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Abstract 
 

Tissue engineering is a promising approach to aid in the treatment of a wide 

range of clinical disorders by developing replacement tissues for damaged or 

diseased organs. The materials used as tissue scaffolds play an important role 

for guiding the tissue to create a new functional structure when the damaged 

tissue is no longer regenerated naturally. Silk fibroin is a fibrous protein 

produced by silkworms that shows great potential as a promising biomaterial 
due to its unique physical, chemical and biological properties.  

In this study 2D films were used initially to demonstrate the affinity of the murine 

myoblast cell line to different substrates, comparing two types of silk with 

extracellular matrix proteins and tissue-culture plastic. Cell based assays and 

immunocytochemistry were tested on the cells in the 2D environment before 3D 

scaffolds were generated. The 3D electrospun scaffolds were then assessed for 
cell line growth and also the behaviour of primary muscle cells. 

Silk was shown to encourage cells to form early stage myotubes on the silk 

substrates after only 24 hours whereas cells on the non-silk substrates 

exhibited a completely different morphology, cells were more fibroblastic in 
appearance with little evidence of alignment. 

This project aimed to show that silk is an ideal tissue engineering scaffold for in 

vitro muscle regeneration. This was achieved through the electrospinning of 

aligned 3D silk nanofibres which facilitated the alignment and fusion of muscle 
cells into aligned and differentiated myofibres.  
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Chapter 1:  Introduction 

1.1 Tissue Engineering 

Tissue engineering is the development and manipulation of lab-grown 

molecules, cells, tissues or organs to replace, maintain or improve the function 

of defective or injured parts of the body [1, 2]. One of the earliest 

demonstrations that engineering a tissue may be possible was by Bisceglie in 

the 1930s, where mouse tumour cells were encased in a polymer membrane 

and inserted into a pig’s abdominal cavity, showing the membrane successfully 

enabled the cells to avoid destruction by the immune system [3]. 

As recently as the 1980s, the term tissue engineering was loosely applied to the 

use of prosthetic devices and the surgical manipulation of tissues [4]. In years 

since, tissue engineering has developed into a modern scientific discipline that 

applies the principles of engineering combined with the expertise of the life 
sciences to produce a functional product.  

A tissue engineered approach involves either a temporary or permanent three-

dimensional scaffold which serves as an adhesive substrate for implanted cells 

and a physical support to guide the formation of the new tissues/organ [5]. Bio-

mimetic and well-controlled surface functionalization strategies are in increasing 

demand to allow fine-tuning of the cell-scaffold interactions involved in 

regulating the adhesion, viability, migration, proliferation and differentiation of 

cells. The scaffold plays a crucial role in providing mechanical stability to tissue 

engineered constructs prior to the formation of new extra-cellular matrix (ECM) 
by the cells [6]. 

The multidisciplinary nature of tissue engineering is allowing scientists to focus 

on the different aspects (Figure 1) simultaneously. This has formed new hybrid 

areas of research such as bio-mimetics; utilizing the mechanics of biological 

systems to emulate normal tissue development [7], and tissue engineering 

combined with gene therapy [8]; using recombinant DNA techniques to 

manipulate cells to produce and secrete desired proteins into the 

microenvironment such as growth factors. 
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Figure 1: Tissue Engineering Constructs.Tissue-engineered constructs combine cells and 

biomaterials in various configurations with multiple parameters, prior to introducing 

environmental stimuli (chemical and mechanical) mimicking in vivo conditions. Scanning 

electron microscope images depicting a) Biodegradable polymer matrix b) Cells on the polymer 

matrix c) New tissue formation [7, 9]. 

 

The tissue engineering of skeletal muscle could have great advantages in any 

clinical setting in need of neurovascular muscle transfer. There are currently two 

main obstacles for the clinical application of engineered muscle tissue: firstly, 

finding a three-dimensional scaffold that meets the vital criteria of 

biocompatibility, stability and elasticity; secondly, the insufficient differentiation 

and migration of implanted myoblasts. Furthermore, in conjunction with these 

obstacles are the roles of vascularisation and innervation of such tissue-

engineered skeletal muscle constructs, which is vital for the long term success 
of any later application (reviewed by Ghaznavi et al [10]). 
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1.2 Scaffolds 

The 3D scaffold provides the necessary template for cells to proliferate and 

maintain their differentiated state. Ultimately, it defines the overall shape of the 

tissue-engineered transplant. Appropriate selection of scaffold material with 

respect to the targeted tissue is essential, whether the biomaterial be of natural 

or synthetic origin. Table 1 highlights some of the most important characteristics 
that a biomaterial should possess. 

 

Table 1: Scaffold Properties. A selection of the most common desirable properties considered 

when producing a scaffold. Adapted from [11].  

 

 

Biomaterials that progress to clinical trials are usually variations of those 

already approved by legislation, such as collagen and poly (lactic) and (glycolic) 

acid derivatives. In spite of that, novel biomaterials should be developed and 
designed specifically for tissue engineering applications.  
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There is a boundless range of scaffold materials which are outlined in Table 2 

below, with a variable range of properties depending on their desired function 
and intended environment. 

 

Table 2: Overview of different Scaffold materials. An overview of different scaffold materials. 

Highlighting advantages and appropriate applications. Adapted from [11]. 

 

 

Many degradable and non-degradable polymeric biomaterials have been 

utilized in medical applications in the past such as sutures and wound dressings 

progressing into scaffolds. However, in tissue engineering, there are few 

clinically successful examples. Biodegradable polymers which have been used 

for tissue engineering applications are mainly based on clinically established 

medical devices and implants. In the group of macromolecules of natural origin 

collagen, gelatin, alginate, agarose, chitosan, and fibrin glue have been used as 
scaffolds [12].  

Synthetic polymers such as poly-glycolide (PGA), poly-lactides (PLA) shown in 

Table 3 and co polymers, such as poly-lactic-poly-glycolic acid (PLGA) have 
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been studied and manipulated as matrix materials to guide the proliferation and 

differentiation of cells into the targeted functional premature and/or mature 

tissue [13]. These polymers are prominent in scaffold design because they have 

been extensively characterised and are adaptable for broad applications, 

specifically their biodegradation profiles. For example, the rate of PLGA 

biodegradation in an aqueous solution is modulated by the ratio of lactide to 
glycolide integrated during polymer synthesis [14]. 

 

Table 3: Overview of Natural and Synthetic Polymer materials.  Overview of both synthetic and 

natural polymers and examples of their applications in tissue engineering. Also including for 

reference, casting solvents. Adapted from [11]. 

 

 

Synthetic polymers are favoured due to the endless diversity in chemical 

composition. However, limitations not to be underestimated include non-

degradability and problems caused by degradable products resulting in an 

inflammatory response. For example, PLGA has been shown to increase the 
tissue-inflammatory response due to acid hydrolysis products [5].  



 

 6   

Several natural polymers have also been explored as biomaterials, most 

notably collagen, gelatin and fibronectin. Collagens are widely distributed in 

nature and in the human body and participate in ECM structure and function, 

including mechanical features of tissues, cell adhesion, chemotaxis and 

migration, and overall tissue transport and remodelling. Animal-derived collagen 

has been widely used as biomaterials in the form of aqueous injectable 
solutions for gelation, sponges, films, and particles [15]. 

Other naturally occurring proteins have also shown great potential such as 

those from plants, insects and arachnids. For example, Zein is a major storage 

protein of corn. The high proportion of non-polar amino acid residues is 

responsible for its solubility characteristic. Zein can form tough, glossy, 

hydrophobic, greaseproof coatings resistant to microbial attack, with excellent 

flexibility and compressibility. It has been confirmed to have antioxidant activity 

and investigated for its potential as an industrial biopolymer, especially as an 

edible packaging material and for controlled release drug delivery system 

microspheres to protect the drugs from stomach acid [6].  

Appropriate biomaterial scaffolds for tissue engineering purposes should be 

designed such that they control cellular adhesion, proliferation and 

differentiation, thereby guiding new tissue formation and function [16]. To meet 

such specifications, it is necessary to control the chemical, topographical and 

mechanical properties of the scaffold [17-19]. This is particularly important for 

cells with high plasticity such as stem cells, which may give rise to the 

generation of various tissues depending on the environment which they are 
exposed to [20]. 
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1.2.1 Silks 

Silks represent one member of a large family of fibrous proteins in nature, which 

include keratins, collagens, elastins and others [21]. Silk is an externally spun 

fibrous protein secretion formed into fibres, usually resulting in structures such 

as cocoons and webs. Silk fibres are fine, lustrous filaments ranging from 

nanometre to the micrometre diameter scales. Silks have diverse functions in 

nature including cocoon fabrication, egg protection, prey wrapping, and lifelines. 

The different properties of each silk are determined by a combination of primary 

amino acid sequences of the structural proteins together with variations in 

processing conditions as indicated by the wide variations in composition and 

structure found in these different silks [15]. Due to the repetitive nature of 

fibrous proteins leading to regular secondary and higher order structures, it has 

been suggested that silks could be used as a model system to gain insight  into 
structure-function relationships [22]. 

Silk proteins are well known for their high mechanical strength and stability over 

a range of temperatures. Silks are environmentally stable, yet biodegradable 

under appropriate conditions, leading to a wide range of potential applications 

for these polymers [22]. The most well-known silk is spider dragline silk, where 

research has been publicised regarding its immense mechanical strength. 

However, the main global source of silk is from silkworms, well characterised 

due to their extensive use in the textile industry but, until recently, overlooked 

for its potential in tissue engineering. Silks are not native to the human body but 

have been used as a biomedical suture for centuries, the unique biomechanical 
properties of the fibres make it suitable for a range of clinical applications [23].  

Research interest was steered from silks to synthetic biomaterials due to the 

rise in hypersensitivity, antigenic properties and varying degradation rates at 

different implant sites [23, 24]. However, continued research revealed that these 

adverse effects of silk in vivo were in fact from a group of glue-like proteins 

called sericins which coat the silk fibres (Figure 2). With a more refined 

processing procedure to remove these sericins, silk was produced with no 

antigenic effect [25]. 
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Figure 2: Silk Fibroin Structure. Structure of silk fibres made up of fibroin bundles (A) coated in 

layers of sericin (B) shown in illustration and SEM image [26]. 

 

The silkworm as well as other insects, including bees, butterflies and spiders, 

produce silk fibres. Silkworms construct a cocoon from a self-produced long 

double monofilament, as shown in Figure 2, to protect themselves during 

metamorphosis. Silk fibres are formed out of proteins synthesized from amino 

acids assimilated from the leaves of mulberry trees and stored in a pair of silk 

glands. This stored liquid silk is a highly viscous aqueous solution, or highly 

concentrated gel, comprising two distinct proteins, fibroin and sericin. These two 

proteins are synthesized in the posterior and middle divisions of the silk gland, 
respectively [27]. 

Silk fibroin is the protein that forms the silkworm silk filaments and gives silk its 

unique physical, chemical and biological properties including good 

biocompatibility, good oxygen and water vapour permeability, biodegradability, 

and minimal inflammatory action [28]. Silk is still being developed and utilised 

for all these beneficial properties. For example, DermaSilk® is a range of 

therapeutic undergarments made of specially modified silk permanently bonded 

to a broad spectrum antimicrobial for the treatment and management of Atopic 

dermatitis. The silk used in DermaSilk® is hypoallergenic, made from 100% 

sericin-free fibres and knitted in an open weave to optimise thermo-regulating 

function, soothing the skin and helping to reduce redness, itchiness and other 
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discomfort associated with eczema and some types of dermatitis. The silk fibre 

is cylindrical, longer and smoother than cotton fibres. Silk has been proven to 

be significantly superior to irritated skin compared to cotton fibres. The 

therapeutic effects of DermaSilk® have been studied extensively by clinicians 
throughout Europe [29-31].  

Silk from silkworms are classified into two general groups; Domestic/Bombyx 

mori and Wild Type/Antheraea Pernyi, or “Tussah”. The Domestic has been 

widely studied as a biomaterial for biotechnology and biomedicine; including 

being genetically engineered, whereas the Wild Type is not as well documented 

in vivo; studies have mainly looked into mechanical properties rather than 

producing scaffolds to be cultured with cells. 

The two types of silk are subtly different in appearance but distinctly different on 

a structural level; both having a highly repeated primary structure of glycine and 
alanine with a variable region. 

 

1.2.1.1 Domestic Silk 

In the Domestic silk, this variable region is rich in glycine residues resulting in a 

random coil and α helical conformation. Whereas in the Wild Type, this region is 

lower in glycine and higher in alanine, giving an anti-parallel β sheet 

conformation. The Wild Type also has a small number of naturally occurring tri-

peptide units, arginine-glycine-aspartic acid (RGD), which promotes mammalian 

cell attachments [32-34]. This cell recognition site is found in other proteins 

such as fibronectin, an ECM protein [35]. The RGD sequences of each of the 

adhesive proteins are recognized by structurally related receptors, integrins, 

which are heterodimeric proteins with two membrane-spanning subunits. The 

conformation of the RGD sequence in the individual proteins may be critical to 

this recognition specificity. On the cytoplasmic side of the plasma membrane, 

the receptors connect the ECM to the cytoskeleton. Together, the adhesion 

proteins and their receptors constitute a versatile recognition system providing 

cells with anchorage, traction for migration, and signals for polarity, position, 
differentiation, and possibly growth [36]. 
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The Domestic silk has already been compared in vivo and in vitro with ECM 

proteins such as collagen, and clinically approved synthetic polymers such as 

PLA and PLGA. The results highlight a comparable biocompatibility and 

increased viability, cell adhesion and proliferation of cell lines [24, 28]. There 

have been a wide range of studies into the use of the Domestic silk ranging 

from mechanisms of processing by insects and spiders, optimising the 

preparation of regenerated silk solutions in the laboratory [37, 38] to 

applications in bone and cartilage tissue engineering. Silk fibroin scaffolds were 
studied as a new biomaterial option for tissue-engineered cartilage-like tissue.  

A study by Kaplan and Meinel in 2004 compared the use of different protein 

scaffolds to facilitate cartilage-like tissue production from human mesenchymal 

stem cells (hMSC) in vivo.  The results showed that hMSC formed cartilaginous 

tissues on all scaffolds, but the extent of chondrogenesis was substantially 

higher for hMSC cultured on silk as compared to collagen scaffolds. This 

suggests that silk scaffolds are particularly suitable for tissue engineering of 

cartilage starting from hMSC, due to their high porosity, structural integrity and 
slow biodegradation [39].  

A similar study by Hofmann in 2006 using Human bone marrow-derived 

mesenchymal stem cells showed that silk fibroin scaffolds are suitable 

biomaterial substrates for autologous cartilage tissue engineering in serum-free 

medium and enable mechanical improvements along with compositional 
features suitable for durable implants to generate or regenerate cartilage [40]. 
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1.2.1.2 Sericins 

Silk proteins, fibroin and sericin; have been widely investigated for their 

applications as biomaterials. During the manufacture of silk fabric, sericin is 

normally removed as waste, though this substance is now being investigated 
further to look for new applications where it can be put to good use.  

Sericin is a macromolecular globular protein that envelops the fibroin fibre with 

successive sticky layers that help in the formation of cocoon (See Figure 2) 

Sericin contributes about 20-30% of the total cocoon weight. The sericin protein 

is made of 18 amino acids most of which have strongly polar side groups such 

as hydroxyl, carboxyl and amino groups [41]. Sericin is highly hydrophilic with 

strong polar side chains such as hydroxyl, carboxyl and amino groups, enabling 

easy cross-linking, copolymerization and blending with other polymers to 

produce biodegradable materials [42].  

There have been numerous reports over the years concerning immune 

responses to silk sutures containing silk sericin proteins, which are assumed to 

be responsible for skin irritation and allergies. Such reports have prevented the 

further development of silk sericin in biomaterial applications as well as 

hindering the use of silk fibroin until a process of removing the sericin was 
established (to be discussed in Chapter 2: 2D Silk Scaffolds).  

Since an immune system reaction is a significant issue when considering the 

use of any biomaterial, a thorough investigation of the inflammatory response 

induced by silk sericin is necessary before its development for medical use. The 

activation of the innate immune response, specifically macrophage activation, is 

a useful determinant of the biocompatibility of biomaterials.  

Sericin has been reported to be an anti-coagulating agent, to prevent apoptosis 

in cultured mouse cells, and its topical application to suppresses tumour 

promotion reducing oxidative stress. In response to reports claiming sericin 

elicits immune responses, it has been shown that the immune response of 

sericin may be dependent on its physical association with the silk fibroin fibres 
(discussed in [43]). 
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Figure 3: Properties of Sericin and Fibroin. Comparison of some of the advantageous properties 

of silk sericin and silk fibroin (Adapted from [44]) 

 

The focus in recent years has been to obtain further knowledge about the 

biological properties of sericin, summarised in the Figure 3 above. Several 

studies have demonstrated that silk sericin can be non-toxic to certain cell types 

and can promote the wound healing process by enhancing the attachment and 

growth of mouse fibroblasts and human skin fibroblasts together with human 

and mouse hybridomas when added into culture media, and can also promote 
wound healing in rats by inducing collagen production [45].  

Despite its potential, sericin has not attracted much attention in the field of 

tissue engineering as a natural biomaterial due to its weak structural properties 

and high solubility. Pure sericin forms fragile films and is difficult to fabricate. As 

sericin blends well with water-soluble polymers, it has been used to cross-link 

water-soluble gelatin, in an attempt to improve its suitability for cell based 
applications [42]. Sericin has been separated from silk fibroin during this study. 
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1.2.1.3 Wild Type Silk 

A definitive difference between the Domestic silkworm, B. mori, and wild 

silkworm fibroins is the amino acid composition of the crystalline region. More 

than 75% of the amino acid composition of B. mori fibroin consists of glycine, 

alanine and serine. The crystalline region of B. mori fibroin has a chemical 

repeat of the type (Gly–X), where X stands for L-alanine and L-serine in a 2/1 

ratio. The liquid silk, produced by wild silkworm, e.g. Antheraea pernyi, has a 

molecular constitution that is very close to the homo-polymer of poly(L-alanine). 

The main chemical structure of the wild silk fibroin, which contains serine and 

tyrosine, increases the silk’s hydrophilicity thereby allowing it to readily dissolve 

in water [27]. 

The Wild Type silk is relatively un-documented in vitro and in vivo culture with 

cells, as most studies looked at optimizing the processing procedure. Due to the 

presence of RGD in the Wild Type only, the differences between the two silks 

make them suitable for a comparative study not only with each other but also 

with other ECM proteins such as fibronectin and collagen. Previously studies 

with the Wild Type silk have been into the chemical and physical properties of 

the silk fibroin under different processing conditions, and then subsequent 

structure and molecular conformation of the regenerated silk solution with and 
without solvent treatment [46-49].  

Methanol treatment causes conformational changes in the molecular and 

crystalline structures of the silk, inducing the transition of random coil and α-

helix to β-sheets, making the film insoluble in water prior to introducing the cells 
in culture medium to the scaffold [50-52]. 
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1.2.2 Gelatin 

Gelatin is a commonly used natural polymer derived from the controlled 

hydrolysis of collagen [53] and is of great interest because of its abundance, 

cost-effectiveness and excellent functional properties. It is used widely in 

industry and for pharmaceutical and medical applications because of its 

biodegradability [54, 55] and biocompatibility in physiological environments [56]. 

These characteristics have contributed to gelatins proven record of safety as an 

ingredient in drug formulations, as a plasma expander, wound dressing, and as 

a controlled drug-release agent. In addition, its use has been reported in 

matrices for release of bioactive components and growth factor enhancers, 

corneal-wound healing, neural-cell transplantation, and as scaffolds for tissue 
engineering [42, 57, 58] 

Two different types of gelatin can be produced. The isoelectric point of gelatin 

can be modified during the fabrication process to yield either a negatively 

charged acidic gelatin, or a positively charged basic gelatin at physiological pH. 

This theoretically allows electrostatic interactions to take place between any 

charged biomolecule and gelatin of the opposite charge, forming polyion 

complexes. The alkaline process targets the amide groups of asparagine and 

glutamine, and hydrolyses them into carboxyl groups, thus converting many of 

these residues to aspartate and glutamate. In contrast, acidic pre-treatment 

does little to affect the amide groups present [53]. 
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1.3 Electrospinning 

Many characteristics and properties of a scaffold, in this case silk, can be 

determined and optimised using 2D coatings/films. However, in terms of 

mimicking the in vivo environment, cells exist and interact in three dimensions 

with the structure of the ECM around them, which is made up of proteins such 

as collagen, fibronectin and laminin. Therefore, scaffolds need to mimic the 3D 

nanoscale of the ECM to allow interactions with cells to be as natural as 
possible.  

Electrospinning is a versatile technique that allows the fabrication of continuous 

3D fibres with diameters spanning a relatively wide range down to as little as a 

few nanometres compared to that of the human hair for example (Figure 4). 

 

 

Figure 4: Comparison of Fibre Diameters. Comparison of the range of fibre diameters produced 

through the process of electrospinning to those of other fabricated fibres/tubes and biological 

objects. Adapted from [59]. 
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A method of electrospinning was first patented in 1934, by Formhals, wherein 

an experimental setup was outlined for the production of polymer filaments 

using electrostatic force [60]. In the electrospinning process shown below in 

Figure 5, a high voltage is used to create an electrically charged jet of polymer 

solution, which dries or solidifies to leave a polymer fibre. One electrode is 

placed into the spinning solution and the other attached to a collector. An 

electric field is applied to the end of a syringe that contains the polymer fluid 

held by its surface tension. This induces a charge on the surface of the liquid. 

Mutual charge repulsion causes a force directly opposite to the surface tension. 

As the intensity of the electric field is increased, the repulsive electrostatic force 

overcomes the surface tension and a charged jet of fluid is ejected from the tip. 

The discharged polymer solution jet undergoes a whipping process; the solvent 

evaporates, leaving behind a charged polymer fibre, which lays itself randomly 

on a grounded collecting metal screen. 

 

 

Figure 5: Schematic of an Electrospinning setup. The grounded metal collecting screen can be 

either stationary or rotating. Adapted from [60]. 
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Depending on the desired parameters of the fibre, the collecting screen shown 

at the bottom of Figure 5 can be substituted for a number of different 

apparatuses. For example, a rotating drum which can produce large areas of 

highly aligned fibres rather than the random mesh produce by a flat collecting 

plate; although thick layers of aligned fibres are not possible with the drum. 

Other alternatives include parallel electrodes, producing highly aligned fibres 

which are easily transferable to other substrates and rotating drums with wire 

wound around; this results in the aligned fibres being concentrated on the wire 
instead of the whole drum [11]. 

Electrospun fibres can be prepared from a variety of materials both synthetic 

and naturally occurring soluble or fusible polymers. The advantage of this 

technique is that there is great potential for modification; chemically altering the 

polymer prior to spinning, the addition of additives, co-polymers or other 

elements during the spinning process, or post spinning with treatment of the 

fibres. Treatments can include anything from coating with another polymer or 

substance, to treating the fibres to change their chemical properties for example 

making them water insoluble, which will be discussed further in Chapter 4: 3D 
Silk Scaffolds. 
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Figure 6: Scanning Electron Micrographs of silk Fibroin Nanofibres. SEM micrographs of 

electrospun silk fibroin nanofibres with concentrations of 3% (a), 6% (b), 9% (c), 12% (d), and 

15% (e) weight/volume (w/v) in formic acid [61]. 

 

Figure 6 shows examples of the morphology of electrospun silk fibres. Formic 

acid was used as a casting solvent; this is one of many possible methods (as 

shown in section 1.2.). The results varied with the concentration/viscosity of the 

silk solution. The SEM micrographs a), b) and c) show nanofibres electrospun 

from silk fibroin solutions with concentrations of 9% w/v or below. These 

generated beads or beaded fibres during electrospinning. Micrographs d) and e) 

show continuous nanofibres produced by electrospinning with a solution of 12% 

or 15% w/v [61]. 
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1.4 Muscle Tissue Engineering 

There is a great medical need for replacement tissues for diseased or damaged 

organs. Tissue engineering is one approach to bridge the gap between the 
clinical demand and the organs that are available for transplant and repair. 

The aim of a tissue engineering approach is to replace diseased or damaged 

living tissue with living tissue designed and constructed for the needs of each 

individual without rejection [62]. Muscle tissue engineering has great potential to 

promote the production of bionic limbs in the future. Such improvements in ex 

vivo tissue engineering could also create an alternative for the use of animal 

models in a number of different areas of research, for example in drug and 

cytotoxicity testing. 

Muscle cells have emerged as a promising vehicle for gene therapy and tissue 

engineering for the musculoskeletal system (Figure 7), which could 

revolutionise the treatment and rehabilitation of patients suffering from 
neuromuscular conditions as well as casualty victims.  

The replacement of diseased or lost skeletal muscle tissue is still a medical 

challenge, as with anything that has a specific structure/function relationship. 

The ideal solution would be an autologous transfer; replacing lost tissue by 

transferring it from a healthy site in the same patient. However, this can lead to 

infections, inflammation, or sustained loss of function at the donor site. 

Additionally, the quantity of tissue that can be re-located is very limited. An 

alternative technique developed has been to administer an injection of muscle 

precursor cells into the injured muscle. The injected cells would then 

differentiate within the host muscle, enhancing both structure and function. 

Unfortunately this method is limited by the large number of injections required 

and the genetic content of the transplanted cells (which may not be from the 
same patient) [63]. 
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Figure 7: Muscle Tissue Engineering Overview. Many areas for musculoskeletal research have 

shown muscle cells being used as both the cellular precursors and cellular vehicles for bioactive 

protein delivery. This has broad scope for application in muscle regeneration and repair, tendon, 

meniscus and fracture healing, and spinal fusion to name but a few. Adapted from [8]. 

 

Muscle precursor cells or myoblasts, are skeletal muscle cells originating from 

the mesoderm, shown in Figure 7. These cells are highly proliferative by nature. 

Given the right guidance and organization from an engineered scaffold, these 
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cells have great potential to produce replacement tissues in vitro as well as 

regenerating tissues in vivo. However, making the individual components of a 

muscle fibre may be achievable in the lab; the challenges ahead are in 

producing a fully functional fibre with all the components interacting and 

functioning as they do in vivo, enabling the successful incorporation of a tissue 

engineered product into the body without rejection and resulting in restored 

functionality. 
 

 

Figure 8: Myogenesis. Myoblasts originating from the mesoderm proliferate and differentiate 

rapidly and will spontaneously fuse to form elongated multinucleated myotubes, which mature 

into myofibres. The myoblasts shown in the image are cells from a murine myoblast cell line 

C2C12 which is commonly used for tissue culture research. 

 

Myoblast transplantation as a therapy for muscular dystrophy was initially 

shown to be feasible in mice in 1989, although under conditions that would not 

be applicable to muscle disease therapy [64]. There are many terms to describe 

neuromuscular conditions, disorders, myopathies and dystrophies, depending 

on the origin of the dysfunction. Most of these conditions are not gender or race 

specific so it is an area of research which would have universal applications. 
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There are numerous different subtypes of muscle disorders, all affecting 

different combinations of muscles to different levels of severity. The most well-

known conditions are those affecting the arms and legs or heart and lungs. 

Causes can be due to defects on a genetic level within the muscle itself, for 

example dysfunctional mitochondria, whereas others can be a problem with the 

nerves that control the muscle. The severity of these conditions and how they 

affect the individuals varies greatly from person to person. Most are 

progressive, resulting in muscles gradually weakening over time, affecting 

mobility. Duchenne's Muscular Dystrophy (DMD) leaves very few muscles 

spared and so has been the focus of numerous studies across the literature. In 

cases, large and functional cell populations are required in order to produce 
tissues that can replicate in vivo function [65-71]. 

Based upon the early results obtained in mice, myoblast transfer therapy was 

proposed as a technique to replace dystrophin, the skeletal-muscle protein that 

is deficient in DMD due to a genetic mutation. Dystrophin expression was 

restored in this model by intramuscular injections of normal myoblasts [68]. 

These results were quickly followed by clinical trials for patients suffering from 

DMD in the early 90's, based mainly upon intramuscular injections of allogenic 

donor myoblasts. These cell populations were injected into the muscles of 

affected patients where they could fuse with host muscle fibres, thus 

contributing their nuclei, which are potentially capable of replacing deficient 

gene products. Data from the literature indicates that myoblast transfer can 

enhance recovery of muscle function but is fraught with complications and the 

clinical benefits obtained from these trials were minimal [66-70, 72-76]. 

Three major problems contributing to this lack of success include: 1) the 

majority of engrafted cells die within 3 days of injection; 2) if 

immunosuppression is not adequate, any surviving myoblasts are rejected 

within 2 weeks; and 3) those myoblasts that do survive do not migrate far 

enough away from the injection site. However, these studies were all conducted 

in mouse models, not taking into account the fundamental differences between 

mice and humans. This last hurdle, in particular, has proven difficult to 

overcome even as significant progress has been made on the other two. While 
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current protocols can result in up to 30% dystrophin-positive fibres after 

treatment they require a very large number of injections, reviewed in [77]. 

Myoblast transplantation is a potentially useful therapeutic tool in muscle 

diseases, but this lack of an efficient delivery system has limited its application 

[78]. In the future it may be possible to remove organ-specific cells from patients 

with certain diseases, genetically manipulate them in vitro with the aid of a 3D 

scaffold support system, and return them to the patient in a manner that will 

allow the development of a “mosaic tissue” or tissue consisting of the patient’s 

own diseased cells, as well as their own genetically repaired cells. This 

approach may help to re-populate specific organs and enable partial functional 

recovery in patients with certain forms of Muscular Dystrophy as well as other 

areas of research such as ischemic heart failure and the repair of injured 
peripheral nerves [4, 72, 73].  

The success of many of these treatments depends on developing the 

knowledge and techniques to utilise the regenerative properties of stem cells, 
more specifically a type of muscle stem cell called satellite cells [68, 71, 79-81]. 
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1.5 Aims 

Novel scaffolds for musculoskeletal tissue engineering is a project proposing 
the use of silkworm silk as a scaffold to grow aligned muscle tissue in vitro.  

Muscle is a fibrous aligned tissue; therefore, the key aim is to produce a 

scaffold which will facilitate aligned fusing of the muscle cells. Initially, this will 

be demonstrated using a model cell line of murine myoblasts before 

progressing to the use of primary satellite cells to see if they also respond in the 
same way to the scaffolds. 

 

 
Figure 9: Initial Aims. Flow diagram outlining initial experimental project aims. 
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The initial aims of this project, outlined in Figure 9, were to optimise the 

production of 2D silk scaffolds. This involved observing and optimising the 

formation of the films and comparing myoblast responses to both the Domestic 

and Wild Type silk. In addition to this, the silks are compared to three well 

known ECM proteins which are already used as scaffolds/coatings and 

standard tissue culture plastic (TCP).  

Once a basic assessment had been made of the substrates their surface 

chemistry was modified to identify any improvements in cell attachment and 

proliferation. Such alterations to functional groups are common practice [82]. In 

this study the focus of the modifications was to incorporate the RGD sequence, 

adding additional sequences to the Wild Type silk and introducing it to the 

Domestic silk which is natively without it. The premise behind this was to allow a 

more direct comparison with fibronectin which also contains the RGD sequence 
[83]. 

Once the 2D scaffolds had been successfully optimised, including detailed 

investigations into finding the most suitable casting solvent and conditions, so 

that a reliable conclusion could be made as to how well the cells adhere and 
proliferate on the silks. 

Experiments will include a number of biological assays to assess and elucidate 

cell behaviour on the silk substrates, and whether or not this affects myotube 

formation given that this should occur spontaneously in myoblast cultures with 

no interference. Having optimised any additional surface modifications to the 

silks and the resultant cell behaviour, the next progress is to fabricate 3D 
scaffolds. 
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Figure 10: Long term aims. 

 

Chapter 4 will discuss the use of electrospinning to produce 3D silk structure, 

both mesh and nanofibres. This process required profuse adjustments and 

adaptations to produce aligned silk nanofibres, but were essential to achieve 

the ultimate aim of this project which was to use silk fibres to guide the 

proliferation, fusion and differentiation of the myoblasts into aligned myotubes 

that will then mature into aligned myofibres which will then contract in 

synchronisation with one another. Once this was optimised with the myoblast 

cell-line it could then progress to incorporating primary satellite cells to study 
how they respond to this in vitro environment. 
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Chapter 2:  Materials and Methods 

2.1 General Laboratory Materials 

All materials were purchased from Sigma-Aldrich (Poole, Dorset) or Fisher 
(Loughborough) unless otherwise stated. 

2.2 Silk Fibroin Solution Preparation 

Silk fibroin solution was prepared as follows. Bombyx mori cocoons and 

Antheraea Pernyi fibres were degummed by boiling in 0.02 M sodium carbonate 

solution for 1hr, in order to remove the layers of sericin. The silks were then 

washed several times in deionised water and finally air-dried overnight. The 

degummed cocoons and fibres were then dissolved in 9M lithium bromide at 55 

°C or 7 M calcium nitrate at 110 °C, respectively, for 3-4 hrs. The solutions were 

then dialysed with a molecular weight cut-off 3,500 Da, against deionized water 

for 3 days, in order to obtain a silk fibroin aqueous solution. To determine the 

weight/volume (w/v) concentration of the silk solution; vials in triplicate were 

oven-dried overnight to give a dry weight for a known volume of the regenerated 
solution. 

2.3 2D Scaffold Preparation 

2.3.1 Silk Films 

Fibroin films were prepared at various concentrations up to 10% w/v by 

weighing and dissolving the dried silk, post-dialysis, in water or formic acid at 

room temperature and plating into multiwell cell culture plates in a cell culture 

hood. The plates were allowed to dry overnight. Once the films had been cast 

the plates were methanol treated for 30 minutes with an 80% methanol solution. 

This makes the film insoluble in water prior to introducing the cells in culture 

medium. After solvent treatment the films were then air-dried overnight before 

use. 
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2.3.2 Gelatin Films 

Sterile aqueous solution of 0.1% w/v gelatin type A from porcine skin and type B 

from bovine skin were made and used to coat multiwell tissue culture plates, 

500 µl/well which were left to dry overnight under sterile conditions. Additional 
concentrations were tested up to 10% w/v. 

2.3.3 Silk Film Modifications  

Silk films were prepared as previously described, crosslinked, washed and 

dried. The surface modifications performed were covalent coupling of RGD 

peptides and L-glutamine residues, as described in [84]. The silk scaffolds were 

hydrated in PBS for 1 hour before the carboxyl groups of aspartic acid and 

glutamic acid amino acids were activated by a reaction with 0.5 mg/ml 1-ethyl-3-

dimethylaminopropylcarbodiimide hydrochloride (EDC) and 0.7 mg/ml N-

hydroxysuccinimide (NHS) solution in PBS for 15 minutes at room temperature. 

The silk scaffolds were rinsed to remove excess EDC/NHS and then reacted 

with the glycine–arginine–glycine–aspartate–serine (GRGDS) peptide (0.1 

mg/ml) in PBS for 2 hours at room temperature, then rinsed in sterile distilled 

water and air dried under sterile conditions over night prior to cell culture. Cells 

were also seeded to freshly prepared surfaces as well after being dried 
overnight. 

2.3.4 Extracellular Matrix Protein Coatings 

Fibronectin and laminin were prepared at a concentration of 2 µg/cm2 in sterile 

PBS, and collagen was prepared at 8 µg/cm2 in sterile distilled water. The 

solutions were added at the appropriate concentration in 500 µl/well of a 

multiwell culture plate and incubated at 37 °C in the cell culture incubator for 1 

hour and then washed with PBS and sterile distilled water respectively prior to 
cell seeding.  
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2.4 3D Scaffold Preparation 

2.4.1.1 Electrospinning of Nanofibres 

Silk fibroin spinning solutions were prepared at various w/v percentages by 

weighing and dissolving the dried silk, post-dialysis and lyophilisation, in various 

test solvents at room temperature. Dissolution took anywhere from 3 hours to 

overnight on a magnetic stirrer. The silk/solvent solution was then passed 

through glass wool to remove any aggregates. 

For electrospinning, gelatin type B from bovine skin was dissolved overnight on 

a magnetic stirrer in 2,2,2-trifluoroethanol (TFE) to form solutions with 
concentrations of 8% or 10% w/v. 

Electrospinning apparatus and parameters tested for silk and gelatin, in a 

variety of solvents to be discussed in Chapter 4: 3D Silk Scaffolds. Variables 

include w/v percentage, voltage, distance from collector, flow rate, total volume 

dispensed. 

2.4.1.2 Mechanical Load Testing 

To determine the suture retention strength of the electrospun scaffolds, the 

samples were cut to an approximate rectangular shape of 5 mm x 15 mm and 
immersed in PBS at room temperature for 12 hours before tensile testing.  

The tensile properties were performed on the electrospun silk and gelatin 

nanofibres of random mesh and aligned orientations in the parallel (not 

perpendicular) directions using uniaxial load testing equipment (Instron 

Corporation, Issaquah, WA, USA). One end of the specimen was fixed to the 

stage clamp of the uniaxial load test machine and the opposite end was 

connected to another clamp by a suture material (5-0 Prolene, Ethicon Inc., 
Piscataway, NJ, USA).    

The specimen was pulled at a crosshead speed set at 0.5 mm/s and the test 
was stopped when the load decreased by 10% after the onset of failure. 
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2.5 Cell Culture 

2.5.1 Murine Myoblast Cell Line 

The C2C12 murine myoblast cell line (ECACC) were cultured in 75 cm2 tissue 

culture flasks in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented 

with 10% foetal calf serum (FCS) and 1% streptomycin/amphotericin B under 

sterile conditions in a humidified atmosphere at 37 °C, with 5% CO2.  

2.5.2 Primary Satellite Cells 

2.5.2.1 Primary Muscle acquisition: 

The male Wistar rats were approximately 250-300 g/10-11 weeks old were bred 

in house at the University of Bath. The animals were euthanized by a member 

of the Facility staff qualified to perform a Schedule 1 procedure. The method 
was cervical dislocation followed by exsanguination. 

Skin was removed from the hind legs using scissors, forceps and scalpel, trying 

to avoid fur coming into contact with the underlying tissue. When the leg 

muscles were exposed, as much as possible was carefully removed, trimmed 
and placed into warmed PBS. 

2.5.2.2 Cell Isolation: 

Satellite cells are sparsely distributed along and around muscle fibres. It has 

been reported that fibres contain two to three satellite cells per 100 nuclei [85]. 

The cell isolation protocol used was adapted from work described by Allen et al. 

[86] and Bischoff et al. [87]. 

The cell isolation preparations were started directly after isolation under aseptic 

conditions. The muscle tissue was washed several times with pre-warmed PBS 

to remove any hair and debris. The muscle was then trimmed to remove as 

much connective tissue as possible before being finely chopped and moved to 

fresh warm PBS. Care was taken to keep the tissue submerged at all times, 

hence trimming and chopping each piece in turn. Once all of the pieces had 

been trimmed and finely chopped they were then diced as finely as possible, 
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down to 1 mm pieces. The diced muscle was the divided equally into centrifuge 

tubes and incubated in six volumes of pre-warmed Cell Dissociation Solution for 

1 hour in a 37°C water bath, shaking vigorously every 10 minutes. Two 
dissociation solutions were assessed: 

1. Type XIV protease from Streptomyces griseus (Sigma, P5147; CAS 

9036-06-0), made up to 1 mg/ml in Ca2+/Mg2+-free HBSS (Gibco, 

14170-088) and filter-sterilized. 

2.  Trypsin-EDTA solution (0.25%/1 mM) in Ca2+/Mg2+-free HBSS (Gibco, 
25200-056) 

After two washes in PBS the tissue suspension was vigorously triturated 

through a serological pipette 15-20 times before centrifugation. The supernatant 

was removed and retained at 37 °C in the culture incubator whilst the trituration 

and centrifugation was repeated twice more. The three cell suspensions were 

then combined and gently passed through a 250 µm nylon mesh. After 

centrifugation the cell pellet was resuspended in culture medium at a ratio of 1 g 

trimmed muscle/ml and preplated into an untreated tissue culture flask for 30 

minutes to remove a large proportion of fibroblasts that will readily adhere.  

The suspension was then transferred to fibronectin-coated culture plastic (Dilute 

fibronectin with PBS to give a density of 3 µg/cm2 when plated and incubate at 

37 ºC for 1 hour. Aspirate the solution and wash with PBS before plating the 

cells) at an equivalent of 1 g trimmed muscle/400 mm2 to adhere the satellite 
cells overnight. 

2.6 Myoblast Seeding 

Subconfluent myoblasts were trypsinized and counted to a density of 2,500 

cells/ml (unless otherwise stated) and seeded into multiwell plates (Nunc brand) 

in an appropriate volume of culture medium (Section 2.5.1). Other seeding 
densities were tested and are indicated accordingly. 
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2.7 Cell Adhesion & Proliferation 

2.7.1 Metabolic Assays 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was 

used to assess myoblast viability on silk substrates compared with various ECM 

proteins. C2C12 were counted and seeded in 24 well plates: triplicate wells of 

each substrate and respective background controls. The plates were then 

incubated for 1, 24, 48 and 72 hours. Metabolically active cells convert the MTT 

salt into a formazan product which was solubilized by treating the plates with 

DMSO for 30 min, and the solution was transferred to 96 well plates to be read 

in a spectrophotometer at 570 nm with a reference reading at 690 nm. 

2.7.2 Immunocytochemistry 

Cell monolayer or scaffold wells were fixed with 4% paraformaldehyde, 

permeabilised with Triton X-100, and blocked with an antibody appropriate 

serum (5% goat serum unless otherwise stated) prior to incubation with primary 

and then secondary antibodies for 1 hour each. All wells were stained for 10-20 

minutes with the nuclear stain Hoechst at 1/200, followed by the addition of 

DABCO before imaging. Sterile PBS was used for all of the dilutions and 
multiple washing steps between each incubation. 

2.7.3 Nuclear staining for Cell Numeration 

C2C12 cells were seeded in 48 well plates at 1,450 cells/0.5 ml with triplicate 

wells of each substrate and grown for 1 and 24 hours. At each time point the 

plates were fixed (-20 °C methanol) and stained with ethidium homo-dimer at 

0.5 μM (30 min at room temperature in foil) to enable a nuclei count at each 

time point. The plates were then imaged under the microscope. One image was 

taken at 5x magnification at the centre of each well to be counted. 

2.7.4 PicoGreen DNA Quantification Assay 

Reagents and protocol were used from a Quant-iT PicoGreen dsDNA Kit (Life 
Technologies, Paisley) according to the manufacturer’s instructions.  
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2.8 Microscopy 

2.8.1 Light & Fluorescence Microscopy 

Images were obtained using a Leica DMI 4000B inverted fluorescence 

microscope (Leica Microsystems, Switzerland). Magnification and scale are 
image-specific. 

2.8.2 Scanning Electron Microscopy (SEM) 

Samples including cultured cells were fixed for 2 hours at 37 ºC using 2.5% (v/v) 

gluteraldehyde in culture medium with 1% (w/v) potassium ferronocyanide. The 

fixative was removed and the sample was washed in culture medium three 

times over 15 minutes, and postfixed in 1% aqueous osmium tetroxide for 1 

hour at room temperature. Samples were washed twice in distilled water before 

being stained in 2% aqueous uranyl acetate for 1 hour in the dark at room 

temperature, then dehydrated in a graduated acetone series followed by 100% 

hexamethyldisilazane (HMDS). Samples were left partially covered overnight for 

the HMDS to evaporate. Samples were then sputter-coated with gold, and 

examined under a Scanning Electron Microscope (JEOL, JSM6480LV) in the 

Centre for Electron Optical Studies (CEOS)/Bioimaging suite at the University of 

Bath. Samples without cells required no preparatory steps and were sputter 
coated directly and imaged. 

2.8.3 Atomic Force Microscopy (AFM) 

Samples were prepared on glass coverslips and measured at optimum settings 

by Mrs Ann O’Reilly in the Centre for Electron Optical Studies 

(CEOS)/Bioimaging suite at the University of Bath using the Veeco Multimode 

Nanoscope III (SPM) Scanning Probe Microscope & Scanner: 2288J. All 

measurements were performed in air at ambient temperature with optimum 

settings in Tapping Mode - Tip: NCH-20 Nanosensors Pointprobes. Double 

scanning Tapping Mode showed amplitude of the surfaces and scaffolds over a 

2 x 2 µm force map with a scan rate between 1 Hz and 3 Hz, acquiring 512 x 

512 points per image with Data scale set to 0-500 nm.  
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2.9 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 6 software 

(GraphPad, La Jolla, USA). Differences in all the assays were analysed first by 

testing for the normality of data distribution with Shapiro-Wilk’s test. Normally 

distributed data was analysed by ANOVA with Tukey Post-hoc correction.  For 

data not normally distributed, nonparametric tests were used with a Dunn’s 

Post-hoc correction. The significance threshold was set at p < 0.05. Details 

about data presentation (mean vs. median) and statistical tests used can be 
found in figure legends. 

 

Chapter 3:  2D Silk Scaffolds 

3.1 Background 

Silk fibroin has been established as an attractive biomaterial for cell scaffolding 

[23]. Versatile processing options allow the engineering of tailored architecture, 

mechanical properties and surface modifications. As a biomaterial, silk fibroin 

features excellent biocompatibility, adaptable biodegradability and good 

oxygen/water vapour permeability. Collagen and fibronectin are the most 
common natural polymers used for protein coatings and films [24, 88, 89].  

Protein coatings can be used to modify an otherwise inert surface can be to 

facilitate cell attachment in the first instance, and then to direct proliferation and 

differentiation. Cells do not exist in a 2D environment so often these coatings 

are applied to scaffolds and matrixes to initiate cell adherence to the structure 
so that the cells can then take additional cues from the topography or structure. 

2D silk films were investigated to assess the suitability of the silks for cell 

attachment and growth in culture before progressing onto 3D scaffold 

production. This 2D characterisation enabled development and optimisation of 

the protocols for the production of regenerated silk solutions as well as testing 

and developing appropriate methods for characterising the cell line on the silks, 
to create a set of assays that could then be repeated with the 3D nanofibres. 
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3.2 Results & Discussion 

3.2.1 Optimisation of Materials & Methods 

3.2.1.1 Silk Fibroin Solution Preparation 

Fibroin is a fibrous protein and water-insoluble, whereas sericin is a globular 

protein that is water-soluble. Immune responses mounted against silk sutures 

have been largely attributable to the glue like sericin proteins, not the core 

fibroin fibres [90].  

Degumming is a process whereby the silks are boiled in a sodium carbonate 

solution to remove the immuno-reactive sericin from the silk fibres [91]. 

Degumming conditions can have a direct effect on the fibres and its properties 
and have been studied in relation to silks mechanical properties [92]. 

The Domestic silk cocoons, and the Wild Type partially processed fibres both 

undergo the same sequence of treatments but with slightly varied conditions. 

Figure 11 shows an overview of the process which takes just over a week to get 
from the raw materials to a regenerated silk fibroin solution.  

The dissolution of the silk fibres is more extensively documented for the 

Domestic silk than the Wild Type and this led to problems elucidating the 

optimum weight to volume ratio for successful dissolution of the Wild Type. The 

author HaeYong Kweon, from the Department of Natural Fibre Science in South 

Korea was contacted regarding the dissolution of the Wild Type silk. The 
conditions from several publications could not be replicated [32, 48, 50, 93, 94].  
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Figure 11: Overview of the process to produce regenerated silk Fibroin. 

 

The solution to the dissolution was simply not to add water to the calcium nitrate 

as it was already a hydrate. The calcium nitrate was weighed according to the 

weight of the silk fibres and then allowed to melt in the bench top oven before 
the fibres were added and left to dissolve. 

Once dissolved, the solutions were then filtered through wire wool and dialysed 

over 3 days against distilled water to produce a regenerated silk fibroin solution 

which can then by freeze-dried and used at any w/v percentage desired [48, 95-
97]. 

Modifications had to be made to the freeze drying method. The original method 

was to use a round bottomed flask swirled in liquid nitrogen to freeze the silk 

solution inside the flask. Once frozen, the round bottomed flask was attached to 
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a vacuum drier overnight. The dried silk layers could then be removed from the 

flask and stored in a desiccator.  

The disadvantages with this method were the bench top use of liquid nitrogen to 

freeze the flask and then once dried overnight, attempting to remove the dried 

silk from around the interior of the flask. Breaking up the layers created small 

flakes and fragments which became extremely static. The static silk stuck to all 

implements used, as well as the flask, hands and immediate surroundings. The 

overall mass of silk successfully collected was greatly reduced. The subsequent 

weighing of the silk to dissolve for scaffolds resulted in further loss of static silk 
fragments. 

This freeze drying method was modified by transferring the silk solution from the 

dialysis tubing into plastic pots which were then stored at -80 ºC overnight. 

Once frozen, the lids of the pots were loosened and moved to the vacuum 

chamber to be freeze dried overnight. This method resulted in a dry, porous 

spongy disc of silk which was then easily stored and then easily portioned and 
weighed without loss. 
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3.2.1.2 2D Film Preparation 

The freeze-dried silk, post-dialysis and lyophilisation, can be cast using water 

and a variety of solvents, the most common being formic acid and 

hexafluoroisopropanol (HFIP) [98].  
 

Table 4: Abbreviations for Scaffold variations. 

 

HFIP has been shown to stabilise the secondary structure of the silk through 

conformational changes during solvent casting, creating a uniform surface 

morphology [99]. HFIP casting produced intact films, although some examples 
were left with a small cloudy area after methanol treatment and drying. 

Treatment of silk fibroin scaffolds with methanol once cast is frequently used to 

crystallize Silk fibroin rendering it insoluble in aqueous media, which is essential 

prior to introducing the cells in culture medium to the scaffold [50-52, 100]. It is 

well established that methanol treatment triggers the transition of silk fibroin 

from a predominantly random coil into a water insoluble β-sheet enriched 

structure [100, 101]. However the amount of cracking on the films was affected 
by the Methanol treatment. 
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The Domestic silk was shown to cast satisfactory films with all of the above 

mentioned solvents, but when cast with water there is cracking across the entire 

film. Casting the Domestic silk with formic acid reduced the cracking 

considerably, cracks visible by eye were only found to be around the periphery 

of the well. Even after methanol treatment there were very few cracks compared 

to the aqueous cast films. 

Figure 12 shows phase contrast and bright field images of the Domestic and 

Wild Type silks cast with the three different solvents: water, formic acid and 

HFIP. The microscope has an inverted objective and so the images are taken 
looking through the underside of the multiwell plates at the films. 

As previously discussed, the Domestic silk can be cast with both water and 

formic acid. The images show the differences in the surface of the films, where 

cracking can be seen around the periphery of the aqueous films. Unlike the Wild 

Type it does not crack through to the TCP where the cells would be able to 

adhere. Different volumes were used to see how much needed to be used to 

result in an intact film however, the larger volumes took longer to dry, and 

seemed to be affected by the air movement in the culture hood and dry with 

ridges or concentric ring patterns from the air turbulence. This can be seen 
more frequently in areas of the BHFIP films. 

The formic acid cast films both show the granular areas around the periphery of 

the film, which if not found on the aqueous cast films. Concentric rings were 

commonly seen where the silk has dried from the outside of the well, inwards. 

From visual observation these rings appear to be of varying heights. Therefore, 

the film, although un-cracked, is not a uniform thickness with variations in 
topography that would be experienced by the cells. 

HFIP, as already mentioned is supposed to create a uniform surface better than 

other alternative solvents. All the images in Figure 12 indicate that the film has 

an almost cratered surface.  The concentric drying rings are also present, 

although much closer together. It is feasible that the drying rate could have 
been too rapid for this type of solvent casting.  
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Figure 12: Domestic silk Films. Phase contrast (PH) and bright field (BF) images at 5x 

magnification of aqueous, formic acid and HFIP cast Domestic silk films. 



 

 41   

The Wild Type silk was far more difficult to cast than the Domestic silk. Aqueous 

casting resulted in the silk precipitating out, leaving a cloudy mass clumped in 

the well. Formic acid showed an improvement in that it left an intact film across 

the plate rather than clumps of precipitate. The cracking on the aqueous cast 
Wild Type silk films was worsened through methanol treatment.  

Methanol treatment caused most, but not all, of the Wild Type films to crumble 

eliminating them from use in any experiments. Setbacks due to the 

unpredictability during casting of the films meant that it took several rounds of 

casting to accumulate enough intact films to run assays in triplicate, and in 
parallel across the different film types.  

It is clear to see from Figure 13 why the aqueous cast Wild Type films were 

deemed unusable in the cell proliferation assays. The images highlight the 

extent of the cracking caused during methanol treatment. The cracks are visibly 

through to the TCP beneath, and in many cases the film has detached 

completely and creates a fold or additional layer. Therefore, if such films were 

used for the cell adhesion and proliferation assays the result could be due to the 

cells adhering to the TCP, which cells are known to grow effectively on, and not 
represent the true response to the silk. 

After many attempts to produce usable films it was decided that only formic acid 

would be used to cast the Wild Type silk. However, even the formic acid did not 

produce completely intact films, which can be also seen in in the lower half of 

Figure 13. The centre of the Wild Type films still appears to be very granular in 

texture and the cracking is extensive all around the periphery. It has been 

common for the Wild Type films to shrink inwards from the outside of the wells 
leaving this exposed region of TCP. 
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Figure 13: Wild Type Films (i). Phase contrast (PH) and bright field (BF) images at 5x 

magnification of aqueous and formic acid cast Domestic silk films. 
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The result of casting the Wild Type silk with HFIP is similar to that of the 

Domestic silk in that it has also produced an uneven surface. However, unlike 

Figure 13, the HFIP cast Wild Type films shown in Figure 14 show large areas 

of seemingly even texture between the pleated patches where possibly the 
drying rate caused a change in the surface tension, puckering the film.  

Much like the formic acid cast Domestic silk in Figure 12; the images in Figure 

13 show a granular band around the periphery of the film and an area of 

different texture to the centre of the well. The reasons for this are unknown, but 
it is a consistent occurrence. 

 

 

Figure 14: Wild Type Films (ii). Phase contrast (PH) and bright field (BF) images at 5x 

magnification of HFIP cast Wild Type silk films. 
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3.2.2 Scaffold Characterisation 

The production of reproducible films for cell culture proved problematic with the 

unreliable casting of the different silks with the variety of solvents and 

conditions. One consideration for the use of the silks for cell culture, and 

ultimately its suitability for tissue engineering is its degradation profile and any 

degradation products that may need to be taken into consideration. Ideally a 

scaffold will be able to keep its desired properties under physiological conditions 

until regeneration has been established and the scaffold can then be replaced 

by the host. There have been many studies looking into the characterisation of 

silk fibroin proteins and also the degradation and chemical modification, 

however not all have been for potential biomedical purposes [102, 103]. Many 

chemical and mechanical characterisation studies have been in relation to the 
textile industry. 

 

3.2.2.1 Atomic Force Microscopy (AFM)  

AFM has previously been used to investigate the microscopic structure of silk 

fibroin molecules and their higher order structure on the nanoscale. Inoue et al 

[104] used the technique to investigate mechanisms for silk fibre formation 

whereas more recently, Servoli et al [105] were interested in the surface 

topography of the silk fibroin and the interactions and influence on fibroblasts. 

For this reason a preliminary set of films and electrospun scaffolds were 

analysed to see if there was any correlation between the surface topography 
and the behaviour of the myoblasts. 

The integrity of the different silk films and coatings has been a recurring 

problem. Not all surfaces were suitable to be measured at this time, specifically 

the electrospun Bombyx which is not shown in Figure 15 as they were too rough 
to be measured by the technique.  

The 3D surface plots indicate that the Bombyx cast with formic acid and 

fibronectin surfaces are the most heterogeneous. Similarities can be made with 

the films shown in Figure 12, the aqueous Bombyx films always produced a 

flatter film, without undulations, however they did crack. Conclusions cannot be 
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drawn from this one preliminary data set as it was consistently shown that the 

drying conditions and lab conditions did vary beyond control at times, and 
subsequently produced variability in films. 

 

 

Figure 15: AFM 3D Surface Plot Overview. Measurements taken in air at ambient temperature 

in Double scanning Tapping Mode with a scan rate between 1 Hz and 3 Hz, acquiring 512 x 512 

points per image. 3D surface map deflection images of 2 x 2µm force map all with Data scale 

set to 0-500nm. 

 

It was thought that by assessing the surfaces of the films that it might highlight 

validate other results by highlighting any preferences the myoblasts have with 

regards to the topography of the surfaces. Unfortunately there does not seem to 

be a strong correlation. 
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3.2.3 Cell Adhesion & Proliferation 

The MTT assay was used as a way of comparing the initial adhesion and 

progressive proliferation of myoblasts cultured on different substrates by 

measuring their metabolic activity over time. This method was adapted and 

optimised. The initial assays used isopropanol to solubilise the crystal product 

metabolised by the cells. Figures 16 and 17 show MTT data using the initial 

isopropanol method read at 540 nm.  

All the films in this assay were aqueous cast and due to extensive cracking only 

one percentage w/v of the aqueous cast Wild Type silk was usable. The graphs 

represent two different casting volumes of both the Domestic (D) and Wild Type 

(WT) silk solutions used to produce the films, and a control well of TCP without 
silk. 

Both sets of graphs in Figures 16 and 17 show no significant differences 

between the two casting volumes, therefore 500 μl was used throughout all 

subsequent assays. All four graphs show extremely low absorbance readings 

below 0.1, most being around 0.04 which is the same as the background 

readings. This does not accurately reflect the density of cells seen visually 

during the assay. Purple specks were visible across the cell layer by eye but the 

isopropanol had virtually no purple colour to it when transferred to the 96 well 
plate; indicating insufficient solubilisation of the metabolic product. 

Although these results were not reliable, they could still be used to make 

comparisons between the substrates. From the data it appears that the initial 

adhesion after 1 hour and subsequent proliferation after 24 hours is higher on 

the two Wild Type films. However, this would need further validation to confirm 
the cells were on the silk and not on the TCP in the cracks. 
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Figure 16: MTT Test (i). Preliminary MTT data after 1 and 24 hours using isopropanol. Cell 

Pn+25. 2,500 cells/ml. Mean +/- SD. N=6. 
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MTT after 1 hour
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Figure 17: MTT Test (ii). Preliminary MTT data after 1 and 24 hours using isopropanol. Cell 

Pn+25. 2,500 cells/ml. Mean +/- SD. N=6. 
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Multiple variables and parameters were tested for the MTT assay and also the 

MTS version of the reagents. Various solvents were tested to solubilise the 

product from within the cells including 10% SDS, 95% Isopropanol and DMSO 

along with various cell seeding densities, washes and wavelengths from the 

literature an optimal protocol was reached [106, 107]. The wavelengths were 

tested on experimental plates in parallel and read at 540nm with reference at 

630 nm, and 570 nm with reference at 690 nm. The MTS method was also 

tested but proved to be more unreliable and inconsistent than the optimisation 
of the MTT. 

All subsequent results were obtained using the MTT reagents under the 

following conditions. Control films of the substrates were introduced to 

determine any background levels in addition to the TCP wells. Cells were 

seeded at 2,500 cell/ml, 1 ml/well. The control films were washed with PBS after 

incubation with the MTT before using DMSO to solubilise the product, which 

was read at 570 nm with a reference reading at 690 nm. The wash was 

important to remove any residual MTT and culture medium, which was being 
detected at the given wavelengths. 
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Figure 18: MTT on Potential Domestic silk Casting Concentrations. Cells Pn+25. 2,500 cells/ml. 

Mean +/- SD. N=9. 

Figure 18 shows the first repeat assay with the adapted protocol. However, the 

readings for the silk substrates show no significant change in cell number over 

the time course with very low absorbance readings. TCP however, responds as 

expected with an increase over time indicating that cells had adhered and 
proliferated.  

The reason for the low metabolically active cell number on the silks is not clear, 

but could be that the cells are there but not stuck down to withstand the 

aspiration of the MTT solution prior to solubilisation. The assay was repeated as 

before with the same w/v percentage silk films and the addition of the ECM 
protein coatings on TCP for comparison (shown in Figure 20).  

At each time point, when the media was changed for the MTT supplemented 

medium, the plates were imaged to visualise the distribution and morphology of 

the cells at the start of the time course. Figure 19 shows morphology images 

from one of the assays. 
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Figure 19: MTT Morphology time course Images. Images taken from each well of the assay 

plates when MTT supplemented media added. Representative images of the cells that were 

present throughout the time course. It was visible that during the washing steps and change of 

media to DMSO, those cells were aspirated; therefore the MTT is not an accurate method of 

quantifying the cell activity on the silk films. 
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Figure 20: MTT on Domestic & Wild Type silk compared to ECM Proteins. Cells Pn+30. 2,500 

cells/ml. Mean +/- SD. N=9. 

 

Figure 20 shows an improvement for the silk substrates over time, although the 

absorbance is still low there is an increase from 48 to 72 hours which indicates 

that the cells that are there are proliferating. As expected the ECM protein 

substrates are favoured by the cells and follow a close pattern over time. The 

72 hour point for TCP 1 is of interest. There were two sets of TCP data and both 

followed the same pattern as the ECM proteins up until 48 hours when the 

second set shows a further steep increase from 48 to 72 hours which the other 

did not. The reason for this is unknown. Figures 16 to 20 have show no 

significant difference in cell response to the different w/v percentages of silk 

films; therefore future repeats/assays used just 2% instead of the range to 
economise on the amount of silk used. 
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Figure 21: MTT on Domestic silk compared to ECM Proteins. Cells Pn+33. 2,500 cells/ml. Mean 

+/- SD. N=9. 

 

Figure 21 shows the data from the third repeat of the assay under the same 

conditions as Figures 18 and 20; however this graph shows that the Domestic 

silk substrate is comparable to the ECM proteins. The silk reading for 1 and 48 

hours is the lowest of the group but after 24 it is clearly higher than the rest and 

after 72 hours the silk shows an absorbance better equal to collagen and 

fibronectin. This assay also showed the highest absorbance readings of all the 

assays thus far, reaching and exceeding 0.1 by 24 hours and almost reaching 
an absorbance of 1.0 by 72 hours. 

Practically this assay was carried out exactly the same as the previous two, yet 

the results show a very different (and more desirable) interaction of the cells 

with the different substrates. 
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Figure 22: MTT on Domestic & Wild Type silk compared to ECM Proteins. Cells Pn+24. 2,500 

cells/ml. Mean +/- SD. N=9. 

 

Figure 24 shows the results for the assay trying to reproduce the pattern 

exhibited in Figure 23. Unfortunately, despite the practical procedure being 

consistent, the pattern has returned to showing the lowest readings for the three 

different silks both aqueous and formic acid cast. However the three silks do 

show an increase over time. The Wild Type silk appears to start at a higher 

absorbance than the Domestic silks and the other substrates at 1 hour. This 

could be due to cracking causing gaps in the film where the cells will proliferate 
on the TCP at a greater rate than on the silk.  

The data only shows results up to 48 hours due to the cell density proliferating 

to a level where the cell layer had become super confluent and broken away 

from the substrate meaning large patches were lost through aspiration during 

the procedure. The results were not processed as they were unlikely to show 

little or no absorbance. This may have been because this assay had cells at a 
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far lower passage than all of the other assays, meaning they could have been 

more proliferative due to being younger. 
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Figure 23: MTT on Domestic & Wild Type silk compared to ECM Proteins. Cells Pn+44. 2,500 

cells/ml. Mean +/- SD. N=9. 

 

In another attempt to reproduce the pattern shown in Figure 23 the assay was 

repeated and a similar pattern to Figure 22 can be seen. Similarly the two 

Domestic silks show the lowest increases overall, however, all three start at a 

higher absorbance than the other substrates inferring that perhaps all 

substrates had some degree of cracking. The Wild Type silk starts almost two-

fold higher than all other substrates which was to be expected from the severe 
cracking and flaking noted to be present throughout the set of films. 

Due to the problematic casting of the Wild Type films, Gelatin films were 

introduced to provide a comparative surface in addition to the TCP and ECM 

proteins. Figure 24 shows that all of the surfaces promoted cell proliferation 
over the 72 hours except for the Bombyx cast with HFIP.  
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The plates were run in parallel with the array of films and coatings. The upper 

graph clearly shows that the growth of the myoblasts on TCP far exceeded the 

proliferation on the other surfaces, whereas, on the lower graph it is the 
collagen coating that is enabling similar readings above the others. 

 

 

Figure 24: MTT with Gelatin Films. N=6 
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Alongside the MTT assays, another method was tested to assess metabolising 

cells on the different surfaces. The NOVA Biochemical Analysis machine was 

used to analyse the media which was also collected from the experimental 

plates used for cell counts on the different surface modified films, data shown in 
Chapter 3.3.6.1 and cell morphology images shown in Chapter 3.3.6.2. 

As cells grow, they use glucose and produce lactate. The media was collected 

at each time point instead of being aspirated for the plates to be trypsinised, 

and analysed for its components. The data was not reproducible and there were 

a lot of complications with the machine itself. From the preliminary data, not 

shown here, the results appeared to show that after the glucose levels were 

similar to that of normal culture media and the lactate levels were so low they 
were barely detectable.  

The corresponding morphology images shown in Chapter 3.2.5 Morphological 

Analysis, of the cells on these films indicated that the cells were healthy and 

proliferating during this time. Due to the inconsistency of the machine and 
readings, this method was not taken forward. 
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3.2.4 Cell Numeration 

The MTT assays had shown that the data does not always reflect the actual 

number of cells present on the substrates at any time. The assay is a way of 

quantifying metabolic activity, however, if the cells have grown to a confluent 

level where they begin to fuse then this will render them metabolically inactive. 

Nuclear staining is a method where by all cells present on the substrate can be 

visualised and enumerated. 

Myoblasts were seeded on each substrate in triplicate and allowed to grow for 1 

and 24 hours as with previous experiments to indicate initial adhesion of the 

cells to the substrate and subsequent proliferation over the time course. The 
same substrates were used as described in Table 4.  

From visual observations during the experiment it was noted that the fixation 

with -20 °C methanol may have caused the detachment of cells with a weak 

interaction with the substrate, when aspirated the methanol appeared to contain 
sediment.  

The concentration of ethidium homo-dimer was tested to find the optimum for 

use with myoblasts. Literature recommends a concentration of 0.2 μM [63]. 

Having tested a range of concentrations, 0.5 μM or 1 μM was shown to be a 

more suitable for staining these myoblasts. The plates were stained with 0.5 μM 

ethidium homo-dimer and images were taken from the centre of each well at 5x 

magnification for all the substrates. Figures 25 and 26 show images from each 
time point.  
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Figure 25: Cell Count Staining after 1 hour. Images taken at 5x magnification after 1 hour 

incubation. 2,500 cells/ml. Pn+33. 

 

Staining the silk films with the ethidium homo-dimer resulted in non-specific 

staining of the surface of the film itself. This gave some of the images an all 

over red glow, however, exposure to the fluorescence had a bleaching effect 
allowing the cell nuclei to be seen more clearly.  
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Figure 26: Cell Count Staining after 24 hours. Images taken at 5x magnification after 24 hour 

incubation. 2,500 cells/ml. Pn+33. 

 

The initial adhesion shown in Figure 25 appears to be relatively similar between 

all the substrates with a slightly greater number on the TCP, which was to be 

expected. Figure 26 shows that after 24 hours the cell number also appears to 

be quite even between the substrates. The ECM substrates have more dense 

areas of cells in the centre of the well, slightly more so than the TCP.  From the 
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first three pictures, the silk substrates, it is clear that the central cell layer has 

detached or is in the process of peeling away. This means that there will be a 

lower number of cells counted than were actually adhered to the film at the start 
of the time course. 

TCP and formic acid cast Domestic silk show the highest cell number followed 

by fibronectin, laminin and collagen and the formic acid cast Wild Type silk. Out 

of the three silk substrates the formic acid cast films encouraged cell growth 

similar to that on the ECM proteins which corroborates the pattern shown in 

Figure 21, where MTT data showed comparable metabolic activity between the 
silks and the other substrates.  

The cell number to the visual observations made from the images in Figures 25 

and 26. After 1 hour the ECM substrates show the greater cell number, but 

pleasingly the silks show a number close to that of the TCP. After 24 hours 

there is a roughly even distribution of cells across the substrates, although, the 

cell number is only from the centre of the well where the highest concentration 

of cells is. This is may not be a reflection of the well as a whole if the distribution 

is uneven. 
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3.2.4.1 PicoGreen Assay 

The PicoGreen fluorescent nucleic acid stain for quantifying double-stranded 

DNA in solution was tested as a way of quantifying cell number on the different 

substrates. The problem thus far was the interaction between the metabolic 

assay components and the silk. The cell number data did not match what could 

be seen under the microscope. Cell viability could be assessed visually by 

morphology, but to generate quantitative data the PicoGreen assay was tested 

to see if it could be a more reliable method of assessing differences in cell 
behaviour between the surfaces. 

The films were cast and coated in 24 well plates with two plates run in parallel 

for the silk films and ECM coatings. Electrospun scaffolds were also included 

and the results are shown in Figure 70 in Chapter 4.3.3.1. Known cell seeding 

densities were included as a standard plate to show the absorbance readings 

against the time course values. All wells were seeded with 1,000 cells/ml in 1 
ml/well, and readings were taken after 4, 24, 48 and 72 hours.  

As presented in Figure 27, all surfaces tested show an increasing cell 

population over the time course with the exception of BHFIP films showing that 

the cells have not proliferated. Gelatin B films also showed a very minimal 

increase. The extracellular matrix proteins outperformed the silks, however 

these results seem to at least reflect what is seen visually on the silk films, 
albeit at a lower density than the fibronectin, collagen and gelatin A coatings. 
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Figure 27: PicoGreen DNA Assay for silks, gelatins and ECM Proteins. N=2. Cells Pn+6. Time 

points for readings were 4, 24, 48 and 72 hours post seeding with myoblasts. Cell seeding 

standards at 6,250, 12,500, 25,000, 50,000,100,000, 20,000 cell/ml. Experimental plates 

seeded at 1,000 cells/ml and 1 ml/well. 
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3.2.5 Morphological Analysis 

Despite cell number being higher on the ECM substrates over time the cell 

morphology seems to indicate that the cells are established on the silks with 

extensive processes and migration, in addition to a greater number of fusing 

myoblasts. Figures 28 to 34 show phase contrast images of each substrate 
after 1 and 24 hours to compare cell morphology between the substrates.  

After 1 hour there was no significant difference between the morphology of the 

cells, they are generally very rounded, cellular processes can be seen starting 

to bud at the outer surface of the cell membrane, indicating growth and 
proliferation beginning.  

After 24 hours it is clear that there are far more cells beginning to fuse together 

on the silk substrates. The overall cell number may be higher on the ECM 

substrates with the highest cell number in a central dense mass, but there are 

fewer visible fusions. This result suggests that the cells respond well to the silk 
as a 2D scaffold and are encouraged to begin fusion into myotubes. 
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Figure 28: Myoblast Morphology on Aqueous cast Domestic silk. Phase contrast images at 20x 

magnification of myoblasts grown on aqueous cast Domestic silk for 1 hour (A) and 24 (B, C & 

D) hours. 

 

After 1 hour the cells on the aqueous cast Domestic silk look rounded as 

expected and are reasonably closely distributed. There is not a blanket covering 

of cells but orientated clusters of cells which are fairly aligned and beginning to 
fuse into multinucleated cells. 
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Figure 29: Myoblast Morphology on Formic Acid cast Domestic silk. Phase contrast images at 

20x magnification of myoblasts grown on formic acid cast Domestic silk for 1 hour (A) and 24 (B, 

C & D) hours. 

 

Figures 28 and 29 show the same pattern of morphology despite the different 

casting solvents for the Domestic silk. After 1 hour the cells generally rounded 

but are beginning to become motile as lamellipodia are visible at the leading 

edge of the cells. The same central clustering and the early fusion and 

alignment of the cells can be seen, as well as the continued clustering and 

alignment across the rest of the film. 

The formic acid cast Wild Type silk follows the same pattern as the Domestic 

Silk, with the cells beginning to show signs of migration and proliferation after 1 

hour and after 24 hours the cell clusters seem to be more dense on the Wild 

Type than they were on the Domestic silk (Figure 28) with more early myotubes 
forming. 
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Figure 30: Myoblast Morphology on Formic Acid cast Wild Type silk. Phase contrast images at 

20x magnification of myoblasts grown on formic acid cast Wild Type silk for 1 hour (A & B) and 

24 (C, D, E & F) hours. 

 

Fibronectin, the first ECM substrate to be compared with the silks shows a 

visually distinct morphology to that seen in Figures 28 - 30. The cells are 

beginning to flatten and spread after 1 hour and appear less rounded than after 

1 hour on the silks.  
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Figure 31: Myoblast Morphology on Fibronectin coated Tissue Culture Plastic. Phase contrast 

images at 20x magnification of myoblasts grown on fibronectin for 1 hour (A) and 24 (B, C & D) 

hours. 

 

 

After 24 hours the central mass of cells is significantly denser on the fibronectin 

that the silk, although the cells do not seem to be directionally grouped. The 

distribution of cells around the central region is much sparser on fibronectin and 

Figure 31 shows a very different morphology to these groups of cells, they are 

more flattened making them less visible and look more like they are still 
proliferating rather than grouping to fuse. 
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Figure 32: Myoblast Morphology on Laminin coated Tissue Culture Plastic. Phase contrast 

images at 20x magnification of myoblasts grown on laminin for 1 hour (A) and 24 (B, C & D) 

hours. 

 

Laminin shows the same rounded morphology after 1 hour but with less 

evidence of the cells initiating movement. After 24 hours the cells on laminin 

show a different morphology to both fibronectin and the silks. Figure 32 Images 

B, C and D show very elongated cells extending long filopodia which are 

slender cytoplasmic projections containing actin filaments, similar to 
lamellipodia, which extend from the leading edge of migrating cells.  
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Figure 33: Myoblast Morphology on Collagen coated Tissue Culture Plastic. Phase contrast 

images at 20x magnification of myoblasts grown on collagen for 1 hour (A) and 24 (B, C & D) 

hours. 

 

Collagen is the last of the three ECM substrates to be compared with the silks, 

and again it shows a different morphology to the other substrates after 24 

hours. Figure 33 Images B-D show flattened cells, fibroblastic in appearance. 

There is no visible alignment in the central mass of cells (Image B), which is 

less dense than on fibronectin. The cells distributed across the rest of the film 

are sparse and show similar processes as seen on laminin (Figure 32) but to a 
lesser extent. 

The cell morphology on TCP after 24 hours (Figure 34 Images B & C) is very 

similar to that on fibronectin. The central cell mass is extremely dense but 

shows no real indication of any alignment or fusing of the cells. The cells spread 

around the rest of the film are well spaced and are fibroblastic in appearance, 

they appear to still be proliferating and spreading making them flatter and less 
visible. 
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Figure 34: Myoblast Morphology on Tissue Culture Plastic. Phase contrast images at 20x 

magnification of myoblasts grown on tissue-culture plastic for 1 hour (A) and 24 (B & C) hours. 

 

The myoblasts used in this study are highly proliferative and upon reaching 

confluence they will spontaneously start to fuse into myotubes. Figure 35 shows 

phase contrast images of myoblasts left to grow for a month on TCP under 

normal conditions with regular culture medium changes but no serum depletion. 

Figure 35, Image A shows an example of the initial fusing between adjacent 

myoblasts to start forming myotubes after only a week. The arrows indicate the 

areas of fusion. Image B shows a densely over-confluent cell layer full of 

fusing/fused myotubes of different shapes and sizes. 
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Figure 35: Myotube Formation in vitro. Examples of myotube formation in C2C12 myoblasts. 

Images taken after 1 week (A) and 4 weeks (B). 
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3.2.6 Fluorescent Cell Staining 

To assess the cell attachment and viability of the myoblasts on the different 2D 

films, the cells were stained in culture with a combination of labelling dyes: 

Calcein AM to show live cells that transport it through their membranes, 

Ethidium Homodimer which is membrane-impermeable and so only binds to the 

DNA of dying or dead cells [108], and Hoechst binds to DNA in the cell nucleus 

to complement the Calcein in live cells. Hoechst is less toxic than DAPI dyes. 

Figure 36 shows the three stains on Bombyx silk films cast with water and 

formic acid, as well as Gelatin films and TCP control. These initial tests showed 

that the silk was autofluorescent. All well received the same staining and 

washing steps, and the staining is clear on the Gelatin. In addition to this, it 

does not appear possible to visualise the nuclear stains through the silk films 

using an inverted microscope. For these experiments the silk and gelatin films 

were produced in the multiwell cell culture dishes. It was hoped that the viability 

staining could give rise to quantitative data that could compare the cell viability 
across the different 2D surfaces. 

With the variability in results for the MTT assay and cell attachment, and the 

discrepancies between what the data shows and what is seen by eye, it was 

decided that the 2D films should be modified. Surface modification is commonly 

used to promote cell adhesion, to functionalise inert scaffolds [82, 109]. 
Modifications will be discussed in section 3.2.7. 
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Figure 36: Cell Viability Staining.  Calcein AM, Ethidium Homodimer and Hoechst all used at 

1/200 dilution. All prepared in one mixture and added to live myoblast culture 24hr post seeding, 

washed before imaging in PBS. 
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Calcein AM claims to offer short-term cell labelling, and so a set of cultures 

were labelled 4hr post-seeding, and then re-incubated for a further 20 hr and re-

imaged 24 hr post seeding so see if the labelling was still visible. Figure 37 

shows the two sets of images. The signal is weaker, but there is sufficient 

labelling to visualise the cells. It was hoped that labelling in this way will be 

helpful when culturing cells on the 3D scaffolds, to be able to track the same 

cells in a time course rather than having separate plates to harvest or image at 
a given time. There will always be variability between cells and wells. 
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Figure 37: Calcein Live Cell Staining after 4 hr and 24 hr.  20,000 cells per well, media changed 

after4 hr, imaged, culture continued and then re-imaged after 24 hr. 
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3.2.7 2D Film Modifications 

The interest in silk fibroin morphology and structure has increased due to its 

attractiveness for Tissue Engineering applications. Silk fibres have been used 

as sutures for a long time in the surgical field, due to the biocompatibility of silk 

fibroin fibres with human living tissue. A more complete understanding of silk 

structure would provide the possibility to further exploit silk fibroin for a wide 

range of new uses, such as the production of oxygen-permeable membranes 

and biocompatible materials. Silk fibroin-based membranes could be utilized as 
soft tissue compatible polymers [110]. 

Modifications to silk fibroin can and have been achieved by genetically 

engineering the silkworms themselves by Baculovirus-mediated transgenesis. 

This allows specific alterations in a target sequence, for example recombination 

of a gene downstream from a powerful promoter, such as the fibroin promoter, 

would allow the constitutive production of a useful protein in the silkworm and 

the modification of the character of silk protein. A chimeric protein consisting of 

fibroin and green fluorescent protein was expressed under the control of fibroin 

in the posterior silk gland and the gene product was spun into the cocoon layer. 

This technique, gene targeting, will lead to the modification and enhancement of 
physicochemical properties of silk protein [110]. 

For the purpose of this study, silk films were surface modified and functionalised 

by introducing chemical sequences that have been shown to act as signalling 

cues. Silk fibroin has previously been shown to allow physical adsorption or 

covalent interactions with short recognition sequences or ECM molecules on its 
surface [111].  

One of the most common functionalisation is the addition of Arg-Gly-Asp motifs, 

commonly known as RGD motifs as well as whole ECM molecules such as 

fibronectin (which too contains the RGD peptide sequence). These sequences 

provide cellular binding sites for integrin receptors and have the ability to 
facilitate cellular adhesion, migration, growth and differentiation [82, 112]. 

L-Glutamine (L-Glu) was also included for comparison because it is a derivative 

of Aspartic acid, which is part of the RGD motif, and is from the same structural 
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family. Glutamine is an abundant amino acid in the body and also a common 

component of cell culture media because it is used as a source of energy by 

cells. For this reason it was included to see if L-Glu alone could elicit a 
response. 

Regenerated silk Fibroin itself has also been used as a coating applied to 

membranes and foams to promote cell adhesion, proliferation and the 

performance of specific metabolic activities [113, 114]. However both of these 

studies were carried out using human fibroblasts. It was not anticipated that the 
silk films would need to be modified themselves.  
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3.2.7.1 Cell Numeration on Modified Films 

The RGD sequence is a well-known binding site in fibronectin and other matrix 

proteins for cell-surface presented integrin receptors [35], but is not present in 

Bombyx mori silk fibroin [115] although it has been shown to be present in the 

Wild Type Antheraea pernyi. Therefore, the RGD motif was chosen with the 
potential to increase cellular adhesion to silk fibroin scaffolds. 
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Figure 38: Cell Count of Myoblasts on Modified Films. C2C12 cells were seeded at 2,500 

cells/well. Cells were trypsinised from the substrate wells at the given time points, pelleted and 

re-suspended to be counted manually using a haemocytometer. Each substrate was in triplicate 

for each time point. 

 

As expected the TCP and fibronectin coating controls promoted cell adhesion 

and proliferation compared to the modified silks, however the results for the 

modified silks were much improved on the MTT proliferation assay results for 

the cell activity on the scaffolds. However, it was noted on examination under 

the microscope that there were a high number of cells which stayed stuck to the 
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Bombyx only wells, despite repeated attempts to trypsinise, whereas virtually all 

cells were effectively released from the TCP and fibronectin to be counted. 

 

3.2.7.2 Cell Morphology on Modified Films 

The following section presents the cell morphology images taken to accompany 

the Cell Numeration data in Figure 38 as an indication of whether these results 

represent what was seen under the microscope before each cell count lysis was 
carried out.  

Throughout the MTT experimentation it was consistently seen that the results 

did not reflect what could be seen down the microscope regarding cell 

attachment and proliferation. The 12 well plates were imaged at 3, 24, 48 and 

72 hr post seeding, during the washing step, where the media had been 
removed before trypsin was added to perform the cell count. 

The myoblasts were seeded at 2,500 cells per well and have attached well to all 

of the surfaces after 3hr incubation shown in Figure 39. The x4 magnification 

images indicate the cells have been well distributed. There are subtle 

differences in cell morphology between the wells. Bombyx only, RGD and L-Glu 

modified silks show the most rounded cells whereas the fibronectin only and 

fibronectin coated Bombyx show cells already starting to spread. The TCP 
control shows a roughly even split of rounded and cells beginning to spread. 

For the fibronectin coatings and surfaces modified with RGD and L-Glu, cells 

were either seeded directly after production having washed the surface, or onto 

a surface that had been pre-prepared and stored overnight/dried prior to 

seeding. It was not known whether this would have an effect on the cells affinity 
towards the surface. 
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Figure 39: Morphology time course on 2D modified surfaces at 3 hr post-seeding.  Images taken 

at x4 magnification overlaid with images from the same well at x20 magnification. 

 

Figure 40 shows that the cells have established well and proliferated on all of 

the surfaces in 24 hr. The cells on all surfaces except the two with fibronectin 

have formed more arranged clusters, orientating together, and on the RGD and 

L-Glu modified there seem to be more fusions visible, although not too 

dissimilar from the Bombyx only. The cells on the fibronectin coatings seem to 

spread flatter, and appear differently to the cells on the other surfaces. The cell 

densities seem similar, but they are more evenly distributed across the surface 

as singular cells with no clustering or obvious orientation to one another. There 

does not appear to be any significant differences between the wet and dry 

seeding conditions. The only difference seen after 3hr was that the cells were 

slightly more rounded having been seeded on the dry surface, but there 

seemed to be a comparable number adhered, that went on to given similar cell 
densities at the later time points. 
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Figure 40: Morphology time course on 2D modified surfaces at 24 hr post-seeding.  Images 

taken at x4 magnification overlaid with images from the same well at x20 magnification. 

 

Figure 41 shows a clear divide between the TCP and fibronectin coatings and 

Bombyx surfaces. After 24 hr the TCP and Bombyx were very similar in cell 

distribution and shape however, after 48 hrs there was a difference in the cell 

distribution and orientation. All of the Bombyx surfaces still show tight clusters 

of cells that are orientated and fusing, whereas the TCP and fibronectin 

surfaces show a much more densely distributed cell population with no 

clustering or pattern in orientation. Given the space between cell clusters on the 

Bombyx surfaces, it would suggest that the cells are not proliferating like those 

on the fibronectin and TCP, those cells have spread across the wells with no 
larger areas unoccupied. 
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Figure 41: Morphology time course on 2D modified surfaces at 48 hr post-seeding.  Images 

taken at x4 magnification overlaid with images from the same well at x20 magnification. 

 

Figure 42 shows the final time point images at 72 hr post seeding. The Bombyx 

surfaces appear to be very similar to the 48 hr images, tight clusters of cells, 

orientating and fusing, with spaces in between. The cells on the TCP and 

fibronectin coatings are fully confluent and densely packed, with no visible 

space or structure within the monolayer. There are some visible fusions in these 

wells, but without orientation. 
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Figure 42: Morphology time course on 2D modified surfaces at 72 hr post-seeding.  Images 

taken at x4 magnification overlaid with images from the same well at x20 magnification. 

 

Due to the volume of morphological images taken at each time point before the 

sample plates were sacrificed to the MTT assay, image analysis macros were 

trialled as a method of batch processing the images for quantitative data based 

on the cell size and shape or surface area covered on the various surface 
coatings. 

The first macro used Sobel edge detection code and a binary output to give the 

outline of the cells, whereby it determined how circular the cells were. The 

image work flow is outlined in Figure 43. Circularity in this case being a 

measure of how well the cells had adhered to and begun colonising the 

surfaces. Cells that were circular were used as a negative indicator of the cell 

response to the surface, the least circular cells being those that had started 

proliferating and spreading across the surface of the films. 
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Figure 43: Macro image analysis processfrom raw ‘source’ image to binary mask used to 

quantify the circularity of the cells (in white) and area covered, represented in Figures 44 and 45 

respectively. 

 

The data shown below in Figure 44 shows no significant difference across the 

various surfaces. The only significance being between two preparations of the 

same coating prior to cell seeing (wet versus dry). However, when comparing 

the ranges of circularity on the graphs calculated by the macro, with the raw 

images shown in Figures 39 to 42, it is clear to see that it is not a true 

representation of what can be seen by eye. It is clear even from the example of 

the binary mask shown in Figure 43 above, that the computer is not accurately 

able to detect the true cell outline. In the case of the more circular cells, the 

macro is an accurate in detecting the outline to fill and quantify. Although the 

lack of circular cells is also an indication of cell affinity (or lack of) to the surface, 

in the later time points where a measure of the extent of spreading is required, 

this is not suitable.   

The top right image in Figure 43 shows the incomplete outline of the cells. A 

combination of the cells being spread more thinly across the surface and the 

inconsistency of the image quality made it difficult for the computer to 

distinguish the cell from the background, despite the adjustments. Due to this, 



 

 95   

the outline appears fragmented, so when the binary mask calculates the shape 

of the white filled areas, it is not enclosing the whole cell, therefore being 
counted as multitude of small cells.  

 

 

Figure 44: Cell circularity measurements.Circular being a score of 1. Data from the image 
analysis of the morphology images shown in Chapter 3.2.7.2, Figures 39 – 42 (pages 82 – 93).  

 

The second version of the Macro that was tested was to calculate the 

percentage area that the cells occupied in a given field of view. This was slight 

variation on the circularity measure outlined in Figure 43; however the binary 

mask of the cell outline was generated in the same way, but used to quantify 

the area the cells occupied as a percentage of the total surface area within the 

image, rather than their shape. The cells with a small surface area being those 

that were still rounded and not growing, whereas those with a larger area being 

an indication of a positive response to the surface, promoting proliferation and 
spreading. 
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Figure 45: Cell percentage area measurements.Data from the image analysis of the morphology 
images shown in Chapter 3.2.7.2, Figures 39 – 42 (pages 82 – 93).  

 

The results of the circularity measurements shown in Figure 45 also suffer the 

same limitations as those in Figure 44, because the calculations made by the 

macro are taken from the binary mask which is generated in the same way. The 

inadequacy of the computer to determine the cell outline means that any 

measurements or quantitative data generated in this way are not a true 
representation of the cell behaviour captured in the morphological images. 
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3.3 Conclusions 

It is difficult to draw a definitive conclusion from the data presented in this 

Chapter. Although comparisons can be made between the different ECM 

substrates and the silks, this is not conclusive due to the unreliability of the silk 

films throughout many of the preliminary experiments. The data shown in 

Figures 16 and 17 indicates a greater affinity of the myoblasts for the Wild Type 

silk, however this cannot be assumed to be as a result of the naturally occurring 

RGD sequence. These results could in fact be due to the cracking and lifting of 

the films, resulting in the cells being in direct contact with the TCP instead of 

growing on the silk itself. 

The microscope images with nuclear staining have shown the cell numbers 

present on the different substrates; however this is did not conform fully to MTT 

data shown, with the exception of Figure 20 where the silk substrates do show 

comparable cell numbers to the ECM substrates after 72 hours. The reason for 

this contradiction is not yet known. It could be due to the seeding density 

causing the cells to reach confluence before the end of the time course, 

resulting in fusion and transition to a quiescent state where they are no longer 

metabolically active. Another reason could be that the cells are in fact dead, 

which would explain the lack of metabolic activity over time. The latter needs to 

be investigated using a cell viability assay. 

The morphological analysis elucidated that the cells are in fact encouraged to 

form early stage myotubes on the silk substrates after only 24 hours whereas 

cells on fibronectin, laminin, collagen and TCP exhibit a completely different 

morphology. The cells look to be more fibroblastic in appearance in the TCP 

and ECM proteins with little evidence of alignment. Figures 39 to 42 show that 

cells do respond differently to Bombyx films and Bombyx modified films, likely to 

result in earlier alignment and fusion that on TCP, despite cells proliferating to a 
more confluent monolayer.  

Despite a limited number of studies describing the use of silk fibroin fibres 

coated with ECM proteins for the support of cellular interactions [61], more 

detailed studies about the conformation and biological impact of adsorbed 

proteins on silk fibroin fibres are critical to improve control and guidance of the 
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cell response to such scaffolds. For instance, fibronectin is a multi-domain ECM 

protein with several molecular recognition sites functioning as chemical cues. 

Conformational changes to fibronectin upon adsorption to model surfaces with 

different chemical composition were shown to cause exposure of cryptic binding 

sites which led to different integrin binding specificity affecting myoblast 

differentiation [83]. Therefore, precise control of the conformational state of 

such ECM proteins, when decorating biomaterials, may be essential to control 

the biological performance of such implants and their in vivo success [116]. 

Relating biologically relevant protein conformations on scaffolds to cell 

responses in vitro could provide a useful tool to further optimise scaffold 

surfaces towards enhanced biological features, and could ultimately lead to 

more generally applicable optimization strategies for biomaterial scaffold 
design. 

The results presented in this Chapter are not overly supportive of silk being 

used as a 2D film, due to relatively weak cell adhesion, despite good initial 

attachment. The additional surface modifications with fibronectin and L-Glu did 
however improve this.  

Both sets of macro data have been presented showing the median and the 

range for skewed data. The use of such macros for batch image processing 

needed further optimisation. When cross matching the cell morphology images 

shown in the previous figures, it was clear that there were inconsistencies in 

results across the different samples. This could have been due to the 

differences in image quality/acquisition settings along with the ability of the 

macro coding to accurately detect the cell outline. It was noted that for the cells 

that were flatter and spread across a larger area, the outline had not been fully 

detected in the binary output, and therefore it was not possible to measure area 

and circularity accurately reflecting the cells shape, and so no robust 
conclusions could be drawn from this macro data without further development. 

This part of the study was aimed at familiarisation with the materials, techniques 

and the cell line. It is the production of 3D silk nanofibres which was the ultimate 

goal, and to study the cell responses to a more biomimetic environment. 
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Chapter 4:  3D Silk Scaffolds 

4.1 Background 

Electrospinning is a technique for the fabrication of nanofibrous scaffolds and 

can be used to generate 2D and 3D constructs, such as sheets, tubes, stacked 

sheets and wrapped sheets for tissue engineering [24, 117, 118]. Electrospun 

scaffolds can be manufactured to mimic topographic features of the 

extracellular matrix (ECM), for example of in vivo collagen fibres [119]. 

Typically, randomly distributed fibres are collected during electrospinning, 

forming non-woven fibrous mats. However, control of fibre alignment during 

electrospinning offers the potential to mimic oriented tissue architecture such as 
that found in ligament or muscle tissue [120, 121].  

Silk has been widely studied as a natural polymer; a significant proportion of the 

research has been focussed on characterisation of the proteins, protein 

hierarchical structures and the biochemistry of self-assembly of the fibres when 

spun by the silkworm. This is from a biotechnology approach to produce 

synthetic silk-like proteins with the desired properties rather than modifying and 
functionalising existing polymers [122-125]. 

Silk fibroin is well-documented in biomaterials research, often in combination 

with other natural or synthetic polymers. For example silk fibroin has previously 

been used in a gelatin blend hydrogel. When co-cast from solution, amorphous 

blends of these natural polymers appear homogeneous, and upon subsequent 

exposure to aqueous methanol, the silk fibroin still undergoes the 

conformational change from α-random coil to β-sheet that it would if in a pure 

solution. The influence of methanol-induced silk fibroin crystallization on 

structure and property development of the blend was shown by Gil et al. that the 

presence of beta sheets in silk fibroin and gelatin/silk fibroin blends improves 

thermal stability, and silk fibroin crystallization enhances the tensile properties 

of the blends. By preserving a support scaffold above the gelatin transition 

temperature, the formation of crystalline silk fibroin networks can be used to 

stabilize gelatin based hydrogels for biomaterial and pharmaceutical purposes 
[126, 127]. 
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Silk fibroin has also been electrospun in previous studies, often blended with 

other polymers both natural and synthetic. For example polyethylene oxide/silk 

fibroin blends were electrospun by Meinel  et al. [128], collected on a rotating 

cylindrical target during electrospinning which is something that was very 

difficult to reproduce with the resources and space available in the fume hood. 

Meinel’s study demonstrated that fibre alignment and surface modification with 

fibronectin could guide hMSC morphology and orientation demonstrating the 

impact of scaffold topography on the engineering of oriented tissues, which was 
the aim of this study using muscle cells.  

This Chapter outlines the development of the electrospinning setup and 

optimisation of electrospinning silk. It was originally intended that by this stage, 

the Wild Type Tussah silk would also be electrospun for comparison with the 

Bombyx silk. Given the problematic dissolution of the Tussah at the 2D scaffold 

stage, Gelatin was been introduced for comparison to the Bombyx if the Tussah 

could not be electrospun. Nanofibrous scaffolds would be electrospun with the 

aim of producing aligned fibres that will mimic the cells natural niche and 
promote the muscle cells to fuse into aligned myotubes. 
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4.2 Results & Discussion 

4.2.1 Electrospinning 

In theory, electrospinning is a relatively straightforward technique whereby a 

charged jet of the desired solution is sprayed at an earthed collecting surface. In 

practice, the multiple variables and parameters that will be discussed in this 

chapter make the production and reproducibility of scaffolds with a desired 
characteristics much more complicated to achieve. 

The basics of electrospinning were outlined schematically in Figure 5 which 

outlines an electrospinning setup. Figure 46 shows the version of the setup 

used in this work. A syringe driver, syringe and needle, voltage source and 

earthed collecting surface.  

Due to the hazardous nature of the solvents required for the spinning process, 

the setup was assembled in a fume hood. This reduced the hazard to the 

operator, but in doing so, restricted the working space and created air 

turbulence which had a significant effect on the delicate jets of solution being 

sprayed, hence the need for a box to enclose the needle and collector to reduce 

interference. The box was adapted to allow the positioning of the needle, 
collector, voltage and earth cables.  

For creating random fibre meshes, the collector was a square of cardboard that 

was wrapped with wire to be connected to the earth wire, and then covered with 

aluminium foil for each attempt so that could be removed to manipulate the 

scaffolds produced. Due to the unpredictability whilst testing the parameters, 

the collector was held in position within a smaller boxed surround to enable 

manipulation of the orientation of the collector, and lined with black paper to 

highlight the direction of the polymer spray so that the position could be 

adjusted accordingly to collect the most concentrated region. The results were 
consistently inconsistent. 
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Figure 46: Electrospinning Setup.  The syringe driver is setup to dispense the solvent/polymer 

solutions at a given rate from a glass syringe. A voltage supply is clipped to the base of the 

needle, which is a measured distance away from the collector, which has an earth wire 

attached.  

 

The parameters and variables investigated were changed in isolation and then 

in combination with others, for both random and then aligned fibre spinning 
attempts: 

• Solvents: HFIP, Acetic Acid and TFE 

• Concentration of polymer of interest, silks or gelatin: 8%, 10%, 12% w/v 

• Flow rate controlled by the syringe driver: 0.008 ml/min up to 0.1 ml/min 

• Total volume dispensed: 0.25 ml to 1 ml 

• Voltage applied to the needle (therefore spinning solution): 10 - 20 kV 

• Distance from needle to collector: 5 - 20 cm 
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The solvent and polymer solution were very sensitive to changes in the lab 

environment. The fluctuations in ambient temperature and humidity affected 

how long it took for the polymer to dissolve and the subsequent viscosity of the 

solution. This in turn impacted on the flow rate and total solution dispensed by 

the syringe driver as the physical properties of the solutions could be varied 

between runs on different days. The viscosity not only changed the flow rate of 

the jet dispensed, but the voltage then had a different effect on the pattern of 

spray. Dependent on the viscosity and spectrum of spray, the collector distance 
could also vary greatly. 

Electrospinning was more variable than expected and so the different 

parameter combinations were regularly repeated for each polymer to allow for 

the variability in environmental influences on the process. All scaffolds were 

dried and kept in a desiccator to be assessed by scanning electron microscopy. 

The combinations of parameters will be outlined alongside the SEM images of 
the different scaffolds.  

Figure 47 shows the bespoke collectors that were made and tested in this 

setup. The flat collecting plate worked well covered with foil, the shielding box 

lined with black paper highlighted that there was consistently a wide area of 

peripheral spray. When consulting the literature it was found that metal rings, 

could be placed between the needle and collector, as auxiliary electrodes (given 

the same positive charge as that of the solution) to focus and concentrate the 

spray. This positively charged ring created a cylindrical ‘electrical wall’ that 

discouraged the charged electrospinning jet from travelling out of it. To create a 

pulling force on the electrospinning jet through the charged rings, a negative 

charge was applied to the collector [129].  
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Figure 47: Electrospinning Collecting Electrodes.  Electrodes can be orientated for vertical or 

horizontal jet spray. Cling film and cover glass were tested as methods to collect the fibre 

meshes. There was no adherence to the glass and so cling film proved to be the easiest way of 

collecting and subsequently moving, storing and resizing the scaffolds. The scaffolds could be 

peeled from the cling film and moved to dishes for crosslinking. 

 

When the focus ring set up was attempted, with less sophisticated apparatus, 

the focus ring did give a concentrated collection of fibres, but also left the ring 

structure densely coated with fibres that it seemed wasteful to discard these 

when the foil collector gave a much larger area of fibres to could then be used 

for further investigation. The focus ring was not taken further. 

The electric field profile between the tip of the spinneret and the collector has an 

influence on the electrospinning jet; this can also be used to create aligned or 

patterned fibres. As early as 1938, Formhals patented an electrospinning set-up 
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where bars were placed in parallel with gaps between them as collectors to 

collect aligned fibres.  

The lower half of Figure 47 shows the parallel electrodes that were fashioned to 

attempt the electrospinning of aligned fibres which it is hoped will promote 

aligned cell growth. The first attempt used two discarded door hinges, which 

provided two identical pieces of metal, which were connected by copper wire to 

set the distance of the void between them. The electrospinning worked, so the 

hinges worked as a collector. On inspection of the scaffolds deposited on the 

coverslips, there was no visible sign of alignment and the mesh had a very open 

structure. The parallel electrodes were developed further with two thicker pieces 

of metal that provided a deeper void and were more conductive that the hinges. 

This provided a much better collector and the fibre deposition was much 

improved. The electrodes were recycled metal measuring 16 cm in length and 

1.5 cm width. To start with, the distance between the two was varied along with 

the other parameters. It was quickly established that for the parameters and 

polymers being tested, the distance should be fixed at 1 cm. 

Glass coverslips were used to cover the void as in early attempts the fibres 

were so fine that they slumped into the void distance, or were attracted by 

static. It was hoped that by spraying onto the coverslips, they could then be 

removed (or cut out if necessary) to then be directly used for imaging and cell 

culture. Unfortunately the fibres did not adhere to the coverslips when the 

solvent evaporated, so although it provided support during the collection time, it 
was not advantageous. 

The biggest improvement was seen when glass coverslips were substituted for 

cling film across the electrodes, as shown in Figure 48 where the scaffolds are 

prepared for cell culture testing. It was immediately visible by eye that there was 

a difference in the fibre orientation over the void. 
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4.2.1.1 Silk 

The basis for the starting parameters tested for electrospinning was a paper by 

Huber et al. [130]. The paper discussed the electrospinning of nylon 6/6 and the 

alignment for culture with C2C12 myoblasts and reported aligned fibres were 

spun at a constant rate of 0.1 ml/min, 17.5 kV and 10 cm needle to collector. 

With the same aim, these parameters were used as a starting point for the 

electrospinning of silk fibroin. The author kindly helped out with some 

“troubleshooting” whilst trying to optimise the setup and method. Another source 

of reference was a methodologies review by Murugan et al.[131, 132]. The 

combinations of parameters will be outlined in the Results & Discussion 

sections where examples of the different scaffolds are shown with the 
corresponding parameters used. 

As discussed in the previous section, the laboratory temperature had an effect 

on the dissolution of the silks at the different concentrations with the test 

solvents. The most reliable combination for the Bombyx silk Fibroin was 8% 

HFIP; however this did have to be left on the magnetic stirrer overnight in the 

fume hood to dissolve. Figure 50 shows the fibres resulting from the parameter 

tests with Bombyx in HFIP whereas Figure 51 shows that the Wild Type Tussah 

silk only formed beads under the same conditions with HFIP. It was not always 

clear to see, on the foil, whether fibres had been successfully formed. In the 

case of the initial tests for the Tussah silk, by eye there was a visible coating, 

however under closer examination this was a distribution of beaded deposits 
and not fibres. 

With regards to the aligned electrospinning, parallel electrodes have been used 

to control scaffold topography by silk fibroin fibre alignment during 

electrospinning [133], there have also been many publications regarding the 

setup and multitude of parameters and collection methods that can be used to 

control fibre orientation, the most comprehensive was a follow up publication by 

Murugan et al. [11]. The aligned nanofibres are more relevant to the overall aim 

of this project, which was to promote the alignment of muscle cells. It was 

critical for the component myotubes that build up into myofibres to be well 

orientated and contract in unison to be functional muscle tissue, not only 
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skeletal muscle but other muscles type such as cardiac and smooth muscle 

[134].  

These publications were all investigating a variety of polymers for different 

purposes and so inspiration could be taken from their findings, highlighting new 

approaches to explore with the silk fibroin. Often where silk was used, it was in 

combination with another polymer to enhance the other polymers properties 

[100, 135, 136]. Coatings, nanofibres and growth factors have also been 
combined with silk to make an enhanced scaffold [137-139]. 

Collagen is another natural polymer that has been electrospun, in combination 

with and as a comparison to silk fibroin [140]. The results of that study 

demonstrated the superior processability of silk fibroin when compared to 

collagen, it was also difficult to get adequate dissolution of the collagen to 

attempt electrospinning and so gelatin was introduced for comparative purposes 
because it is a derivative of collagen.  

Unfortunately all aligned electrospinning attempts with the Wild Type Tussah 

silk failed, there was extensive beading and the deposits did not cover the 

electrodes. With limited time to try alternative solvents or parameters the Wild 

Type was not taken further. 

Post-spinning treatments were applied to silk fibroin fibres, as discussed in the 

Crosslinking section 4.3.2.1. The cellular response to the scaffolds was 
assessed in vitro. 
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4.2.1.2 Gelatin 

Gelatin, derived from natural collagen, is a natural biopolymer. There are many 

binding sites on gelatin that may promote cell differentiation and adhesion as an 

extracellular matrix protein, gelatin has been shown to release growth factor 

enhancers and bioactive components. As a tissue engineering scaffold, it has 

been used for neural cell transplantation, corneal wound healing and as 

composite scaffolds with silk fibroin for Liver Tissue Engineering [116, 141]. 

Electrospun gelatin was used in combination with layers of silk fibroin and 

synthetic polylactides, or as coatings [142]. They have been used in 

combination because they contain the RGD motif (Arg-Gly-Asp), which can be 

recognized by the integrin receptor in the cell membrane and promote cell 

differentiation, proliferation, and adhesion. Silk fibroin and gelatin have been 

electrospun into nanofibers and have the capacity of mimicking native 

extracellular matrices. Synthetic biodegradable polymers such as PLA, poly-ε-

caprolactone (PCL), and poly (lactide-co-glycolide) (PLGA), have good 

mechanical and biological properties, but have poor hydrophilic properties, and 
are well known for lacking bioactivity and cell affinity [142-144]. 

For the electrospinning of gelatin, both type A and B were tested, however, 

gelatin type B was found to be more soluble than type A, possibly due to its 

higher carboxylic acid content [145]. Type A was only used for the 2D films and 

type B was used for 2D films and 3D nanofibres. Three solvents were tested 

with the gelatin: HFIP, Acetic Acid and TFE. The dissolution with acetic acid did 

not produce a homogenous solution that could be used for electrospinning. 8% 

w/v HFIP and 10% w/v TFE were successfully tested. 
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4.2.2 Scaffold Preparation for Cell Culture 

Once the scaffolds havdbeen produced by electrospinning they were kept flat in 

the desiccator until required. Before being used each scaffold is peeled from 

either the foil or clingfilm that it was collected on, trimmed and crosslinked. 

Originally the scaffolds were prepared for cell culture by cutting to size and 

crosslinking onto coverslips, however they did not stay adhered once they had 

and so simply floated after being submerged in culture media. Some scaffolds 

were more fragile than others once crosslinked. Most floated and some rolled 

up and were easily torn when trying to move or manipulate during culture or for 
staining and imaging. 

 

Figure 48: Scaffold Preparation for Cell Culture. The above figure shows aligned Bombyx 

electrospun scaffolds which are trimmed, crosslinked in Methanol and then cut to size and stuck 

onto coverslips with the “geneframe” to leave the desired region of the scaffold open for cell 

culture. Gelatin is treated the same except for the crosslinking solution. 

 

The blue square frames seen in the bottom half of the figure 48 were a double 

sided adhesive frame “geneframe” (Thermo Scientific) which was intended to 

create a chamber between slide and coverslip for thicker samples. For the 
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purposes of this study the scaffolds were cut to size, slightly larger than central 

open region, leaving a border of adhesive to then be stuck onto a glass cover 

slip. This modification enabled the scaffolds to easily be moved, crosslinked and 

then held in place for cell culture in a 6 well plate. Scaffolds could then also be 

transferred between plates and manipulated, for example, inverted in a multi 

well plate for imaging. 

 

4.2.2.1 Crosslinking 

4.2.2.2 Silk 

The collected silk fibres were cut into squares, peeled from the foil or cling film 

and mounted between square cover slips (18 mm x 18 mm) and the 

geneframes then submerged in 90% (v/v) Methanol for 30 minutes and left to 

dry overnight under aseptic conditions. This causes a conformational change in 
the Fibroin protein structure from the α-random coil to β-sheet form [146-148]. 

4.2.2.3 Gelatin 

The collected gelatin fibres were cut into squares, peeled from the foil or cling 

film and mounted between square cover slips (18mm x 18mm) and the 

geneframes before being crosslinked. Initial attempts to cross link the gelatin 

caused the scaffolds to be dissolved almost instantly. Conditions were 

replicated from the literature and so it was not clear what was causing this to 

happen. Several days’ worth of electrospinning was lost. Once more scaffolds 

were produced, a selection of crosslinking conditions were re-tested [126]. 

Scaffolds were crosslinked as described by Lee et al [149] In a glass petri dish, 

90% (v/v) acetone containing 30% N-(3-Dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC, Sigma) by Gelatin weight was pipetted 

onto the scaffolds and left to evaporate in a fume hood overnight. Treatment 

with 90% (v/v) methanol for 30 minutes was used to sterilise the scaffolds, 

which were then dried again overnight under aseptic conditions. 
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4.3 Scaffold Characterisation 

The mechanical properties of electrospun fibres are a result of material 

selection, or can be controlled by modifying the processing parameters and post 

spinning treatments [150]. Current mechanical assessments of fibrous scaffolds 

are based on bulk measurements and do not provide information on the single-

fibre level. Beyond that, an evaluation of single-fibre mechanics could be a 

valuable supplement to current bulk assessments, particularly when it comes to 
probe the microenvironment cells encounter upon adhesion.  

Solution parameters (e.g. viscosity, conductivity, and surface tension), 

processing parameters (e.g. electric field strength, flow rate and collector-set 

up) as well as ambient parameters (e.g. temperature and humidity) impact the 

process of electrospinning [100, 151]. In this study, air humidity and 

temperature was critical for electrospinning silk fibroin fibres. At high humidity, 

solvent removal may have been insufficient between when the jet fluid stream 

left the spinneret and when it reached the target. This incomplete removal 

possibly resulted in bead formation due to residual solvent [124]. Fibre 

alignment in scaffolds is considered as a beneficial topographical cue for the 

engineering of structurally oriented tissue architecture, and may serve as a 

biomimetic tool to induce phenotypic differentiation of the cells and ensure 

overall tissue function [121, 152]. 
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4.3.1.1 Mechanical Load Testing 

The tensile behaviour of Bombyx mori silk fibroin has been studied previously 

[92], Jiang et al. described the strength of the silk fibres following different 

degumming methods and chemicals with an interest in the microstructure of the 

silk fibroin itself. Other publications have tested electrospun scaffolds of other 

natural polymers such as collagen and gelatin, Zhang et al. reported higher 

tensile strengths, however the electrospun fibres were a polylactide/silk fibroin-
gelatin composite tubular scaffold and so not comparable [143]. 

The strength of the scaffold is significant when it is to be developed for muscle 

regeneration. Muscle myotubes, the component filaments that make up the 

larger structured myofibres spontaneously contract. As any new tissue 

develops, the supporting scaffold would need to withstand such forces until 

such time as it is no longer required to guide myogenesis. 

Figure 49 shows the preliminary mechanical load testing which was carried out 

with the assistance of a member of technical staff in the Faculty of Mechanical 

Engineering. To	determine	the	suture	retention	strength	of	the	electrospun	scaffolds,	

the	 samples	 were	 cut	 to	 an	 approximate	 rectangular	 shape	 of	 5	mm	 x	 15	mm	 and	

soaked in PBS at room temperature for 12 hours prior to testing.	As discussed in 

Section 4.3.2, there were issues with crosslinking the electrospun gelatin 

scaffolds. Only the non-crosslinked scaffolds were available for testing at this 
stage. 

There is not a vast difference in the maximum load results obtained. The GHFIP 

aligned scaffold scored highly, however it was not crosslinked. Aligned samples 

were pulled in the direction of the aligned region. The BHFIP aligned scaffold 

was the next highest, and this scaffold was methanol crosslinked, however its 

matching non crosslinked scaffold gave the lowest reading of the group. The 

non-crosslinked GHFIP and GTFE aligned and random meshes followed 

closely. 

The size of samples tested was representative of what was used for cell culture 

in the geneframes, further examination would require a full set of the different 
electrospun polymer/solvent combinations, with and without cross linking. 
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Specimen Sample ES 
Solvent 

Crosslinked
? Scaffold Type Maximum 

Load (N) 

Young’s  
Modulus 
(MPa) 

1 Bombyx HFIP No Aligned 0.05936 0.531 

2 Bombyx HFIP Methanol Aligned 0.33219 6.438 

3 Gelatin HFIP No Random 0.26346 1.294 

4 Gelatin TFE No Random 0.17717 1.818 

5 Gelatin HFIP No Aligned 0.52060 5.896 

6 Gelatin TFE No Aligned 0.10664 1.063 

7 Gelatin TFE No Edge/border 
of aligned 0.34412 2.543 

8 Gelatin TFE No Aligned 0.11690 0.531 

 

Figure 49: Mechanical Load Testing of Electrospun Scaffolds. Young’s Modulus expressed in 

MPa (1 N/m2 = 1 Pa). 
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Having obtained preliminary data for a number of scaffolds, Young’s Modulus 

was also calculated using the following equation as a measure of elasticity and 

the scaffolds ability to resist deformation, and shown in the table at the bottom 

of Figure 49. A material being stiffer and more resistant to deformation does not 
necessarily mean it is stronger [153, 154]. 

 

Young’s Modulus equation: 

! = 	$%	% = 	 &'()**&'(+,- 	= 	
./
0∆/ 

Where: E = Modulus of Elasticity, F = Maximum load (N), L = Original length 

(m), ∆L = Extension (m), A = Cross sectional area (hw = (1.72 x10-4) (5 x 10-3) = 
8.60 x 10-7 m2) 

 

Given that samples were not tested from the full array of scaffolds, nor 

replicated, no conclusion can be drawn from this preliminary data set. However, 

a full assessment of each scaffolds properties would enable better design of a 

scaffold to match the properties of the target tissue for the intended therapy. A 

scaffold would need to be able to withstand comparable native forces in order to 

direct and support regeneration. The initial data indicates a trend that would be 

expected from the nature of the scaffolds. Specimen 1 and 2 differ only by one 

being crosslinked, and this sample showed a much higher Young’s Modulus 

value. Similarly, irrespective of crosslinking, the aligned electrospun specimens 
outperformed the random fibre orientation. 

Building on this type of scaffold characterisation would not only facilitate the 

wider use of the scaffolds for other tissue engineering applications such as 

nerves or cartilage, but also for it’s potential as an in vivo bioreactor to create 

new tissue constructs either for in vitro testing or implant preparations under 

appropriate physiological conditions for in vivo work or scaled up for 
implantation. 
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4.3.1.2 Scanning Electron Microscopy of Random Electrospun Silk 

Throughout the electrospinning process, it was possible to see the fibrous 

nature of the electrospun scaffolds by eye. During optimisation of the 

electrospinning parameters it was possible to see the layers of fibres being 

deposited on the collection plate, and the duration of the collection period 

determined how thick the scaffold became. Examples of this can be seen in 

Figures 50 and 51 where images of the scaffolds produced are shown. Although 

the layers could be seen on the foil or cling film they were not always cohesive 

enough to be peeled off as an intact mesh, an initial assessment could be made 

under the standard microscope however, the only way to assess the true 

structure and orientation of the fibres was through scanning electron 
microscopy (SEM). 

 

Figure 50: SEM for Bombyx Electrospinning Parameter Test. Preliminary tests of 

electrospinning parameters for 8% Bombyx in HFIP. Variables were Distance from collector and 

voltage, the flow rate and collection time/duration remained the same. Imaged at 10 kV with a 

spot size of 10. 
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Figures 50 and 51 show the different spinning parameters that were tested for 

the Bombyx and Tussah silks. Finding the best dissolution solvents and 

conditions was time-consuming as it was not always possible to tell if fibres had 

been produced until this later stage, which meant that it took longer than 
expected to set up an optimised set of parameters for each solution. 

Unfortunately, as with the 2D films, the Tussah silk electrospinning did not yield 

any scaffolds that could be taken forward to cell culture tests. Due to time 

constraints the Wild Type silk was not taken further. New parameters were 
tested when time permitted, but no fibres could be produced. 

 

Figure 51: SEM for Tussah Electrospinning Parameter Test. Preliminary tests of electrospinning 

parameters for 8% Bombyx in HFIP. Variables were Distance from collector and voltage, the 

flow rate and collection time/duration remained the same. Imaged at 10 kV with a spot size of 

10. 
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The scaffolds produced from these initial attempts were seeded with myoblasts 

at either 2,500 or 5,000 cells/well and cultured for 24 hours before fixation. Cells 

were also seeded onto a glass coverslip as a control to check that the cells 
adhered and grew, in addition to a scaffold with no cells.  

 

Figure 52: SEM of B1 Random Electrospun Scaffolds with Myoblasts. Preliminary tests of 

electrospun scaffolds seeded with two different densities of C2C12 myoblasts for 24 hr. Also 

glass coverslip and culture media only controls. Imaged at 10 kV with a spot size of 12. 

Magnification at x500-1,500 and zoomed in to x3,000-5,000 and then x15,000. 

 

The B1 scaffolds shown in Figure 52 were random mesh fibres and clearly 

show that the cells have adhered and started extending protrusions across and 

into the scaffold. It was a concern that the cells may not be well established 
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enough after 24 hours to withstand the multiple solution changes of the SEM 

fixation and preparation protocol. Agitation was kept to a minimum, but at times 
it was unavoidable.  

 

Figure 53: SEM of B2 Random Electrospun Scaffolds with Myoblasts Preliminary tests of 

electrospun scaffolds seeded with two different densities of C2C12 myoblasts for 24 hr. Also 

glass coverslip and culture media only scaffold controls. Imaged at 10 kV with a spot size of 12. 

Magnification at x500-1,500 and zoomed in to x3,000-5,000. 

 

One of the scaffolds processed from the B2 set (shown in Figure 53) had curled 

up and the cell side was no longer uppermost when it came to coating and 
imagining. In general scaffolds were maintained in the correct orientation. 
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Figure 54: SEM of B3 Random Electrospun Scaffolds with Myoblasts.  Preliminary tests of 

electrospun scaffolds seeded with two different densities of C2C12 myoblasts for 24 hr. Also 

glass coverslip and culture media only scaffold controls. Imaged at 10 kV with a spot size of 12. 

Magnification at x500-1,500 and zoomed in to x3,000-5,000. 

 

Figures 52 to 56 show successful cell adhesion to the Bombyx electrospun 

scaffolds. The B1 scaffold was taken forward and seeded with increased 

densities of myoblasts for a 3 day culture period before fixation, shown across 

Figures 55 and 56. As a control for the cell seeding, a glass coverslip was also 

included again. 
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Figure 55: SEM of B1 Random Electrospun Scaffolds with up to 5,000 Myoblasts.  Preliminary 

tests of electrospun scaffolds seeded with two different densities of C2C12 myoblasts for 3 

days. Also glass coverslip and culture media only scaffold controls. Imaged at 10 kV with a spot 

size of 12. Magnification at x250, 1,000 & 5,000. 

 

Figures 55 and 56 clearly show that the cells are proliferating and colonising the 

scaffolds with a distinctly different morphology to the very flat and thinly spread 

cells on the glass coverslip. It is not clear to what extent the cells are interacting 

with the scaffold. It is possible to see their protrusions delving in between the 

fibres, but they may also be able to remodel the fibres along with their own 
matrix. 
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Figure 56: SEM of B1 Random Electrospun Scaffolds with up to 20,000 Myoblasts.  Preliminary 

tests of electrospun scaffolds seeded with two different densities of C2C12 myoblasts for 3 

days. Also glass coverslip and culture media only controls. Imaged at 10 kV with a spot size of 

12. Magnification at x250, 1,000 & 5,000. 
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4.3.1.3 Scanning Electron Microscopy of Aligned Electrospun Silk 

Having successfully produced random electrospun fibre meshes, and shown 

that the C2C12 myoblast cells will adhere and proliferate on the electrospun 

scaffolds, the electrospinning setup was then changed to test the same 

parameters outlined in Figure 50 but with the parallel electrode collecting plates 
shown in Figure 47. 

Unlike the flat collecting plate where the jet of regenerated silk solution was 

sprayed laterally at the foil, with the aligned setup this did not appear to be 

effective. This is possibly due to the opposing effect of gravity on the solution as 

it was sprayed. Due to the space constraints of the fume food and the weight of 

the syringe driver, it was not possible to turn this section of the apparatus at 90 

degrees. A piece of fine tubing was used to connect the needle to the syringe, 

in so doing the needle could then be positioned above the electrodes to spray 

down from above. Due to the nature of the solvents being used, small sections 

of the tubing were first soaked in the solvents overnight to see if they would be 
degraded during the spinning process. 

Figure 57 shows that not all of the parameters that worked well for the flat 

collecting plate produced intact scaffolds across the electrode void. In most 

cases where the scaffold was intact, there were no areas with any visible 
difference in fibre orientation or alignment. 
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Figure 57: SEM of Bombyx Aligned Electrospinning Parameter Test I.  Preliminary tests of the 

aligned electrospinning collector. Sprayed onto glass coverslip taped over the electrode void. 

Imaged at 10 kV with a spot size of 10. Magnification at x1,000-4,000. 
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Having consulted the literature where aligned fibres were generated [135, 140, 

155-157] the parameters were adjusted to test different distances between 

needle and electrodes as well as different flow rates from the syringe driver and 

dispensing volumes which took into account the amount of solution that would 
be in the additional connective tubing between syringe and needle.  

 

Figure 58: SEM of Bombyx Aligned Electrospinning Parameter Test II. Coverslips were secured 

across the void region between the electrodes in the hope that once the scaffold was deposited, 

it could then be transferred to multi-well plates for crosslinking and cell culture. 

 

Figure 58 shows that this parameter combination produces denser fibre meshes 

that were stable enough to be manipulated and used for cell culture; however, 

the degree of alignment is not as strikingly obvious as expected from the 

literature. Based on SEM published by Corey et al. these fibres would be 

classed as ‘intermediate’ rather than a highly uniform alignment [157]. There are 

areas with clear parallel direction in some but not all layers. 

The main difficulty in trying to optimise the electrospinning through parameters 

taken from the literature is that they are parameters specific to the polymer 

under investigation. The physics of the process depends heavily on the 

behaviour of the solution, its viscosity, the solvent used and the biochemistry 
and structure of the polymer.  
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The most significant alteration to the setup happened to be the chance 

substitution of the glass slides for a section of cling film covering the electrodes. 

The glass coverslips were used with the expectation that the scaffold could be 

cut to size and directly transferred to culture plates, however the fibres did not 

adhere when collected on the glass and so the cover slips were re-introduced 

when the scaffolds were crosslinked and then positioned onto the cover slips 
and left to dry onto it over night before being used. 

The electrospinning parameters are identical between Figures 58 and 59, but 

the resultant alignment from simply collecting on cling film is a significant 

improvement. There is clearly an overall alignment of the fibres in the central 

region across the electrode void which is distinctly different from the clearly 

random alignment of the outer edge regions which were covering the electrodes 
themselves. 

Despite the parameters being kept constant, including electrospinning duration 

and total volume dispensed, the fibres still have a large degree of variability in 

how they layer down. There is now a distinct difference in orientation between 

the central regions which are more aligned than the outer edges. The lab 

temperature and air conditioning seemed to have an effect during 

electrospinning which is why the apparatus was set up within a cardboard box 

to shelter from air movement. The lab temperature also affected the viscosity of 

the regenerated silk/gelatin solutions. Sometimes making it harder to dissolve 

and also affecting the dispensing, causing the fine tubing between the syringe 

and needle to become easily blocked and therefore impact on the total volume 
dispensed. 

These parameters with cling film were then repeated to increase scaffold 

numbers for experimentation with the addition of the C2C12 myoblasts. The 

Bombyx scaffolds shown in Figure 60 are numbered 1 to 4 based on four 

repeats of these successful parameters, and do not correspond to the 
numbering shown for the preliminary parameters in previous figures.  
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Figure 59: SEM of Bombyx Aligned Electrospinning Parameter Test III.  Identical electrospinning 

parameters to Figure 58, with the substitution of glass cover slips with cling film covering the 

electrodes. The top three rows show examples of outer verses central regions and the fourth 

row shows both from the same sample from one side across the void to the other. 

 

Figure 60 clearly shows a difference in cell morphology across the two regions 

of fibres. Cells on the central aligned regions showed a clear unidirectional 

growth pattern and alignment, with what looks to be definition between the 

orientated fused myotubes. Cells on the outer random fibre regions have spread 
differently with fluctuating proliferation patterns within the monolayer. 
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Figure 60: SEM of Bombyx Aligned Electrospun Scaffolds with Myoblasts. Bombyx aligned 

electrospun fibres seeded with 20,000 cells/well and cultures for 72-96 hr. 

 

 



 

 129   

4.3.1.4 Scanning Electron Microscopy of Electrospun Gelatin fibres 

Electrospinning with gelatin was introduced in the latter stages of this project to 

provide a comparison to the Bombyx silk due to the obstacles encountered in 

trying to have comparable sets with the Wild Type Tussah Silks due to its 

natural RGD sequence. The 2D scaffold experiments were then repeated to 
include gelatin films to complete the sets. 

Due to a limited time period to fabricate and test the scaffolds in cell culture, the 

parameters previously tested for the Bombyx electrospinning were used, with 

very few adjustments in an attempt to find the combination conducive to the 

desired fibres. TFE had already been shown to be an effective solvent for 

gelatin electrospinning [158], acetic acid was also tried along with HFIP as that 

was used to the Bombyx. Only the scaffolds that were successfully crosslinked 

without dissolution were taken forward to cell culture, staining and SEM. 

The scaffolds shown in Figure 61 are an example of those that successfully 

produced an integrated mesh. As seen with the Tussah silk samples in Figure 

51, some of the parameters tried with the gelatin also produced beading and 

patchy deposition on the collector. The fibres themselves are noticeably 

different to the silk mesh in deposition and structure. The initial fibres produced 

were flattened like ribbons rather than being spindle fibres. The fibres seeded 

with myoblasts appear different again, being more like an elongated coil rather 

than straight strands. The myoblasts have adhered to the scaffold and in some 

cases have started to move amongst the fibres as well as growing on top of 

them. The cell infiltration is shown in higher magnifications in Figure 62 with the 
aligned gelatin scaffolds. 

Figure 61 outlines the electrospinning parameters tested for gelatin, and the 

combination that yielded the fibres shown. The SEM images show aligned and 

outer regions with myoblasts. The cells have different morphologies on the 

random and aligned fibres. On the outer edge sections the cells are almost star-

like in shape, whereas on the aligned regions they are very elongated and 

spindle-like. In places it is difficult to distinguish between cells and fibres as they 

have similar contrast levels and the cells have started to infiltrate the scaffold 

and are orientating themselves along the fibres as well as on top. 
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Figure 61: SEM for Random Gelatin Electrospun fibres with Myoblasts. Test parameters for 

random electrospun gelatin fibres seeded with myoblasts and cultured for 72 hours prior to 

fixation. 
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Figure 62: SEM of Aligned Gelatin Electrospun Scaffolds with Myoblasts. Test parameters for 

aligned electrospun gelatin fibres seeded with myoblasts and cultured for 72 hours prior to 

fixation. 
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4.3.1.5 Scaffold Image Analysis 

Image J was used to make a number of different measurements from the SEM 

image data set represented in Figure 57 (page 123). Firstly, Figure 63 shows 

the fibre diameters measured at 200/image across an n of 3 for each 

parameter, secondly a macro for determining percentage area was used 

against a black & white threshold of the original image where the percentage of 

black over white was calculated, white being the fibres and black as a measure 

of porosity. Finally, the Fast Fourier Transform (FFT) function was used to show 
a measure of alignment.  

The FFT algorithm used in image analysis to extract directional information. A 

grayscale version of the image is used to correlate pixel density and distribution 

relative to the content of the original image to quantify orientation. Image 

analysis was carried out using ImageJ, it’s built in FFT function and additional 
Oval Profile Plugin. 

Recent publications have used electron microscope images to quantify the 

degree of alignment in fibrous scaffolds produced by electrospinning, as well as 

on images of cell cultures, commonly for studies into neurite growth [153, 157]. 

Ayres et al. have published the use of FFT to monitor changes in 

electrospinning parameters on the fibres produced [159, 160], and had also 
specifically looked at electrospun gelatin. 
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Figure 63: FFT analysis of Fibre Alignment. On the left are the spectra from the electrospinning 

parameters outlined in Figure 57, with the addition of the scaffolds seeded with c2c12 cells as 

shown in Figure 56 for Bombyx and Figure 59 for gelatin scaffolds. The fibres from the centre 

region of the aligned scaffolds showing a higher degree of alignment to those on the edges. 

Data presented as mean ±SD. Porosity analysed by one-way ANOVA with Tukey’s multiple 

comparison post-hoc test. P<0.0001 for n=3. Fibre diameters were not found to be significant 

P=0.3443. 
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From the fibre diameters shown in Figure 63, it was clear that electrospinning 

parameters for the B1 and B2 scaffolds were the more reproducible, and hence 

why they were carried forward for further use with the cells. The different 

electrospinning parameters also produced significantly different levels of 

porosity in terms of the fibre distribution. This did not appear to have an impact 

on cell integration of the scaffolds, all cells observed under the SEM were able 
to adhere and anchor themselves to the scaffolds.  

The fibre diameter was measured manually however, using the macro to look at 

the porosity, as with the cell morphology data discussed in Chapter 3, there 

were limitations. The thresholding takes the face of the SEM image, which itself 

shows multiple layers of fibres, these are not distinguished and so considering a 

pore to be the space between fibres, it does not take into account the layers 

within the image. In this instance a manual measurement would have given a 
more accurate representation. 

Similarly the use of the oval profile plugin did not seem to yield the type of 

histogram seen in previous literature where the technique was used to assess 

alignment. It is not clear at what stage in the image analysis process the error 

occurred for the FFT data, which clearly did not work in the correct manner. 

However, despite not producing the results in the format expected, the two 

samples from the central region of aligned scaffolds show higher values than 

the two from the edge regions where the fibre orientation is random. 
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4.3.2 Cell Adhesion, Viability & Proliferation 

4.3.2.1 Cell Adhesion and Viability  

Following the same protocol as the 2D scaffolds in Chapter 3.3.5, the cell 

attachment and viability of the myoblasts was assessed by staining in culture 

with a combination of labelling dyes: Calcein AM highlights live cells that have 

transported it in through their membranes, Ethidium Homodimer which is 
membrane-impermeable and so only binds to the DNA of dying or dead cells.  

It was found with the 2D films that cells could be incubated with the labels for 30 

minutes in the incubator, washed with PBS and then culture resumed for 

imaging at the different time points. This also meant that any cells that were had 

not adhered were removed with the washes. With the electrospun scaffolds 

already mounted in the geneframes they were easily flipped over to view on the 
inverted microscope. 

Figures 64 to 66 show the live/dead and nuclear staining on myoblasts seeded 

on random and aligned electrospun scaffolds as well as the 2D films and 

coatings for cell morphology comparison. Figure 66 of the aligned fibres shows 

a reoccurring problem with the fluorescence. When imaging the scaffolds there 
are cells visible through three planes of focus. 
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Figure 64: Cell Viability Staining Test on Electrospun Bombyx Scaffolds. Test staining of Calcein 

AM and Ethidium Homodimer on Electrospun Bombyx silk Scaffolds. Myoblasts seeded at 2,500 

cells/ml, 2 ml/well. Cultured for 24 hr before staining. 1/200 dilution. 
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Figure 65: Calcein AM Stained Electrospun Bombyx Scaffolds. Random electrospun Bombyx 

scaffolds. Myoblasts seeded at 2,500 cells/ml in 2 ml/well. Scaffolds in geneframes were 

inverted into new wells to be imaged on an inverted microscope. 
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Figure 66: Cell Viability Staining on Aligned electrospun Bombyx Scaffolds. Aligned electrospun 

Bombyx scaffolds stained at 1/200 for all. 
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4.3.2.2 Metabolic MTT Assays 

The MTT assay method was previously discussed in Chapter 3. The method 

was changed to DMSO instead of isopropanol, and plates were placed on a 
rocker for the 40-45 minute incubation with DMSO to aid solubilisation. 

Scaffolds were moved to a new plate at each time point where they were given 

a PBS wash, imaged for a record of cell morphology and then incubated in the 

MTT supplemented media added so only cells on scaffolds were exposed, and 
not those stuck down to the TCP of the original wells. 

Scaffolds were also moved to new plates before the addition of DMSO so that 

only the formazan within the cells on the scaffolds would be solubilised and 

released into the DMSO for measurement. Obviously if cells were loosely 

adhering to the scaffolds then there would be a risk of losing cells during the 
transfers and solutions changes. 

For each scaffold and time point there was a corresponding control well that 

had a scaffold only with no cells, and the value from this well was deducted as a 

reference value from the wells with the cells. 

Figure 67 shows the MTT for the Bombyx electrospun scaffolds including 

repeats for the 2D BH20 and BFA. Figures 68 and 69 show the MTT for the 

Bombyx electrospun scaffolds including 2D silk repeats alongside the 2D gelatin 

films that were introduced after the initial MTT assays had been carried out. 

This was due to gelatin being introduced for electrospinning comparisons, and 

so 2D films were also included. Both graphs in each figure show the same data, 
by time point and then scaffolds to highlight any trends over the 72 hours. 

The electrospun scaffolds seeded with cells were moved to fresh wells for the 

addition of, and incubation with the MTT media. Rather than leaving the wells of 

residual cells empty, MTT was also added to these wells, shown in Figure 69 to 

see how many cells were present from the original amount seeded. 

 



 

 140   

 

Figure 67: MTT for Bombyx 2D & 3D Scaffolds. N=6. 2D Bombyx films and Bombyx random 

electrospun (ES) fibre mesh. Myoblasts seeded at 1,000 cells/well. 
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Figure 68: MTT for Bombyx 2D, 3D Scaffolds & Gelatin. N=6. 2D Bombyx films and Bombyx 

random electrospun (ES) fibre mesh alongside 2D gelatin A and B coatings with a TCP control. 

Myoblasts seeded at 1,000 cells/well. 
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Figure 69: MTT for Bombyx 2D, 3D Scaffolds & Gelatin Repeat. N=6. 2D Bombyx films and 

Bombyx random electrospun (ES) fibre mesh alongside 2D gelatin A and B coatings with a TCP 

control. Also including the ES well after the scaffold was removed. Myoblasts seeded at 1,000 

cells/well. 
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4.3.3 Cell Numeration 

4.3.3.1 PicoGreen Assay 

Electrospun Scaffolds of BHFIP and GTFE were run in parallel with the 2D films 

shown in Chapter 3.3.1. This was the first time this assay had been used, and 

for the 2D films the results showed an increase in cell number over the time 

course which was to be expected, however the same could not be said for the 
electrospun scaffolds. 

After incubation with the myoblasts the scaffolds were moved to a new multi 

well plate so that readings should only include cells adhered to the scaffolds, 

and not those on the TCP wells. The well was also read having removed the 

scaffold, as it was not known what effect, if any, the scaffold might have on the 
spectrophotometer readings. 

The GTFE well without scaffold did not have a reading for 72 hours; the reason 

for this is unknown. Cells were visible on the scaffolds under the microscope at 

all of the time points, when compared to the values obtained in Figure 27 for the 

2D films. 

Based on the linear equation, the absorbance reading for the starting density 

1,000 cells/ml/well should be 613. The graph encouragingly indicates that for 

the GTFE scaffold at the 4 hour time point, the absorbance is approximately 

660 for the two plates. Given more time, this assay could be optimised for use 

with the electrospun scaffolds. Having only run these two plates in parallel as a 

preliminary test of the assay, the results may not prove to be a reliable basis for 
conclusion. 

 

 

 

 

 



 

 144   

 

 

Figure 70: PicoGreen DNA Assay for Electrospun Scaffolds. N=2. Scf stands for scaffold. Time 

points for readings were 4, 24, 48 and 72 hours post seeding with myoblasts. Cell seeding 

standards at 6,250, 12,500, 25,000, 50,000,100,000, 200,000 cell/ml. Experimental plates 

seeded at 1,000 cells/ml and 1 ml/well. 
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4.3.4 Immunocytochemistry with Differentiation Markers 

Preliminary staining was carried out with myogenin and myosin to indicate 

whether the myoblasts were fusing and then entering differentiation towards 
contracting myotubes. 

Myogenin is a muscle-specific transcription factor that is involved in skeletal 

muscle development and repair. In murine cells, myogenin is essential for the 

development of functional skeletal muscle and is required for the fusion of 

myogenic precursor cells to either new or previously existing fibres during the 

process of differentiation in myogenesis. 

Myosin is a contractile muscle-specific protein composed of two heavy and four 

light chains. The myosin heavy chain has many isoforms which are specific for 

different muscle or fibre types, smooth muscle myosin heavy chain is a 

cytoplasmic structural protein that is a major component of the contractile 

apparatus in smooth muscle cells. It has been reported to be specific for smooth 
muscle development. 

Figure 71 shows the myogenin staining the nuclei in red, which would conflict 

with the ethidium homodimer which also stains nuclei red in dead and dying 

cells. Additionally images would need to be overlaid with the light microscope 

images to confirm the myotubes shape and orientation. A certain degree of 

alignment can be seen from the nuclei, but it is not as obvious. The Myosin 

heavy chain (MHC) is cytoplasmic so also lights up the shape and alignment of 

the myotubes which will be more beneficial when moving on to staining 
myoblasts on the electrospun scaffolds. 
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Figure 71: Muscle Differentiation Markers on Myoblasts. Myoblasts kept in continuous culture 

for 1 week on TCP and stained with myogenin (red) and myosin heavy chain (MHC in green). 

1/200 dilutions. 

 

Having assessed the effectiveness and dilutions for the antibodies on TCP, they 

were then used to stain the C2C12 myoblasts on some of the electrospun 

scaffolds mounted in geneframes. Figure 72 shows the Myosin heavy chain 

staining on random electrospun Bombyx scaffolds. There appears to be areas 

of the scaffolds where the top layer of fibres appears to be rolled over, or have 

been deposited like that during electrospinning. Cells have also populated these 

areas. There is clear alignment of the multinucleated myotubes on the 
electrospun fibres compared to the gelatin films. 
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Figure 72: MHC Staining of Myoblasts on electrospun Bombyx Scaffolds. Myoblasts seeded at 

15,000 cells/well and stained with Myosin heavy chain 1/200 dilution. 
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Figure 73 shows the MHC staining on myoblasts seeded at 50,000 cells/well on 

TCP and Bombyx random electrospun scaffolds. The TCP wells show the 

myoblasts have fused into large, wide multinucleated myotubes, branching off it 

all directions. In contrast the myotubes produced on the electrospun silk 

scaffolds are more elongated and thinner; there is rarely an incidence of 

neighbouring nuclei. On the TCP, there are wider tubes with clusters of nuclei 
whereas on the silk they are spread throughout the length of the fused cells. 

 

 

Figure 73: MHC Staining of Myoblasts at a high seeding density. Myoblasts seeded at 50,000 

cells/well and cultured for 3 days prior to staining with Myosin heavy chain 1/200 dilution. 

 

The MHC was then used to asses myoblasts cultured on the aligned 

electrospun scaffolds. Figure 74 shows a section of aligned scaffold from left to 

right, showing differences in cell orientation from the random fibres at the edge, 

across the aligned region to the random fibres on the opposite edge. Compared 

to the cell orientation in the TCP wells, there is clear directionality of the cells 
across the different regions of fibres, reminiscent of a current. 
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Figure 74: MHC Staining of Myoblasts across an Aligned Bombyx Scaffold. Aligned scaffold left 

to right across the central void. Myoblasts seeded at 50,000 cells/well and cultured for 1 week 

prior to staining with myosin heavy chain 1/200 dilution. 5x Magnification. 
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Having seen the different patterns in cell growth across the aligned scaffolds an 

entire geneframe was imaged at x4 magnification and pieced together to create 
an overview of the myoblasts on an entire scaffold, shown in Figure 75. 

 

 

Figure 75: Overview of a whole MHC stained Aligned Electrospun Scaffold. Stitched image 

series of an entire aligned Bombyx electrospun scaffold in a geneframe. Myoblasts seeded at 

50,000 cells/well and cultured for 1 week prior to staining with Myosin heavy chain 1/200 

dilution. 5x Magnification. 
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4.4 Conclusions 

So far the potential of biomimetic fibre alignment on the formation of oriented 

tissue has been studied with synthetic polymer nanofibres or rapidly degrading 

biopolymers of low mechanical resilience such as type I collagen [140]. Within 

this context, studies using more stable biopolymer scaffolds, such as silk fibroin, 

are missing. Scaffolds with topographical guidance may prove useful in the 
engineering of structured tissues, e.g. ligament or muscle. 

The topography of electrospun scaffolds is impacted by the electrospinning 

conditions, particularly the rotational type of target used and the parameters 

applied. Silk fibroin fibre alignment functioned as topographical cue leading to 

elongated and oriented cellular morphologies and may open an interesting 

avenue to use silk fibroin scaffolds for the de novo engineering of structurally 
aligned tissues.  

Meinel et al explored optimization strategies for scaffold design by introduction 

and evaluation of topographical, mechanical and chemical cues, using 

advanced analytical tools they were able to carry out mechanical evaluations on 

bulk fibres down to the single fibre level. Fibronectin adsorbed on silk fibroin 

scaffolds was demonstrated by FRET to exhibit partial extension of its dimer 

arms and functioned as a chemical cue to enhance hMSC adhesion and 
spreading [39, 128]. 

It is not only a success to have produced aligned electrospun nanofibres of silk, 

but also to have demonstrated that these fibres can direct the aligned fusion of 

the muscle myoblasts. There are clear differences between the aligned and 

random regions of fibres, in orientation of the fibres and of the cells. Nanofibres 

have been shown to provide essential topological cues to ensure proper cell 

alignment in human airway smooth muscle. Correct cell development from the 

single cell level up can impact on contractile regulation of the muscle fibres and 
ultimately the function, or dysfunction of the tissue [161]. 

Having successfully achieved this with the myoblast cell line, the final aim 

outlined for this study was to isolate primary muscle cells and see how they 
respond to the silk nanofibres. 
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Chapter 5:  Primary Cell Investigation 

5.1 Background 

Skeletal muscle, which comprises up to 40% of human body mass, is a highly 

ordered, structurally stable tissue composed of differentiated, contractile 

myofibres within concentric sheaths of extracellular matrix and connective 

tissue. There is very little turnover of muscle tissue, except when muscle repair 
and/or regeneration is required to respond to overwork, trauma or disease. 

During the course of Myogenesis in undamaged muscle (shown previously in 

Figure 8) there is a highly dispersed distinct sub-populations of adult myogenic 

precursor cells that fail to differentiate but remain as mitotically quiescent single 

cells. They are maintained in a niche adjacent to the sarcolemma but beneath 

the basal lamina, and still associated with the surface of the developing host 

myofibres. It is this anatomical location, shown in Figure 76 which was the basis 
for the name satellite cells,  

 

Figure 76: Muscle Fibre Anatomy. Anatomy of a muscle fibre from the filaments up to the 

muscle fibre and outer sarcolemma with satellite cells. Adapted from [162]. 

 

This niche insulates the satellite cell from a majority of extracellular stimuli, 

allowing them to become ‘‘activated’’ only in specific conditions associated with 
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damage or disease. Satellite cells can be considered as adult muscle stem cells 

and upon activation in the event of a myotrauma either by muscle injury from 

mechanical trauma, direct injury to the muscle, or in the course of a disease, it 

is their function is to repair and regenerate by providing a source of new 
myonuclei.  

Figure 77 shows a cycle of muscle regeneration where satellite cells exit their 

quiescent state and become proliferating myoblasts. Once activated, satellite 

cells will emerge from beneath the basal lamina and proliferate extensively, 

establishing a large population of differentiation-competent myoblasts which can 

then migrate to the designated site and will eventually differentiate and fuse 

either to one another or to existing myofibres to replace or repair damaged 

muscle. However, if satellite cells fail to fuse they dedifferentiate back to 
quiescent satellite cells [163, 164]. 

 

Figure 77: Satellite Cell Activation and Myoregeneration. Cycle of muscle regeneration and 

repair via the activation and proliferation of satellite cells. Adapted from [165, 166]. 
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Incorporated in this cycle is the pathway for self-renewal, giving rise to an 

inexhaustible source of satellite cells. Self-renewal evokes either a stochastic 

event or an asymmetrical cell division. One daughter cell will be committed to 

differentiation whereas the second has the potential to continue proliferating or 
return to a quiescent state [166]. 

The maintenance of this pool of satellite cells is responsible for the regenerative 

capacity of skeletal muscle. Impaired satellite cell homeostasis has been 

associated with numerous muscular disorders making satellite cells one of the 

most promising avenues of research for regenerative medicine in skeletal 

muscle disorders. Progress has been made by Kottlors and Kirschner [167] in 

the understanding of satellite cells populations in sufferers of DMD. Their results 

indicated that satellite cell numbers are in fact elevated in comparison with 

control muscle, even in advanced stages of dystrophy, suggesting that 

exhaustion of satellite cells is not the primary cause of failed regeneration and 

that the regeneration that has occurred has simply not compensated for the loss 

of muscle tissue. 

Interest in satellite and other muscle-derived stem cells has increased 

dramatically within recent years, reflecting both the interest in new molecular 

and technical tools and increased realization of their clinical potential as vectors 

for cell and gene therapy [164]. Intense research has revealed some of the 

complex biology of these muscle-derived stem cells, such as the myogenic 

regulatory factors, growth factors and signals present at the different stages of 

myogenesis and regeneration. This has now revealed some new avenues of 

research for the development of therapeutic molecules. Many reviews such as 

work published by Bentzinger et al. [168] have focused on trying to elucidate the 

mechanisms that control self-renewal, specification and differentiation of 
satellite cells with the view to the development of therapies and biological drugs. 

It remains unclear to what extent cellular migration is involved in satellite cell-

mediated regeneration. Early in vivo data suggests that activated satellite cells 

may not only traverse the entire length of a myofibre, but will also migrate 

between fibres. In vitro experiments on large, purified satellite cell populations in 

adherent tissue culture remove any potential contribution of endogenous stimuli 
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and substrates. Immortalized myoblast cell lines are convenient and consistent, 
but are the furthest removed from an in vivo system (reviewed in [169]). 

Satellite stem cell transplantation could theoretically be a promising approach to 

restore or enhance the regenerative potential of diseased or damaged muscle. 

In reality, such cell based therapies come with limitations as previously 

mentioned, incompatibility with the (systemic) delivery method and poor survival 

following intramuscular injection. In addition, cultivating a sufficient population of 

satellite cells is not as straight forward as it may seem. 

When primary murine satellite cells were compared with one of the most 

frequently used myogenic cell lines, C2C12, in monoculture on purified ECM 

components the most substantial differences were in motility between primary 

cells and C2C12 cells. The C2C12 cell line is frequently used as a satellite cell 

model but clearly does not exhibit the same extensive motile capabilities as 

working directly with the primary murine satellite cells [164]. Unlike the C2C12 

myoblast cell line, the satellite cells need to be isolated from primary tissue and 

used immediately, or studied in vivo. This is one of the current limitations in their 

use as it is very difficult to isolate them in an exclusive population and culture 

them for a continued period of time maintaining their state. 

Mammalian skeletal muscle has the ability to regenerate itself, which happens 

daily as well as in response to injury. Injury to skeletal muscle could be as a 

result of events such as disease, trauma, ischemia, and the muscle’s own 

contractions. The regeneration of muscle following an injury has similarities to 

the development of muscle during embryogenesis. Therefore understanding 

skeletal muscle development would link to the processes involved in muscle 
repair.  

During the late phase of embryonic myogenesis, a distinct population of 

myogenic precursor cells fails to differentiate and remains closely associated 

with myofibres as satellite cells in a quiescent undifferentiated state, previously 

shown in Figure 77. Following damage of the myofibre, quiescent satellite cells 

are activated to enter the cell cycle and proliferate, expansion of the myogenic 
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cell population. After proliferation, satellite cells differentiate and contribute to 
the formation of new myofibres as well as to the repair of the damaged fibres. 

Satellite cell activation is not restricted to the damaged area. Injury initiates the 

activation satellite cells all along the myofibre, leading to the proliferation and 

migration of satellite cells to the regeneration site [170]. For this reason, 

understanding the mechanism and signalling involved in this satellite cell niche, 

they could be applied to other area of stem cell research and regenerative 

medicine. This would allow scientists to replicate the conditions in vitro and in 

vivo, leading to being able to induce the appropriate environment in a patient to 
facilitate the body’s own natural regenerative response to disease or trauma. 

The Satellite cells are of particular interest because of their role in myogenesis. 

By recreating a 3D aligned fibrous environment, the Satellite cells could be 

studied in vitro, as well as the potential to fill a therapeutic niche by expanding a 

satellite cell population to reintroduce at the site of injury, trauma or disease to 
promote regeneration. 
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5.2 Optimisation of Materials & Methods 

5.2.1 Isolation Protocol 

The rat muscle yielded from each preparation was consistently 10 – 11 g of 

trimmed muscle which was then all used for the cell isolations. Trypsin EDTA 

was used for the enzymatic digestion of the tissue as it was already routinely 

used in the lab for cell splitting and so readily available. The tissue was diced as 

small as possible, 1 mm x 1 mm pieces if possible to aid the digestion of the 
tissue. 

The same fibronectin was used to coat the culture flasks as was used for all of 

the 2D investigations, but at 3 µg/cm2. Fibronectin coatings were prepared 

during the isolation protocol incubations so that the flasks could be washed with 

PBS and used fresh for seeding the cells. 

Despite filtering the suspension through the gauze filter it was difficult to reduce 

the amount of debris in the initial cultures. Cells were cultured in the 

proliferation medium for the first week, and then half were changed to the 
differentiation medium. 

 

5.2.2 Cell Seeding 

For the isolations where the cells were cultured and stained on TCP, the cell 

suspension was first seeded into T175 cm2 uncoated TCP flasks and incubated 

to allow the fibroblastic population to adhere to. The incubation time was 

monitored and in some cases additional flasks were used if it was observed 

early on that the culture surface was already saturated with fibroblasts. The final 

cell suspension was transferred to the fibronectin-coated flasks, plates or 

experimental plates with silk films or electrospun scaffolds. Due to time 

constraints each muscle preparation was seeded differently in an attempt to 
assess the different scaffolds prepared during this study. 
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5.3 Results & Discussion 

5.3.1 Cell Adhesion & Proliferation 

Having completed the cell isolation protocols the cells were incubated in non-

coated TCP flasks in an attempt to remove as much of the fibroblastic 

population as possible because they will readily adhere to the surface. The 

flasks were monitored regularly under the microscope and when a larger 

proportion of cells had adhered,  the remaining suspension was transferred to a 

freshly coated fibronectin surface, either in a flask of multiwell plates. Figure 78 

shows the cell populations present after 3 days on the fibronectin surface. The 

proliferating satellite cells appear to phase-bright, whereas the fibroblastic cells 

are more flat and spread in appearance.   

 

Figure 78: Primary Cell Isolation. First attempt at the primary cell isolation protocol from rat 

muscle. 3 days post isolation on fibronectin coated TCP. 
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Figure 79 shows primary cells seeded onto random Bombyx electrospun 

scaffolds and cultured for 3 days and stained with Calcein AM. Cells have 

populated the scaffold throughout. As previously noted, there are multiple 

planes of focus, indicating that the cells are moving into the spaces between the 
fibres. 

 

Figure 79: Primary Cell Isolation on Bombyx Electrospun Scaffolds. Primary cell isolation 

cultures on Bombyx electrospun scaffolds directly after pre-plating to remove fibroblasts. 3 days 

post isolation. Stained with Calcein AM 1/200 dilution. 

 

Due to the mixed cell population and contamination from fibroblasts, it would not 

be applicable to use the MTT metabolic assay or count from these images as it 
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is not known what proportion of the cells are indeed the satellite cells. In an 

attempt to identify between the cell types, the cells were stained for 

differentiation markers to highlight the cells of interest. 

 

5.3.2 Morphological Analysis 

Figures 80 and 81 show cells from two consecutive isolations, where the cell 

suspension was transferred into multi well plates coated with the different 2D 

films to see if the satellite cells would preferentially adhere to any of the other 

surfaces to examine within this study. Gelatin coatings of 2% and 5% were also 

included for comparison. The first set of plates was imaged after 1 week in 
culture and the second set were imaged after 24 and 72 hours and then 1 week. 

The isolated primary cells adhered to all of the surfaces but, unfortunately, 

these surfaces were not immunostained to confirm the identification of the 

adherent cells. There was still a lot of debris that also appears to have adhered, 

despite the plates having been media changed. Fibronectin is acting as a 

control surface because this is known to promote adherence of the satellite 

cells. There are phase-bright cells with a similar morphology on the BFA films, 
which resemble the cells also on the fibronectin.  

Without the differentiation markers, there can be no conclusion drawn from this. 

Given more time, it would have been interesting to characterise the cells on the 

different coatings and see if there was a better coating to select for the 
adherence of satellite cells from primary muscle isolations. 
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Figure 80: Primary Cell Isolation on 2D Films I. Primary cell isolation suspension seeded directly 

onto different films and cultured for 1 week. 
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Figure 81: Primary Cell Isolation time course on 2D Films II. Primary cell isolation suspension 

seeded directly onto different films and cultured for 1 week. 



 

 

 164   

5.3.3 Immunocytochemistry 

In addition to looking for an antibody that would confirm the presence of the 

satellite cells it was also noted from the isolation protocol that by changing the 

media content the proliferating cells could be switched to differentiate. Figure 82 

shows cells from the same isolation that were seeded into two fibronectin 

coated TCP plates. Both plates were grown in proliferation medium for 1 week, 

and then one plate was given differentiation medium for 48 hours before 

imaging.  

From the representative images shown in Figure 82, the differentiation medium 

did not seem to show any noticeable differences in the cells. Perhaps more than 

48 hrs is required to bring about a response. It was in fact the cells that had only 

been cultured in the proliferation medium for 1 week that had fused into longer 

myotubes. They had also started spontaneously contracting and pulsing in 

culture, with no prompt of serum depletion. The fused myotubes in the bottom 
left image (indicated by *) were filmed twitching. 
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Figure 82: Primary Cell Isolations in Proliferation and Differentiation Media. 

Primary cells cultured for 1 week in proliferation medium before one set being switched to 

differentiation medium for 48hr. * Bottom left image was recorded spontaneously twitching. 

In addition to the Calcein AM and MHC antibodies previously used, desmin was 

also tested to stain for the presence of the primary cells. Desmin antibodies 

stain filaments found in muscle cells, the filaments form a fibrous network 

connecting myofibrils to each other and to the plasma membrane. They are 
found in differentiated skeletal muscle cells [171]. 

Figure 83 shows desmin staining of C2C12 myoblasts and primary rat muscle 

cells on Bombyx and gelatin aligned electrospun scaffolds. The scaffolds were 

set up and seeded in parallel and all cultured for 5 days prior to desmin staining. 

The only difference between the sets is the cell seeding density. The C2C12 

myoblasts were seeded at 60,000 cells/well whereas the primary cell 

suspension was split between the wells having first been pre-plated to remove 

as many of the fibroblastic proportion as possible. As a result the seeding 

density per scaffold was much lower, in addition to not knowing the proportion 
of satellite cells within the suspension. 

The staining was successful for both cell types on both electrospun scaffolds. 

Despite the C2C12 being seeded at the same density on both Bombyx and 

gelatin scaffolds, the myoblast cell line appear to prefer the Bombyx silk 

scaffold. The images are from left to right across the aligned region of the 

scaffolds and there is clear alignment of multinucleated myotubes fused in the 
direction of the fibre orientation.  

Figures 84 and 85 are images taken across all aligned electrospun scaffolds in 

no particular order. There are positively stained cells present. As expected, the 

cells were not in great enough number to have colonised the scaffold to the 

same extent as the myoblasts but there are desmin positive satellite cells 
present.   
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Figure 83: Desmin Staining of Myoblasts on Aligned Electrospun Scaffolds. Desmin Antibody 

test on C2C12 myoblasts seeded at 60,000 cells/well and stained after 5 days. 
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Figure 84: Desmin Staining of Primary Cells on Aligned Bombyx Electrospun Scaffolds. Desmin 

Antibody test on Primary cell isolation seeded directly onto the scaffolds and stained after 5 

days.1/200 dilution. 
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Figure 85: Desmin Staining of Primary Cells on Aligned Gelatin Electrospun Scaffolds. Desmin 

Antibody test on Primary cell isolation seeded directly onto the scaffolds and stained after 5 

days.1/200 dilution. 

5.4 Conclusions 

Primary rat muscle cells have been successfully isolated and cultured on a 

variety of 2D surfaces and 3D scaffolds. Cultures have proliferated and 

progressed through the initial stages of myogenesis into fused, multinucleated 

myotubes, without any intervention, and produced spontaneously contractile 
myotubes within 1 week from isolation. 

Preliminary immunostaining with Calcein AM showed that the isolated cell 

suspension had populated, and was viable on the electrospun Bombyx 

scaffolds.  

The desmin positive staining of the Myoblast cell line shows that the cells have 

differentiated and that the aligned fibres have enabled directional proliferation, 

fusion and differentiation into aligned myotubes that would ultimately become 
aligned and functional myofibres.  

Finally, the primary cells also stained positive for the differentiation marker. The 

primary cell isolations show desmin positive cells adhered to and elongating on 

the fibres which confirms that satellite cells were successfully isolated from the 
rat muscle. 
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Chapter 6:  Discussion 

This study investigated a multitude of different variables in trying to optimise 2D 

and 3D scaffolds from silk. The 2D Chapter acted more as a proof of concepts 

to become familiar with the protocols and techniques. A significant amount of 

time was spent at the outset of this experimental work to optimise a protocol 

taken from the literature that could then be used to produce regenerated silk 

solutions and that could then be used in the study. The domestic Bombyx silk 

was relatively straight forward, whereas the wild type Tussah silk methods did 

not seem to be reproducible. Having contacted one of the authors in South 

Korea the Tussah was successfully dissolved but went on to cause too many 

complications throughout the 2D film investigations. 

The recurring problem with the optimisation of the silk films was the cracking. 

Drying conditions were difficult to regulate in the lab, and depending on the 

concentration, volume of solution and casting solvent, it was difficult to find the 

combination to avoid the films cracking through to the TCP. Formic acid and 

water were commonly used in the literature, and BHFIP was included as this 

was commonly used for electrospinning and so was included in the preliminary 

2D work. On closer examination during many of the assay attempts, it was 

found that the films had cracked through to the TCP which was exposed and 

then been populated by the myoblasts. The outcome was that the MTT and cell 

count data was compromised by the number of cells adhered to the TCP and 
not solely to the films of interest. 

It is difficult to draw a solid conclusion from the metabolic assays on the silk 

films for several reasons. The data generally showed that the ECM protein 

coatings and TCP yielded better results that the silks, however there were a 

small number of results to the contrary. The morphology of the cells on the 

different films was significant throughout these experiments. The data from the 

assays showed low cell metabolism on the scaffolds over the time courses 

however, similar cell populations were seen to be present on the scaffolds as 

the TCP control. This could simply be because the cells had stopped 
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proliferating, they were there, and alive, but the assay was measuring the 

metabolic activity. The assay itself was not that reliable on the silk scaffolds, the 

silk was discoloured by the yellow MTT salt and then the purple solubilised 

product, so this may have had an effect on the absorbance readings, as well as 

the change from Isopropanol to DMSO. The multiple solution changes during 

the assay also meant there was opportunity for loosely adhered cells and 

dislodged films to be aspirated. Overall it was not as reproducible as expected. 

For the same reasons, cell counts carried out by removing the cells from the 

different films to count was flawed by the lack of film integrity allowing cells to 

adhere to the TCP beneath. Cell counts would be better taken from the 

morphology images, where it can be verified that the cells are on the films and 

not any cracked or damaged areas. Cell measurements could be made to 

assess adhesion and affinity to the surfaces. Despite the lack of quantitative 

data it is still clearly visible that the cells adhere and grow on the silk to a similar 

confluency to the TCP control up to a point, and then they seem to retain a 

certain level of space between clusters of elongated cells that have started to 

fuse, whereas the cells on the ECM proteins stay very flattened and fill every 

available space on the surface. The cells clearly behave differently on the silk. 

The PicoGreen tried in the latter stages to try and bring some clarity to the 

mixed results thus far. The trends from this data was more encouraging in that it 

showed the cells seeded onto the films were present at the first time point and 

the cell number did increase over the 72 hour time course, however still on a 

much lower level than the other substrates. 

Having had mixed results with the 2D optimisation stage, it was time to attempt 

to create 3D nanofibres through electrospinning. Again this was a something 

that needed to be assembled and optimised from what had been published in 

the literature. It was not something that could simply be ordered in. Based on 

published setups the apparatus evolved. A different set of solvents were 

required for the electrospinning process and so dissolution required 

optimisation. Most concentrations dissolved overnight on a magnetic stirrer. 

Due to the complications with the wild type Tussah silk, gelatin was introduced 

as a replacement for comparison. This was also something that needed to be 

optimised from what was published. Both silk and gelatin required different 
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solvents and so created a solution with different physical properties. The 

electrospinning process seemed to be a sensitive balance between all of the 

different parameters, and so each solution was electrospun extensively to 

change only one parameter at a time initially, until a successful combination 
was found. 

All of the scaffolds were confirmed by SEM before being used in cell culture 

tests. FFT analysis was commonly performed on the images to assess the fibre 

alignment and characterise the parameters. A small sample of films and 

scaffolds were also assessed by AFM and Mechanical Load Testing with 

inconclusive results on such a small set.  Having eventually found parameters 

that could be reproduced to give stable scaffolds of both random and aligned 

fibres of silk and gelatin, they were used to assess cell response with the 
myoblast cell line. 

A significant hurdle with the 3D scaffolds was how to make them suitable for cell 

culture. The silk scaffolds were crosslinked with methanol to make them 

insoluble whereas the gelatin either dissolved or shrank to a quarter of its 

original size. Once the scaffolds were stable in culture medium they were 

assessed with the same series of assays as the 2D films. Having introduced 

gelatin at the electrospinning stage it was then cast as films for the repeat cell 

based assays for comparison. Again, the scaffolds did not perform well in the 

assays and the scaffolds auto-fluoresced which made the immunostaining more 

problematic at times. Initially the scaffolds were dried onto coverslips from 

crosslinking so that these could be transferred to culture plates. Unfortunately 

once in culture, the scaffolds floated to the top of the wells. The discovery of the 

geneframe made handling the scaffolds much easier, although also interfered 

with the standard assays that are designed to be carried out on cells on a flat 
surface. 

The most striking result was the SEM of the myoblasts on the aligned scaffolds. 

There was clear directional growth and fusion, showing highly aligned myotubes 

compared to the more swirling patterns on the random fibres on the outer edge 

regions. This was also shown by imaging an entire aligned scaffold stained for 
myosin heavy chain which is a differentiation marker. 
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With such a positive response to the 3D nanofibres by the muscle cell line, the 

final aim was to see if primary satellite cells could be isolated and assessed on 

the scaffolds. The isolation protocol was successful and satellite cells were 

obtained, however they were sparse in number, and due to time restrictions 

each preparation was used for a different experimental aim as it was not known 

whether the satellite cells could be passaged, especially given the fibroblast 

epidemic in the cultures. From these preliminary experiments it was clear that 

satellite cells could be isolated and would develop through to spontaneously 

contracting myotubes with no interference. When seeded onto the 2D scaffolds, 

the cells did adhere and were viable. The cells also populated the electrospun 

scaffolds of both Bombyx and gelatin and stained positive for differentiation 

markers which identify them as being the muscle derived satellite cells. It would 

take a much larger muscle preparation to isolate increased numbers of the 

satellite cells for further investigation, although in vivo the do exist in isolation 

from one another, in closer contact with the other muscle cells, but close 

enough to be recruited by damage-induced signals. Perhaps a more 

comprehensive study would be to study the satellite cells in co-culture on the 
aligned electrospun fibres with other skeletal muscle cell types. 

Ultimately these findings fulfil the aims of this study. Aligned electrospun 

scaffolds have been produced from silkworm silk, shown to promote directional 

proliferation, fusion and differentiation of a muscle cell line into aligned 

myotubes, and primary muscle cells have been isolated, cultured and identified 
on the aligned silk scaffolds. 

To develop this work further, the 3D aligned silk nanofibres could be expanded 

into a more comprehensive study to produce aligned fibres with defined 

diameters and geometry. Cells exist in a 3D environment and so the nanofibres 

are the more relevant biomimetic scaffolds to replicate the fibres of muscle. A 

suitable 3D scaffold would not necessarily have to be electrospun. There are 

endless possibilities to what can now be produced with this technique. Silk 

fibroin has also been fabricated into microtubes to act as conduits for nerve and 

blood vessel engineering [10, 172, 173], which would also make it a suitable 
scaffold structure for muscle tissue engineering.  
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It would also be interesting to study the satellite cells in co-culture with other cell 

types. The satellite cells do not exist in isolation. The silk fibroin microtubes 

would have the potential to seed satellite cells on the exterior surface, 

replicating their niche along the outside of myofibres, whilst allowing the inner 

surface to be populated with a different cell type. This would also require the 

further development of a reliable and reproducible set of assays to characterise 

the cell-scaffold interactions on the silk. 
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