 4 days keratinocytes grown 

on all surfaces were positive for K14 staining. No marked differences were observed 

between the cells on these surfaces except that more colonies were formed on scaffolds 

coated with HDF-derived ECM. K10 expression was not observed in keratinocytes on 

any of the scaffolds, in contrast, the different scaffolds appeared to trigger different 

levels of involucrin expression. It was interesting that keratinocytes on HDF-derived 

ECM coated substrates expressed less involucrin compared to keratinocytes on 

uncoated scaffolds. 

Figure 6.14 presents immunofluorescence images of keratinocytes cultured for 8 days 

on the various scaffolds. Keratinocytes clearly increased in number from day 4 to day 

8 on all four scaffolds and the majority of these cells expressed K14. Thus, all scaffolds 

support keratinocyte growth, but a more confluent keratinocyte monolayer was 

obtained on HDF-derived ECM coated scaffolds compared to that obtained on 

scaffolds without the ECM coating. Most of the keratinocytes on HDF ECM coated 

substrates were of a uniform small cell size and gave rise to monolayers with a 

cobblestone-like morphology, which was not so much the case for cells on the 

uncoated scaffolds and particularly not for cells on the plain SF scaffolds. Like the day 

4 results (Figure 6.13), staining with the anti-involucrin antibody indicated that a 

higher proportion of keratinocytes expressed involucrin when grown on uncoated 

substrates, as compared to keratinocytes grown on scaffolds functionalised with HDF 

ECM (Figure 6.14 v-viii). K10 expression was not detected in keratinocytes on any of 

the scaffolds. Moreover, SF/HNT 1wt% scaffolds with or without HDF ECM coating 

better facilitated keratinocyte adhesion and proliferation than the plain SF scaffolds.  

This is similar to what was observed earlier when keratinocytes were grown on SF and 

SF/HNT 1wt% substrates with or without 3T3 ECM functionalisation (Figures 6.10-

6.11, 6.13-6.14).  
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Collectively the data described here indicated that keratinocytes cultured on substrates 

coated with HDF-derived ECM are less differentiated than those grown on either 

scaffolds coated with 3T3 ECM or on uncoated scaffolds. The functional significance 

of ECM for controlling epidermal stem cell fate has been highlighted in many studies 
703-705. Recent evidence indicates that stem cell-ECM interactions contribute to 

maintaining the self-renewal ability of stem cells by preventing differentiation 706. 

Watt et al. 686 reported that the combination of type IV collagen and fibronectin 

hampered the differentiation of keratinocytes during in vitro culture. As shown earlier 

(Figure 6.12), the ECM generated by HDFs contained numerous ECM proteins, 

including fibronectin, type I collagen and type IV collagen, the combination of signals 

from which may have helped to suppress keratinocyte differentiation.  

It has been reported that ECMs are tissue-specific, and ECM from one tissue best 

maintains cells from the same tissue. For example, Marinkovic et al. 692 showed that 

the proliferation of bone marrow mesenchymal stem cells and adipose mesenchymal 

stem cells was better sustained when these cells were cultured on their corresponding 

tissue-derived ECM. Similarly, Sellaro et al. 693 reported that ECM derived from liver 

is more able to sustain the phenotype of hepatic sinusoidal endothelial cells during in 

vitro culture compared to ECM derived from urinary bladder, or from the small 

intestinal submucosa. While many ECM components are similar in different tissues, 

within specific regions of the skin and at different developmental stages, there is 

considerable anatomical and molecular variation in the ECM proteins expressed 704, 

707. In our study, ECM from two different fibroblast types (murine 3T3 fibroblasts and 

HDFs) were shown to similarly deposit fibronectin, type I collagen and type IV 

collagen, but many of the minor ECM components are likely to be qualitatively or 

quantitatively different. As the HDF cells are from human skin, it is probable that 

HDF-derived ECM coated scaffolds provided a more physiologically compliant 

microenvironment that assisted in suppressing, or down regulating keratinocyte 

differentiation pathways rather more than 3T3 fibroblast derived ECM coated 

scaffolds. Others have similarly found that human dermal fibroblast feeder layers can 

both maintain keratinocyte proliferation and delay terminal differentiation 708. They 

suggested that human fibroblasts prevented the early terminal differentiation of 

keratinocytes through a molecular pathway that involves the transcription factor Sp1. 
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Figure 6.13 K10, K14 and involucrin expression by keratinocytes grown for 4 days on the SF based 

scaffolds with or without HDFs ECM coating. 

 Keratinocytes (0.4 x 104) were cultured in DKSFM on different substrates, they were fixed with 4% 

paraformaldehyde and stained with antibodies recognising cytokeratin 14 (K14; i-iv), involucrin (v-viii) 

and cytokeratin 10 (K10; ix-xii). Nuclei were stained with DAPI (Blue). Scale bars are 50 μm.  

K14 Involucrin K10 

SF
 

i 

ii 

iii 

iv 

v 

vi 

vii 

viii 

ix 

x 

xi 

xii 

SF
-H

D
F 

E
C

M
 

SF
/H

N
T

1w
t%

 
SF

/H
N

T
1w

t%
-H

D
F 

E
C

M
 



 

199 
 

 
 

 

Figure 6.14 K10, K14 and involucrin expression by keratinocytes grown for 8 days on the SF based 

scaffolds with or without HDFs ECM coating. 

 Keratinocyte culture and immunostaining conditions were as described in Figure 6.13. Antibodies 

recognised: cytokeratin 14 (K14; i-iv), involucrin (v-viii) and cytokeratin 10 (K10; ix-xii). Nuclei were 

stained with DAPI (Blue). Scale bars are 50 μm.  
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6.4  Conclusion 

The main objective of this chapter was to investigate the potential of SF based 

scaffolds for keratinocytes adhesion and whether a fibroblast ECM coating further 

improved keratinocyte proliferation. Immunofluorescence images revealed that the 

incorporation of type I collagen hydrogel into the SF scaffold decreased the ECM 

deposited by the fibroblasts, and in particular the levels of fibronectin were higher in 

the absence of the collagen hydrogel. Hence, SF scaffolds and SF/HNT 1wt% scaffolds 

(developed in Chapter IV) were used as substrates. The both 3T3 fibroblasts and or 

HDFs deposited fibronectin, type I collagen and type IV collagen onto SF and SF/HNT 

1wt% substrates. However, the deposition of the ECM proteins appeared to be denser 

and more organised on SF/HNT 1wt% scaffolds relative to that seen on SF scaffolds.  

The data obtained from experiments with primary human keratinocytes, seeded on the 

SF and SF/HNT 1wt% scaffolds in defined serum free medium, indicated these 

scaffolds supported keratinocytes growth. However, the addition of decellularised 

ECM from either 3T3 fibroblasts or HDFs markedly enhanced keratinocyte expansion. 

Interestingly, HDF coated substrates appeared to better suppress, or down-regulate 

keratinocyte differentiation pathways than the 3T3 fibroblast derived ECM coated 

scaffolds. This may have been because the HDF ECM provided a more physiologically 

compliant microenvironment for proliferative basal keratinocytes. In general, 

SF/HNT1wt%-HDF ECM was shown to be a superior substrate for the growth of 

primary human keratinocytes compared to 3T3 ECM on either of the SF-based 

scaffolds. The keratinocytes on SF/HNT1wt%-HDF ECM proliferated more and were 

undifferentiated, as indicated by firstly, a very small number of cells that were 

involucrin positive and secondly, the cobblestone-like morphology of the small 

keratinocytes that comprised the monolayer. Collectively these data suggest that the 

SF/HNT1wt% scaffold coated with HDF ECM has potential as a biomaterial to assist 

in the healing of large, deep wounds. 
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Chapter VII: Conclusions and Future Work 
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7.1 Conclusions 

The primary objective of this thesis was to develop new electrospun silk fibroin (SF) 

based nanocomposites for tissue engineering applications. To this end, three different 

SF based electrospun scaffolds were fabricated by (1) incorporating halloysite 

nanotubes (HNTs) into the SF scaffolds, (2) by blending SF with gelatin, and (3) by 

coating SF scaffolds with collagen type I (Col I). For each scaffold type, physical 

properties of the material and their biological compatibility in vitro were examined. 

From this work, the scaffold that had the most favourable characteristics was coated 

with extracellular matrices (ECM) secreted by two different types of fibroblasts and 

investigated for its ability to support keratinocyte expansion. The latter work involved 

comparing keratinocyte expansion on both selected SF-based scaffold and plain SF 

scaffold with and without the ECM coating. The following are the main conclusions 

drawn from this work. 

It has been published by others 25, 33, 34 that the incorporation of HNTs into various 

polymer matrices accelerated wound healing, cell adhesion and cell proliferation, 

whilst also enhancing the mechanical performance of the nanocomposites. In this study 

(Chapter IV), electrospun SF/HNT nanocomposites were manufactured. Our data 

indicated that the addition of HNTs into the SF solution barely affected the scaffold 

morphology, such as fibre collapse or breakage. However, the average fibre diameters 

were found to be increased by the addition of HNTs and at higher HNTs contents of 5 

and 7 wt%, HNT aggregation and surface irregularity of the SF fibres were detected. 

The addition of a low amount of HNTs (i.e., 1 wt%) enhanced the hydrophilicity and 

increased the water uptake capacity (WUC) of the composite nanofibre scaffolds 

above those fabricated from plain SF. This was probably because of the hydrophilic 

nature of HNTs, 

When the HNT content was increased to 3 wt%, noticeable increases in Young’s 

modulus and tensile strength of the nanocomposites were achieved. These findings 

were ascribed to the inherent toughness of HNTs and the good HNTs dispersion 

throughout the SF scaffolds; meaning that applied external loads can be effectively 

transferred to HNTs. However, further increasing the HNT content up to 7 wt% caused 

poor HNT dispersion and agglomeration, as confirmed from the results of 

morphological structures for SF/HNT nanocomposites, leading to decreasing 
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mechanical properties in terms of their Young’s modulus, tensile strength and 

elongation at break. The incorporation of HNTs also enhanced the thermal stability of 

SF/HNT scaffolds, and as the HNT content increased so did the thermal stability. The 

increase thermal stability of the scaffolds is believed to be associated with high thermal 

stability of HNTs as well as the HNTs exerting a barrier effect towards both mass and 

heat transport.  

Our data confirmed the cytocompatibility of all SF/HNTs scaffolds. However, 

scaffolds containing SF/HNT 1 wt% better supported firstly, the viability and 

spreading of 3T3 fibroblasts, and secondly, the differentiation of C2C12 myoblasts 

into aligned myotubes. The incorporation of HNTs into the scaffolds induced 

physiochemical changes in the scaffolds, which in turn altered the cells’ 

microenvironment and accordingly cell responses. In this study, the incorporation of a 

very low amount of HNTs (1 wt%) rendered a microenvironment with a combination 

of low surface roughness and high WUC, thereby favoring cell proliferation and 

differentiation.  

Gelatin has an inherent potential to promote cell proliferation, migration and adhesion 

as it is derived from collagen, a major ECM protein, and gelatin has many sites, like 

the RGD motif, that facilitate cell activities 42, 43. In Chapter V, SF/gelatin blended 

fibres crosslinked with glutaraldehyde (GTA) were examined to determine whether 

the addition of gelatin boosted the effectiveness of the scaffolds for tissue engineering. 

Our results showed that the addition of gelatin to SF gave rise to a higher degree of 

crosslinking, which in turn yielded more fibre twining and adhesive features with a 

reduction of scaffold porosity. As a consequence, scaffolds with high gelatin ratios 

possessed lower WUC. In addition, the incorporation of gelatin did not enhance the 

tensile strength and Young’s modulus.  

Results from proliferation assays and ECM deposition experiments revealed that 

SF/gelatin fibre mats with the highest gelatin weight ratio (i.e., 70/30) supported the 

lowest 3T3 fibroblast proliferation rates and the lowest levels of ECM deposition. 

These findings may be due to the fact that GTA crosslinking induced changes in the 

physical characteristics of the scaffold microenvironment presented to the cells at the 

higher gelatin levels. In particular, WUC and porosity of the scaffolds were likely to 

have influenced cell behaviour. As a result, plain SF scaffolds gave rise to a superior 
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microenvironment for cell growth and ECM deposition compared to the SF/gelatin 

fibre mats.  

Col I, is a natural protein and key component of connective tissue ECM. Like gelatin 

it contains abundant binding sites for cell surface adhesion molecules, of the integrin 

family, and as a result it has been reported to enhance cell proliferation and hence 

tissue regeneration 50. However, our results from Chapter VI, indicated that coating 

SF with Col I did not enhanced 3T3 fibroblast proliferation. Probably the high collagen 

concentration that was used in this study, and which led to a high density gel, 

suppressed fibroblast proliferation. Additionally, ECM deposition images showed that 

the incorporation of Col I reduced the amount of fibronectin deposited by 3T3 

fibroblasts, compared to that seen when cells were growing on plain SF.  

Consequently, from the three different SF based scaffolds that were developed in this 

thesis, methanol treated SF and SF/HNT 1wt% scaffolds were found to be the materials 

with the preferred characteristics for tissue engineering applications.  

Numerous studies have shown that acellular ECM assists in maintaining the stem cell 

phenotype, including the ability of stem cells to self-renew ability during in vitro 

expansion 688, 689, 709 . In Chapter VI the two best SF based scaffolds, (i.e., SF, and 

SF/HNT 1wt%) were examined for their ability to support keratinocyte expansion. 

This study was in two parts: firstly, because keratinocyte expansion in vitro is 

frequently performed with a feeder layer of 3T3 cells, the possibility that 3T3 cell 

ECM may enhance the ability of these scaffolds to support keratinocyte expansion was 

examined, and secondly, whether a tissue relevant ECM (i.e., from HDFs) deposited 

on these scaffold may enhance keratinocyte expansion was also examined. Our data 

indicated that both 3T3 cells and HDFs deposited an ECM on the SF-based scaffolds, 

as immunofluorescence experiments indicated the presence of three key ECM proteins 

on SF and SF/HNT 1wt% surfaces following decellularisation. However, the ECM 

proteins secreted appeared denser and more organised on SF/HNT 1wt% scaffolds.  

Our results indicated that although SF and SF/HNT 1wt % scaffolds supported 

keratinocyte growth, coating these scaffolds with either 3T3 cell or HDF ECMs 

enhanced keratinocyte expansion. Interestingly, HDF ECM coated substrates appeared 

to provide a more physiologically compliant microenvironment because keratinocyte 

differentiation pathways, (indicated by involucrin expression) were down-regulated 
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more on scaffolds coated with HDF ECM, than that seen with 3T3 fibroblast derived 

ECM coated scaffolds. Moreover, keratinocytes on SF/HNT1wt%-HDF ECM also 

proliferated more. Thus, the SF/HNT 1wt% scaffolds coated with dermal ECM best 

supported the retention of undifferentiated/basal keratinocytes during in vitro culture.  

In conclusion, this study has highlighted the potential of SF based scaffolds for tissue 

engineering applications. Furthermore the novel HDF coated SF/HNT 1wt% scaffolds 

developed in this study may serve as an appropriate substrate for expanding 

undifferentiated keratinocytes in vitro for clinical applications. In addition, this 

scaffold may also be very useful as a dressing for wound healing, and particularly so 

if the ECM and the keratinocytes are autologous.  

7.2  Future Work 

• Our results indicate that SF/HNT nanocomposites may be useful scaffolds for 

tissue engineering. For medical use, the materials must be safe for cells and for 

insertion into human body. Although both SF and HNTs have been reported to 

be safe and biocompatible materials, the solvent that we used for SF/HNT 

fabrication was formic acid, any residual of which is harmful to humans and 

the environment 28, 710. To prevent such risks, developing these scaffolds using 

an aqueous system could be beneficial 260, 261.  

• The degradation of biomaterial scaffolds is a key factor for successful tissue 

regeneration. The best scaffolds degrade and reshape at a rate that matches the 

formation of new tissue 711, 712. Material composition and structures of scaffold 

are the most important factors that can influence their degradation rates 713-715. 

As the inclusion of HNTs into the SF altered the physiochemical properties of 

resulting scaffolds, it may accordingly alter the degradation rates of these SF-

based nanocomposites. Hence, it will be most important to determine how 

HNTs affect the biodegradation of SF based scaffolds in vitro and in vivo.  

• The potential application of HNTs as drug delivery vehicles is widely reported 

in the literatures. It is reported that polymer/HNT nanocomposites are 

promising drug containers as HNTs facilitate drug loading processes as well as 

slowing down the release of drugs from nanocomposites 372, 716-719. Loading 

SF/HNT scaffolds with antimicrobial and antibiotic drugs, growth factors or 
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vitamins may further enhance their applications for tissue engineering and as 

wound dressings.  

• Our results showed that the addition of gelatin failed to enhance the efficiency 

of SF scaffolds possibly due to the high degree of crosslinking induced by the 

GTA fixation step. It would be useful to optimise the crosslinking step so that 

SF/gelatin constructs are stabilised without sacrificing the physiochemical 

features of the scaffolds and thereby the favourable bioactive properties of 

gelatin can be better exploited. This could be achieved by using different GTA 

concentrations at various time intervals, or by using alternative crosslinking 

agents with less toxicity such as genipin, γ-glycidoxy propyl trimethoxy silane, 

oxidized polysaccharide and disaccharide and proanthocyanidin 392, 413, 417.   

• It has been reported that collagen concentration influences its mechanical 

properties, thereby regulating cellular behaviour 679, 682. Abreu et al. 678 

revealed that increasing the collagen density of collagen-platelet hydrogels 

from 2 to 4 mg/mL resulted in stiffer scaffolds, which suppressed fibroblast 

proliferation. These scaffolds were also more resistant to retraction when 

seeded with fibroblasts. As such, further optimisation of collagen concentration 

is required to develop a SF/Col I biomaterial with desirable properties for tissue 

engineering applications. 

• This study clearly demonstrated the beneficial effect of an ECM coating for 

supporting the proliferation of undifferentiated keratinocytes. It is likely that 

differences in ECM composition between the matrices from primary human 

dermal fibroblasts and 3T3 murine fibroblasts could have contributed to the 

different effects observed on the terminal differentiation of the keratinocytes. 

It will be interesting to quantitatively assess the differences in the ECM 

composition from these two cell types. Such information is necessary to 

understand the critical ECM components that regulate keratinocyte 

differentiation. Other studies 704, 720 have suggested that matrix stiffness rather 

than ECM concentration or composition is essential for keratinocyte 

differentiation, suggesting that biophysical factors may be important in 

determining keratinocyte stem cell fate. Alternatively, Huang et al. 721 showed 

that substrate stiffness and ECM protein composition cooperatively regulate 

wound healing in axolotls in vivo. Gupta et al. 722 reported that variation in the 

stiffness of the substrate results in modulation of the morphology, proliferation 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/propane
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/polysaccharide
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/disaccharide
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/proanthocyanidin
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and signal cascades of keratinocytes. Therefore, it will be of interest to explore 

the stiffness of the both 3T3 cell and HDF ECM coated SF scaffolds to see 

whether this will be a factor influencing keratinocyte behaviour. 
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Appendix A  

 
Table A.1 Primary Antibody 

 
 
Table A.2 Secondary Antibody 

Antibody Name React Against Conjugated 
Manufacturer or 

Provided By/ Catalogue 
No. 

Goat anti-mouse 
IgG   Mouse IgG Alexa-488 ThermoFisher Scientific 

(A11001) 

Goat anti-Rabbit 
IgG 

Rabbit IgG Alexa-647 Invitrogen (A32733) 

 
 

Table A.3 Isotype Antibody 

Antibody Name Manufacturer or Provided By/ Catalogue No. 
Mouse IgG2a Dako (X0943) 

Mouse IgG1  Dako (X0931) 

Rabbit IgG  Invitrogen (02-6102) 

 

  

Antibody Name Clone Species, Isotype 
Manufacturer or 

Provided By/ Catalogue 
No. 

Fibronectin   Polyclonal Rabbit IgG Abcam (ab2413) 

Involucrin Mouse, (SY5) Mouse IgG1 Sigma (I9018) 

K10 Monoclonal, (LH2) Mouse IgG1 
Prof. Birgit Lane, A*STAR 
Institute of Medical Biology 

K14  Monoclonal, (LL001) Mouse IgG2a 
Prof. Birgit Lane, A*STAR 
Institute of Medical Biology 

Myosin (slow 
muscle) 

Monoclonal, 
NOQ7.4.D Mouse IgG Millipore(MAB1628) 

Type I Collagen Polyclonal Rabbit IgG Abcam (ab34710) 

Type IV Collagen  Polyclonal Rabbit IgG Abcam (ab6586) 
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Antibody isotype controls  

Antibody isotype controls were utilized for respective antibodies to verify for the 

absence of non-specific staining. 
 

Figure A.1 Immunofluorescence labelling of ECM derived from 3T3 fibroblasts on GTA treated 

SF/ gelatin scaffolds. 

 ECM was fixed and stained antibody against isotype control rabbit IgG: (a) SF, (b) SF/gelatin 90/10 

(c) SF/gelatin 70/30. Secondary antibody was anti-rabbit Alexa Fluor® 647. Scale bar = 100 µm. 

 

Figure A.2 Immunofluorescence labelling of ECM derived from 3T3 fibroblasts on (a) SF, (b) 

SF/Col I, (c) Col I hydrogel.  

ECM was fixed and stained antibody against isotype control rabbit IgG. Secondary antibody was: anti-

rabbit Alexa Fluor® 647. Scale bar = 50 µm. 
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Figure A.3 Immunofluorescence labelling of ECM derived from 3T3 fibroblasts on (a) SF and (b) 

SF/HNT 1 wt% scaffolds. 

ECM was fixed and stained antibody against isotype control rabbit IgG. Secondary antibody was: anti-

rabbit Alexa Fluor® 647. Scale bar = 50 μm. 

 

 

Figure A.4 Immunofluorescence labelling of keratinocytes on a) SF, b) SF-3T3 ECM, c) SF-HDF 

ECM, d) SF/HNT 1 wt%, e) SF/HNT 1wt%-3T3 ECM, f) SF/HNT 1wt%- HDF ECM. 

Keratinocytes were cultured on scaffolds for 8 days, fixed and stained with antibody against isotype 

control mouse IgG1. The secondary antibody was an anti-mouse IgG Alexa Fluor® 488-conjugated 

antibody. Nuclei were stained using DAPI (Blue). Scales bars are 50 μm.  

  

b a 

a b c 
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Figure A.5 Immunofluorescence labelling of keratinocytes on a) SF, b) SF-3T3 ECM, c) SF-HDF 

ECM, d) SF/HNT 1wt%, e) SF/HNT 1 wt%-3T3 ECM, f) SF/HNT 1wt%- HDF ECM. 

Keratinocytes were cultured on scaffolds for 8 days, fixed and stained with antibody against isotype 

control mouse IgG 2a. The secondary antibody was an anti-mouse IgG Alexa Fluor® 488-conjugated. 

Nuclei were stained using DAPI (Blue). Scales bars are 50 μm. 
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Figure A.6 Immunofluorescence labelling of SF (a,d,g), SF/col I (b,e,h) and col I hydrogel (c,f,i). 

Scaffolds were incubated in MMC media for 24 h at 37 °C followed by fixation with 4% 

paraformaldehyde and stained with antibodies recognising fibronectin (a-c), type I collagen (d-f) and 

type IV collagen (g-i). Secondary antibody was: anti-rabbit Alexa Fluor® 647.  Images were taken using 

Nikon A1+ confocal microscope. Scale bar = 50 μm. 
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Appendix B 

Copyright Permission of the Figures 

Figure 2.1 
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Figure 2.2 
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Figure 2.4 
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Figure 2.5 
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Figure 3.5 
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Appendix C 
Co-authors’ Attribution statements 

In this appendix, the signed co-authors’ attribution statements are given and signed by 

the co-authors. 
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