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Abstract 

Tympanic membrane (TM) perforations are common, with current 

treatments for chronic perforations involving surgery using various graft 

materials. Recent research developments in this field have begun applying 

the principles of tissue engineering, with appropriate scaffolds, cells and 

bioactive molecules (BMs). This has revolutionised the therapeutic 

approach – due to the availability of a wide range of materials with 

appropriate compatibility and mechanical properties to regenerate the 

membrane acoustics – and may also represent a paradigm shift in the 

management of TM perforations in an outpatient setting without surgery. 

The aim of this thesis was to identify the types of silk fibroin (SF) scaffolds 

and BMs best suited for promoting wound healing. This was achieved by 

studying the interaction between human-derived TM (hTM) keratinocytes, 

various BMs and SF scaffolds. 

hTM keratinocytes were obtained, cultured and characterised. The effects 

of selected BMs and their combinations on hTM were examined for cell 

proliferation and migration. Three different SF scaffolds obtained from 

Bombyx mori (Mulberry), Philosamia cynthia ricini (Eri) and Antheraea 

assamensis (Muga) were used. hTM cultured on Mulberry, Eri and Muga 

SF was examined for cell morphology, adhesion, migration, proliferation, 

growth rate, cytotoxicity and viability. The effects of casting solvent of 
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Mulberry SF were also evaluated. Finally, the effects of Mulberry SF and 

transforming growth factor-alpha (TGF-α) combination were studied in 

terms of TGF-α delivery. 

hTM keratinocytes were successfully cultured. They were epithelial in 

nature and showed a basal phenotype. When tested individually, 

extracellular matrix (ECM) proteins (hyaluronic acid (HA), vitronectin and 

fibronectin) and growth factors (GFs) TGF-α and KGF-1 had a greater 

effect on migration. However, cytokines (IL-19, IL-24) and GF 

(amphiregulin) were also shown to increase proliferation. Of these, four 

were selected for a study of combinations of these factors – HA (at 

5µg/mL), vitronectin (at 0.5µg/mL), IL-24 (at 20ng/mL) and TGF-α (at 

80ng/mL). When tested in combination, TGF-α, TGF-α/HA and 

TGF-α/IL-24 improved both migration and proliferation. 

TGF-α/HA-mediated migration and proliferation require the activation of 

ErbB1. 

Mulberry SF supported the highest cell proliferation and adhesion, with 

least cytotoxicity compared to Muga and Eri. Both FA-SF and W-SF 

Mulberry SF produce films with excellent light transmission properties 

with minimum haze. FA-SF films have better mechanical properties, 

thermal stability and water resistance compared to W-SF films, however, 

with comparable cytocompatibility. 
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Finally, the combination of SF with TGF-α significantly increased hTM 

keratinocytes migration and proliferation. The direct addition of TGF-α into 

the media was found to be the most effective method of delivery for W-SF, 

whereas loading of TGF-α was more favourable for FA-SF. 

We have identified Mulberry SF and TGF-α as the most favourable 

components in promoting cell migration and proliferation. These results 

suggest possible agents that can be applied in a clinical setting without 

surgery or to be incorporated into a bio-engineered TM, for the closure of 

TM perforations. 
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Preface 

This thesis examines the interactions between human-derived TM (hTM) 

keratinocytes, bioactive molecules (BMs) and silk fibroin (SF) scaffolds, 

the three essential elements of tissue engineering. This constitutes one of 

the primary aims of our research group at the Ear Science Institute 

Australia, that is to develop a bio-engineered tympanic membrane (TM) as 

an alternative approach to repair chronic TM perforations. My main role in 

this project was to use scientific experimental methods to identify BMs to 

help optimise TM growth on a SF scaffold. Alongside my in vitro 

experiments were studies conducted in vivo by Dr Shen Yi in examining the 

TM wound regeneration using different scaffolds. We managed to work in 

collaboration and have co-authored several peer-reviewed articles, which 

are attached in the appendices. 

This thesis is presented as a series of nine chapters. Chapters Four to Eight 

contain original research. In addition, Chapter One and Five have been 

published (see Appendices) whilst Chapter Seven to Eight are currently 

under review for publications. Each chapter is self-contained and may be 

read individually or as part of a larger study. There are some inevitable 

overlaps as different aspects of the subject are examined. 

Chapter One is a review of the literature and introduces the ideas of tissue 

engineering that have been applied in the regeneration of an artificial TM. 

– iv – 



Whilst the concept of tissue engineering is relatively novel for this area, the 

principles have been developed in other applications over the last two 

decades. This review discussed the issues associated with current treatment 

in addition to examining aspects of TM wound healing relevant to the 

construct of a bio-engineered TM. It also described the tissue engineering 

approach to TM regeneration by summarising currently used scaffolds, 

BMs and cells in TM wound healing. One of the BMs, hyaluronic acid 

(HA), has been extensively studied in TM wound healing. A review 

examining the role of HA has been published (Appendix 1); however, only 

a brief summary is presented here. Finally, this chapter considered the 

potential use of SF as a scaffold, in addition to the possible future design of 

scaffolds, delivery of BMs and cellular incorporation towards a potential 

clinical application. 

Chapter Two lists the aims and hypothesis of the thesis, whereas Chapter 

Three describes the general methods used throughout this study. Variations 

to the methods are specified in relevant chapters. 

Chapters Four and Five examine the interactions between hTM 

keratinocytes and BMs in the absence of SF scaffold. Chapter Four reports 

the comparative analysis of 21 BMs (Growth factors (GFs), cytokines and 

extracellular matrix (ECM) proteins) individually with regards to migration 

and proliferation. These two processes are the two most essential events in 

the regeneration of a perforated TM. Among these 21 BMs, four were 
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selected for further evaluation based on their activity; they were HA, IL-24, 

vitronectin and TGF-α. Chapter Five further examines these four BMs, 

individually and in combination, in terms of cell migration, proliferation, 

adhesion and characterisation. As HA/TGF-α was found to promote both 

migration and proliferation, their mechanisms of action were further 

evaluated. 

Chapter Six examines the interactions of hTM keratinocytes with SF films. 

SF from domestic silkworms Mulberry and wild type silkworms Eri and 

Muga was formed into films at the base of cell culture plates and various 

cell functions such as morphology, cytotoxicity, proliferation, migration 

and adhesion were examined. As Mulberry SF was found to be the most 

favourable, Chapter Seven examines the use of water-based silk fibroin 

(W-SF) and formic acid-based silk fibroin (FA-SF) derived from Mulberry 

in supporting the proliferation, adhesion and viability of hTM 

keratinocytes. 

Based on results from Chapter Four to Seven, Chapter Eight examines the 

interactions between hTM keratinocytes, BM (TGF-α) and SF scaffolds 

(W-SF and FA-SF-based Mulberry). As BMs can be applied either topically 

onto the scaffold, impregnated prior to applications or incorporated into the 

scaffold, these methods were studied. 
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Finally, Chapter Nine represents an overview, with general discussion 

summarising the main findings, limitations, and future directions as well as 

an overall conclusion. 
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1. General introduction 

1.1. Tympanic membrane perforations 

The tympanic membrane (TM), or the eardrum, is a transparent structure that 

separates the outer ear from the middle ear, which it protects (Figure 1.1A 

and B). However, perforations, or holes in the eardrum (Figure 1.1C) can 

occur as a result of trauma, infection or iatrogenic causes (e.g. insertion of a 

grommet).1 TM perforations are prevalent. Although the overall incidence is 

unknown,2 it is estimated that 1-3% of the American population is affected.1 

However, various specific populations have a higher prevalence, for 

example, a global survey has shown Indigenous Australian to have the 

highest prevalence of perforation ranging from 28-34%.3 Furthermore, it has 

been estimated that up to 40% of Australian indigenous children will have a 

perforated TM by 18 months of age, with cases reported as early as the first 

6 weeks of life.4, 5 Chronic TM perforations can lead to significant 

morbidities such as hearing loss,6 chronic ear discharge, recurrent middle ear 

infection – e.g. otitis media 7 – and cholesteatoma.8 Patients with TM 

perforations who develop acute otitis media (OM) also have a worse 

prognosis compared to patients without perforations.9 Chronic TM 

perforations that occur in association with chronic suppurative OM may lead 

to significant intra- and extra-cranial complications,10 with mortality rates in 

this group of up to 18.6%.11 In 2004, the WHO estimated that the global 

burden of illness from chronic suppurative OM involves 65-330 million 

individuals, and accounts for 28,000 deaths and a disease burden of over 2 

million disability adjusted life years (DALYs).3 
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Figure 1.1. Normal tympanic membrane, tympanic membrane with a 
perforation and tympanic membrane repaired with a cartilage graft 

A diagrammatic representation of a normal tympanic membrane (TM) (1.1A), 
consisting of the pars tensa (PT) and pars flaccida (PF). The PF occupies a small area 
superior to the malleus (M), anterior mallear fold (AMF) and posterior mallear fold 
(PMF). An otoscopic photo of a normal intact left TM (1.1B) which is 
semi-transparent, with external auditory canal (EAC) at the margin; a TM with a 
medium-sized perforation (arrow heads) at the antero-inferior quadrant (1.1C) and a 
TM repaired with cartilage graft (*) displaying a thick and opaque appearance 
(1.1D). 

Currently, a majority of patients with chronic TM perforations require a 

surgical procedure known as myringoplasty to seal the perforation, with 

several approaches to incisions and techniques. However, the common aim of 

these surgeries are to re-establish an intact TM to prevent recurrent infection, 

reduce otorrhoea, minimise retraction pockets, initiate healing and restore 

hearing.12 Myringoplasty typically involves a general anaesthesia followed 

by surgery for donor tissue collection and grafting, together with their 
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associated risks and costs. Myringoplasty can also lead to surgical 

complications such as blunting or lateralisation of the TM, retraction pockets, 

squamous cysts and cholesteatoma,13 which may require further interventions 

and long-term follow up. Irrespective of the surgical technique used, normal 

conductive hearing is only achieved in 37-84% of cases,14, 15 suggesting that 

current methods of myringoplasty do not always fulfil the aim of improved 

hearing. 

Today, the most commonly used grafts are autologous and may include 

temporalis fascia (most commonly used), cartilage, fat and perichondrium. 

These tissues predominantly serve as a scaffold to guide the migration of 

keratinocytes across the wound gap. Despite the availability of these different 

graft materials, each has its own limitations. An autologous graft may be 

associated with donor site morbidity, lack of graft material in revision cases, 

and longer operative times. On the other hand, the use of allografts and 

xenografts may carry the potential risk of infection or zoonotic transmission. 

Additionally, the use of synthetic materials requires further research before 

they can become viable alternatives.16 More importantly, all these grafts are 

unable to replicate the complex microanatomy and vibro-acoustic properties 

of a native TM.17 For example, perichondrium and fascia can become 

unstable in response to a static pressure load leading to membrane retraction 

in the presence of Eustachian tube dysfunction.18 

Since the concept of an artificial eardrum was introduced in the 1640s by 

Marcus Banzer, various surgical techniques and graft materials have been 

used in an attempt to improve TM wound healing. With the advent of modern 

materials research and tissue engineering, we have seen an evolution in grafts 
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and scaffolds with a shift towards the development of alternative materials or 

techniques that could potentially be applied in an outpatient setting. Most 

recently, this approach has been successfully applied in a small number of 

patients using biomaterial scaffolds, with bioactive molecules (BMs) to 

recruit cells locally from the TM, and fibrin glue to seal the wound area and 

provide an optimal healing environment.19 However, before these methods 

can become widely adopted for clinical use, many factors need to be 

considered. Here, we will highlight the differences in TM wound healing 

relevant to the construction of a bio-engineered TM, examine the principles 

of tissue engineering in TM regeneration and consider the design and 

potential application of a bio-engineered TM. 

1.2. Tympanic membrane structure and healing 

The TM consists of two parts: pars tensa, where a majority of perforations 

occur, and pars flaccida (Figure 1.1A). The TM is trilaminar, with an outer 

epidermal layer continuous with skin of the external auditory meatus; a 

middle fibrous layer; and an inner mucosal layer continuous with the lining of 

the tympanic cavity (Figure 1.2). The fibrous layer consists of collagen fibrils 

arranged as outer radial and inner circular layers,20 with predominantly type 

III collagen in the inner layer and type II collagen in the outer layer.21 These 

three layers corresponds to the different embryological origin, where the 

epithelial layer derived from the ectoderm of the first pharyngeal cleft which 

forms the external auditory meatus, the mucosal layer from the endoderm of 

the first pharyngeal pouch, and intervening connective tissue between these 

two layers.22  
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Whilst approximately 80% of acute perforations heal spontaneously,23 

perforations which fail to heal within 3 months are termed chronic.24  

 

Figure 1.2. A schematic diagram of the tympanic membrane showing the 
various layers and cell types 

The outer epithelial layer consisting of keratinocytes is arranged in four layers: 
stratum corneum, stratum granulosum, stratum spinosum and stratum basale; the 
middle fibrous connective tissue layer (lamina propria), consisting of fibroblasts and 
collagen, is arranged in subepidermal layer, radial fibrous layer, circular fibrous 
layer and submucosal layer; and finally an inner mucosal layer with columnar 
epithelium. Image is representative and drawn to scale. 

Acute perforations usually arise due to trauma, infection or iatrogenic causes 

whereas chronic perforations are commonly due to OM.1 Acute perforations 

may result in tinnitus, aural fullness and lifestyle restrictions (e.g. water 

sports), whilst chronic perforations can cause conductive hearing loss, 

recurrent ear discharge and acquired cholesteatoma. Chronicity may arise 

from re-epithelialisation of the perforation margin, where the outer epidermal 

layer grows over the middle fibrous layer to meet the inner mucosal layer.25 

However, mechanical disruption of the rolled epithelial margin alone fails to 

sufficiently close the perforation.26 Lack of structural support may be a 

plausible explanation, yet many large perforations heal spontaneously.27 

Bacterial infection slows healing by presumably affecting the proliferation 
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and migration of epithelial cells.27 Other hypotheses include lack of 

angiogenesis, deficient extracellular matrix (ECM) or growth factors (GFs),25 

reduced adhesion between cells28 and the immunosuppressive effects of 

dexamethasone29 or mitomycin.30 

Important differences exist between TM wound healing compared to other 

parts of the body such as the skin. Firstly, when other tissues heal in response 

to injury, they undergo sequential phases of haemostasis, inflammation, 

cellular proliferation, and finally cellular migration. In TM wound healing, 

the first two stages remain, but migration precedes proliferation.1 In addition, 

during normal tissue healing, granulation tissue usually develops and serves 

as a platform for re-epithelialisation. In contrast, in TM perforations, the 

squamous epithelium bridges across first, followed by the remainder of the 

epithelial layer and conclude with the fibrous layer.31-33 Occasionally, failure 

of the fibrous layer to migrate leaves a dimeric neo-membrane consisting of 

an epithelial and mucosal layer with few disorganised fibrils in between,34 

resulting in a flaccid TM with poor sound conduction. Secondly, proliferation 

is shown to be greatest at a site distal from the injury. The sites of these TM 

regeneration centres have been localised to the annulus and handle of the 

malleus.27, 35 Thirdly, the wound edge of TM perforations is suspended in air. 

Therefore, no underlying tissue matrix is present to support the regenerating 

epithelium and migrating vessels, which by necessity must then derive from 

the surrounding TM lamina propria.27 
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1.3. Tissue engineering of the tympanic membrane 

Tissue engineering is achieved via in vitro or in vivo approaches. The in vitro 

approach recreates organs in tissue culture or bioreactors and includes cells 

and scaffold materials. The alternative in vivo method uses an acellular 

scaffold biomaterial containing biological cues conducive for cell 

recruitment and differentiation.36 The three essential elements in tissue 

engineering are scaffolds, BMs and cells (Figure 1.3A). The scaffold 

provides mechanical support for cell proliferation, migration, and 

differentiation in an appropriate biochemical microenvironment provided by 

BMs. Importantly, its engineered construct should interact and allow a 

dynamic reciprocity in initiating and perpetuating tissue development.37 

TM regeneration using the concept of tissue engineering is not new. Many 

authors have used a scaffold, most commonly Gelfoam®, with exogenously 

applied BMs in an attempt to repair TM perforations. (Tables 1.1 & 1.2) 

However, it was only recently that the term ‘tissue engineering’ was used to 

describe the fabrication of scaffolds in different sizes and shapes using 

various novel biomaterials. Here, we will consider each of the components 

separately – scaffold, BMs and cells. 

1.3.1. Scaffolds 
Scaffolds can be broadly classified into natural (decellularised tissue or 

polymer) and synthetic materials (Tables 1.3 & 1.4). 
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1.3.1.1. Natural 

1.3.1.1.1. Decellularised tissue 

Decellularised tissue scaffolds (allograft or xenograft) are obtained following 

the removal of the cellular components whilst preserving most of the 

biological and mechanical properties of the original ECM.38 The primary 

benefit of these scaffolds is that they closely mimic the native ECM in 

microstructure architecture, composition and biomechanical properties. 

Decellularised tissue serves as an excellent alternative scaffold; however, 

there are issues with variation from different donors and the availability of 

donors.39 

As an example, AlloDerm® is a freeze-dried acellular dermal matrix with 

preserved basement membrane processed from human allograft donors.40 

When used for the treatment of TM perforations, AlloDerm® histologically 

displayed a similar inflammatory response as fascia, with increased fibroblast 

infiltration, thickened epithelium and neovascularisation.41, 42 As the 

complete epidermal layer and dermal cells have been eliminated, it readily 

incorporates into the wound without causing an immunogenic response.43 

Other decellularised examples include porcine small intestine submucosa 

(Surgisis®), porcine urinary bladder matrix (UBM), dura mater and bovine 

pericardium (Tutopatch®).44, 45 Surgisis®, an acellular porcine small intestine 

submucosa composed of collagen (mainly Type 1), fibronectin and 

gylcosaminoglycans46, has been found to produce a trilaminar TM. However, 

inflammation and residual scaffold remnants remain a problem.47 

Nevertheless, Surgisis® has successfully achieved fascia regeneration 

between the graft and muscle, raising the possibility of repeat harvest of 

neo-fascia in revision cases.46 UBM scaffold consists of a mucosa and lamina 
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propria following a decellularisation process, providing an intact basement 

membrane scaffold for epithelial migration. UBM patches readily integrated 

into the tissue and were completely degraded, leading to a healed trilaminar 

TM with a dense connective tissue layer.48 UBM has been extensively treated 

with no reported cases of porcine viral transmission thus far.49 

 

 

Figure 1.3. Different methods of bioactive molecule application 

A tissue-engineered TM consisting of cells, a scaffold and BMs. These elements 
may be combined and delivered at a single step onto a perforated TM to assist in TM 
regeneration (A), or BMs delivered as eardrops, which are directly applied onto a 
perforated TM following repair with a scaffold (B) or scaffold impregnated with 
BMs prior to application. 

  

 9 



Table 1.1. A list of scaffolds used in combination with bioactive molecules or cells in animals 

BM Scaffold Cells Design Type of TM 
perforations 

Model Main findings References 

EGF Gelfoam® or 
hydrogel 

- - Acute Cat Smaller perforations with EGF compared to controls at Day 6* O’Daniel 
199050 

EGF Rice paper + 
Gelfoam® 

- - Chronic Chinchilla 81% (13/16) healed with EGF compared to 25% (4/16) in controls* Amoils 
199227 

EGF Gelfoam® - - Chronic Chinchilla 80% (12/15) healed with EGF compared to 20% (3/15) in controls* 
EGF-healed TMs were histologically similar to normal TMs 
No significant cochleotoxic effects seen 

Lee 
199451 

EGF Gelfoam® - - Chronic Chinchilla 100% (17/17) healed with EGF compared to 80% (12/15) in 
controls† 
Long term EGF resulted in reperforation and cholesteatoma 

Dvorak 
199552 

EGF Gelfoam® - - Acute Rat Mean healing was 7.4 days for EGF, 8.6 days for HA and 13-15 days 
for controls* 
No difference in histologic parameters between the groups found 

Guneri 
200353 

EGF Alginate 
matrix 

- - Acute Rat 56% (5/9) healed in the EGF group compared to 10% (1/10) in the 
control group on Day 6†, all TM healed by Day 14 

Kaftan 
200554  

EGF Gelfoam® - - Subacute Chinchilla 30.3% healed with EGF, 3.6% with pentoxifylline, 16.5% with 
EGF-pentoxifylline and 8.7% in controls* 

Ramalho 
200655 

bFGF Gelfoam® - - Acute Guinea 
pig 

100% healed with bFGF compared to 73.9% in controls on Day 8 
(2mm perforations)# and 55% healed with bFGF compared to 10% in 
controls on Day 3 (1mm perforations) # 
bFGF induced rapid proliferation of the subepithelial connective 
tissue layer 

Fina 
199156 

bFGF Gelfoam® - - Acute Guinea 
pig 

Without Gelfoam®, bFGF induced a faster healing characterised by a 
hyperplastic but linear subepidermal connective tissue reaction; with 
Gelfoam®, a voluminous scar protruded into the ME cavity 

Fina 
199357 

 10 



bFGF Gelfoam® - - Chronic Chinchilla 81% (13/16) healed with bFGF compared to 41% (7/17) in controls† 
(p=0.05) 

Kato 
199658 

Platelet- 
derived 
releasate 

Gelfoam® - - Chronic Chinchilla No difference in number of TM healed compared to control† 
Treated TM consistently had a thicker fibrous layer 

Soumekh 
199659 

TGF-β1 Gelfoam® - - Acute Rat Single application of TGF-β1 did not delay healing Repeated 
applications of TGF-β1 caused a faster perforation closure and a 
thicker TM 

Kaftan 
200660 

GCSF Gelfoam® - - Acute Rat No difference in healing between experimental and control group† 
Gelfoam® was still present at large amount on Day 12 
No difference in the recruitment of macrophages, B-cells and T-cells 
between two groups† 

Aissa 
201261 

- Porcine 
acellular 
dermis or 
dura mater 

Guinea 
pig TM 
fibro- 
blasts 

- Chronic Guinea 
pig 

87% (33/38) healed with dura mater with fibroblasts compared to 
80% (16/20) with dura mater only; 95% (36/38) healed with acellular 
dermis with fibroblasts compared to 85% (17/20) with acellular 
dermis only† 
Faster early hearing recovery with dura mater; however, no 
differences found between two groups at the end 

Deng 
200962 

- Calcium 
alginate 

- Four sizes 
(1-4mm) 

Chronic Chinchilla 69% (9/13) healed with calcium alginate compared to 22% (2/9) with 
paper and 9% (1/11) in controls* 

Weber 
200663 

- Poly(glycerol 
sebacate) 
(PGS) 

- Bilayer 
central strut 
sandwiched 
between 
two flanges 

Chronic Chinchilla 91% (10/11) healed with PGS compared to 75% (6/8) with Gelfilm# Wieland 
201064 
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Table 1.2. A list of scaffolds used in combination with bioactive molecules or cells in human 

BM Scaffold Cells Design Type of TM 
perforations 

Study design Main findings Limitations References 

EGF Rice paper + 
Pope 
Oto-Wick- 
sponge 
[Xomed, 
Jacksonville, 
Fla.] 

- - Chronic Double blind 
placebo- 
controlled 

0% (0/8) healed with EGF 
compared to 11.1% (1/9) healed 
in controls# 
Mean decrease in perforation 
size was 0.3% with EGF and 
2.7% in controls† 

Small sample size 
Histological analysis 
only in one ear from 
each group. 

Ramsay 
199565 

bFGF Rice paper and 
Gelfoam® 

- - Acute and 
Chronic  

Randomised 
controlled 

95.2% (20/21) healed with bFGF 
compared to 64.3% (9/14) in the 
controls* 

- Ma 199766 

bFGF Pelnac 
(atelocollagen 
and silicone 
bilayer) 

- 2mm thick 
atelocollagen 
and 1mm 
thick silicone 
bilayer 

Chronic Controlled 100% (9/9) healed with bFGF 
compared to 60% (2/5) in 
controls# 
Hearing improved by 13.3dB 
with bFGF compared to 4.1db in 
controls# 

Small sample size 
Short-term follow up 

Hakuba 
200367  

bFGF Gelfoam® with 
fibrin glue 

- - Chronic Randomised 
controlled 

98.1% (52/53) healed with bFGF 
compared to 10% (1/10) in 
controls* 

Difference in sample 
size between the two 
groups 
Short-term follow up 
(3 months) 

Kanemaru 
201119 

bFGF Gelfoam® - - Acute  Prospective, 
uncontrolled 

98% (144/147) healed with 
bFGF# 

No control group 
Acute TM perforations  

Lou 201168 
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bFGF Gelfoam® - - Acute Retrospective, 
controlled 

Improved healing rate and 
average perforation closure time 
compared to spontaneous 
healing* 
Repair of the perforation edge 
flaps did not affect the outcome 
of Gelfoam® patching† 

Retrospective study 
Limited patient 
demographic 
(children) 
Acute TM perforations 

Lou 201169 

PDGF Paper patch - - Chronic Randomised 
placebo- 
controlled 
double-blinded  

10% (1/10) healed in both 
treatment and control groups† 

Difference in initial 
perforation size 

Roosli 
201170 

Autologous 
serum 

Chitin 
membrane 

- - Chronic Prospective, 
uncontrolled 

58% (11/19) healed and 11% 
(2/19) reduced in perforation 
size# 

No control group 
Small sample size 

Kakehata 
200871  

HA Rice paper - - Acute, 
chronic 

Prospective, 
uncontrolled 

50% (3/6) healed compared to 
91% (10/11) in controls# 

No control group 
Small sample size 

Stenfors 
198772 

- Silicone  
(TM patcher) 

- Three sizes 
(3, 5, 7mm) 
biflanged 

Chronic Prospective, 
uncontrolled 

23.3% (7/30) healed, 70% 
(21/30) remained unchanged and 
6.7% (2/30) became smaller# 
69% (18/26) had improved 
hearing and 31% (3/26) 
remained unchanged# 
87% (26/30) free of infection, 
7% (2/30) had mastoid disease 
and 10% (3/30) had otorrhoea 

No control group 
Only perforations 
<5mm had their edges 
prepared; large 
perforations were left 
untouched 

Kartush 
200073 

BM bioactive molecule; G-CSF Granulocyte-colony stimulating factor; HA hyaluronic acid; TM tympanic membrane 
Reported as statistically significant* or not statistically significant† or no statistical analysis performed#  
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Table 1.3. A list of scaffolds used for tympanic membrane repair in animals 

Scaffold Types of TM  
perforations 

Model Main findings References 

Decellularised tissue 
Acellular dermis 
(AlloDerm®) 

Chronic Chinchilla 80% (8/10) healed with AlloDerm® compared to 90% (9/10) with fascia or 
perichondrium† 

McFeely 2000 41 

Acellular dermis 
(AlloDerm®) 

Chronic Chinchilla 78% (18/23) healed with AlloDerm® compared to 66% (14/21) with rice paper 
patches† 
AlloDerm® produced a trilaminar membrane whereas rice paper produced a 
bilaminar or atrophic trilaminar TM. 

Laidlaw 200174 

Acellular dermis 
(AlloDerm®) 

Chronic Chinchilla 90% (9/10) healed with AlloDerm® compared to100% (9/9) with fascia# 

Mean surgical time for AlloDerm® was 47 minutes compared to 68 minutes with 
fascia* 

Downey 200342 

Acellular dermis 
(AlloDerm®) 

Acute Chinchilla 85% (11/13) healed in both formalin-fixed and non-formalin fixed AlloDerm® 
groups# 

Johnson 200775 

Acellular small intestine 
submucosa (Surgisis®) 

Chronic Chinchilla 100% (5/5) healed with Surgisis® compared to 60% (3/5) with cartilage Spiegel 200547 

UBM Chronic Chinchilla UBM scaffold readily integrated into the tissue and accelerated remodelling of 
trilaminar TM 

Parekh 200948 
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Polymer 
SF Acute Rat 93% (37/40) healed with silk compared to 68% (28/40) with paper and 65% 

(13/20) with no treatment# 
The mean healing time for silk was 7.2 days compared to 9.1 days for paper and 
10.4 days with no treatment*  

Kim 201076 

SF, acellular collagen type 
II/III  

Acute Rat 80% (4/5) healed with SF, 60% (3/5) healed with acellular collagen compared to 
0% (0/5) in spontaneous healing at Day 7* 
SF and acellular collagen scaffolds significantly accelerated TM closure, 
obtained optimal TM thickness and resulted in better trilaminar morphology with 
well-organised collagen fibres and early restoration of hearing 

Shen 201277 

Chitosan (water-insoluble) Acute Rat 89.5% (17/19) healed with chitosan compared to 94.7% (18/19) with no 
treatment† 
A thinner, smoother and more compact membrane was obtained with chitosan 
compared with no treatment 

Kim 200978 

Chitosan (water-soluble) Acute Rat 100% (18/18) healed with chitosan compared to 77.8% (14/18) with no 
treatment* 
Higher density collagen fibres and improved lamina propria was obtained 
compared with no treatment 

Kim 201079 

Chitosan (3-D) Acute Rat 60% (6/10) healed with chitosan compared to 10% (1/10) with paper on Day 7* 
No difference in chitosan treated TM and normal TM† 
Chitosan resulted in trilaminar TM that is thicker than normal TM 

Kim 201180 

HA (Seprafilm®) Acute Rat 100% (15/15) healed with Seprafilm® compared to 73.3% (11/15) with no 
treatment# 
Mean healing time was 7.8 days for Seprafilm® compared to 14.9 days with no 
treatment* 

Konaçki 200481 

HA (EpiFilm™, 
Carbylan-GSX sponge) 

Acute Guinea pig Mean healing time was 1 day for Carbylan-GSX*, 1.2 day for Gelfoam®* and 4.8 
days for EpiFilm™† compared to 4.6 days for no treatment 

Park 200682 
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Table 1.4. A list of scaffolds used for tympanic membrane repair in human 

Scaffold Types of TM 
perforations 

Study design  Main findings Limitations References 

Decellularised tissue 
Acellular 
dermis 
(AlloDerm®) 

Chronic Prospective 
Uncontrolled 
 

90% (27/30) healed with AlloDerm®† 
80% (24/30) had air-bone gap of <10dB† 

Limited patient demographic 
(22-35 years old) 
No control group 

Youseff 
199940 

Acellular 
dermis 
(AlloDerm®) 

NR Retrospective 100% healed in both groups, AlloDerm® and fascia† 
No difference in hearing outcome for both AlloDerm® and 
fascia† 

Retrospective study 
 

Benecke 
200183 

Acellular 
dermis 
(AlloDerm®) 

Chronic Prospective, 
uncontrolled 

86% (6/7) healed with hearing improvement# Small patient number 
No control group 

Saadat 
200184 

Acellular 
dermis 
(AlloDerm®) 

Chronic 
 

Retrospective, 
uncontrolled 

87.5% (21/24) healed with AlloDerm® (with or without 
mastoidectomy)# 

Retrospective study 
No control group 

Fayad 
200385 

Acellular 
dermis 
(AlloDerm®) 

Chronic Retrospective, 
controlled 

84% (16/19) healed with AlloDerm® compared to 97% 
(30/31) with fascia† 
Shorted healing time with AlloDerm®* 

Retrospective study Fishman 
200586 

Acellular 
dermis 
(AlloDerm®) 

NR Retrospective, 
controlled 

88% (22/25) healed with AlloDerm® compared to 97% 
(29/30) with cartilage + fascia and 89% (47/53) with fascia† 
Average surgical time for AlloDerm® was 82 minutes 
compared to 124 minutes for non-AlloDerm® case* 
No difference in postoperative air-bone gap† 

Retrospective study Vos 200587 

Acellular 
dermis 
(AlloDerm®) 

NR Retrospective 94% healed in lateral graft with AlloDerm® compared to 88% 
with underlay tympanoplasty using AlloDerm® or fascia† 
Both groups achieved improved hearing* 

Small patient number 
Limited patient demographic 
(children) 

Lai 200688 

Acellular Chronic  Randomised 95% (19/20) healed with acellular dermis compared to 90% Not blinded Raj 201089 
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dermis  controlled  (18/20) with fascia† 
Mean surgical time for acellular dermis was 28 minutes 
compared to 47 minutes with fascia* 
Postoperative pain was 2.8 (on visual analogue scale) with 
acellular dermis compared to 6.2 with fascia* 
Average gain in air-bone gap was 17 with acellular dermis 
compared to 14.5 with fascia† 

Polymer 
Human dura 
mater 
(Tutoplast®) 

Revision 
myringoplasty 

Retrospective, 
uncontrolled 

87% (39/45) healed with Tutoplast®# 

49% (18/37) had >10dB hearing improvement# 
Retrospective study 
No control group 

Yetiser 
200190 

Gelfoam® Acute  Randomised 
control  

97% (29/30) healed with Gelfoam® or Gelfoam® following 
edge approximation of perforation margin compared to 85% 
(23/27) with spontaneous healing† 
The average healing time was 16 days for Gelfoam®, 18 days 
for Gelfoam® following edge approximation and 30 days with 
spontaneous healing* 
Unfolding and realignment of the folded perforation edges 
did not affect either the healing rate or the healing time in the 
cases of Gelfoam® patching† 

Acute TM perforations Lou 201191 

HA 
(EpiFilm®) 

Chronic Prospective, no 
controls 

Study aborted as perforations remained the same in initial 5 
patients treated with Epifilm®  

No control group 
Limited patient demographic 
(> 50 years old) 
Incomplete course of study 

Prior 
200792 

HA (Epidisc) 
+ fat graft 

Chronic Prospective, no 
controls 

81% (17/21) healed with HA fat graft myringoplasty# 

The mean air-bone gap improvement was 17dB 
The mean operative time was 10 minutes 

No control group 
Small patient number 

Saliba 
200893 

HA Chronic  Prospective, 92.7% healed with HA fat graft myringoplasty compared to Different patient Saliba 
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(EpiDisc™) + 
fat graft 

controlled 92.2% with underlay (fascia or cartilage) and 92.6% with 
overlay (fascia or cartilage) myringoplasty† 
No worsening in bone conduction noted 
The mean operative time was 16 minutes for HA fat graft 
myringoplasty, 65 minutes for underlay (fascia or cartilage) 
and 74 minutes for overlay (fascia or cartilage) 
myringoplasty* 

demographic (age) and 
average perforation size in 
each group 
No randomisation  

201194 

HA 
(EpiDisc™) + 
fat graft 

Chronic  Prospective, 
controlled 

87% healed with HA fat graft myringoplasty compared to 
85.7% with underlay (fascia or cartilage) and 86.5% with 
overlay (fascia or cartilage) myringoplasty† 
No worsening in bone conduction noted 
The mean operative time was 18 minutes for HA fat graft 
myringoplasty, 65 minutes for underlay (fascia or cartilage) 
and 74 minutes for overlay (fascia or cartilage) 
myringoplasty* 

Limited patient demographic 
(children) 
No randomisation 

Saliba 
201195 

NR not reported. Reported as statistically significant* or not statistically significant† or no statistical analysis performed # 
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1.3.1.1.2. Polymer 

Polymers are desirable due to availability, biocompatibility, biodegradability, 

easy manipulation and the potential for large-scale production. They can also 

be manipulated into a range of shapes and sizes with varying porosities, 

depending on the application.96 Natural polymers currently being used or 

under investigation as potential scaffolds for TM perforation repair include 

Gelfoam®, silk fibroin (SF), chitosan, alginate and hyaluronic acid (HA). 

Gelfoam®, derived from denatured porcine skin, is a gelatine sponge widely 

used to pack the middle ear to support TM and ossicular grafts.97 Gelfoam® is 

also used for traumatic perforations91 and is known to be non-toxic, 

biocompatible, easily handled and provides reasonable haemostasis. SF, 

typically obtained from the silkworm species B. mori following the removal 

of antigenic sericin, has been shown to support the growth and spread of 

different cell types including keratinocytes derived from hTM.98, 99 

Furthermore, SF was found to provide structural support for TM regeneration 

when applied using onlay myringoplasty.77 

Chitosan is the N-deacetylated derivative of chitin, which is a naturally 

occurring mucopolysaccharide that forms the supporting framework for 

crustaceans and insects.100 Chitosan confers antibacterial properties and has 

been shown to promote wound healing of skin, bone and liver.101 In addition, 

3-D chitosan was found to integrate into the regenerated TM when placed 

using inlay myringoplasty.80 On the other hand, Alginate, a natural organic 

polymer derived from seaweed, has improved ease of handling when 

cross-linked with calcium. Calcium alginate grafts act as a scaffold for medial 

and lateral growth of mucosal and keratinized epithelium. Despite its current 

 19 



use for chronic wound, calcium alginate grafts carry the theoretical risk of 

ototoxicity and there is a lack of short and long term human studies 

investigating its safety and efficacy profile.63 Finally, HA, a naturally 

occurring glycosaminoglycan, has been shown to accelerate TM perforation 

closure and produce a better quality neo-membrane.102 HA can act as a 

scaffold when manufactured as a solid, especially when chemically modified 

into different forms, or as a BM when applied topically. 

1.3.1.2. Synthetic 
Among the synthetic materials, only poly(glycerol sebacate) (PGS) has been 

investigated. PGS, a biodegradable synthetic polymer, is made of 

polycondensation of glycerol and sebacic acid. The use of PGS-engineered 

plugs in chronic perforations in a chinchilla model showed confluent cell 

layers and neovascularisation.64 The main advantage of PGS is its predictable 

degradation via surface erosion without significant loss of strength. 

Moreover, ease of synthesis, biodegradability, biocompatibility and 

mechanical properties make PGS favourable.103 

1.3.2. Bioactive molecules 
Wound healing is a complex dynamic process mediated by interactions 

between cells, ECM components, and BMs such as GFs and cytokines. In the 

study of chronic TM perforations, it is clear that different BMs play a role in 

accelerating or delaying TM closure. Various GFs have been applied as 

eardrops in animal experiments and clinical trials following the discovery of 

expression of these GFs and their receptors during TM wound healing. More 

recently, microarray-based gene expression profiling revealed genes 

implicated in the transcriptional response to TM wounding in rats at specific 
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time-points,104 suggesting the complexity of wound healing regulated by a 

myriad of signalling molecules. 

GFs can be broadly classified into five major families – epidermal GF (EGF), 

fibroblast GF (FGF), platelet-derived GF (PDGF), transforming GF-beta 

(TGF-β) and insulin-like GF (IGF). With regard to TM wound healing, 

extensive research has been conducted on the EGF and FGF families, limited 

studies on PDGF and TGF-β and none to date on the IGF family. Studies 

using these GFs for TM perforation repair are presented in Tables 1.1 and 1.2 

with a more detailed review provided by Ma et al 2002.105 

1.3.2.1. EGF family 
The EGF family consists of EGF, TGF-α, Heparin-binding EGF-like GF 

(HB-EGF), amphiregulin, betacellulin and neuregulin. EGF acts mainly by 

stimulating proliferation, especially in the squamous layer.27 EGF also causes 

early abundance of fibroblasts and neovascularisation27 with a dense 

connective tissue layer.51 In non–perforated TM, only low levels of EGF are 

seen.106, 107 Following perforation, EGF protein increases at 24 hours in basal 

keratinocytes before becoming diffusely elevated at 36 hours and then again 

restricted to in the epidermal layer on Day 4 on histology. However, 

messenger ribonucleic acid (mRNA) expression within the whole TM 

remains relatively constant, suggesting different activities at different sites. 

While there were no differences in EGF receptor (EGFR) expression between 

a normal hTM and a TM with chronic perforations,108 the systemic 

administration of EGFR inhibitor (erlotinib) in a rat model delayed TM 

wound closure, although it failed to create a chronic TM perforation.109 EGF 

delivered with a scaffold significantly enhanced TM closure in animals but 
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not in human (Tables 1.1 & 1.2). Importantly, application of EGF into the 

middle ear was not cochleotoxic51 and appeared to be safe in humans.65 

Although TGF-α is similar to EGF structurally and functionally, TGF-α has 

been identified to be more effective than EGF in promoting colony 

dispersion110 and the most potent pro-motility factor among EGF, IGF-1, 

HB-EGF, bFGF, insulin, KGF-1, hepatocyte GF (HGF), TGF-β, IL-1α and 

IL-8.111 The expression of TGF-α also correlates with the proliferation of TM 

epidermal cells. TGF-α was not observed in the TM of normal rabbits’ TM, 

but following a perforation, TGF-α-positive cells were seen scattered in the 

epidermal cell layer.112 The mRNA transcript for TGF-α and the FGF family 

member KGF were found to rise rapidly, peaking after 3 days then 

subsequently downregulating, implying that TGF-α and KGF have similar 

biological properties.113 

1.3.2.2. FGF family 
Among the FGF members, only acidic FGF (aFGF or FGF-1), basic FGF 

(bFGF or FGF-2), FGF-7 (KGF-1), and FGF-10 (KGF-2) have been 

investigated in the TM. bFGF is increased in acute wound healing and 

regulates granulation tissue formation, re-epithelialisation and tissue 

re-modelling whereas KGF is involved in detoxification of reactive oxygen 

species and re-epithelialisation.114 In TM repair, KGF and TGF-α facilitate 

migration and proliferation of epithelial cells of the outer layer in early stages 

while bFGF mediates the connective tissue reaction in the middle layer in 

subsequent stages.113 In perforated TMs of glucocorticoid-treated rats, 

induction of KGF, TGF-α, and bFGF mRNA after TM injury was 

significantly reduced.115 However, application of KGF did not enhance 
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wound healing; rather, KGF resulted in a well-organised fibrous layer and 

better-orientated fibroblasts.116 

bFGF may cause predominantly epithelial hyperplasia,117, 118 hypertrophy of 

connective tissue with abundant fibroblasts,56, 57, 119 or hyperplasia of both 

layers58, 120 with minimal effects on the mucosal layer.58, 121 bFGF acted in the 

first 3 days post-application by stimulating the proliferation of fibroblasts and 

supporting centripetal epidermal migration.56, 57 In addition, bFGF 

accelerated wound healing through vasodilatation, which occurred only after 

3 days.117 When different concentrations were compared, 400ng bFGF 

significantly shortened TM closure time compared to no treatment; however, 

a higher dose of 2000ng led to high rates of myringitis whereas 200ng bFGF 

showed no difference in healing.119 In humans, bFGF seems to be more 

prominent in regulating proliferative and migratory phase events compared to 

inflammatory phase events.68 Although bFGF applied with Gelfoam® in 

guinea pigs caused a voluminous scar protruding into the middle ear cavity 

with involvement of the ossicles,57 hyperplasia of granulation tissue seen in 

humans was temporary and resolved within 5-7 days.68 Furthermore, bFGF 

did not damage the organ of Corti.58 A simple outpatient procedure using 

bFGF applied by Gelfoam® and coated with fibrin adhesive has provided 

high success rates and minimal complications in a recent small clinical trial;19 

however, the mechanisms of action and long term complication rates are not 

yet available.122 

1.3.2.3. PDGF family 
PDGF and vascular endothelial growth factor (VEGF) form a family of GFs 

with a highly conserved common GF domain known as PDGF/VEGF 
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homology domain. Thus far, limited studies of PDGF and VEGF have been 

conducted in the TM. The PDGF family is a major mitogen family for 

fibroblasts123 and consists of the classical PDGFs (PDGF-A and PDGF-B) 

and the novel PDGFs (PDGF-C and PDGF-D). In the only clinical trial to 

date, daily topical treatment with a paper patch soaked with PDGF for 6 

weeks did not offer any advantage over the placebo.70 VEGF consists of three 

subtypes known as VEGF121, VEGF165 and VEGF189
124 and shares almost 

20% amino acid homology with PDGF. VEGF stimulates wound healing 

through angiogenesis, collagen deposition and epithelialisation125 and studies 

of VEGF in the TM have shown it to be an important regulator of 

angiogenesis.29 

1.3.2.4. TGF-β family 
The TGF-β family includes TGF-β 1, 2 and 3, bone morphogenetic proteins 

(BMP) and activins. TGF-β released from activated platelets following an 

injury improves wound healing by chemotaxis, production of ECM, and 

angiogenesis126 However, TGF-β-induced deposition of ECM at the site of 

injury can contribute to excessive scarring and fibrosis.127 The expression of 

TGF-β1 was not found in the normal TM epidermis but was seen in the 

fibrous and subepithelial layer, and more prominently at the perforation 

margin in relation to fibroplasia. An unorganised fibrotic scar at the border of 

a perforation may be generated by the autocrine effect of TGF-β1 on 

fibroblasts, and is hypothesised to contribute to arrested healing.108 In an 

attempt to create a chronic perforation model, TGF-β1 was applied following 

a myringotomy. A single application of TGF-β1 made no difference; 

however, repeated applications of TGF-β1 significantly accelerated TM 

closure.60 This requires further study to determine its suitability in TM repair. 
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1.3.2.5. Hyaluronic acid (HA) 
Among all BMs examined in TM healing, HA is the most extensively studied. 

HA is a naturally occurring high molecular weight (MW) linear 

glycosaminoglycan with excellent visco-elastic, rheological and hygroscopic 

properties.128-130 It has been approved by the Food and Drug Administration 

(FDA) as a visco-elastic tool in ophthalmic surgery,131 visco-supplementation 

in arthritis,132 filler in cosmetic surgeries133 in addition to being used to treat 

vesicoureteral reflux in children (dextranomer/HA co-polymer).134-136 

Clinical application of HA for TM repair fall into two groups: natural HA as 

an eardrop (i.e. as a BM) and HA derivatives applied as a graft (i.e. as a 

scaffold). Overall, topical application of HA has been shown to shorten the 

TM healing period.102 When applied, the perforation border thickens within 

1-2 days137-139 with occasional presence of dilated vessels.138 The 

chemo-attractive properties of HA also induce inflammatory cells such as 

granulocytes and macrophages which further perpetuate the inflammatory 

response.138, 140 HA also stimulates the production of a keratin spur forming a 

film of keratin-hyaluronate which allows the migration of squamous 

epithelium138, 140 (Figure 1.4). Most importantly, HA regulates the orientation 

of the fibroblast and collagen fibres, leading to minimal scarring.138, 141 

Compared to the unmodified isoform of HA, esterified HA – e.g. MeroGel 

[Medtronic Xomed Inc, Jacksonville, USA], Epifilm® [Xomed-Medtronic], 

EpiDisc™ otologic lamina [Xomed-Medtronic, Jacksonville, FL, USA] – 

possesses a longer retention time due to its resistance to enzymatic 

degradation.142 In a multicentre RCT, the use of a benzyl ester of HA 

Laserdrum [FIDIA Advanced Biopolymers, Abano Terme, Italy] 
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bio-membrane significantly improved the re-epithelialisation of the 

tympanomastoid cavity in patients, with no adverse effects or ototoxicity.142 

However, Prior et al. reported failure with Epifilm® in the first five patients, 

resulting in abortion of the study.92 The reasons for failure were not stated but 

all patients recruited were older than 50 years and had persistent symptomatic 

perforations. Although the use of HA ester film in TM repair was not 

recommended, a subsequent trial showed an overall closure rate of 81% with 

mean air-bone gap improvement of 17dB.93 Here, 21 patients with persistent 

chronic TM perforations (without active infection) were treated with 

EpiDisc™ overlying a fat graft. Whether or not the effect was due to the fat 

graft, HA or both were not assessed independently. The same group further 

compared this technique (HA fat graft myringoplasty) with overlay and 

underlay methods (using temporalis fascia and tragal perichondrium) and 

reported comparable healing rates and hearing outcomes among the three 

groups.94 
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Figure 1.4. The roles of hyaluronic acid in tympanic membrane wound 
healing 

(a) TM perforations occur due to infection, trauma or tympanostomy tube insertion. 
Three distinct layers of TM are seen: outer epithelial, middle fibrous, and inner 
mucosal layers; (b) Retraction of perforation margin is accompanied by 
accumulation of exudate and inflammatory cells to the wound site; (c) 
Keratin-hyaluronate layer serves as a scaffold for migrating epithelial cells. HA also 
attracts inflammatory cells to the wound site; (d) The outer epithelial layer is the first 
layer to close followed by the mucosal layer; (e) HA produces a better quality 
neo-membrane with a well-organised fibrous layer. 
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Similarly, modified cross-linked HA – e.g. Carbylan-SX [Carbylan 

Biosurgery, Palo Alto, CA, USA], Sepragel® [Genzyme corporation, 

Cambridge, MA, USA] and Seprafilm® [Genzyme corporation, Cambridge, 

MA, USA] – have improved mechanical properties and longer residence time 

compared to unmodified HA.143, 144 Both Seprafilm® and Sepragel® consist of 

HA and carboxymethylcellulose (CMC). Seprafilm® exists as a film and is 

used mainly as a barrier post-surgery to prevent adhesion,145 whilst Sepragel® 

enables rapid injection as a gel.146 As such, Sepragel® exerts less damping 

and thus milder hearing loss compared to sponge.147 Moreover, Sepragel® 

separates sinus mucosa surfaces and is a useful space-occupying gel stent in 

endoscopic sinus surgery.148 Thus far, the use of cross-linked HA for TM 

repair has been limited to one animal experiment where Seprafilm® was 

found to significantly improve healing compared to spontaneous healing.81 

However, recent reports of potential hearing loss caused by CMC may limit 

human trials until it has been proven safe. 

1.3.3. Cell sources 
Cells used in a bio-engineered TM can be obtained from primary tissues, cell 

lines or stem cells. These cells can be injected or incorporated ex vivo into a 

construct prior to implantation.149 Currently, there exist limited studies 

involving the utilisation of cells combined with a bioscaffold. 

Autologous fibroblasts have been seeded onto porcine acellular dermis and 

dura mater in guinea pigs with accelerated tissue regeneration and new ECM 

produced in the cell seeded group.62 The use of stem cells has also been 

extended to TM wound healing. In an acute gerbil TM perforation model, 

application of mouse embryonic stem cells appeared to improve healing.150 
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However, when placed in a rat model, no enhanced healing was seen. After 6 

months, the strength and stiffness of both treated and untreated 

neo-membranes were similar although a thicker lamina propria was observed 

in the treated group.151 This group further used human mesenchymal stem 

cells in a chronic TM perforation rat model with a closure rate of 40% 

compared to only 10% in the control group. Nevertheless, an 

immunosuppressant (tacrolimus) was used and poor healing was obtained 

with the middle ear cavity filled with granulation tissue and adhesions.152 

More recently, hTM progenitor cells have been found in the umbo, annulus 

and handle of malleus, suggesting the possibility of regenerative stem cell 

populations in these locations.153 

1.4. Silk as a potential bioscaffold 

Silks are protein polymers spun into fibres, which are produced by 

specialised glands of members of the class Arachnida and order Lepidoptera 

(such as silkworms, mites, butterflies and moths).154, 155 The most extensively 

characterised silks are cocoon silk from the domesticated silkworm B. mori 

and dragline silk from spider Nephila calvipes.156 More recently, 

non-Mulberry (or wild type) silkworms such as Tasar (Antheraea mylitta and 

A. pernyi), Muga (A. assamensis/assama) have also been explored.157 

Silkworm silk consists of a core fibrous protein (fibroins) made of light and 

heavy chains that is encased in coats of glue-like proteins (sericins) that 

provides the structural integrity of the cocoon.158 SF has repetitive protein 

sequences with a predominance of alanine, glycine and serine.159 B. mori silk 

has been used as suture materials for centuries, albeit limitedly due to adverse 

immunological response. Nevertheless, the ability to remove the antigenic 
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sericin via the degumming process, which significantly reduced the immune 

response, has resulted in renewed interests in SF as a potential biomedical 

candidate.160 

SF has been extensively researched as a scaffold for tissue engineering, as 

implant devices and for drug delivery systems due to its unique properties of 

biocompatibility, haemocompatibility, oxygen and water permeability, 

controlled degradability as well as excellent mechanical and thermal 

properties.156, 161 Silk has superior mechanical strength, toughness and 

elasticity compared to other biomaterials such as collagen and polylactic acid 

(PLA).154 In general, silk fibres lose the majority of their tensile strength 

within 1 year in vivo, and become unrecognisable within 2 years at the 

implantation site.162 However, the biodegradability of silk can be altered to 

suit specific biological applications in mind by manipulating the processing 

methods and variables such as silk concentrations and pore sizes.161 This 

allows the sustained release of BMs as well as the possibility of matching the 

degradation rate to the formation of neotissue.163 

Silks are highly versatile. SF solutions can be processed into various forms 

such as films, fibres, mats, hydrogels and sponges, hence catering for broad 

biomedical applications.155, 164 In addition, SF may be blended with other 

natural or synthetic polymers such as chitosan, collagen and poly(ethylene 

oxide) or have its surface modified with arginine-glycine-aspartic acid 

(RGD) or specific GF to promote its biological functions.156 For example, a 

chitin/SF blend demonstrated excellent attachment and spreading of normal 

human epidermal keratinocytes (NHEK) and normal human epidermal 

fibroblasts (NHEF).165 Similarly, IGF-1 loaded SF scaffolds have been 
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shown to induce chondrogenic differentiation of human mesenchymal stem 

cells.166 In addition, SF can support the growth and spread of different cell 

types such as chondrocytes,167 endothelial,168 epithelial, glial, fibroblast, 

osteoblast and keratinocyte,98 including keratinocytes derived from hTM.99 

A previous study in our laboratory has confirmed superior cell-cell contact 

and higher proliferation on SF compared to polyethylene terephthalate 

(PET).169 Thus far, outside of our laboratory, there has only been one other 

study reporting the use of a SF patch as a scaffold for TM repair. In this study, 

the SF patch was found to significantly shorten TM closure and accelerate 

wound healing compared to a paper patch in a rat model with large acute 

perforations.76 Histologically, SF resulted in organised and compact cell 

layers with properly orientated fibroblasts. In addition, we have recently 

applied a SF scaffold using onlay myringoplasty and found significant 

improvements in the healing rate and hearing outcomes of acute TM 

perforations in rodents77, 170 (Appendices 4 and 5). 

The SF scaffold significantly accelerated the TM perforation closure, 

obtained optimal TM thickness, and resulted in better trilaminar morphology 

with well-organised collagen fibres and early restoration of hearing. The SF 

likely provides support in aiding the migration cells with minimal 

inflammatory response at the implantation sites.77 
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1.5. Consideration for clinical application 

1.5.1. Scaffold design 

1.5.1.1. General considerations 
By definition, a scaffold is a temporary supporting structure for growing cells 

and tissues171 whereas a graft is any tissue or organ for transplantation or 

implantation.172 Unlike conventional grafts that persist in vivo, a 

bio-engineered construct is designed to degrade over time and ultimately be 

replaced by neo-tissue. Currently, an ideal graft material possessing the 

properties outlined in Table 1.5 does not exist. However, these important 

characteristics need to be considered. A bio-engineered TM should promote 

wound healing in addition to restoring the native trilaminar structure, which 

is crucial in maintaining the TM vibroacoustic properties. 

Table 1.5. Requirements for tympanic membrane replacement 

 

Characteristics of an ideal graft 16, 173 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

Easy and quick to obtain and fashion 
Available in unlimited quantities 
Cause no cosmetic changes 
Inexpensive 
Safe 
Resistance deformation from pressure variations 
Cause no interference in air conduction 
Transparent to allow inspection of the middle ear contents 
Resist deformation from pressure variations 
Low metabolic requirement 

Additional design criteria for a bio-engineered tympanic membrane174 

• 
• 
• 
• 
• 
• 
• 
• 

Promote cell growth, adhesion 
Allow the retention of differentiated cell functions 
Biocompatible, non-toxic 
Biodegradable 
Highly porous with a large surface/volume ratio 
Malleable and mechanically strong 
Off the shelf 
Reasonable shelf life 
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In addition, an “off the shelf” artificial TM would be advantageous in 

revision cases and could significantly reduce theatre time, which translates to 

substantial economic benefits. An artificial TM that is transparent is also 

highly desirable as it allows direct visualisation of the middle ear. This would 

enable clinicians to identify complications within the middle ear and to allow 

monitoring of progress of TM repair. 

1.5.1.2. Considerations for underlying pathology 
The acoustic transmission of a regenerated TM is chiefly dependent on the 

properties of the neo-membrane (size, mass, stiffness, thickness, damping, 

density, Young’s modulus) and the reconstruction techniques (graft position, 

graft attachment to the bony frame and handle of malleus).18, 175 However, the 

thickness and composition of a reconstructed TM should represent a 

compromise between providing sufficient stability to resist constant negative 

pressure whilst allowing adequate acoustic sensitivity that permits optimal 

sound conduction.18 Moreover, a graft available in various thicknesses and 

sizes can be tailored specifically for perforations of different sizes and for 

underlying pathology, such as middle ear inflammation and Eustachian tube 

dysfunction. Thus far, various shapes and sizes of construct have been made 

using computer-aided design and injection moulding. For example, 

chondrocyte-seeded calcium alginate gels were moulded in the shape of 

cartilage butterfly TM patches with volumetric precision and good 

dimensional fidelity.176 In addition, PGS plugs have been engineered with a 

bilayer central strut sandwiched between two flanges, permitting facile 

transcanal placement,64 whereas calcium alginate patches come in four 
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different sizes (1-4mm), allowing the size of patch to match the size of 

perforation.63 

1.5.2. Delivery of bioactive molecules 
The use of BMs must consider delivery vector, types and dosage of BMs, 

sequence, timing and duration of therapy. Incorporation of BMs into a 

scaffold must address appropriate loading capacity, uniform load 

distribution, binding affinity, dose delivery, release kinetics and targeted 

delivery.149 A desirable construct is one that releases BMs in a spatiotemporal 

pattern thereby inducing timely cellular functions.177 Moreover, a construct 

should allow sustained release of BMs hence resisting the rapid degradation 

from wound proteolytic environments. To date, the majority of GFs have 

been delivered in the form of eardrops onto a scaffold (Figure 1.3B) or a 

scaffold impregnated with GF prior to insertion (Figure 1.3C). This technique 

can be easily performed in a simple outpatient setting.19 This paradigm shift 

in treatment regimes not only obviates an operation and its associated 

complications, but also significantly cuts costs and improves accessibility to 

communities who may need the treatment most. 

1.5.3. Incorporation of cells 
It is evident that scaffolds, BMs and cells, interact in order to achieve TM 

regeneration. Although cells play important roles, most tissue-engineered 

constructs have been implanted without cells. The use of stem cells is 

associated with safety concerns such as infection, rejection and possible 

tumour formation. Thus far, only autologous rodent fibroblasts have been 

investigated with improved TM regeneration. However, this may be more 

technically challenging in the clinical setting. Cell isolation and cell seeding 
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require strict infection control and may complicate and prolong the 

procedure, with associated increase in costs. It is also difficult to seed 

different cell types in different layers of a bio-engineered TM as different cell 

types may require unique preparation conditions. More importantly, 

epithelial cells must remain in the outer ear and not invade the middle ear as 

this may cause acquired cholesteatoma. It may be that a bio-engineered TM 

does not require the incorporation of cells if a TM remnant containing 

progenitor cells remains for regeneration. 

1.6. Conclusions 

Tympanic membrane (TM) perforations represent significant morbidity to 

the community, in addition to management challenges to clinicians. Current 

treatments for TM perforations involve myringoplasty using various graft 

types, with surgery and its associated complications. Moreover, each graft 

type has its own limitations. Recently, the focus of research has shifted 

towards the development of tissue-engineered materials or techniques that 

could be applied in an outpatient setting that obviate a surgery. The choice of 

optimal scaffolds, cells and bioactive molecules (BMs) for a bio-engineered 

TM remains unresolved. Whether or not cells are to be included, the presence 

of a scaffold and BMs are essential components of a tissue-engineered 

construct. Scaffold and BMs target different mechanisms to improve wound 

healing: scaffolds provide stromal support in guiding regenerating tissue 

whilst BMs induce or maintain cellular proliferation and migration. Despite 

possible challenges, substantial progress is being made and we are likely to 

see progression in the research and development of these bio-engineered 

constructs towards clinical applications. 
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2. Study hypothesis and aims 

2.1. Hypothesis 

This study was based on three hypotheses, namely that: 

 Selected bioactive molecules (BMs) improve tympanic membrane 

(TM) wound healing by increasing the migration and proliferation 

of hTM keratinocytes. 

 Species-specific variations in silk properties will produce different 

cell growth outcomes. 

 Immobilisation of BMs on or within silk fibroin (SF) scaffold will 

enhance the growth of hTM keratinocytes. 

2.2. Aims 

The aims of this study were therefore to: 

 Examine the migration and proliferation of selected BMs on hTM 

keratinocytes with the goals of identifying factor(s) that could 

enhance TM wound closure (Chapter Four) 

 Evaluate the effects of selected BM combinations on the migration, 

proliferation and adhesion of cultured hTM keratinocytes (Chapter 

Five) 
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 Identify the mechanisms of HA/TGF-α on the migration and 

proliferation of cultured hTM keratinocytes (Chapter Five) 

 Compare the cytocompatibility of hTM keratinocytes on SF 

membranes derived from B. mori (Mulberry), P. cynthia ricini (Eri) 

and A. assamensis (Muga) (Chapter Six) 

 Compare the cytocompatibility of hTM keratinocytes on 

water-based silk fibroin (W-SF) and formic acid-based silk fibroin 

(FA-SF) membranes (Chapter Seven) 

 Examine the hTM keratinocyte responses to physically immobilised 

BMs on SF scaffolds (Chapter Eight) 
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3. Materials and methods 

3.1. Materials 

3.1.1. Bioactive molecules (BMs) 

Table 3.1. Bioactive molecules used 

Family Bioactive  
molecule 

Concentrations Manufacturer, 
Country 

EGF EGF 5, 10, 15, 20, 
25ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 

 TGF-α 20, 40, 60, 80, 
100ng/mL 

PeproTech, USA 

 HB-EGF 20, 40, 60, 80, 
100ng/mL 

PeproTech, USA 

 amphiregulin 20, 40, 60, 80, 
100ng/mL 

Sigma-Aldrich Australia 

 Epigen 20, 40, 60, 80, 
100ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 

 Epiregulin 5, 10, 15, 20, 
25ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 

 betacellulin 20, 40, 60, 80, 
100ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 

FGF FGF-1/aFGF 20, 40, 60, 80, 
100ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 

 FGF-2/bFGF 20, 40, 60, 80, 
100ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 

KGF KGF-1/FGF-7 20, 40, 60, 80, 
100ng/mL 

Sigma-Aldrich Australia 

 KGF-2/FGF-10 20, 40, 60, 80, 
100ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 

IGF IGF-1 20, 40, 60, 80, 
100ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 

 IGF-2 20, 40, 60, 80, 
100ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 

PDGF VEGF165 20, 40, 60, 80, 
100ng/mL 

PeproTech, USA 

 PDGF-BB 20, 40, 60, 80, 
100ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 

Cytokines IL-6 5, 10, 15, 20, 
25ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 
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 IL-19 20, 40, 60, 80, 
100ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 

 IL-24 20, 40, 60, 80, 
100ng/mL 

ProSpec-Tany 
TechnoGene Ltd., Israel 

ECM protein HA 1, 2, 3, 4, 5µg/mL Sigma-Aldrich Australia 
 Fibronectin 1, 2, 3, 4, 5µg/mL ProSpec-Tany 

TechnoGene Ltd., Israel 
 Vitronectin 0.1, 0.2, 0.3, 0.4, 

0.5µg/mL 
Sigma-Aldrich Australia 

 

3.1.2. Reagents 

Table 3.2. Reagents used 

Chemical reagents Manufacturer, country 
100bp DNA ladder Promega Corporation, Australia 
TrackIt™ 100bp DNA ladder Life Technologies, Australia 
AG1478 (Tyrphostin) Life Technologies, Australia 
Anti-CD44, culture supernatant,  
BRIC 235 

American Research Products, 
Inc. 

Bovine serum albumin (BSA) Sigma-Aldrich, Australia 
CellTiter 96®AQueousOne Solution Cell 
Proliferation Assay 

Promega Corporation, Australia 

Crystal violet stain Amber Scientific, Australia 
4',6-diamidino-2-phenylindole (DAPI) Molecular probes, USA 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich 
Dulbecco’s Modified Eagle Medium (DMEM) Gibco, USA 
Ethanol absolute (100%) Rowe Scientific 
Foetal bovine serum (FBS) Bovogen, Australia 
Formic acid ACS reagent Sigma-Aldrich, Australia 
IQ™ SYBR® Green super mix Bio-Rad Laboratories, Australia 
Methanol Ajax Finechem, Australia 
Monoclonal anti-α-Tubulin, Clone DM1A Sigma-Aldrich 
Oligo (dT)15 primer Promega Corporation, Australia 
Paraformaldehyde Scharlau 
Penicillin and streptomycin Gibco, USA 
Phenol Life Technologies, Australia 
Phosphate buffered saline (PBS) 7.4 (1x) liquid Gibco, Australia 
Phosphate buffered saline (PBS) pellets Sigma-Aldrich, Australia 
Tris (hydroxymethyl)methylamine AnalaR 
(TRIS buffer) 

 

Trypan blue stain 0.04% Life Technologies, Australia 
TrypLE™ Express  Gibco, USA 
Tween 20 AppliChem 
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3.1.3. Equipment 

Table 3.3. Equipment used. 

Equipment Manufacturer, country 
Centrifuge machine (Benchtop 
Centrifuge) 

Techcomp, China 

Contact angle measurement system 
with a CAM101 video camera 

KSV Instruments Ltd., Finland 

Nikon A1Si confocal 
laser-scanning microscope 

Nikon, Japan 

Countess® Automated Cell Counter Life Technologies, South Korea 
Haemocytometer Blau brand, Germany 
Laboratory-dyeing machine Ahiba Nuance 
MyiQ™ single colour real time 
PCR detection system 

Bio-Rad Laboratories, Australia 

NanoPhotometerTM IMPLEN, Germany 
Nikon Eclipse TE2000-S phase 
contrast fluorescent microscope 

Nikon, Japan 

Plate reader/spectrophotometer Bio-Rad Laboratories, Australia 
TA Instrument Q100 DSC TA Instruments, New Castle, DE 
Cary-Varian 3 spectrophotometer Agilent Technologies, USA 
Universal Testing Instrument Lloyd Instruments, UK 
 

3.1.4. Consumables 

Consumables Manufacturer, country 
T-25 culture flasks BD Biosciences, Australia 
T-75 culture flasks BD Biosciences, Australia 
6 well culture plates Greiner bio-one, BD Biosciences, Australia 
12 well culture plates Greiner bio-one 
24 well culture plates Greiner bio-one 
48 well culture plates Greiner bio-one 
96 well culture plates Greiner bio-one 
Pipette, serological (5mL) Greiner bio-one 
Pipette, serological (10mL) Greiner bio-one 
Pipette, serological (25mL) Greiner bio-one 
Tube, polypropylene (15mL) Greiner bio-one 
Tube, polypropylene (50mL) Greiner bio-one 
Plain swab sterile aluminium 
applicator rayon tipped 

Copan Italia, Italy 

Countess® cell counting chamber 
slide 

Life Technologies, South Korea 
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3.1.5. Primers 

Gene Primer sequences (5’-3’) Size (bp) Accession number 
CD44 F: GCATCCCTCTTGGCCTTGGCT 

R: CTGGTGGGGGAAAGGTTGGCG 
609 NM_000610.3 

Keratin-1 (K1) F: GATGCAGAGCAGCGTGGCGA 
R: TCACGCTGGAACTGCCACCAG 

616 NM_006121.3 

Keratin-5 (K5) F: AACGCCATTGCGGATGCCGA 
R: TGGGGCTCTCCTGGGAACCAA 

699 NM_000424.3 

Keratin-10 (K10) F: TCAAACCTACCGCAGCCTGCTAGA 
R: GTCGGGCGCCACCTCTTCAA 

464 NM_000421.3 

Keratin-14 (K14) F: CCCACCTCTCCTCCTCCCAGTTC 
R: TGGGCAGGAGAGGGGATCTTCC 

227 NM_000526.4 

EGFR (ErbB1) F: GACGACGTGGTGGATGCCGAC 
R: TGGGATGGAGGACCTGCTGTGG 

691 NM_005228.3 

ESE-1 F: CTGAGCAAAGAGTACTGGGACTGTC 
R: CCATAGTTGGGCCACAGCCTCGGAGC 

189 NM_004433.4 

E-cadherin F: GGCTGATACTGACCCCACAG 
R: CGTACATGTCAGCCAGCTTC 

179 NM_004360.3 

GAPDH F: GAAGGTGAAGGTCGGAGTC 
R: GAAGATGGTGATGGGATTTC 

226 NM_002046.3 

Occludin F: TAGTGAGTGCTATCCTGGGCAT 
R: TGCAGGTGCTCTTTTTGAAGGT 

620 NM_001205254.1 

RHAMM F: CATGGTGCAGCTCAGGAACAGCTA 
R: GCTGGAAAGCCAGCGAAAGGGT 

586 NM_001142556.1 

ZO-1 F: GAGAGGACTCCTCTGGAATG 
R: CAAGGTCTTGAGAGTGCTGA 

699 NM_003257.3 
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3.1.6. Antibodies 

Antibodies Manufacturer, country 
Alexa Fluor® 488 phalloidin Molecular probes, USA 

3.1.7. Kits 

Kit Manufacturer, country 
All Prep DNA/RNA/protein kit Qiagen, Australia 
Ibidi cell migration culture inserts Ibidi, Germany 
Omniscript® Reverse Transcription Kit Qiagen, Australia 

3.1.8. Software 

Software Manufacturer, country 
NIS-element BR3.1 software Nikon, Japan 
GB-Stat, v9.0  Dynamic Microsystem Inc, USA 
SPSS 16  SPSS Inc., Chicago, IL 
Microsoft Excel Microsoft Corporation 
ImageJ (1.47e) Wayne Rasband 

3.1.9. Cells 

Cells Description 
hTM keratinocyte Primary hTM 

3.1.10. Silk 

Silk  Description 
Eri Silk derived from P. cynthia ricini 
Mulberry (or W-SF) Silk derived from B. mori, diluted in milli-Q water 
Mulberry (or FA-SF) Silk derived from B. mori, diluted in formic acid 
Muga Silk derived from A. assamensis 

3.2. Methods 

3.2.1. Human research ethics 

The St John of God Health Care Ethics Committee approved collection of 

excess tympanic membrane (TM) tissue from patients undergoing 

otological procedures at St John of God Hospital, Subiaco (#163). The 

– 42 – 



Declaration of Helsinki Protocol was followed and a written informed 

consent was obtained from all patients. 

3.2.2. Cell culture of hTM keratinocytes 

3.2.2.1. Maintenance of cultured cells 

Primary hTM-derived keratinocytes were obtained as previously 

described178 and cultured to confluence in growth media consisting of 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 4.5g/L 

D-glucose, 10% foetal bovine serum (FBS) [Bovogen, Australia] and 

antibiotics (100U/mL penicillin, 100µg/mL streptomycin) [Invitrogen, 

Australia].169 hTM were subsequently passaged using TrypLE™ Express 

[Invitrogen] into T-75 culture flasks [BD Biosciences, Australia] and 

maintained in a humidified incubator at 37oC with 5% CO2. The media was 

changed every 2-3 days. 

3.2.2.2. Cryopreservation of cells 

Excess cells not immediately required were cryopreserved and stored in 

liquid nitrogen for further use. Briefly, cells were washed with 1xphosphate 

buffered saline (PBS), trypsinised and centrifuged for 5min at 1500rpm. 

The resultant pellet was suspended in freezing media composed of 32.5mL 

of DMEM, 12.5mL of FBS and 5mL of DMSO. A confluent T-25 flask was 

frozen down to two vials whereas a confluent T-75 flask to four vials. 

Approximately 2mL per vial were stored in a 2mL cryogenic vial. Vials 

were transferred into a liquid nitrogen chamber until further required. 
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3.2.2.3. Restoration and thawing of cryopreserved cells 

The cryogenic vial containing frozen cells was removed from liquid 

nitrogen and thawed immediately. The suspension was aspirated and 

re-suspended in fresh media onto a T-25 or T-75 and incubated at 37oC with 

5% CO2. 

3.2.3. Coating with bioactive molecules 

Plates were coated with BMs as previously described onto the base of 

culture wells.179 Briefly, 750µL, 200µL and 68µL of each bioactive 

molecule were applied to 6-, 48- and 96-well culture plates respectively. 

The plates were incubated at 37oC with 5% CO2 for one hour then coated 

with 1xPBS, pH7.2 [Oxoid, Australia] containing 1% bovine serum 

albumin (BSA) [Sigma, Australia] for a further hour. Finally, wells were 

washed with 300µL and 100µL of PBS once for 48- and 96-well culture 

plates respectively and were air-dried in a sterile laminar flow hood. 

3.2.4. Silk 

Silk was prepared in Deakin University, Geelong. Silk for Chapter Six was 

cast at Deakin University, whereas silk for Chapter Seven and Eight was 

cast at University of Western Australia. 

3.2.4.1. Silk degumming 

The silk cocoons were cut to remove the pupae. Sericin was removed via 

degumming in 2g/L sodium carbonate and 0.6g/L olive oil soap at 98°C for 

20min (for Mulberry) and 120min (for Muga and Eri) with a material mass 
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(g) to liquor volume (mL) ratio of 1:50 using a laboratory-dyeing machine 

(Ahiba Nuance Top Speed). After degumming, the cocoons were washed 

thoroughly with warm (~40-45°C) dH2O followed by cold dH2O straight 

from the tap. 

Muga and Eri solutions were dialysed and the resulting water-based silk 

fibroin (W-SF) solutions were diluted to 3% as described above. 

3.2.4.2. Preparation of silk solution and silk films 

Degummed Mulberry silk fibres were dissolved in 9.3M lithium bromide 

(LiBr) at 60°C for 4h with a fibre mass (g) to liquor volume (mL) ratio of 

1:7.5. Degummed Muga or Eri fibres were dissolved in 10M lithium 

thiocyanate (LiSCN) at 60°C (for Eri) or 90°C (for Muga). Eri fibres were 

held at 60°C until all of the fibres had dissolved (3-6h) while the Muga 

fibres were held at 90°C for 6-12h, at which point approximately 50% of the 

fibres appeared to have dissolved. Undissolved matter in the solution was 

removed by centrifugation at 4800rpm for 10min. The clear solution was 

dialysed at 4°C in 4L of dH2O, changed every 6-12h for 4 days using 

dialysis sacks (MW cut-off 12kDa). Following dialysis, silk solutions were 

centrifuged again to remove any undissolved material. The solution was 

then completely dried in a convection oven overnight at 60°C and the 

remaining solid SF material was weighed to determine the final 

concentration of SF. The concentration of SF was then adjusted to 3% (w/v) 

by diluting in dH2O water. 
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A portion of Mulberry silk solution was kept for the preparation of W-SF, 

whilst the remaining solution was shock frozen by liquid N2 and lyophilised 

for dry SF foam production. The foams were dissolved separately in 98% 

formic acid to obtain 3% (w/v) formic acid-based silk fibroin (FA-SF) 

solution. The process of preparing W-SF and FA-SF films from cocoons is 

summarised in Figure 3.1. 

For 6-, 12- and 96-well plates, 1.96mL, 629μL and 65μL of 3% SF solution 

was used in each well having a base area of 960mm2, 309mm2 and 32mm2 

respectively. All cast SF membranes were dried under laminar airflow. This 

was followed by the addition of 70% ethanol for 6h to induce protein 

conformational transition to β-sheet structure and to secure insolubility in 

PBS or water. The cast SF membranes were then washed in 1×PBS several 

times and hydrated in PBS until use. All SF membranes were conditioned 

with appropriate media for an hour prior to cell seeding. 
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Figure 3.1. Silk fibroin processing 

Silkworm cocoons from B. mori (Mulberry silk) were cut, degummed, 
dissolved. Films were cast from these solutions and air dried at room 
temperature (RT). Formic acid films were prepared by lyophilising W-SF 
and reconstituting with FA-SF. 

3.2.5. Mechanical study 

3.2.5.1. Tensile strength 

Tensile tests were performed on a Universal Testing Instrument [Lloyd 

Instruments, UK] equipped with a 5N capacity load cell and analysis 

software, LrLrxCon (n=30). Testing was done using wet samples since this 

is the most relevant to the biomedical application of the films. Specimens of 

15mm long and 5mm wide were immersed for 30min in dH2O prior to 

testing. All tests were performed using a displacement rate of 45mm/min 

and a gauge length of 15mm. The cross-sectional area was calculated based 

on specimen width (5mm) and nominal thickness, which was 30µm. 

Breaking stress and Young’s modulus were calculated by the LrLrxCon 

 47 



software and was based on the load elongation data generated during 

testing. 

3.2.5.2. Water contact angle 

Static contact angles were measured using a contact angle measurement 

system attached to a CAM101 video camera [KSV Instruments Ltd., 

Finland]. The contact angle measurement was made by placing a droplet of 

dH2O water on the film’s surface and images were recorded at a speed of 

330ms per frame up to 50 frames followed by 1s per frame for another 100 

frames. The droplet volume was 2.5±0.02µL. Contact angles were 

measured at five different places and an average contact angle versus time 

plot was determined for each sample. Prior to measurement, specimens 

were fixed over a glass slide using double sided sticky tape and conditioned 

at 20±2°C and 65±2% relative humidity for 24h. 

3.2.5.3. Differential scanning calorimetry (DSC) 

DSC measurements were made in a TA Instrument Q100 DSC [TA 

Instruments, New Castle, DE, USA] under a dry N2 gas flow and equipped 

with a refrigerated cooling system. Desiccated specimens of about 5mg 

were used for the measurements and were encapsulated in aluminium pans. 

The samples were heated at 10°C/min from −30°C to 350°C. 

3.2.5.4. UV-visible spectrophotometry 

The transparency of the films was assessed using UV-visible 

spectrophotometry. Small strips (approximately 4×2cm) of films were 
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attached to the front window of an integrating sphere attached to a 

Cary-Varian 3 spectrophotometer [Agilent Technologies, USA]. Both the 

total transmittance and diffuse transmittance of the film were measured 

over a wavelength range of 800 to 200nm. Two specimens were taken from 

two separate films for each silk type, giving a total of four measurements 

for each silk type. Results are presented as the average of these four 

measurements. 

3.2.6. Phase contrast microscopy 

The morphology of hTM was observed with a Nikon Eclipse TE2000-S 

phase contrast fluorescent microscope [Nikon Corporation, Japan] where a 

representative image was captured at specific time points. 

3.2.7. Migration assay 

3.2.7.1. Cell migration culture inserts 

Cell migration was tested using cell migration culture inserts [Ibidi, 

Germany]. Briefly, 50,000 cells were seeded into both wells of the culture 

insert that had been placed into a 48-well plate, and incubated in growth 

media overnight at 37oC with 5% CO2. Following 24h, inserts were 

removed to reveal a clear gap of approximately 500μm to allow for cellular 

migration. The wells were washed once with 150µL of PBS before adding 

250µL of growth media containing the appropriate concentration of BM. 

Images of migrating cells were captured at 0h and at a specific end point 

[Nikon Eclipse TE2000-S phase contrast fluorescent microscope, Nikon 
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Corporation, Japan]. Dimensions of the wound were analysed using 

NIS-element BR3.1 software [Nikon, Japan]. The bottoms of the wells were 

marked to ensure images were taken at the same site. At the end of the 

study, cells were stained with 0.2% crystal violet in 10% ethanol for 5min 

and washed twice with 150µL of 1xPBS. 

The migration of hTM into the wound gap was calculated as 

% Area closure = [(A t=0hr – A t=∆hr)/ A t=0hr] X 100% 

where A t=0hr is the area of wound gap before cellular migration following 

removal of culture insert and A t=∆hr is the area of wound gap at specific 

endpoint for the study. The results were expressed as a fraction of the 

control treatment, which contained no BMs. 

3.2.7.2. Scratch wound assay 

Cell migration was tested using a wound scratch assay. Briefly, 19,000 cells 

were cultured on TCP coated with silk and TCP in a 48-well plate and 

incubated in growth media overnight at 37oC with 5% CO2. Following 24h, 

a wound scratch was obtained using a sterile plain swab aluminium 

applicator rayon tip [Copan Italia, Italy]. The cells were washed once with 

500 µL of PBS before the addition of 500µL growth media. Images of 

migrating cells were captured at zero and 12h (Nikon Eclipse TE2000-5 

microscope). Dimensions of the gap were analysed using NIS-element 
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BR3.1 software [Nikon, Japan]. The bottom of the culture plate was marked 

to ensure images were taken at the same site for each time point. 

The migration of hTM keratinocytes into the gap was calculated as 

Area migrated = A t=0hr – A t=∆hr 

where A t=0hr is the area of the gap (μm2) before cellular migration following 

the scratch and A t=∆hr is the area of the gap at the end of the study. The test 

was carried out in four replicates and repeated three times. 

3.2.8. Proliferation assay 

Cell proliferation was measured using a colorimetric cell proliferation assay 

[CellTiter 96®AQueousOne, Promega Corporation, Australia] as per the 

manufacturer’s instructions. Briefly, 100µL of hTM keratinocytes were 

seeded at a specified density in a 96-well plate. Following a specific 

duration of cell culture, fresh growth media containing 20µL of 

colorimetric solution was added to each well and incubated at 37oC with 5% 

CO2. After 2-4 hours, absorbance was measured at 490nm wavelength with 

a plate reader/spectrophotometer [Bio-Rad Laboratories]. Readings were 

taken from three replicates, averaged and corrected for background optical 

density by subtracting readings from MTS containing buffer without cells 

incubated under the same condition. 
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3.2.8.1. Standard curve derivation 

Cells that were serum starved were seeded in triplicate at 4000, 12000, 

20000, 28000 and 34000 in separate wells of the experimental plate in 

serum free media 14 hours prior to the addition of the colorimetric solution. 

A standard curve of cell number versus absorbance was plotted using 

Microsoft Excel [Microsoft Corporation, USA] and a linear line of best fit 

applied. Using their absorbance value, experimental cell numbers were 

subsequently calculated directly from the line equation generated. 

3.2.8.2. Cell growth rate 

Cell growth rate was calculated based on cell count obtained from section 

3.2.8.1. Cell growth rate on Day 3 compared to Day 1 was obtained using 

the following formula180: 

Growth rate; K’=Log(N2/N1)/(t2-t1) 

where K’ = growth rate, N=cell number at time 1 (t1) and time 2 (t2). 

3.2.9. Viability assay 

Cell viability was determined by trypan blue exclusion [Invitrogen, 

Australia] and counts made using a Countess® Automated Cell Counter 

[Invitrogen, Korea]. Briefly, 16,000 cells were cultured on TCP coated with 

silk and TCP in a 12-well plate and incubated at 370C with 5% CO2. 

Following cell culture for 1-3 days, cells were trypsinised, centrifuged and 

resuspended. A 10µL aliquot of cell suspension was mixed with 10µL of 

 52 



trypan blue, and 10µL of the mixed sample was counted. The cell viability 

was determined by the following formula: 

Cell viability (%) = (number of cells excluding trypan blue/total 

number of cells) x 100 

3.2.10. Cytotoxicity assay 

Cell cytotoxicity was determined using previously described methods.181 

Silk extract was obtained by incubating SF films at 37oC with 5% CO2 for 

24h in culture media. The ratio of the sample surface to the volume of the 

vehicle was 5cm2/mL. Positive controls contained a solution of phenol at a 

concentration of 6.4g/L, which is known to be cytotoxic, whilst negative 

controls were media with no exposure to any material. 13,500 cells were 

seeded in 96-well plate and grown to subconfluency. The culture medium 

was removed and replaced with material extract vehicle at various dilutions 

(100% v/v, 50% v/v, 10% v/v, 1% v/v) and incubated for a further 24h at 

37oC with 5% CO2. At the end of the incubation period, the extracts were 

removed and fresh growth media containing 20µL of colorimetric solution 

was added to each well. The plates were incubated at 37oC with 5% CO2. 

After 2 hours, absorbance was measured at 490nm using a plate 

reader/spectrophotometer [Bio-Rad Laboratories, Australia]. Readings 

were repeated in six replicates, averaged and corrected for background 

optical density. Results were expressed as relative to cells cultured in media 

not exposed to any material. 
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3.2.11. Cell-scaffold adhesion 

3.2.11.1. Morphology 

The morphology of hTM on SF films was studied using a Nikon Eclipse 

TE2000-S phase contrast fluorescent microscope [Nikon, Japan]. Briefly, 

20,000 hTMs were cultured on FA-SF, W-SF and TCP in a 12-well plate 

and incubated at 370C with 5% CO2. At each time point (2, 4, and 6h), the 

morphology of the hTMs was observed and a representative photo was 

taken. Cell adherence and spreading were observed. 

3.2.11.2. Quantitative analysis 

Cell adhesion on TCP and silk films was determined based on colorimetric 

assay of adhered cells at 3, 6, and 9h following cell seeding using CellTiter 

96®AQueousOne [Promega Corporation, Australia]. Briefly, 30,000 cells 

were cultured on silk films and TCP in a 96-well plate at three time points 3 

hours apart. Following 9 hours, all wells were washed twice with 1xPBS. 

Fresh growth media containing 20µL of colorimetric solution was then 

added to each well. The plates were incubated at 37oC with 5% CO2. After 

2 hours, the media from each of the samples were transferred into a new 

96-well plate and the absorbance measured at 490nm using a plate 

reader/spectrophotometer [Bio-Rad Laboratories, Australia]. Readings 

were repeated in triplicate, averaged and corrected for background optical 

density. The test was carried out in six replicates and repeated three times. 

Results are expressed as relative to controls, which were seeded on a TCP. 
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3.2.12. Polymerase chain reaction (PCR) 

3.2.12.1. Total RNA extraction and cDNA synthesis 

Total RNA isolation and cDNA synthesis were performed as previously 

described.182 Total RNA was extracted from cultured hTM keratinocytes 

using the All-Prep DNA/RNA/protein kit™ [Qiagen, Australia] as per the 

manufacturer’s instructions. Total RNA was eluted from the spin columns 

with 50µl of RNAse free water. A 5µl aliquot was taken from each sample 

and diluted 1 in 2 with Tris/EDTA (pH8) to measure total RNA 

concentration using a NanoPhotometerTM [IMPLEN, Germany]. Synthesis 

of first strand cDNA was performed using the Omniscript® Reverse 

Transcription kit [Qiagen] as per the manufacturer’s instructions with 

1.5-2µg of total RNA as template in a final reaction volume of 20µl and 

incubated for 60min at 37oC. 

3.2.12.2. PCR 

Standard 

Reaction components per tube were as follows: 10µL iQ™ iSYBR Green® 

supermix [Bio-Rad], 1pmol of each forward and reverse primer, 1µL 

DMSO and 5µL template cDNA adjusted to a final volume of 20µL with 

ddH2O. PCR was performed using an iCyclerTM [Bio-Rad] under the 

following cycling conditions: 
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 ESE-1, K1, K10, K14: denaturation at 95oC for 2min, 40 cycles of 

denaturation at 95oC for 15s, annealing at 60oC for 15s, and final 

extension 72oC for 30s; 

qRT-PCR 

Reaction components per tube were as follows: 10µL iQ™ iSYBR Green® 

supermix [Bio-Rad], 1pmol of each forward and reverse primer, 1µL 

DMSO and 5µL template cDNA with a final volume adjusted to 20µL with 

ddH2O. PCR was performed using an iCyclerTM [Bio-Rad] under the 

following cycling conditions: 

 EGFR (ErbB1), CD44, RHAMM: denaturation at 95oC for 2min, 40 

cycles of denaturation at 95oC for 15s, annealing at 60oC for 15s, 

and final extension 72oC for 30s; 

 ZO-1, occludin, E-cadherin: denaturation at 95oC for 2min, 40 

cycles of denaturation at 95oC for 15s, annealing at 55oC for 15s and 

extension for 72oC for 45s, and final extension 72oC for 2min. 

3.2.12.3. Fold change 

Threshold cycles (Ct) were determined using the exponential-growth phase 

and the baseline signal from fluorescence versus cycle number plots. 

Relative mRNA expression levels were determined using the Livak method 

(2–(∆∆Ct)) with Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the 

housekeeping gene.183 
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3.2.12.4. Gel electrophoresis 

To test for correct size, amplicons were separated in a 1.5% agarose gel in 

1xTAE (45min at 90V). The gel was visualised and imaged on an UV 

transilluminator equipped with a digital camera. TrackIt™ 100bp DNA 

ladder [Invitrogen] and 100bp DNA ladder [Promega Corporation] were 

used to verify the product sizes. 

3.2.13. Immunocytochemistry 

hTM keratinocytes were cultured on silk films cut into 0.5x0.5 cm in a 6 

well-plate [Greiner Bio-One, Germany]. After 6h, the cells were fixed with 

3.7% paraformaldehyde, permeabilised with 0.1% triton x-100 

[Sigma-Aldrich, Australia] and stained with Alexa Fluor 488 Phalloidin and 

DAPI (4′,6-Diamidino-2-Phenylindole, Dihydrochloride) [Molecular 

Probes, USA] with a final concentration of 10μg/ml and 5μg/ml 

respectively. Cells were then treated with 2.5mM copper sulphate in 50mM 

ammonium acetate for one hour to reduce autofluorescence. Silk films were 

mounted onto glass microscope slides and cover slipped in an aqueous 

mounting medium and sealed with nail varnish. 

3.2.14. Confocal laser microscopy 

Images were captured sequentially using a Nikon A1Si confocal 

laser-scanning microscope [Nikon, Japan] on a Nikon TE [Nikon, Japan] 

with an 60x oil immersion objective (Nikon Plan Apochromat violet 

corrected, NA 1.4). The pinhole was set to 1.0 Airy unit (A.U.). A 488 nm 
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blue laser was used to excite AF-488 secondary antibodies and fluorescence 

emission detected through a 525/50 nm bandpass filter. A violet laser 

(405nm) was used for the excitation of DAPI and fluorescence emission 

detected through a 450/50nm bandpass filter. Images were saved as 12-bit 

greyscale images and were subsequently merged using with ImageJ (1.47e), 

[Wayne Rasband, http://rsb.info.nih.gov/ij/]. All images were saved in 

TIFF format. 

3.2.15. Statistical analysis 

Quantitative data was presented as mean +/- standard error of mean (SEM) 

of nine wells conducted in three separate experiments. Differences were 

analysed by ANOVA with post-hoc Fishers LSD using SPSS 16 [SPSS 

Inc., Chicago, IL]. A statistically significant difference between data sets 

was indicated when p<0.05. 
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4. Promoting cell migration and proliferation for 

tympanic membrane repair using single bioatcive 

molecules 

4.1. Introduction 

Tympanic membrane (TM) perforations are prevalent, especially among 

children in the disadvantaged communities.184 The current treatment for 

chronic TM perforations involves myringoplasty; however alternative 

methods that obviate surgery, such as topical treatment with a growth factor 

(GF), have also shown some benefits in improving healing but have yet to 

become a widely adopted practice. Indeed, arrested healing of the TM has 

been attributed to the lack of bioactive molecules (BMs) such as GFs and 

extracellular matrix (ECM) proteins.25 Although most of the BMs used – 

e.g. hyaluronic acid (HA), EGF, basic fibroblast GF (bFGF) – have shown 

promising results, limited studies have been performed using others, such as 

keratinocyte GF (KGF), PDGF, acidic FGF (aFGF) and fibronectin.102, 105, 

116, 185 A majority of the studies examined only one or two BMs, as direct 

comparison of all these BMs in vivo is not feasible. Moreover, the choice of 

the BMs best suited for promoting wound healing and the optimal 

concentrations for many of these compounds are yet to be identified. 

The TM consists of three layers: outer epithelial, middle fibrous and inner 

mucosal layers (Figure 1.2), of which, the epithelial layer containing 
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keratinocytes is our main interest. Keratinocytes play a prominent role in 

TM wound healing, not only as the cell layer involved in initiating wound 

closure,33 but also as the source of signalling molecules and target of their 

actions.186 Yet, re-epithelialisation of the perforation margin can lead to 

chronicity of the wound25 and migration of keratinocytes into the middle ear 

may result in cholesteatoma. Despite the importance of keratinocytes in TM 

wound healing, little is known about their physiology, especially at a 

cellular level. 

Hence, the aim of this study was to examine the migration and proliferation 

of selected BMs on hTMs with the goal of identifying factor(s) that could 

enhance TM wound closure. 

4.2. Materials and methods 

4.2.1. Materials 

Twenty-one BMs were tested at five concentrations (Table 3.1). 

Concentrations selected were based on published reports187-189 and 

manufacturer’s suggestions (ECM proteins). All other concentrations were 

tested across a wider range (20-100ng/mL). 

4.2.2. Cell culture 

See section 3.2.2. 

4.2.3. Coating with extracellular matrix proteins 

As per section 3.2.3 with the following specifications: 
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200µL and 68µL of each ECM protein (vitronectin, fibronectin and HA) 

were applied to 48- and 96-well culture plates respectively in increasing 

concentrations (as listed in Table 3.1.1) 

4.2.4. Phase contrast microscopy 

As per section 3.2.6 with the following specifications: 

2mL of hTM was seeded at a density of 0.08x106 cells/mL and cultured on a 

12-well plate and incubated at 37oC with 5% CO2. 

4.2.5. PCR 

As per section 3.2.12 with the following specifications: 

Primers used were: ESE-1. K1, K5, K10, K14 and GAPDH. 

Total RNA was extracted and cDNA synthesised (as per section 3.2.12.1) 

followed by standard PCR (as per section 3.2.12.2). Gel electrophoresis was 

performed (as per section 3.2.12.4). 

4.2.6. Migration assay 

As per section 3.2.7.1. The end point for this study was at 11 hours. 

4.2.7. Proliferation assay 

As per section 3.2.8 with the following specifications: 

100µL of hTM were seeded at a density of 150,000 cells/mL and cultured 

with BMs in increasing concentrations in a 96-well plate for 24h. 
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4.2.8. Statistical analysis 

As per section 3.2.15. 

4.3. Results 

4.3.1. hTM keratinocytes show epithelial cells markers 

Phase contrast microscopy showed hTM grown in monolayer with 

characteristic cobblestone appearance (Figure 4.1). High numbers of 

proliferating cells were seen. Baseline hTM gene expression viewed using 

gel electrophoresis showed strong expression of Epithelium specific Ets-1 

(ESE-1), K5 (Keratin 5) and K14, no expression of K1 and weak expression 

of K10 (Figure 4.2), suggesting hTM are epithelial in nature and has a basal 

phenotype. 

 

Figure 4.1. Photomicrograph of hTM using phase contrast microscopy 

hTM grown in monolayer with characteristic cobblestone appearance. 
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Figure 4.2. Gel electrophoresis of hTM keratinocyte baseline gene 
expression 

Strong expression of ESE-1 (lane 1: 189bp), K5 (lane 4: 699bp) and K14 (lane 5: 
227bp), weak expression of K10 (lane 3: 464bp) and no expression of K1 (lane 2: 
616bp) were shown. M (marker): 100bp DNA ladder. GAPDH (control): (lane 6: 
226bp). 

4.3.2. ECM proteins and specific GFs affected hTM migration 

Under all conditions examined, hTM were found to migrate into the wound 

gap, with a typical wound closure (Figure 4.3). All concentrations of 

vitronectin (0.1-0.5µg/mL) and HA (1-5µg/mL) increased migration by 

15-23% (p<0.05) and 35-50% (p<0.05) respectively compared to control. 

Fibronectin also increased migration by 14-36% but this was not found to 

be statistically significant (p>0.05). The response to fibronectin appeared to 

be dose-dependent peaking at 3µg/mL; however, no dose relationship was 

evident for vitronectin or HA. 
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Figure 4.3. Migration of hTM across the wound gap 

At 11 hours, HA was shown to completely close the wound gap whereas IL-24 
appeared to inhibit migration. 

Compared to ECM proteins, the majority of GF treatments had no 

significant effect on the migration of hTM except for TGF-α at 

40-100ng/mL, which increased migration by 14-22 % (p<0.05). Most other 

GFs and cytokines did not have an appreciable effect on migration (Figure 

4.4). EGF at 5ng/mL and IL-24 at 40ng/mL were found to reduce migration 

by 3% (p<0.05) and 11% (p<0.05) respectively. 
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Figure 4.4. Migratory responses of hTM to individual bioactive molecule 

TGF-α, HA and vitronectin enhanced migration (*) whereas EGF, VEGF and 
IL-24 reduced migration (†) at selected concentrations (p<0.05). 

4.3.3. Cytokines and GFs but not ECM proteins promoted hTM 
proliferation 

In contrast to their effects on keratinocyte migration, ECM proteins had no 

significant effect on proliferation other than fibronectin, which reduced 

proliferation at 2µg/mL. Instead, cytokines and GFs were found to promote 

hTM proliferation. BMs that showed statistically significant effects were 

amphiregulin at 60, 80 and 100ng/mL; IL-19 at 60, 80 and 100ng/mL; and 

IL-24 at 20, 40, 60 and 100ng/mL (Figure 4.5). Specifically, IL-19 and 

IL-24 increased proliferation by 22% (p<0.05). GFs that were found to 

reduce proliferation include: epiregulin at 10ng/mL and IL-6 at 5 and 
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10ng/mL. BMs that displayed a dose dependent relationship include EGF, 

Epigen, Betacellulin, HB-EGF, TGF-α, KGF-1, KGF-2, IL-29, IL-24 and 

aFGF, whereas different concentrations of epiregulin, amphiregulin, IGF-1, 

IGF-2, bFGF and all ECMs (HA, vitronectin and fibronectin) seemingly 

produced no noticeable dose-response effect. 

 

Figure 4.5. Proliferative responses of hTM to individual bioactive 
molecules 

Amphiregulin, IL-19, IL-24 and VEGF showed increased proliferation (*) 
whereas epiregulin, IL-6 and fibronectin inhibited proliferation (†) at selected 
concentrations (p<0.05) 
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4.4. Discussion 

BMs such as GFs, cytokines and ECM proteins play central roles in TM 

wound healing. It is known that epidermal keratinocyte growth is promoted 

by members of the EGF and FGF families in addition to HGF and IGF 

whereas it is inhibited by members of the TGF-β superfamily, vitamin D3 

and IFN-δ.186 To date, various compounds such as EGF and bFGF have 

been investigated for their roles in enhancing TM perforation closure in 

vivo.19, 105 Recently, gene microarray studies have demonstrated expression 

of GFs and cytokines at various time points following TM wounding in a rat 

model, supporting their roles in TM wound healing.104 Among the GFs 

expressed at 12 hours post perforation were amphiregulin (upregulated 

81-fold), HB-EGF (8.5-fold), KGF-1 (4-fold), bFGF (2.6-fold) and 

cytokines (IL-24, IL-19, IL-6; above 5-fold). In terms of ECM proteins, 

only HA and fibronectin have been studied in TM wound healing.185 102 

However, promising results with vitronectin GF complexes190 on human 

dermal keratinocytes prompted us to test vitronectin on TM keratinocytes. 

Together with earlier experimental work performed at our laboratory, we 

have selected 21 BMs for further examination in this study. 

This study supported previous studies demonstrating the epithelial nature 

and basal phenotype of hTM.169 In addition, it was revealed that a number 

of ECM proteins, which included HA, vitronectin and GFs such as TGF-α, 

were shown to enhance migration, whereas cytokines IL-19 and IL-24 
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along with amphiregulin increased proliferation. This study revealed that 

none of the BMs improved both migration and proliferation, suggesting that 

different factors are involved in each process. As the re-epithelialisation of 

a wound is dependent on keratinocyte migration, proliferation and 

differentiation,191 a combination of factors that improves both migration 

and proliferation of hTMs are likely to enhance TM perforation closure. 

Current techniques of myringoplasty using various graft materials are 

considered to be relatively successful. However, an alternative approach 

that obviates the need for surgery and general anaesthesia would be highly 

desirable. An example of a minimally invasive method includes topical 

application of BM formulations as an eardrop. Technically, this procedure 

can be performed in a simple outpatient setting.19 BM application is often 

preceded by mechanical disruption of the mucocutaneous junction at the 

perforation edge to simulate a fresh wound surface and to activate stem 

cells.19 In addition, BMs can be delivered in conjunction with a scaffold or 

carrier, such as Gelfoam®, as this allows for a controlled release. 

Importantly, this technique may reduce complications associated with 

surgery such as patients’ morbidity, costs and time. Moreover, it may 

improve accessibility of treatment to regional, remote and disadvantaged 

communities where TM perforations are especially prevalent. 

As the TM is suspended in the air with no underlying supporting 

granulation tissue during wound healing, it relies primarily on the migration 
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and proliferation of the keratinocytes to close the defect in order to 

re-establish an intact TM. Distinct to conventional wound healing, 

migration precedes proliferation following initial stages of haemostasis and 

inflammation in the TM.1 Moreover, unlike proliferation and 

differentiation, migration is thought to be the most critical and limiting 

process in re-epithelisation where failure in migration is responsible for 

wound chronicity.191 Migration of the epidermal layer occurs first and 

serves as a scaffold in directing the remaining layers (mucosal and fibrous 

layers), resulting in TM closure with a trilaminar membrane. In this 

experiment, we distinguished the effect of each factor on migration and 

proliferation by testing them individually. It is known that migration in 

vitro is independent of proliferation192 and can be tested specifically using 

the traditional scratch wounding method.193 Here, we utilised a modified 

method using culture inserts, which provided more consistent wound gaps 

and better reproducibility without removal of proteins via scratching. 

In this study, ECM proteins HA and vitronectin but not fibronectin were 

shown to have a greater effect on migration than proliferation. This is 

consistent with previous studies which have shown vitronectin and HA to 

stimulate keratinocyte migration.194, 195 Among all BMs, HA is probably the 

most extensively studied with respect to TM regeneration. In its native 

form, HA has been applied topically in chronic perforations in a 

double-blinded randomised control trial with significant improvements in 
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TM closure compared to controls.196 HA derivatives such as HA ester 

(Epidisc), when applied onto fat graft myringoplasty in chronic perforations 

in paediatric populations, showed comparable success to underlay and 

overlay techniques, with the added advantage of being an office-based 

procedure.95 In addition, HA has been shown to improve TM regeneration 

by inducing the production of keratin, which serves as a scaffold for 

migrating keratinocytes and assists in the reorganisation of the fibrous 

layer, which is essential in hearing restoration.102 As the wound edge of a 

perforated TM is suspended in the air with no underlying tissue matrix to 

support the regenerating epithelium, exogenous HA is likely to provide this 

extra support. The use of vitronectin is yet to be studied in the TM; 

however, expression of fibronectin has been detected in small amounts 

throughout TM healing.26 

Contrary to other research,19, 27 we found that the commonly studied factors 

used in human dermal keratinocytes and TM perforation models such as 

EGF and FGF did not promote migration or proliferation in vitro. Among 

the GFs, only TGF-α improved migration whereas amphiregulin increased 

proliferation. Although TGF-α acts via EGF receptors like other members 

of the EGF family, we found TGF-α to be the most potent in promoting 

keratinocyte migration. This is consistent with previous studies, which 

identified TGF-α to be more effective than EGF in promoting colony 

dispersion110 and the most potent pro-motility factor among EGF, IGF-1, 
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HB-EGF, bFGF, insulin, KGF-1, HGF, TGF-β, IL-1α and IL-8.111 In the 

TM, TGF-α is only expressed in the epidermal cell layer following 

perforation and is not expressed in the normal TM,112 suggesting that 

exogenous TGF-α is likely to induce a prominent effect on TM perforation 

closure. We have also shown that amphiregulin promoted hTM 

proliferation but not migration. Amphiregulin, also a member of EGF 

family, has been shown to be a major autocrine growth stimulator with no 

motility effect on keratinocytes.197 Moreover, we have shown a novel 

interaction between IL-19 and IL-24, and hTM. IL-19 and IL-24, both from 

the IL-10 family, were shown to enhance hTM proliferation. This is 

consistent with a previous study, which showed greatest proliferation of 

NHEK by IL-22, followed by IL-24, IL-20 and IL-19, which was 

independent of EGF signalling pathway.198 

The results of this study may define roles for these agents in TM wound 

re-epithelialisation and have therapeutic potential for TM perforation 

repair. Understanding the specific effect stimulated by these BMs has direct 

relevance to our understanding of TM wound re-epithelialisation, which 

may revolutionise the therapeutic potential for TM perforation repair. 

Direct comparison of selected BMs exclude the potential variations in 

experimental setup and methods, and provide a preliminary platform for 

future studies requiring selection of BMs to improve TM wound healing. 
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Moreover, in the expanding field of tissue engineering, these BMs may be 

incorporated in the construction of a bio-engineered TM. 

An inherent limitation of this study is the use of serum to maintain the cell 

cultures, which may have masked the effect of some BMs studied. 

Nevertheless, the microenvironment in vivo during the wound healing 

process contains serum and wound repair in vivo is driven by multiple 

interactions between GFs and ECM proteins.199 Further studies in a serum 

free environment and combining various BMs will be discussed in the next 

chapter (Chapter Five). 

4.5. Conclusion 

We have compared the effects of 21 bioactive molecules (BMs), which 

include growth factors (GFs), extracellular matrix (ECM) proteins and 

cytokines, on migration and proliferation on hTMs. Migration and 

proliferation are two essential processes in TM wound regeneration. In this 

study, we found that ECM proteins (hyaluronic acid (HA) and vitronectin) 

and GFs (TGF-α) enhanced migration whereas cytokines (IL-19, IL-24) 

and GFs (amphiregulin) increased proliferation. These findings revealed 

that BMs may be useful when topically applied without surgery, or be 

incorporated in a bio-engineered TM. 
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5. Promoting cell migration and proliferation for 

tympanic membrane repair using combination 

bioactive molecules 

5.1. Introduction 

Topical application of growth factors (GFs) has been extensively 

researched as an alternative to surgery,105 as it obviates the need for a 

surgical procedure, reduces morbidity, and improves patient access to 

treatment. GFs play essential roles in spontaneous tympanic membrane 

(TM) wound healing where arrested TM healing has been attributed to the 

lack of GFs and extracellular matrix (ECM) proteins.25 However, the 

application of an individual factor overlooks the fact that wound healing in 

vivo is complex and driven by crosstalk between multiple GFs and ECM 

proteins.199 

We have shown previously that genes such as GFs (e.g. members of the 

EGF family), their receptors, cytokines (e.g. IL-19, IL-24) and various 

enzymes (e.g. hyaluronan synthase 2) are involved in TM wound healing.104 

We have also shown in Chapter Four that hyaluronic acid (HA), TGF-α, 

vitronectin and IL-24 improved either the migration or proliferation of hTM 

in the presence of serum. ECM proteins such as HA have also been 

extensively studied in TM wound healing.102 Moreover, promising results 

with respect to migration and proliferation using vitronectin-GF 
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complexes190 on human dermal keratinocytes prompted us to test 

vitronectin on TM keratinocytes. Despite the importance of bioactive 

molecules (BMs) in TM wound healing, the choice of GF and ECM 

combinations best suited to promoting TM wound healing is yet to be 

identified. 

The closure of the wound gap is dependent on migration and proliferation 

of keratinocytes. However, unlike other epithelialised wound sites where 

granulation tissue serves as a platform for re-epithelialisation, the wound 

edges of TM perforations are suspended in air with no underlying tissue 

matrix to support the regenerating epithelium.27 Therefore, other than 

migration and proliferation, the cell-cell adhesion of keratinocytes is an 

important step in ensuring the healing of a wounded TM. 

Hence, we aimed to examine the effects of HA, TGF-α, vitronectin, IL-24 

and their combinations on the migration, proliferation and adhesion of hTM 

with the goal of identifying factor(s) that would enhance the growth of hTM 

in vitro. 

5.2. Materials and methods 

5.2.1. Culture of primary hTM keratinocytes 

As per section 3.2.2. 
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For all experiments, proliferating cultures consisting of hTM keratinocytes 

in serum containing DMEM (S+) were used as positive controls and 

quiescent cultures in DMEM without serum (S-) were used as negative 

controls. hTM keratinocytes were serum starved for 4h prior to cell seeding 

in S- media. 

5.2.2. Coating with BMs 

As per section 3.2.3 with the following specifications: 

The concentrations of BMs used were based on results from Chapter Four: 

HA at 5µg/mL, vitronectin at 0.5µg/mL, TGF-α at 80ng/mL and IL-24 at 

20ng/mL. Plates were sequentially coated with BMs, initially with ECM 

proteins, followed by TGF-α and/or IL-24. 

5.2.3. Migration assay 

As per section 3.2.7.1 with the following specifications: 

The end point for this study was 18h. The results were expressed as a 

fraction of migration of cells grown in S- media. 

5.2.4. Migration assay with receptor inhibition 

To determine the effect of receptor inhibitors on keratinocyte migration, 

hTM keratinocytes were seeded into migration chamber inserts on 

TGF-α/HA coated wells. Following the removal of culture inserts, 250µL 

of growth media containing either 200nM AG1478 (to inhibit ErbB1), 

DMSO vehicle, 5µg/mL BRIC235 (to inhibit CD44), or 15µg/mL of an 
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isotype-matched control antibody (monoclonal anti-α tubulin, clone 

DM1A) was added as previously described.200 The migration assay was 

then performed as described in section 3.2.7.1, with an endpoint at 9h. 

5.2.5. Proliferation assay 

As per section 3.2.8 with the following specifications: 

100µL of hTM were seeded at a density of 150,000 cells/mL and cultured 

on 96-well plate for 24h. 

5.2.6. Proliferation assay with receptor inhibition 

To determine the effect of receptor inhibition on keratinocyte proliferation, 

hTM keratinocytes were seeded onto TGF-α/HA coated wells, with 200nM 

AG1478, DMSO vehicle, 5µg/mL BRIC235, or 15µg/mL of the 

isotype-matched control antibody. The proliferation assay was then 

performed as described in section 3.2.8. A cell count was calculated based 

on a standard curve as outlined in section 3.2.8.1. 

5.2.7. Cell characterisation and receptor expression 

PCR was performed as per section 3.2.12 with the following specifications: 

180,000 cells were seeded into a 6-well plate and incubated for 24h. Total 

RNA was then extracted and converted to cDNA as described in section 

3.2.12.1. The level of cellular differentiation was determined using standard 

PCR to detect epithelial specific markers and qRT-PCR to detect receptor 

expression (described in section 3.2.12.2). 
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The primers used were: ESE-1, K1, K14 (for cell characterisation); EGFR 

(ErbB1), RHAMM, CD44 (for receptors expression); and GAPDH 

(control). 

Threshold cycles (Ct) were determined for receptors (ErbB1, CD44, 

RHAMM) as described in section 3.2.12.3. Gel electrophoresis was 

conducted as described in section 3.2.12.4. 

5.2.8. Cell adhesion 

PCR was performed as per section 3.2.12 with the following specifications: 

240,000 cells were seeded into a 6-well plate and incubated for 3 days. 

Total RNA was then extracted and converted to cDNA as described in 

section 3.2.12.1. The primers used were: ZO-1, occludin and E-cadherin 

and GAPDH (control). 

Threshold cycles (Ct) were determined for adhesion proteins (ZO-1, 

occludin, E-cadherin) as described in section 3.2.12.3. 

5.2.9. Statistical analysis 

As per section 3.2.15. 

5.3. Results 

5.3.1. Regulation of hTM migration and proliferation 

Initially, we investigated which of the BMs and their combinations had an 

effect on proliferation (Figure 5.1A) and migration (Figure 5.1B) of hTM 
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keratinocytes. Statistical analysis indicated that overall the BMs and their 

combinations had significant effects on proliferation (p<0.05) and 

migration (p<0.05). In particular, TGF-α, TGF-α/HA and TGF-α/IL-24 

increased both migration and proliferation. Representative images of cell 

migration showed substantial differences between treatment groups for 

increases in gap closure (Figure 5.1C). TGF-α increased migration by 18% 

(p<0.05) and proliferation by 25% (p<0.05); TGF-α/HA increased 

migration by 27% (p<0.05) and proliferation by 39% (p<0.05) whereas 

TGF-α/IL-24 increased migration by 18% (p<0.05) and proliferation by 

25% (p<0.05) compared to controls. In addition, vitronectin/HA, 

vitronectin/TGF-α, HA/TGF-α/IL-24, vitronectin/TGF-α/IL-24, 

vitronectin/HA/IL-24 and vitronectin/HA/TGF-α/IL-24 also significantly 

increased proliferation by 22-38% (p<0.05), but had no effect on migration 

(p>0.05). None of the combinations tested resulted in a reduction in 

proliferation. However, for migration, the vitronectin/IL-24 combination 

showed reduction by 32% (p<0.05). 
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Figure 5.1. Migratory and proliferative responses of hTM keratinocytes to 
vitronectin (VN), hyaluronic acid (HA), TGF-α, IL-24 and their combinations 

TGF-α, TGF-α/HA and TGF-α/IL-24 improved TM wound healing by stimulating 
hTM keratinocyte proliferation (A) and migration (B). A representative image is 
shown here. (C-i) shows the wound gap at t=0h. The wound gap closed quicker 
when stimulated by TGF-α (C-ii), TGF-α/IL-24 (C-iii) and TGF-α/HA (C-iv) but 
slower when treated with VN/IL-24 (C-v) compared to serum free controls (S-) 
(C-vi). Results are expressed relative to serum free control. Error bars represent 
SEM. * p<0.05 stimulatory effect compared to S-; † p<0.05 inhibitory effect 
compared to S-. Serum controls (S+); Serum free controls (S-) (A and B). Crystal 
violet staining (C-ii-vi). Scale bar: 500µm. 

5.3.2. HA, TGF-α and TGF-α/HA did not alter cell phenotype 

We have previously shown that primary cultured hTM can spontaneously 

undergo epithelial-mesenchymal transition (EMT) during continuous 

passaging.178 Moreover, ECM proteins and GFs can trigger EMT.201 In 

order to examine if treatment with TGF-α and/or HA induced EMT, cell 
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characterisation was performed using RT-PCR. Gel electrophoresis showed 

the presence of ESE-1, K1 and K14 with and without treatment (TGF-α, 

HA, TGF-α/HA and serum) (Figure 5.2), suggesting that the epithelial 

phenotype of hTM was maintained. As EMT is also characterised by down 

regulation of tight junctions and adherens junctions, we further examined if 

HA, TGF-α and TGF-α/HA enhanced the expression of adhesion-related 

genes E-cadherin, ZO-1 and occludin. Subsequent analysis of the relative 

fold change compared to S- indicated no significant changes in occludin and 

ZO-1 (p>0.05) gene expression due to the presence of BMs (Figure 5.3). 

E-cadherin gene expression was increased with TGF-α and TGF-α/HA 

treatment (p<0.05). 

 

Figure 5.2. Characterisation of TGF-α+/-HA treated hTM keratinocytes 

Gel electrophoresis of PCR products showed that treatment with TGF-α (T), HA 
(H), TGF-α/HA (T/H) did not change cell phenotype, hTM keratinocytes remained 
as basal epithelial cells. Serum controls (S+); Serum free controls (S-). 
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Figure 5.3. Relative adhesion protein (ZO-1, occludin, E-cadherin) 
expression for TGF-α/HA treated hTM keratinocytes 

qRT-PCR analysis demonstrated that treatment with TGF-α, HA, TGF-α/HA had 
no significant effects on the expression of adhesion proteins ZO-1 and occludin 
compared to serum free controls (S-). TGF-α and TGF-α/HA increased the 
expression of E-cadherin by 1.7 fold and 1.5 fold respectively compared to serum 
free controls (S-). Serum controls (S+); Serum free controls (S-). 

5.3.3. Receptors for hyaluronic acid and TGF-α were expressed in 
hTM 

As TGF-α/HA was found to increase both migration and proliferation, we 

further evaluated if receptors for TGF-α (ErbB1) and HA (RHAMM and 

CD44) were expressed in hTM keratinocytes at baseline. Results of 
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qRT-PCR revealed that gene expression of HA receptor CD44 was 20 fold 

higher than RHAMM (Figure 5.4). 

 

Figure 5.4. Relative receptor expression of constitutive hTM keratinocytes 

qRT-PCR analysis demonstrated that hTM keratinocytes expressed all three 
receptors, EGFR or ErbB1 (receptor for TGF-α), RHAMM and CD44 (receptors 
for HA) where the expression of CD44 was 20 fold higher than RHAMM. 

5.3.4. Blocking ErbB1 but not CD44 reduced migration and 
proliferation effects of TGF-α/HA 

We further examined if blocking the HA receptor (i.e. CD44) and/or the 

TGF-α receptor (i.e. ErbB1) would have any effect on hTM keratinocyte 

proliferation (Figure 5.5A) and migration (Figure 5.5B). Blocking ErbB1 

with AG1478 inhibited migration of HA/TGF-α treated hTM keratinocytes 

by 78% and proliferation by 39% (p<0.05) compared to vehicle 

(DMSO)-treated controls. By contrast, blocking HA binding with 

anti-CD44 antibody (BRIC235) increased migration of HA/TGF-α treated 

hTM keratinocyte by 42% (p<0.05), but proliferation was not significantly 

affected (p>0.05) compared to controls. When ErbB1 and CD44 were 

blocked simultaneously by AG1478 and BRIC235, the effects appeared to 
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be additive. Specifically, migration of HA/TGF-α treated hTM keratinocyte 

increased by 66% and proliferation by 51% compared to inhibition by 

AG1478 alone (p<0.05). However, migration was reduced by 70% and 

proliferation by 46% (p<0.05) compared to inhibition by BRIC235 alone 

with the effects seeming to be additive. Representative images of cell 

migration in each group were shown (Figure 5.5C). 

5.3.5. HA, TGF-α and TGF-α/HA regulated the expression of ErbB1, 
RHAMM and CD44 in hTM keratinocytes 

As these receptors are typically expressed constitutively, we examined if 

treatment with TGF-α and/or HA would change the expression levels 

compared to S- controls. Analysis using qRT-PCR demonstrated that 

treatment with TGF-α or HA increased the expression of ErbB1 (p<0.05), 

RHAMM (p<0.05) and CD44 (p<0.05). TGF-α/HA complex resulted in a 

significant change in gene expression for CD44 (p<0.05), but not ErbB1 

and RHAMM (p>0.05) (Figure 5.6). 
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Figure 5.5. Migratory and proliferative responses of TGF-α/HA treated 
hTM keratinocytes when inhibited with AG1478 and/or BRIC235 

(A) Blocking ErbB1 with AG1478 inhibited proliferation by 39% (p<0.05) 
compared to vehicle (DMSO)-treated controls. Blocking CD44 with BRIC235 
increased proliferation by 1.4% (p>0.05) compared to control IgG. When ErbB1 
and CD44 were blocked simultaneously by AG1478 and BRIC235, the effects 
were additive (p<0.05). (B) Blocking ErbB1 with AG1478 inhibited migration by 
78% (p<0.05) compared to vehicle (DMSO)-treated controls. Blocking CD44 with 
BRIC235 increased migration by 42% (p<0.05) compared to control IgG. When 
ErbB1 and CD44 were blocked simultaneously by AG1478 and BRIC235, the 
effects were additive (p<0.05). (C) The wound gap remained unclosed when 
inhibited with AG1478 (C-iii) compared to vehicle (DMSO)-treated controls 
(C-ii), but closed quicker when blocked with BRIC235 (C-v) compared to control 
IgG (C-iv). When ErbB1 and CD44 were blocked simultaneously by AG1478 and 
BRIC235, the wound gap remained unclosed (C-vi). C-i showed controls with no 
treatment. * p<0.05 significant effect (A and B). Crystal violet staining (C-i-vi). 
Scale bar: 500µm. 
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Figure 5.6. Relative receptors (ErbB1, RHAMM and CD44) expression for 
TGF-α/HA treated hTM keratinocytes 

Treatment with TGF-α or HA significantly increased the expression of ErbB1, 
RHAMM and CD44. The TGF-α/HA complex resulted in significantly increased 
in the gene expression of CD44 but not ErbB1 or RHAMM. 
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5.4. Discussion 

This study revealed that treatments with selected BM(s) enhance the 

migration and proliferation of hTM. We tested HA, vitronectin, TGF-α, 

IL-24 and their combinations and found that only TGF-α, TGF-α/HA and 

TGF-α/IL-24 significantly enhanced both migration and proliferation. As 

HA has been shown as an agent to improve the healing of TM 

perforations,102 we were particularly interested in the TGF-α/HA complex, 

and this treatment was the most effective stimulator for both migration and 

proliferation. In terms of the mechanisms involved, we were able to 

exclude EMT as TGF-α and/or HA treatments did not alter the expression 

of epithelial phenotype markers or adhesion proteins. We also showed the 

effects of blocking receptors for TGF-α and/or HA on migration and 

proliferation. When receptors for TGF-α were blocked with ErbB1 

receptor blocker (AG1478), we found a significant reduction in migration 

and proliferation of TGF-α/HA treated hTM. Blocking HA receptors with 

anti-CD44 antibody did not inhibit proliferation but rather improved 

migration of hTM treated with TGF-α/HA. Taken together, these data 

indicate that 

 TGF-α, TGF-α/HA and TGF-α/IL-24 improved hTM migration 

and proliferation; 

 TGF-α and/or HA maintained epithelial cell phenotype; and 
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 TGF-α/HA-mediated migration and proliferation requires 

activation of the ErbB1 receptor. 

Our findings extended previous results shown in Chapter Four, which 

showed that HA, TGF-α, vitronectin, IL-24 improved the migration or 

proliferation of hTM. We have shown here that exogenous TGF-α, 

TGF-α/HA and TGF-α/IL-24 also improved migration and proliferation of 

hTM in vitro in the absence of serum, with TGF-α appearing to be the 

common factor with significant effects. It is known that TGF-α, a member 

of the EGF family, plays important roles in wound healing. Previous studies 

have shown TGF-α to be more effective than EGF in promoting colony 

dispersion110 and a most potent pro-motility factor.111 As TGF-α is only 

expressed following perforation and not in a normal TM,112 exogenous 

TGF-α is likely to have an effect on TM closure. Indeed, topical TGF-α in 

glucocorticoid treated rats was found to induce hyperplasia in the epithelial 

and fibrous layers of the TM near the handle of malleus and annulus.115 As 

these regions are the main proliferation centres and cells migrate from these 

regions to cover the wound gap,202 TGF-α may influence TM keratinocyte 

proliferation and migration. The in vitro results outlined in this study 

support these earlier in vivo findings. 

In this study, we described a novel interaction between TGF-α and HA 

resulting in changes to keratinocyte function that are consistent with 

enhanced wound repair. HA is a naturally occurring high MW linear 
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glycosaminoglycan128 that forms part of the ECM and has been shown to 

play important roles in TM wound healing.102 The interactions between 

GFs and ECM proteins in modulating keratinocyte functions are well 

documented. This dynamic reciprocity between GFs and ECM can occur 

directly by protecting the degradation of GFs and/or enhancing their 

activity, or indirectly through interactions (e.g. integrin mediated binding, 

binding via matrikines) and regulation of GF functions (e.g. production or 

degradation of ECM components).203 The ‘dual signalling’ of ECM and GF 

optimises human keratinocyte migration, where the ECM is thought to 

initiate migration whilst GF enhances and provides directionality for 

ECM-initiated migration.204 Indeed, both dimeric (IGF-II + vitronectin) and 

trimeric (IGF-I + IGF-binding proteins + vitronectin) combinations have 

been shown to stimulate migration and proliferation of the HaCaT human 

keratinocyte cell line,205, 206 with further increases in proliferation and 

migration when supplemented with EGF and/or bFGF to the trimeric 

complex,207 Such synergism is achieved via crosstalk between activated 

integrin and GF receptors and their subsequent downstream signaling.208 

To understand the receptor pathway by which the TGF-α/HA complex 

activates migration and proliferation, ErbB1 (EGF receptor) and CD44 (HA 

receptor) were blocked with AG1478, a tyrosine kinase inhibitor, and 

BRIC235, a monoclonal blocking antibody against CD44209 respectively. 

We found that inhibition with AG1478 significantly reduced migration and 
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proliferation of TGF-α/HA treated hTM, implying that activation of ErbB1 

is essential for TGF-α/HA mediated activity. It is known that HA acts by 

binding to specific cell surface receptors such as CD44, RHAMM and 

intracellular adhesion molecule-1 (ICAM-1 or CD54).130, 210 As we found 

that the expression of CD44 was 20 fold higher than RHAMM in untreated 

hTMs, we decided to evaluate the effect of blocking CD44. Surprisingly, 

blocking CD44 increased migration of TGF-α/HA treated hTM. This 

suggests that when the activity of HA on the CD44 receptor is blocked, the 

remaining TGF-α signalling through ErbB1 increases migration of hTM 

keratinocytes. Alternatively, HA may act through other receptors such as 

RHAMM or ICAM-I, or by a reduction of inhibitory signal through CD44. 

Further research may focus on examining the effects of blocking RHAMM 

and ICAM-1. Finally there may be direct interactions between ErbB1 and 

CD44, where CD44 serves to inhibit ErbB1 signalling independent of HA 

binding. Interestingly, when we further evaluated the expression of ErbB1, 

CD44 and RHAMM following treatment with TGF-α/HA, we found that 

the expression of these receptors was not down regulated. 

Similarly, we have shown that TGF-α/IL-24 increased migration and 

proliferation of hTM keratinocytes. IL-24, a member of the IL-10 family, 

signals through heterodimer receptors IL-20R1/IL-20R2 and 

IL-22R1/IL-20R2.211 Originally identified as a tumour suppressor gene 

MDA-7 (melanoma differentiation-associated gene 7), IL-24 is expressed 
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by activated monocytes and T lymphocytes212 as well as keratinocytes 

during wound healing213. IL-24 induces epidermal keratinocyte 

proliferation independent of EGFR pathways198 and is significantly 

upregulated by inflammatory cytokines such as TGF-α, TGF-β, IFN-β and 

IFN-γ213. Contrary to our results, Poindexter et al. showed that IL-24 

inhibits the proliferation and migration of TGF-α stimulated NHEK by 

inhibition of the phosphorylation of EGFR213. This mechanism will require 

further investigation in hTM keratinocytes as differences in experimental 

design, including source of cells and route of delivery of IL-24 may have 

contributed to these differences in the results. 

It is known that ECM proteins (e.g. collagen, HA) and GFs (e.g. TGF-ß, 

EGF and scatter factor/HGF) can trigger the process of EMT, where 

epithelial cells transform into mesenchymal cells with specific phenotypic, 

genetic and functional characteristics.201 We have previously shown that 

primary cultured hTM undergo EMT during continuous passaging.178 

However, in the present study, despite continued passages and treatment 

with TGF-α and/or HA, hTMs were able to retain their epithelial phenotype 

with epithelial cadherin (E-cadherin)214 and ESE-1 (epithelium-specific Ets 

factor 1) expression.215 These genetic markers are typically not expressed in 

mesenchymal cells. Morphologically, hTMs displayed the characteristic 

cobblestone appearance of epithelial cells. Moreover, EMT is characterised 

by dissociation and down regulation of tight junctions, adherens junction 
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and desmosomes201 whereas we found these tight junction (ZO-1 and 

occludin) and adherens junction (E-cadherin) proteins were maintained or 

increased. 

The results of this study may have relevance to our understanding of TM 

wound re-epithelialisation, with therapeutic potential for TM perforation 

repair. Whilst many animal experiments and clinical trials have been 

conducted using BMs as an alternative to surgery in TM perforations, these 

studies often investigate the effect of an individual BM, which overlooks 

the evidence that wound repair in vivo is driven by multiple interactions 

between GFs and ECM proteins.199 Although keratinocytes from this 

experiment were obtained from a hTM, the results of this study can 

potentially be extrapolated to skin, cornea and other tissues containing 

keratinocytes. Finally, in the expanding field of tissue engineering of the 

TM,216 combinations containing TGF-α/HA, TGF-α/IL-24 or TGF-α could 

potentially be incorporated into a bioscaffold in the construction of a 

bio-engineered TM. Similarly, these BMs may be incorporated into 

dressings for the regeneration of skin for burns and other chronic wounds. 

One limitation of this in vitro study is that we focused mainly on the mRNA 

expression of epithelial markers and receptors to determine if they became 

differentially regulated in response to the various treatments. Protein 

expression and cell surface localisation would add more information and 

deserves further study. 
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5.5. Conclusion 

In conclusion, we have analysed the effects of TGF-α, IL-24, hyaluronic 

acid (HA), vitronectin and their combinations on migration and 

proliferation of hTM. TGF-α, TGF-α/HA and TGF-α/IL-24 significantly 

increased both migration and proliferation of hTM keratinocytes. We also 

described a novel interaction between TGF-α and HA where 

TGF-α/HA-mediated migration and proliferation required activation of 

ErbB1 but not CD44. Epithelial cell differentiation and cell-cell adhesion 

were not affected, suggesting that epithelial-mesenchymal transition 

(EMT) mechanisms were not regulated in response to treatment. These 

findings not only revealed interactions between these BMs, but also 

improved our understanding of the complex nature of TM keratinocyte 

wound healing, with significant implications in terms of possible 

therapeutic potential for TM perforation repair without surgical 

intervention. 
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6. Mulberry, Muga, Eri silk fibroin for tympanic 

membrane regeneration 

6.1. Introduction 

Silk, a natural polymer produced by silkworms and spiders, has found 

diverse applications in textile industries, surgery and tissue engineering. 

Silkworm silk is composed of a core protein, silk fibroin (SF), encased in a 

glue-like protein known as sericin. SF has been explored widely owing to 

its desirable properties such as biocompatibility, haemocompatibility, 

oxygen and water permeability, controlled degradability as well as 

excellent mechanical and thermal properties.156, 161 SF is highly versatile, 

can be modified into various forms (e.g. fibres, mates, films, hydrogels, 

sponges) as well as chemically customised to suit a wide range of 

biomedical applications.155 As a result, SF has been extensively studied in 

the tissue engineering of bone217, skeletal muscle159, cervical tissue218 and 

ocular tissue219. We have identified that SF serves as a favourable tympanic 

membrane (TM) bioscaffold due to these biomechanical properties, as well 

as other unique characteristics such as high transparency and stability. 

For centuries, the major source of silk has been domesticated Mulberry 

silkworms B. mori due to ease of processing. More recently, non-Mulberry 

(or wild type) silkworms such as Tasar (A.mylitta and A. pernyi) and Muga 

(A. assamensis/assama) have become important alternatives.157 Moreover, 
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for some tissue engineering applications, non-Mulberry silks have been 

shown to have improved mechanical properties and cell adhesion compared 

to Mulberry silk.220 There is a wide range of non-Mulberry silk; most 

studies are conducted on Tasar silk, with limited studies on Muga and Eri 

silk. Muga is a semi-domesticated, multivoltine species belonging to the 

Saturniidae family (superfamily Bombycoidea) and its natural range is 

confined to the northern eastern region of India due to the narrow ecological 

distribution of its host food plants.220 Eri, also from Saturniidae family, is 

distributed more widely as it can feed on a variety of host plants.157, 221 Eri 

silk has distinct structural and functional properties attributed to a unique 

composition and environmental exposure. However, its suitability for TM 

scaffold remains unexplored. 

Hence, the aims of this study were to examine Muga and Eri silk films 

compared to the more commonly used Mulberry in terms of in vitro cell 

growth, proliferation, migration, cytotoxicity, adhesion and spreading of 

TM keratinocytes. These properties are important for SF to be considered as 

scaffolds for TM regeneration. 

6.2. Materials and methods 

6.2.1. Materials 

Mulberry silk was obtained from B. mori, Muga from A. assamensis, Eri 

from P. cynthia ricini. 
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6.2.2. Silk preparation 

As per section 3.2.4. 

6.2.3. Cytocompatibility studies 

6.2.3.1. Culture of primary hTM keratinocytes 

As per section 3.2.2. 

6.2.3.2. Cell morphology 

As per section 3.2.6 with the following specifications: 

2,500 cells were cultured on Mulberry, Muga and Eri silk films in a 48-well 

plate at 37oC with 5% CO2. At three time points (day 1, 2 and 3) after 

plating, the morphology of the hTM keratinocytes was observed and a 

representative photo taken. The shape of the cells and pattern of cell 

distribution were noted. 

6.2.3.3. Cell cytotoxicity 

As per section 3.2.10. 

6.2.3.4. Cell migration 

As per section 3.2.7.2. 

6.2.3.5. Cell proliferation 

As per section 3.2.8 with the following specifications: 

5,000 cells were serum starved for 24h then cultured on Mulberry, Muga 

and Eri coated wells in a 96-well plate for 3 consecutive days. Absorbance 

was read on Day 4. Readings were repeated in six replicates, averaged and 
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corrected for background optical density. A cell count was calculated based 

on a standard curve (as per section 3.2.8.1). 

6.2.3.6. Cell growth rate 

As per section 3.2.8.2. 

6.2.3.7. Cell adhesion and spreading 

As per section 3.2.11.2. 

The morphology of cells on Mulberry, Muga and Eri was observed as per 

section 3.2.11.1 at each time point (3, 6, and 9h). 

6.2.3.8. Immunocytochemistry 

As per section 3.2.13. 

6.2.3.9. Confocal laser microscopy 

As per section 3.2.14. 

6.2.4. Statistical analysis 

As per section 3.2.15. 

6.3. Results 

6.3.1. Cell morphology 

hTM keratinocytes on each SF film displayed a monolayer with 

characteristic cobblestone appearance (Figure 6.1). hTM became confluent 

first on Mulberry SF, followed by Muga and Eri. On Day 1, hTM 

keratinocytes on Mulberry aggregated in clumps, which resulted in faster 
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adherence and proliferation. hTM on Eri and Muga were more evenly 

dispersed on plating, forming small colonies as cell proliferation advanced. 

By Day 3, hTM keratinocytes on all silk types had become confluent 

monolayers. 

 

Figure 6.1. Morphology of hTM keratinocytes on Mulberry, Muga and Eri 

Photomicrographs of hTM on Mulberry (left column, i,iv,vii), Muga (middle 
column, ii,v,viii) and Eri (right column, iii,vi,ix) taken at Day 1 (i-iii), Day 2 
(iv-vi) and Day 3 (vii-ix) following cell seeding. Scale bar: 500µm. 
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6.3.2. Cell cytotoxicity 

There was overall a statistically significant difference in cytotoxicity 

between silks, evaluated using serial dilutions of vehicle extracts obtained 

from Mulberry, Muga and Eri (Figure 6.2). Pure (100%v/v) and diluted 

(50%v/v) vehicle extracts from Muga were found to reduce cell metabolic 

activity by 32.5% and 8.7% respectively (p<0.05). Pure (100%v/v) vehicle 

extracts from Eri were also found to reduce cell metabolic activity by 16% 

(p<0.05). All other concentrations maintained high cell metabolic activity, 

including all concentrations of Mulberry vehicle extracts. Cytotoxic 

positive controls containing 6.4g/L of phenol were effective on all three 

silks. 

 

Figure 6.2. Cell cytotoxicity of hTM keratinocytes on Mulberry, Muga and 
Eri 

hTM keratinocytes were exposed to material extracts (Mulberry, Muga and Eri) 
made at various dilutions (100% v/v, 50% v/v, 10% v/v, 1% v/v). Results are 
expressed as relative absorbance compared to normal media. Controls contained 
6.4g/L of phenol. Error bars represent SEM. 
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6.3.3. Cell migration 

Cell migration evaluated using a scratch wound assay showed a significant 

difference between the migration rates of hTM keratinocytes on different 

silk types (p<0.05). Cell migration was quickest on Mulberry, followed by 

Eri then Muga. The total wound gap area closed by keratinocytes on 

Mulberry (18.0x105µm2) was 12.1% higher than those cells on Eri 

(16.0x105µm2), and 44.3% higher than those on Muga (12.4x105µm2) 

(p<0.05) (Figure 6.3A). Cell migration on Eri was 28.8% more than on 

Muga (p<0.05). Representative images of area migrated on each material 

are shown (Figure 6.3B). 

6.3.4. Cell proliferation and growth rate 

Cell proliferation and growth rate on both 1% and 3% silk films (Mulberry, 

Muga and Eri) were compared using MTT assay. Cell numbers increased on 

all silks over 3 days (p<0.05) (Figure 6.4A-B). There was a statistically 

significant difference in keratinocyte growth between silk types (p<0.05), 

with highest cell numbers achieved on Mulberry silk followed by Muga 

then Eri. Over the 3-day period, significant keratinocyte proliferation 

occurred with an average 3.8 fold increase in cell number from Day 1-3. At 

each time point (Day 1, 2 and 3), cell numbers were higher on 1% silk films 

compared to 3% silk films (p<0.05). For both 1% and 3% silk, cell number 

was highest on Mulberry, followed by Muga then Eri at each time point. 
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Figure 6.3. Migratory responses of hTM keratinocytes on Mulberry, Muga 
and Eri 

Migration of hTM keratinocytes on Mulberry Muga and Eri using a scratch wound 
assay. (A) Results are expressed as area closed over 12 hours. Error bars represent 
SEM. *indicates statistically significant difference compared to TCP. (B) 
Photomicrographs of hTM on Mulberry (left column, i,iii), Muga (middle column, 
ii,v) and Eri (right column, iii,vi) taken at 0 hour (i-iii) and 12 hours (iv-vi). Scale 
bar: 500µm. 

Among the 1% silk films, there was a significant difference (p<0.05) 

between Mulberry and Muga, Mulberry and Eri, and Muga and Eri at each 

time point except on Day 3, where there was no difference between Muga 

and Eri (p>0.05). Among the 3% silk films, there was a significant 

difference (p<0.05) between Mulberry and Muga, Mulberry and Eri, and 
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Muga and Eri at each time point, including a difference between Muga and 

Eri on Day 3 (p<0.05). 

 

Figure 6.4. Proliferative responses of hTM keratinocytes on Mulberry, 
Muga and Eri (1% and 3%) shown as bar chart (A) and line graph (B) over 3 
days 

Cell number of hTM keratinocytes on Mulberry, Muga and Eri (1% and 3%) using 
MTT assay. A cell count was calculated based on a standard curve derived from a 
known cell count. Error bars represent SEM. 

Growth rate was calculated using cell numbers on Day 1 and Day 3. In 

general, there was a significant difference in growth rate among the silk 

types (p<0.05) with higher growth rate on 3% compared to 1% silk among 

individual silk type (p<0.05) (Figure 6.5). The highest growth rate was on 

3% Eri (0.79/day), followed by 3% Muga (0.67/day), 3% Mulberry 

A 
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(0.63/day), 1% Eri (0.66/day), 1% Muga (0.63/day), and finally 1% 

Mulberry (0.59/day). There was a significant difference in growth rate 

between 1% Mulberry and 1% Eri (p<0.05) and 1% Mulberry and 1% Muga 

(p<0.05) but no difference between 1% Muga and 1% Eri. In terms of 3% 

silk, there was a significant difference between all three silk types (p<0.05). 

  

Figure 6.5. Growth rate of hTM keratinocytes on Mulberry, Muga and Eri 

Growth rate of hTM keratinocytes on Mulberry, Muga and Eri was obtained using 
MTT assay. A cell count was calculated based on a standard curve derived from a 
known cell count. Growth rate was calculated using the formula 
K’=Log(N2/N1)/(t2-t1); where K’ = growth rate, N=cell number at time 1 (t1) and 
time 2 (t2). t1=day 1; t2=day 3. Error bars represent SEM. 

6.3.5. Cell adhesion 

As keratinocyte number was significantly different between different silk 

films from Day 1, we hypothesised that there may be differential adhesion 

of cells on different silk films. As cell number was highest on 1% silk films, 

we used these to examine cell adhesion over 9 hours following cell seeding. 

Overall, there was a significant difference in cell adhesion among the three 

silk films (p<0.05) (Figure 6.6). Specifically, cell adhesion was highest 
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with Mulberry, followed by Muga then Eri. There was also a significant 

overall increase in cell adhesion over time (p<0.05) with a difference 

between 3 and 6h (p<0.05), 3 and 9h (p<0.05) but not between 6 and 9 hour 

(p>0.05). At each time point, there was significant difference in cell 

adhesion between silk types (p<0.05). At each time point, the difference 

was evident among all silk types (p<0.05). 

 

Figure 6.6. Cell adhesion of hTM keratinocytes on Mulberry, Muga and 
Eri 

Adhesion of hTM keratinocytes was evaluated using MTT assay over three time 
points. Results are expressed as relative absorbance compared to TCP control. 
Error bars represent SEM. 

6.3.6. Cell spreading 

In order to visualise the difference in cell adhesion, we observed cell 

adherence and spreading over 3 time points following cell seeding. At 3h, 

most adherent hTM keratinocytes were still rounded. However, about 30% 

of hTM keratinocytes had started to spread on Mulberry silk, as indicated in 

Figure 6.7. Less than 5% of hTM keratinocytes had started to spread on Eri 
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and Muga. At 6h, more cells on Mulberry SF had adhered and spread. Cells 

on Eri and Muga had also started to spread. At 9h, a majority of cells have 

adhered and spread on the three materials, with still some cells remaining 

rounded. Cells on Eri were seen to have spread over a higher surface area 

(Figure 6.7). 

 

Figure 6.7. Cell adhesion of hTM keratinocytes on Mulberry, Muga and 
Eri using phase contrast microscopy 

Adhesion of hTM keratinocytes on Mulberry, Muga and Eri. (A) 
Photomicrographs of hTM on Mulberry (left column, i,iv,vii), Muga (middle 
column, ii,v,viii) and Eri (right column, iii,vi,ix) taken at 3h (i-iii), 6h (iv-vi) and 
9h (vii-ix) following cell seeding. Scale bar: 100µm. 
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Using confocal microscopy, we observed cytoplasmic evidence for 

cell-scaffold interaction using phalloidin to indicate F-actin distribution, as 

phalloidin binds specifically to actin filaments and prevents their 

depolymerisation. The cell density was highest on Mulberry silk followed 

by Muga, with only scant cells remaining on Eri silk films after processing 

for cytochemistry (Figure 6.8i-iii). As noted previously, keratinocytes 

plated sparsely on Mulberry silk tended to aggregate in colonies (Figure 

6.8i). Individual cells were rounded on Mulberry, with polygonal or folded 

cells seen on Muga, and a mixture of shapes on Eri (Figure 6.8iv-vi). Cells 

in colonies were more spread out and occupying a larger area on Eri (Figure 

6.8vi) compared to Mulberry and Muga, with larger cell nuclei. Obvious 

long thin protrusions at cell periphery (indicating filopodia) and flattened, 

sheet-like cross-linked F-actin meshworks (indicating lamellipodia) were 

seen on Mulberry (Figure 6.8iv). Small amounts of these specialised F-actin 

fibres were seen on Muga with almost none on Eri. Prominent 

well-organised bundles of stress fibres were observed on Eri, which were 

distributed above the cell nuclei and ran parallel to the cells long axis 

(Figure 6.8vi). These stress fibres were also seen on Muga, but not evident 

on Mulberry. Cortical stress bundles were most evident on Mulberry, and 

occasionally on Muga and Eri (Figure 6.8iv-vi). 
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Figure 6.8.  Cell adhesion of hTM keratinocytes on Mulberry, Muga and 
Eri using confocal microscopy 

Adhesion of hTM keratinocytes on Mulberry, Muga and Eri. (A) 
Photomicrographs of hTM on Mulberry (left column, i,iv), Muga (middle column, 
ii,v) and Eri (right column, iii,vi) taken at 6h. Scale bar: 50µm. 

6.4. Discussion 

In this study, we directly compared the cytocompatibility of SF films 

derived from commonly used Mulberry to wild type silkworms (Muga and 

Eri) for hTM keratinocytes for suitability of these scaffolds for TM 

regeneration. All three silk types supported the growth, adhesion, spreading 

and migration of hTM keratinocytes with minimal cytotoxicity. Pure 

vehicle extract from Muga were mildly cytotoxic, however dilutions of 

Muga extract and all other concentrations of Mulberry and Eri maintained 

cell metabolic activity above the 75% cytotoxic threshold. Among 

Mulberry, Muga and Eri, we found that Mulberry supported the highest 
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number of keratinocytes, closed the wound gap quickest, was not cytotoxic 

and showed the most favourable cell adhesion and spreading. The rank 

order of potency for cell proliferation, adhesion and spreading was 

Mulberry, followed by Muga then Eri. Higher cell growth rate was obtained 

with Eri followed by Muga then Mulberry, suggesting mechanisms to 

reduce cell cytotoxicity and increase cell migration and adhesion of 

wildtype silk could potentially make these silk films favourable as scaffold 

materials if they proved to have benefits in other material properties. 

A biomaterial with low cytotoxicity is an essential factor to consider in the 

selection of a TM bioscaffold. In this study, higher concentrations of 

vehicle extracts from Muga and Eri reduced metabolic activity in hTM 

keratinocytes. However, only pure vehicle extracts from Muga resulted in 

metabolic activity below the 75% threshold considered to be cytotoxic.222 

The cytotoxic effect of pure vehicle extracts from Eri may represent a 

mechanism for the reduced cell number and adhesion observed. These 

effects may be due to residual LiSCN used for dissolving Eri and Muga, 

which is more toxic than the LiBr used for Mulberry preparation. Another 

plausible explanation is residual sericin due to differences in degumming 

for Eri and Muga. Sericin at a concentration higher than 100ug/mL has been 

found to be cytotoxic in some studies,223 although it is difficult to exclude 

the potential effects of the urea used for extraction. It would be useful to 

quantify residual sericin in Muga and Eri compared to Mul following these 
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different degumming processes and to examine the effects these have on 

cell metabolic activity. Although reduction in cell metabolic activity was 

seen for Muga and Eri, high growth rates were obtained for these silk types, 

suggesting that mechanisms to increase cell adhesion of Eri are likely to 

further support higher cell numbers. 

A successful bio-engineered TM requires a biocompatible scaffold that 

supports cell growth. In this study, significant growth of hTM keratinocytes 

was observed. All the SF films supported keratinocyte proliferation, with 

overall highest cell number achieved on Mulberry, followed by Muga then 

Eri. This data adds to the already extensive research showing that Mulberry 

silk is able to support the growth of various cell types (e.g. chondrocytes,167 

endothelial,168 epithelial, glial, fibroblasts, osteoblasts and keratinocytes98). 

One study showed that Muga silk films could support the proliferation of 

four cell lines (A549, KB, HepG2 and HeLa).220 This present study 

supported these previous results, and further showed that Mulberry 

supported higher hTM proliferation compared to tissue culture plate using 

direct cell count.169 Cytocompatibility studies on Muga and Eri are limited. 

Quantitative results of this study are consistent with previous qualitative 

studies from our group which showed better proliferation and adhesion of 

hTM on Mulberry compared to Muga and Eri with higher gene expression 

of cell proliferation (MIB-1) and adhesion (E-cadherin) marker genes.99 
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Understanding cell-scaffold interface is critical for the rational 

development of a bioscaffold. For TM tissue engineering a scaffold that 

supports high cell adhesion may be crucial as the TM is suspended in 

mid-air and may initially rely heavily on cell-scaffold adhesion for closure 

of the perforation. In this study, we found a significant difference in 

keratinocyte number adhering to the silk films, with highest cell adhesion 

on Mulberry, followed by Muga, then Eri. This is contrary to what was 

expected. The presence on protein-based scaffolds of RGD motifs, a 

tripeptide amino acid sequence responsible for integrin-mediated cell 

adhesion, is thought to promote cell-matrix adhesion. RGD is present on 

non-Mulberry silk, but not on Mulberry silk.224 Although the protein 

sequence for Muga and Eri SF is yet to be reported,220 RGD motifs have 

been found in other wild Antheraea sp. silks such as A. pernyi, A yamamai, 

A. mylitta.225 It is possible that Muga, an Antheraea sp, contains RGD 

sequences, which may explain higher cell adhesion compared to Eri. Cell 

adhesion on Mulberry silk is thought to be due to electrostatic charges 

between the negatively charged cells and the positively charged residues 

(e.g. arginine) of the hydrophilic regions of Mulberry.225, 226 Nevertheless, 

higher cell adhesion to Mulberry film at all time points may explain the 

subsequent increase in cell numbers on these silk films, where the final cell 

numbers on the silk films were determined by the relatively large 

differences in initial number of cells attaching. Lack of adherence to silk 
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films may cause anoikis where detached cells undergo apoptosis and 

proliferation measured is restricted to matrix-attached cells.227 

Study of cell spreading using light and confocal microscopy allows further 

insight into the cell-scaffold interface. The presence of cells with filopodia 

and lamellipodia on Mulberry silk film may be consistent with greater cell 

adherence to the scaffold. Filopodia are thin, cylindrical, needle-like 

projections whereas lamellipodia are broad, flat, sheet-like structures.228 

Both components represent microfilament structures of cell-matrix 

adhesion complexes, which contain foci of cellular attachment to the 

ECM.229 Following initial adherence to Mulberry silk films, cells 

aggregated in colonies, with resultant higher cell density compared to Muga 

and Eri. This microscopy observation supports the cell adhesion study, 

which showed highest cell adhesion on Mulberry silk films followed by 

Muga then Eri. The presence of stress fibre bundles on Eri, and Muga is 

consistent with likely differences in stiffness of the substrate. On a softer 

substrate, cells produce stress fibres in order to achieve a minimal 

mechanical tension to remain adherent.230 As Mulberry silk films are the 

stiffest, followed by Muga, then Eri231 with stress fibres appearing in the 

reverse order, Eri was greatest, followed by Muga then Mulberry. 

Migration is one of the key features in TM regeneration, where wound 

closure relies heavily on the migration of keratinocytes, often guided by the 

keratin spur as scaffold. In this study, we found highest migration on 
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Mulberry followed by Eri and Muga using the wound scratch assay. As cell 

migration is in part dependent on the rigidity of the substrate, where higher 

cell migration is observed on stiffer substrates232, higher cell migration was 

seen on Mulberry. On stiff substrates, strong mechanical feedback from the 

substrate causes activation of stress-sensitive ion channels which regulate 

tyrosine phosphorylation, stability of focal adhesions and strength of 

contractile forces, resulting in greater cell migration.232 Moreover, when 

examined closely, it was found that the underlying Eri and Muga silks were 

easily damaged and scratched off the culture plate by the swab stick, 

resulting in horizontal defects of silk along the line of scratch. As cells have 

been shown to be migrate along the direction of microgrooves on 

substrate233, 234 slower closure of wound gaps observed on Eri and Muga 

may be due to this tendency of cells to migrate sideways along the film 

defects instead of forward to cross the wound gaps. Despite altering several 

variable factors (temperature and duration for degumming process) to 

optimise the stability of silk on culture plates, the final silk films produced 

were still suboptimal, resulting in unfavourable results. Due to critical time 

factors, this was not pursued further. However, it would be important to 

examine this in more detail. 

6.5. Conclusion 

In conclusion, all three silk films were found to be supportive for 

human-derived (hTM) keratinocyte growth; however, quantitative 
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assessment revealed different cell growth outcomes with Mulberry and 

wildtype silks (Muga and Eri). Mulberry was the least cytotoxic, best 

supported cell proliferation, migration, cell adhesion and spreading. These 

results suggest that Mulberry silk films, instead of wildtype silk films, have 

more favourable characteristics as scaffold for tympanic membrane (TM) 

regeneration. 
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7. Water-based silk fibroin (W-SF) and formic 

acid-based silk fibroin (FA-SF) for tympanic 

membrane regeneration 

7.1. Introduction 

One of the major advantages of silk protein for scaffold design is the ability 

to alter important properties to suit a particular tissue engineering 

application through simple change of processing conditions. Manipulation 

of processing methods (e.g. water versus organic solvent, water versus 

alcohol annealing) and processing variables (e.g. drying rate, silk 

concentrations, pore sizes) can alter the physical and structural properties of 

silk and affect its performance as a scaffold material.161, 235 We have shown 

in Chapter Six that Mulberry silk fibroin (SF) showed more favourable 

cytocompatibilty compared to non-Mulberry SF. Hence, this study further 

investigates Mulberry SF processed in aqueous and formic acid. By using 

an acidic solvent, such as formic acid instead of water, it is possible to alter 

the mechanical characteristics, enzymatic degradation rate and β-sheet 

content of SF membrane.235 Lyophilised silk is soluble in formic acid and 

can be stored for long periods. This allows films to be cast as required, 

whereas water-based silk fibroin (W-SF) solution must be cast immediately 

and used within a few days to weeks before the solution gels and becomes 

unusable.164 Moreover, formic acid-based (FA-SF) is insoluble in water and 
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does not require annealing with ethanol or methanol, a step which causes 

the film to shrink and distort.235 

Preliminary studies have shown qualitatively that both water-based and 

acid-based SF films supported the growth and adhesion of hTM.169, 236 

However, the quantitative differences are yet to be investigated. Moreover, 

properties crucial in the development of a tympanic membrane (TM) 

scaffold such as transparency, and ability to support keratinocyte migration 

have not been studied. Hence, the aims of this study were to examine and 

compare W-SF and FA-SF films for 

 optical, mechanical, and structural properties, 

 in vitro cell growth, proliferation, adhesion, cytotoxicity, viability 

and differentiation of TM keratinocytes. 

These properties are important for SF to be considered as potential 

scaffolds for TM regeneration. 

7.2. Materials and methods 

7.2.1. Materials 

Mulberry silk was obtained from B. mori. 

7.2.2. Silk preparation 

As per section 3.2.4. 
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7.2.3. Mechanical properties 

7.2.3.1. Tensile strength 

As per section 3.2.5.1. 

7.2.3.2. Water contact angle 

As per section 3.2.5.2. 

7.2.3.3. DSC 

As per section 3.2.5.3. 

7.2.3.4. UV-visible spectrophotometry 

As per section 3.2.5.4. 

7.2.4. Cytocompatibility studies 

7.2.4.1. Culture of primary hTM keratinocytes 

As per section 3.2.2. 

7.2.4.2. Cell morphology 

As per section 3.2.6 with the following specifications: 

16,000 cells were cultured on FA-SF, W-SF and tissue culture plate (TCP) 

in a 12-well plate at 37oC with 5% CO2. On Day 2 after plating, the 

morphology of the hTM keratinocytes was observed and a representative 

photo taken. The shape of the cells and pattern of cell distribution were 

noted. 

7.2.4.3. Cell differentiation 

As per section 3.2.12 with the following specifications: 
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240,000 cells were seeded onto FA-SF, W-SF or TCP in a 6-well plate and 

incubated for 2 days at 37°C in a humidified tissue culture incubator. Total 

RNA was then extracted and converted to cDNA as described in section 

3.2.12.1. The level of cellular differentiation was determined using standard 

PCR to detect epithelial specific markers and qRT-PCR to detect receptor 

expression (described in section 3.2.12.2). 

The primers used were: ESE-1, K1, K14 (for cell characterisation) and 

GAPDH (control). 

7.2.4.4. Cell viability 

As per section 3.2.9. 

7.2.4.5. Cell cytotoxicity 

As per section 3.2.10. 

7.2.4.6. Cell migration 

As per section 3.2.7.2. 

7.2.4.7. Cell proliferation and growth rate 

As per section 3.2.8 with the following specifications: 

5,000 cells were serum starved for 24h then cultured on FA-SF, W-SF and 

TCP in a 96-well plate for 3 consecutive days. Absorbance was read on Day 

4. Readings were repeated in six replicates, averaged and corrected for 

background optical density. A cell count was calculated based on a standard 

curve (as per section 3.2.8.1). 
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7.2.4.8. Cell adhesion and spreading 

As per section 3.2.11.2. 

The morphology of cells on FA-SF, W-SF and TCP was observed as per 

section 3.2.11.1 at each time point (2, 4, and 6h). 

7.2.5. Statistical analysis 

As per section 3.2.15. 

7.3. Results 

7.3.1. Mechanical properties 

7.3.1.1. Transparency of silk films 

Transparency is determined by the amount of light transmitted through a 

specimen. However, if a large percentage of the transmitted light deviates 

due to forward scattering while passing through the specimen, then it 

becomes haze. In order to clearly look through a specimen, understanding 

of both total transmittance and the diffuse transmittance readings are 

important. Ethanol annealed W-SF and FA-SF films were highly 

transparent across the visible wavelengths, with total transmittance values 

ranging from 90% at 700 nm down to 78% at 400nm (Figure 7.1A). 

Additionally, both films demonstrated a minimal amount of forward light 

scattering, as indicated by diffuse transmittance values of 24% or lower 

across the visible wavelengths (Figure 7.1A). The diffuse transmittance of 

FA-SF (21% at 700nm to 24% at 400nm) was slightly higher than that of 

W-SF (12% at 700nm to 15% at 400nm), indicating that FA-SF films may 
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produce slightly more light scattering than W-SF. However, when viewed 

by the naked eye side-by-side, the two films were observed to be equally 

transparent (Figure 7.1B), suggesting that the slight difference in haziness is 

unlikely to interfere with the ability to see through the film. 

 

Figure 7.1. Transparency of silk films 

(A) Transparency (total transmittance and diffuse transmittance) of W-SF and 
FA-SF measured over wavelengths of 800 to 200 nm. (B) Photographs of ethanol 
annealed W-SF and FA-SF films demonstrating their similar transparencies. 

W-SF and FA-SF films were treated with ethanol to induce or enhance 

β-sheet crystallisation. These films did not lose structural integrity in water 

and their wet tensile properties were determined and results are presented in 

Table 7.1. The representative tensile stress-strain plots of the two silk films 

are shown in Figure 7.2. The difference in breaking elongation between the 
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two types of films was not significant (p>0.05). However, tensile strength 

and modulus of FA-SF were significantly higher than W-SF (p<0.05), as 

reflected in the plots and Table 7.1. 

Table 7.1. Tensile strength of W-SF and FA-SF 

Silk Film Tensile strength 
(MPa) 

Young’s Modulus (  Breaking strain 
(%) 

W-SF 8.1±1.6 87.7±38.4 122.9±51.6 
FA-SF 11.2±2.6 146.6±41.3 116.0±47.4 

 

 

Figure 7.2. Stress-strain profile of wet W-SF and FA-SF films 

FA-SF had greater strength and Young’s modulus and had higher thermal stability 
compared with W-SF, suggesting these films had a more compact molecular 
structure. 

7.3.1.2. Differential scanning calorimetry (DSC) 

DSC was conducted to understand the structural stability of the films based 

on thermal response as determined by DSC. Heat flow as a function of 

temperature is shown in Figure 7.3. Plots from all films have a broad 
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endothermal peak between 50oC and 150oC, which is attributed to the loss 

of moisture. In the case of W-SF, glass transition is evident near 179oC 

followed by a thermally induced exothermal crystallisation peak at around 

229oC. As expected, glass transition and crystallisation disappeared 

following annealing due to crystallisation of the amorphous phase during 

ethanol treatment. Onset of thermal degradation occurred at a higher 

temperature in alcohol annealed W-SF and the major degradation peak 

shifted from approximately 274oC to 281oC. Unlike W-FA, in the heat flow 

trace of FA-SF, even without ethanol annealing, there was no evidence of 

glass transition and crystallisation. Comparing with W-SF, the position of 

the endothermal peak did not change, but the thermal degradation began at a 

higher temperature. After annealing, thermal degradation onset temperature 

of FA-SF increased, and the degradation peak was 285oC compared to 

281oC of W-SF. In the case of FA-SF, there was a second degradation peak 

at around 284oC, which shifted to about 294oC after annealing. A second 

degradation peak was not distinct in the case of W-SF. These results clearly 

indicate a higher structural stability of F-SF films compared to W-SF. 
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Figure 7.3. DSC thermographs of W-SF and FA-SF films before and after 
ethanol annealing 

7.3.1.3. Water contact angle 

Water contact angle measurements were performed on FA-SF before and 

after annealing whereas only annealed W-SF was used for measurement as 

non-annealed W-SF disintegrated in water. Even without annealing, FA-SF 

was more hydrophobic than annealed W-SF and TCP (Figure 7.4). There 

was a decrease in contact angle in the initial period of 4s after the water drop 

was placed on the W-SF films indicating some interaction between 

annealed W-SF and water. Such a decrease was not evident in the case of 

FA-SF even without annealing. This suggests that formic acid-based 

processing produces films with high stability against water. 
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Figure 7.4. Contact angle of W-SF and FA-SF films and control over time 

A decrease in contact angle was observed for W-SF annealed films within the first 
4s, all other materials (FA-SF non-annealed, FA-SF annealed and TCP) remained 
stable over time. 

7.3.2. Cytocompatibility studies 

7.3.2.1. Cell morphology and differentiation 

Representative images of cells show similar morphology on FA-SF, W-SF 

and TCP (Figure 7.5A). The hTM keratinocytes grew as a monolayer and 

displayed a cobblestone like appearance, characteristic of epithelial cells. 

There was no overt evidence of cell death. PCR Gel electrophoresis 

indicated the expression of epithelial markers K1, K14, and ESE-1 on 

FA-SF, W-SF and TCP (Figure 7.5B). This suggests that the epithelial 

phenotype of hTM keratinocytes evident on TCP was maintained on silk 

films. 
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Figure 7.5. Cell morphology and differentiation of hTM keratinocytes on 
TCP, W-SF and FA-SF 

(A) Photomicrographs of hTM keratinocytes on TCP (i), W-SF (ii) and FA-SF (iii) 
taken 3 days in cell culture. Scale bar=500µm. (B) hTM keratinocytes on silk 
maintained epithelial differentiation markers. Gel electrophoresis of PCR products 
of hTM keratinocytes cultured on TCP, W-SF and FA-SF. GAPDH: control. 

7.3.2.2. Cell viability 

Using a trypan blue exclusion assay, the viability of hTMs on FA-SF, W-SF 

and TCP was determined over 3 days (Figure 7.6A). High cell viability 

(95-98% p=0.31) was evident for all groups over 3 days. 

7.3.2.3. Cell cytotoxicity 

Using an MTT assay, cell cytotoxicity was evaluated using serial dilutions 

of vehicle extracts obtained from FA-SF and W-SF. All concentrations of 

vehicle extracts from both SF types (pure at 100% v/v and diluted at 50% 

v/v, 10%v/v, 1% v/v) maintained high cell metabolic activity. In contrast, 

controls containing 6.4 g/L of phenol were found to be cytotoxic as cell 
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metabolic activity was significantly decreased (Figure 7.6B). The silk films 

were not cytotoxic. 

 

Figure 7.6. Cell viability (A) and cytotoxicity (B) of hTM keratinocytes on 
W-SF and FA-SF 

(A) Viability of hTM keratinocytes cultured on TCP, W-SF and FA-SF over 3 
days, shown as the percentage of cells excluding trypan blue. (B) hTM 
keratinocytes were exposed to material extracts (W-SF and FA-SF) made at 
various dilutions (100% v/v, 50% v/v, 10% v/v, 1% v/v). Results are expressed as 
relative absorbance compared to normal media. Controls contained 6.4g/L of 
phenol. Error bars represent SEM. 

7.3.2.4. Cell migration 

Cell migration was evaluated using a wound scratch assay. The total 

wound gap area closed by keratinocytes on W-SF (17.0x105µm2) was 52% 

higher than those cells on TCP (11.2x105µm2; p<0.05), and 39% higher on 

FA-SF (15.6x105µm2) than on TCP (p<0.05) (Figure 7.7A). Cell 

migration on W-SF was 9% more than FA-SF, which was not significant 

(p>0.05). The SF films were equally effective in supporting cell migration 

and significantly better compared to TCP. Representative images of area 

migrated on each material are shown. (Figure 7.7B) 
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Figure 7.7. Cell migration of hTM keratinocytes on TCP, W-SF and FA-SF 

Migration of hTM keratinocytes on TCP, W-SF and FA-SF using a scratch wound 
assay. (A) Results are expressed as area closed over 12 hours. Error bars represent 
SEM. *indicates statistically significant difference compared to TCP. (B) 
Photomicrographs of hTM on TCP (left column, i,iii), W-SF (middle column, ii,v) 
and FA-SF (right column, iii,vi) taken at 0 hour (i-iii) and 12 hours (iv-vi). Scale 
bar: 500µm. 

7.3.2.5. Cell proliferation and growth rate 

Proliferating cells (mitotic figures) were observed among the keratinocyte 

cultures. As the experiment progressed, both SF membranes were observed 
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to support increased numbers of hTM keratinocytes. Overall, there were 

statistically significant differences in keratinocyte numbers over 3 days 

between FA-SF, W-SF and TCP (p<0.05) (Figure 7.8A). Specifically, 

keratinocyte numbers were highest on TCP, followed by FA-SF then W-SF. 

The difference between all three materials was significant on Day 1 but 

with catch up growth on Day 2 and 3 the differences between W-SF and 

FA-SF were lost (p>0.05 on Day 2; p>0.05 on Day 3). Although 

keratinocyte numbers on Day 3 were lowest on W-SF, cell growth rate was 

found to be highest on W-SF, followed by FA-SF, and TCP, with 

significant differences between the three (p<0.05 for W-SF and FA-SF; 

p<0.05 for TCP and W-SF; and p<0.05 for TCP and FA-SF) (Figure 7.8B). 

Treatments with the lowest numbers on Day 1 seemed to grow 

proportionally fastest to Day 3. 

 

Figure 7.8. Cell proliferation (A) and growth rate (B) of hTM keratinocytes 
on TCP, W-SF and FA-SF 

Cell number (A) and growth rate (B) of hTM keratinocytes on TCP, W-SF and 
FA-SF using MTT assay. A cell count was calculated based on a standard curve 
derived from a known cell count. Growth rate was calculated using the formula 
K’=Log(N2/N1)/(t2-t1); where K’ = growth rate, N=cell number at time 1 (t1) and 
time 2 (t2). t1=day 1; t2=day 3. Error bars represent SEM. *indicates statistically 
significant difference compared to TCP. #indicates statistically significant 
difference compared to FA-SF. 
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7.3.2.6. Cell adhesion and spreading 

Overall, there was a significant difference in cell adhesion between 

materials and an increase in cell adhesion over time (p<0.05) (Figure 7.9A). 

Specifically, cell numbers (as indicated by metabolic activity) adhering to 

FA-SF were significantly higher than W-SF at 6 and 9 hours (p<0.05) but 

not at 3 hours (p>0.05). However, both W-SF and FA-SF possessed lower 

adhesion qualities compared the TCP. 

The morphology of hTM keratinocytes adherent to FA-SF, W-SF films and 

TCP was examined over 6h following cell seeding (Figure 7.9B). At 2h, 

most cells had adhered to TCP and SF films but remained rounded without 

spreading. A small proportion of cells had acquired a flattened shape and 

started to spread over the FA-SF and TCP, with less on W-SF. At 4h, cell 

attachment and spreading were more noticeable, however, no differences 

were seen between 4 and 6h. At higher magnification, some filopodia- and 

lamellipodia-like extensions of cytoplasm were seen on both W-SF and 

FA-SF (Figure 7.9C), showing normal progression to adherence on the SF 

films. 
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Figure 7.9. Cell adhesion of hTM keratinocytes on TCP, W-SF and FA-SF 

Adhesion of hTM keratinocytes on TCP, W-SF and FA-SF. (A) Adhesion of hTM 
keratinocytes was evaluated using MTT assay over three time points. Results are 
expressed as relative absorbance compared to TCP control. Error bars represent 
SEM. (B) Photomicrographs of hTM on TCP (left column, i,iv,vii), W-SF (middle 
column, ii,v,viii) and FA-SF (right column, iii,vi,ix) taken at 2h (i-iii), 4h (iv-vi) 
and 6h (vii-ix) following cell seeding. Scale bar: 100µm. (C) Photomicrographs of 
hTM on W-SF and FA-SF taken at 6h following cell seeding. Scale bar: 100µm. 
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7.4. Discussion 

The highlights from this study were that FA-SF films have suitable material 

properties and cell supporting behaviour for use as tympanoplasty or 

myringoplasty grafts, with potential to replace current conventional grafts 

and their associated limitations. To date, the majority of research has 

focused on W-SF. However, processing in formic acid provides an alternate 

route to produce silk films with improved properties suitable for TM 

regeneration. These SF films can easily be applied as an onlay graft over the 

TM perforations with improved mechanical and vibroacoustic properties 

(Figure 7.10). Here, we have analysed relevant material properties and cell 

supporting behaviour of such films and compared them with W-SF. 

 

Figure 7.10. Schematic diagram illustrating the application of a SF 
membrane as an onlay graft to repair a perforated TM 
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UV-visible spectrophotometry showed that both W-SF and FA-SF allowed 

the transmittance of more than 90% of visible light with very low haze as 

the diffuse transmittance was less than 20% for FA-SF and less than 15% 

for W-SF. Such optical properties are important for clinicians to monitor the 

condition of the middle ear through the transparent silk films following TM 

repair. In this study, FA-SF had better strength and Young’s modulus 

compared to W-SF in a wet state. This is in contrast to a previous study 

which showed higher average strengths and no significant difference in 

tensile properties between the water-based and formic acid-based films.235 

A different dissolving protocol used in the previous study may be 

responsible for such variations. The higher thermal stability of FA-SF 

compared to W-SF suggests a more compact structure and supports the 

results of tensile measurements. The DSC and tensile results are also in 

agreement with the higher β-sheet content of FA-SF compared to W-SF as 

reported previously.235 Better strength and stability of FA-SF provide a 

wider scope to adjust the thickness of the film, which in turn may help 

improve the optical transparency and vibro-acoustic properties of the 

scaffold. We have recently shown that FA-SF film applied to a perforated 

rat TM was able to provide an acute improvement in hearing function and 

allowed ongoing monitoring of the perforation healing and middle ear 

health77 (Appendix 4). The adequate stability of un-annealed FA-SF, as 

reflected in DSC and contact angle studies, further supports the use of 

formic acid as a processing solvent as these films may be implanted in the 
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perforated TMs directly without the use of potentially harmful annealing 

agents such as methanol. Although silk can be annealed using safer 

chemicals such as ethanol or water vapour, shortening the processing time 

without undergoing the annealing step is an advantage. Moreover FA-SF 

without annealing is known to degrade faster than alcohol annealed silk 

films, which may be useful to match the time course of scaffold degradation 

with that of a healing in the TM.235 Nevertheless, further studies are 

required to assess the in situ degradation of the scaffold. The ability to 

adjust the mechanical, structural and surface properties of SF by alternating 

the processing route demonstrated here is important in designing 

appropriate silk scaffolds for bio-engineering TMs.216 

In addition to physico-mechanical properties, understanding the 

cell-material interface is critical for the rational development of TM 

bioscaffolds. To confirm that the bioscaffolds have not altered the cell 

phenotype, an estimation of relative gene expression was required. It is 

known that the keratin-14 (K14) and K1 are epithelial markers, and ESE-1 

is a distinctive gene expressed by epithelial cells which is not typically 

expressed in mesenchymal cells.215 237. Hence, the expression of these 

epithelial markers suggests that the epithelial phenotype of hTM 

keratinocytes was maintained in the cultures. Together with the 

characteristic monolayer cell morphology seen on microscopy, we have 

confirmed that hTM keratinocytes maintained an epithelial phenotype on 
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FA-SF and W-SF. SF in the absence of the antigenic sericin has been shown 

to exhibit comparable biocompatibility to commonly used biomaterials 

such as collagen.154 Previous studies demonstrated that the FA-SF materials 

could promote the attachment and spreading of primary normal human 

keratinocytes (NHOK, NHEK) and fibroblasts.238 The absence of any 

significant difference in cytotoxicity between FA-SF and W-SF and the 

high cell viability on both films further confirm that although formic acid 

itself is cytotoxic, films without any toxic residue can be prepared to 

support cell growth. The safety of FA-SF in the middle ear in a clinical 

environment remains ongoing research in our group. 

Cell migration and proliferation are two critical steps in the 

re-epithelialisation of a perforated TM. Failure of migration in TM wound 

healing may contribute to wound chronicity.191 As the TM is suspended in 

mid-air without underlying granulation tissue, a supporting scaffold may 

enhance TM wound healing through this migration phase. We have shown 

here that both SF films were more effective in promoting cell migration 

compared to TCP. This supports our recent studies in rodents where SF 

films were thought to function as a scaffold for migrating epithelium on a 

perforated TM. SF films applied as an onlay graft to the remnant TM 

resulted in significantly quicker TM closure compared to commonly used 

materials such as paper and Gelfoam77 (see Appendix 4). Recent studies 

looking at molecular mechanisms have shown that a SF solution stimulates 
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cell migration by activating MEK, c-Jun N-terminal kinase (JNK) and 

P13K signalling pathways and c-Jun.239 In contrast to cell migration, cell 

proliferation occurs on the TM at specific proliferation centres at the 

handle of malleus and annulus, instead of at the wound edge, where cells 

migrate from these regions to cover the wound gap.202 As we have found 

that SF films could also support the proliferation of keratinocytes, the use 

of SF scaffolds is likely to further enhance TM closure. 

In cell proliferation experiments, we found that keratinocyte numbers were 

significantly different between the materials from Day 1. Hence, we 

hypothesised that there may be differential adhesion of cells on the different 

SF films. Using a colorimetric assay, attached cells on TCP, W-SF and 

FA-SF were determined at three time points. The differential cell adhesion 

between TCP and the SF films supported our initial hypothesis, where 

higher number of cells adhered and the difference was maintained 

throughout the study. However, only small differences in cell adhesion 

were seen between W-SF and FA-SF, suggesting that other factors may also 

be involved in the difference in cell numbers seen on Day 1. Moreover, 

higher cell numbers on FA-SF on Day 3 compared to W-SF appears more to 

be due to the high initial cell adhesion rather than high growth rate, as only 

small differences in growth rate were seen where W-SF had the highest. 

The difference in surface hydrophilic and hydrophobic properties as 

reflected in the water contact angle measurements seems to have no 
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influence in the initial cell adhesion between the two types of silk films but 

probably could influence cell adhesion over time. Taken together, the cell 

adhesion properties of SF films play a greater role in determining the final 

cell numbers compared to growth rate. It is however not clear whether 

higher hydrophobic properties of FA-SF films compared to W-SF and TCP 

were responsible for higher migration seen in FA-SF films. Further studies 

are warranted to gain insight into such behaviour. 

7.5. Conclusion 

This study compared the optical, mechanical and thermal properties of 

formic acid-based silk fibroin (FA-SF) and water-based silk fibroin (W-SF) 

films and investigated their ability to support human-derived (hTM) 

keratinocyte in vitro. Both FA-SF and W-SF produce films with excellent 

light transmission properties with minimum haze. FA-SF films have better 

mechanical properties, thermal stability and water resistance compared to 

W-SF films. The silk fibroin (SF) films promoted migration of 

keratinocytes, a critical feature of regeneration in tympanic membrane 

(TM). Furthermore, the films were not cytotoxic and supported the 

adhesion and growth of hTM keratinocytes. FA-SF resulted in higher cell 

adhesion and proliferation while W-SF promoted a moderately higher 

growth rate. We conclude that these beneficial properties of FA-SF make it 

most suitable as a bioscaffold for the repair of TM perforations.  
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8. Promoting cell migration and proliferation for 

tympanic membrane repair using Mulberry silk 

fibroin and TGF-α 

8.1. Introduction 

We have shown in Chapter Four and Five the importance of bioactive 

molecules (BMs) in tympanic membrane (TM) wound healing and 

identified TGF-a as an active promoter of TM keratinocyte growth. We 

have shown in Chapter Six and Seven that Mulberry silk fibroin (SF) is 

optimal and processed using water-based silk fibroin (W-SF) and formic 

acid-based silk fibroin (FA-SF) was non-cytotoxic and possessed various 

material properties suitable for their application as a scaffold for TM repair. 

Moreover, SF has been explored as a suitable vehicle for the delivery of 

BMs, genes and drugs.163 

Despite the promise of silk-based bioscaffolds, a bio-engineered TM 

consisting of SF and TGF-α has yet to be examined. Moreover, the method 

of application and delivery of TGF-α from silk needs to be considered in the 

development of a bio-engineered TM. 

Hence, the aims of this study are to: 

 Examine the migration and proliferation of hTM keratinocytes in 

response to TGF-α on SF scaffolds, and 
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 Investigate the various methods of TGF-α delivery in an in vitro 

model. 

8.2. Materials and methods 

8.2.1. Materials 

Stifled B. mori silk cocoons were sourced from Fabric Plus Ltd. (Assam, 

India). TGF-α was obtained from PeproTech. 

8.2.2. Cell culture 

As per section 3.2.2. 

8.2.3. Preparation of silk solution and silk films 

As per section 3.2.4. 

8.2.4. Delivery of TGF-α 

Three methods of TGF-α delivery to cultured cells were examined, 

 Adding directly into the culture media (add), 

 Coating onto the films (coat), and 

 Incorporation into silk solution prior to casting the film (load). 

The final concentration of TGF-α after addition to the growth medium was 

80ng/mL. For silk loaded with TGF-α, the final concentration of TGF-α 

80ng/mL in 3% silk solution prior to casting. For coating of SF films, 

203µL and 65µL of 80ng/mL TGF-α was coated on 48- and 96-well plates 
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respectively for 24h. This was followed by washing with 100µL of 1xPBS, 

pH7.2 [Oxoid, Australia] containing 1% BSA [Sigma, Australia] for one 

hour in a humidified cell culture incubator at 37oC with 5% CO2. The wells 

were then washed once with equal volume of 1xPBS prior to cell seeding. 

8.2.5. Cell proliferation study 

As per section 3.2.8 with the following specifications: 

15,000 cells that were serum starved for 24h were seeded and cultured with 

and without TGF-α in a 96-well plate. Following 24h of cell culture, fresh 

growth media containing 20µL of colorimetric solution was added to each 

well. A cell count was calculated based on a standard curve derived from a 

known cell count as per section 3.2.8.1. Tests were carried out in six 

replicates repeated three times. 

8.2.6. Cell migration study 

As per section 3.2.7.2 with the following specifications: 

19,000 cells were cultured on FA-SF, W-SF and tissue culture plate (TCP) 

in a 48-well plate and incubated in growth media overnight at 37oC with 5% 

CO2. Following 24 hours, a wound scratch was obtained using a sterile 

plain swab [aluminium applicator, rayon tip, Copan Italia, Italy]. The cells 

were washed once with 465µL of PBS before the addition of 465µL growth 

media. The end point for this study was 12h. The test was carried out in four 

replicates and repeated three times. 
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8.2.7. Statistical analysis 

As per section 3.2.15 with the following specifications: 

The statistical significance was determined by linear mixed models using 

SPSS 16 [SPSS Inc., Chicago, IL]. 

8.3. Results 

8.3.1. Cell proliferation 

Keratinocyte cell number determined using a colorimetric assay showed 

effects on cell proliferation of exposure to all three different methods of 

TGF-α delivery (adding, coating, loading) on three different substrates 

(TCP, W-SF and FA-SF) (Figure 8.1). We found that there were significant 

effects of different materials (p<0.05) and different TGF-α delivery 

methods (p<0.05). Cell numbers were 27% higher on FA-SF compared to 

W-SF (p<0.05) and TGF-α (addition, coating or loading) significantly 

increased the cell numbers compared with no TGF-α (p<0.05). 

There was a difference between TGF-α delivery methods. For W-SF, the 

addition of TGF-α to culture medium produced the highest cell number, 

which was 14% higher than coating (p<0.05) and 10% higher than loading 

(p<0.05). However, there was no significant difference between coating and 

loading (p>0.05). For FA-SF, loading of TGF-α resulted in the highest cell 

number, which was 7% higher than adding (p<0.05) and 10% higher than 
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coating (p<0.05). There was no significant difference between adding and 

coating of TGF-α (p>0.05). 

We also compared different TGF-α delivery methods on the different silk 

types. There was no significant difference between W-SF and FA-SF when 

TGF-α was added in the medium. However, when coating TGF-α on FA-SF 

there was an 18% higher cell number compared to coating on W-SF 

(p<0.05), and TGF-α loaded on FA-SF resulted in 26.7% higher cell 

number compared to TGF-α loaded on W-SF (p<0.05). 

 

Figure 8.1. Proliferative responses of hTM keratinocytes to TGF-α on TCP, 
W-SF or FA-SF 

TGF-α significantly increased hTM keratinocyte cell number on TCP, W-SF and 
FA-SF. The addition of TGF-α into the media resulted in the highest cell number 
for W-SF, whereas loading of TGF-α resulted in the highest cell number for 
FA-SF. Error bars represent SEM. 

8.3.2. Cell migration 

Cell migration was examined using a scratch wound assay on cells grown to 

confluence on each material exposed to TGF-α. Higher area migrated 

shown on the graph indicates better cell migration (Figure 8.2). A 
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representative image for each group is shown (Figure 8.3). There was no 

significant difference for different materials (p>0.05). However, a 

significant difference was found for TGF-α delivery method (p<0.05). 

Regardless of materials and silk types, the use of TGF-α (adding, coating or 

loading) significantly increased the cell migration compared with no TGF-α 

(p<0.05). 

There was a difference among different methods of TGF-α application for 

W-SF but not for FA-SF. For W-SF, the addition of TGF-α to the medium 

resulted in the highest cell migration, which was 14.7% higher than TGF-α 

coating (p<0.05) and 7.9% higher than loading (p>0.05). However, there 

was no significant difference between coating and loading (p>0.05). For 

FA-SF, there was no significant difference between adding, coating or 

loading of TGF-α (p>0.05). There was also no statistical difference between 

the same TGF-α delivery methods on different silk (p>0.05). 

 

Figure 8.2. Migratory responses of hTM keratinocytes to TGF-α on TCP, 
W-SF or FA-SF 
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TGF-α (adding, coating or loading) significantly increased cell migration 
compared with no TGF-α regardless of materials and silk types. There was no 
significant difference for different materials, however, a significant difference was 
found for TGF-α delivery method. Error bars represent SEM. 

 

 

 

Figure 8.3. Representative images of hTM keratinocytes in response to 
TGF-α on TCP, W-SF and FA-SF 

Left column showed TCP, middle column W-SF and right column FA-SF. First 
row showed images taken at 0 hour, images in second to fifth rows showed 12 
hour. Second row showed no exposure to TGF-α, second row addition of TGF-α 
into the media, third row coating of TGF-α onto SF films and last row TGF-α 
loaded onto the SF. Scale bar: 500µm. 
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8.4. Discussion 

The major finding of this study was that SF films containing TGF-α  

increased hTM keratinocyte migration and proliferation compared to SF 

films without TGF-α. This study combined earlier results showing 

promising features of SF as a bioscaffold (Chapters Six and Seven) and 

TGF-α for hTM keratinocyte growth (Chapters Four and Five). In this 

study, we also compared TGF-α on  SF films processed in either W-SF or 

FA-SF, and furthermore added TGF-α either to the media, coated on the 

films or loaded into the SF solution prior to casting. We found that all 

functionalised SF films containing TGF-α increased hTM keratinocyte 

migration and proliferation compared to SF films without TGF-α. 

BMs play important roles in TM wound healing. In this study, we observed 

that regardless of material types, SF or TCP, the addition of TGF-α 

significantly increased cell proliferation and migration, suggesting the 

importance of TGF-α in affecting keratinocytes biological functions. 

TGF-α, an EGF family member, acts via the EGF receptors and has been 

shown to increase keratinocyte migration and proliferation in vitro.114 

Although structurally and functionally similar to EGF, TGF-α is a more 

potent inducer of vascularisation240 and is more effective in promoting 

colony dispersion.110 TGF-α is also the most potent pro-motility factor 

among EGF, IGF-1, HB-EGF, bFGF, insulin, KGF-1, HGF, TGF-β, IL-1α 

and IL-8.111 In the TM, TGF-α is only expressed in the epidermal cell layer 
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following perforation and is not found in the normal TM,112 suggesting that 

exogenous TGF-α is likely to induce a prominent effect on TM perforation 

closure. 

In this study, the interaction of SF films and TGF-α was examined. We have 

shown here that both W-SF and FA-SF containing TGF-α increase hTM 

migration and proliferation, and hence will potentially improve TM 

re-epithelialisation. It is likely that SF films serve as a scaffold for 

migrating epithelial cells77 whereas TGF-α directly stimulates cell 

proliferation and migration by binding to cell specific receptors (i.e. EGF 

receptors) and their downstream signalling pathway. Recently, SF-based 

wound dressing with EGF has been shown to increase wound 

re-epithelialisation, dermis proliferation, collagen synthesis with reduced 

scar formation compared to controls.241 In vivo studies using SF scaffold 

and TGF-α for TM repair are currently being pursued. 

The method of delivery of GF is an important factor to consider in the 

clinical application of a bio-engineered TM.216 In this study, TGF-α was 

added, coated or loaded. TGF-α addition simulates the application of 

TGF-α as an eardrop onto the scaffold. Coating of TGF-α requires soaking 

or coating with TGF-α prior to application, whereas loaded SF contain 

pre-mixed TGF-α prior to casting. In this study, we found that for W-SF, the 

addition of TGF-α resulted in increased cell proliferation and migration 

compared to coating and loading. This may be due to the availability or 
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concentration of fresh TGF-α that was directly added. However, positive 

effects seen for loading and coating suggest that the integrity and biological 

potency of TGF-α was maintained throughout the fabrication process. In the 

case of FA-SF, TGF-α loading resulted in higher cell numbers. However 

this was not significant compared to the other two delivery methods used. 

This is in contrast to recent studies which showed that EGF-coated 

silk-based wound dressing have slightly faster cutaneous wound closure 

rates compared to that EGF-loaded wound dressing.241 However, it should 

be noted that our study was performed in vitro with the use of a different 

GF. 

A bio-engineered TM consisting of SF scaffold and TGF-α could represent 

a paradigm shift in the treatment regime for TM perforations. Of the various 

options tested here for TGF-α delivery, all methods could be applied in an 

outpatient setting, obviating the need for microsurgery. This could have a 

huge impact on the accessibility, with economic potential. 

An inherent limitation in this study is the lack of control group consisting of 

only TGF-α without a scaffold. Although this is represented by TCP 

control within the limits of an in vitro study, this is not relevant to clinical 

practice. A lack of a chronic TM perforation animal model makes this in 

vitro study an essential baseline for comparison and study. It would also be 

interesting to examine the GF stability, degradation and release patterns and 
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the mechanistic pathways involved in the interactions between TGF-α and 

SF. 

8.5. Conclusion 

In conclusion, the addition of TGF-α to silk fibroin (SF) films significantly 

increased human-derived (hTM) keratinocyte migration and proliferation. 

The direct addition of TGF-α into the media was found to be the most 

effective method of delivery for water-based silk fibroin (W-SF), whereas 

loading of TGF-α was more favourable for formic acid-based silk fibroin 

(FA-SF). Regardless of the type of SF film used and the method of 

TGF-α delivery, a bio-engineered tympanic membrane (TM) based on 

these components are likely to improve TM wound healing and serve as an 

alternative in the repair of TM perforations. 

  

 145 



9. General discussion 

9.1. Synopsis of findings 

The global burden of tympanic membrane (TM) perforations remains 

significant. However, current treatment options are suboptimal. The 

emergence of tissue engineering together with advances in materials 

science have paved the way into a new era of TM regeneration based on the 

principles of tissue engineering, with appropriate biomaterials, cells and 

BMs. In this thesis, the interactions between silk fibroin (SF) as a 

bioscaffold, hTM and selected bioactive molecules (BMs) were studied. It 

is hoped that this SF-based artificial TM with appropriate BMs will replace 

the existing methods for TM perforation repair. 

Initial experiments (Chapters Four and Five) examined the interactions of 

hTM keratinocytes and BMs without any scaffold. We have successfully 

cultured primary hTM and these cells were confirmed to have characteristic 

of basal epithelial cells using phase contrast microscopy and PCR. As 

migration and proliferation are two essential processes in TM wound 

regeneration, 21 BMs were selected and tested individually for these 

processes (Chapter Four). We found that ECM proteins (hyaluronic acid 

(HA), vitronectin) and TGF-α enhanced migration whereas cytokines 

(IL-19, IL-24) and GF (amphiregulin) increased proliferation. Based on 

these results, HA, vitronectin, TGF-α, IL-24 and their combinations were 
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tested (Chapter Five). We found that only TGF-α, TGF-α/HA and 

TGF-α/IL-24 significantly enhanced both migration and proliferation. As 

HA has been shown extensively as an agent to improve the healing of TM 

perforations102, TGF-α/HA complex was studied further. The process of 

EMT was excluded as TGF-α and/or HA treatments did not alter the 

expression of epithelial phenotype markers or adhesion proteins. With the 

use of receptor binding inhibitors for ErbB1 (AG1478) and CD44 

(BRIC235), we found that the activation of ErbB1 was required for 

TGF-α/HA-mediated migration and proliferation. 

Subsequent experiments (Chapters Six and Seven) examined the 

interactions of hTM keratinocytes and SF scaffolds without any BM. The 

mechanical properties and cytocompatibility of SF derived from 

domesticated Mulberry silkworms as well as wild type silkworms Muga 

and Eri were studied. Among the three, Mulberry SF was found to support 

the highest number of cells, increased migration and was least cytotoxic. As 

Mulberry SF was the most favourable, we then determined if changing the 

processing method would affect the cytocompatiblity of the SF by 

comparing W-SF and FA-SF (Chapter Seven). FA-SF showed a higher 

thermal stability and better strength, suggesting more compact silk and 

higher β-sheet content. Both silk films supported the growth of 

keratinocytes and maintained their characteristic cobblestone appearance 

and expression of epithelial markers. Importantly, both silk films were not 
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cytotoxic and maintained high cell viability. FA-SF supported higher cell 

number possibly due to improved cell-scaffold adhesion. W-SF supported 

higher growth rate and cell migration. 

Final experiments (Chapter Eight) integrated findings from earlier chapters 

(Chapters Four to Eight) where the interactions of hTM keratinocytes, SF 

films (W-SF and FA-SF) and TGF-α were examined. The combination of 

SF with TGF-α significantly increased hTM keratinocytes migration and 

proliferation. The direct addition of TGF-α into the media was found to be 

the most effective method of delivery for W-SF, whereas loading of 

TGF-α was more favourable for FA-SF. 

9.2. Implications of findings 

The results of this thesis have broad implications to the field of otology, 

materials science and tissue engineering. 

The benefits of TM repair in children are well-documented, these include 

improved quality of life, socialisation, language and learning from 

improved hearing.242 243 TM regeneration applying the principles of tissue 

engineering has been regarded as “potentially the greatest advance in 

otology since cochlear implantation”.122 It is hoped that the method could 

“replace many thousands of microsurgical procedures each year, and make 

a simple and inexpensive remedy accessible to many millions of patients for 

whom capital intensive microsurgery is not available.”122 Indeed, 
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applications of a bio-engineered TM may represent a paradigm shift in the 

management of TM perforations in an outpatient setting without surgery. 

This could significantly reduce the complications of surgery and 

anaesthesia, such as donor site morbidities, pain, scarring, increased 

operating time and costs. Moreover, this could improve the accessibility to 

communities who may need the treatment most, such as remote Australian 

aboriginal communities. 

The findings in Chapters Four and Five have relevance to our understanding 

of the roles of BMs in TM wound re-epithelialisation, with therapeutic 

potential for TM perforation repair. These chapters provide a baseline for 

future studies requiring selection of BMs to improve TM wound healing via 

migration and proliferation. Our results suggest that factors such as 

TGF-α/HA, TGF-α/IL-24 or TGF-α could potentially be incorporated into a 

bioscaffold in the construction of a bio-engineered TM, or directly as 

topical treatment for TM perforations. Moreover, we have identified a novel 

interaction between HA and TGF-α, where activation of ErbB1 was 

required for TGF-α/HA-mediated migration and proliferation. This could 

provide a future platform for greater in-depth study to optimise keratinocyte 

growth through TGF-α/HA mediated signalling pathways. 

Results from Chapters Six and Seven provide the foundation for further 

exploring SF as a potential bioscaffold for TM regeneration. Thus far, SF 

has been widely explored as possible bioscaffolds in the tissue regeneration 
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of bone, cartilage, ligament, tendon, vessels, nerves, skin, heart, liver, 

spinal cord, inter-vertebral tissue, bladder, trachea and ocular tissue.244 Our 

group has extensively studied the application of SF in TM regeneration both 

in vitro and in vivo. In this thesis, we have identified SF obtained from 

Mulberry silkworms, both W-SF and FA-SF-based, as suitable for TM 

repair due to its unique mechanical properties and cytocompatibility, which 

are essential characteristics in the clinical applications of these scaffolds. 

Concurrent in vivo studies showed that SF is safe, non-ototoxic, and 

resulted in improved TM healing and hearing compared to spontaneous 

healing and commonly used materials such as paper and Gelfoam.77 

Finally, although keratinocytes from this experiment were obtained from a 

hTM, the results of this study can potentially be extrapolated to skin, cornea 

and other tissues containing keratinocytes. Similarly, these BMs and SF 

constructs may be incorporated into dressings for the regeneration of skin 

for burns and other chronic wounds. 

9.3. Limitations and technical obstacles 

In this thesis, all keratinocytes were derived from a single patient. Due to 

the scarcity of human donors and difficulty with explant culture, we only 

tested keratinocytes derived from one healthy hTM. It would be valuable to 

repeat similar experiments using keratinocytes from other subjects. 

Moreover, the TM consists of three layers with other cell types such as 
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fibroblasts, endothelial cells and mucosal cells also being present. It is 

likely that these cells may not respond similarly compared to keratinocytes 

when exposed to these BMs. 

For the initial studies examining the effects of single BMs (Chapter Four), 

serum was used to maintain the cell cultures, which may have masked the 

effect of these BMs. Subsequent experiments (Chapter Five) were 

conducted in a serum free environment. While they showed similar findings 

to Chapter Four for a selected subset of BMs, it is believed that the use of 

serum free media gave us a more direct insight into the interactions between 

BMs and keratinocytes. Testing in serum free not only allowed isolation of 

the effect of individual BM, but also suggested that certain BMs (e.g. 

vitronectin) have no significant effects on their own. In serum, vitronectin 

significantly enhanced hTM migration, however, the effect was not 

significant when tested in serum free, suggesting that compounds in the 

serum interacts with vitronectin to promote its effects synergistically. 

However, the exact compound in the serum that promoted these effects 

would require further study. 

Migration is one of the key steps in TM wound healing. In initial 

experiments (Chapters Four and Five), cell culture inserts were used to 

examine the migration where a cell-free gap was produced following 

removal of inserts. Whilst this technique is more reliable and provided a 

consistent gap (of 500μm wide), these inserts were not used on SF films due 
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to the inability of inserts to adhere to SF films. Hence, a modified scratch 

assay using a sterile plain swab aluminium applicator rayon tip was used to 

produce a wound gap in subsequent experiments (Chapters Six to Eight). 

This technique generally worked well however scratches in the softer silk 

film types remained problematic. 

Finally, it must be recognised that in vitro results may not necessarily be 

duplicated in vivo. The microenvironment of wound healing in TM may 

contain proteolytic enzymes that could modify the reactivity of BMs or the 

physico-mechanical properties of SF, which subsequently alter the 

interactions in the tissue. Whilst our goal is to translate this data to the 

clinical setting and ultimately improve patient care, other factors such as 

patient and disease factors may also need to be considered for maximal 

clinical outcomes. 

9.4. Challenges 

A bio-engineered TM holds great therapeutic and economical potential. 

However, ongoing challenges remain in the development, production, 

commercialisation and utilisation of these products in the clinical setting. 

Despite efforts to identify factors influencing TM wound healing, the 

mechanism by which a non-healing chronic perforation occurs is poorly 

understood. One postulation is that arrested healing is due to lack of ECM 

substances and various GFs.25 This thesis, using a combination of a BM 
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(TGF-α) and a scaffold (SF), promises a solution to heal TM perforation. 

However, complex wound healing in chronic TM perforations may not be 

easily met with a single agent. Moreover, these SF scaffolds have yet to be 

optimised to match the biomechanical and vibro-acoustic properties of a 

native TM. In addition, if cells are to be incorporated into a bio-engineered 

construct, there may be other challenges in terms of legal restrictions and 

ethical concerns, especially where stem cells are considered. 

Currently, many scaffolds have been tested in acute perforation animal 

models with promising preliminary results; however, many of these 

perforations would have healed spontaneously regardless of treatment. A 

lack of a reliable and robust chronic TM perforation animal model may be a 

hurdle in future testing of potential biomaterials.245 To create chonic 

perforation models, specific interventions may be required in suitable 

animals. For example, an infolding technique was effective in creating 

chronic perforations, albeit only in chinchillas.245 A majority of 

experiments have been conducted in rodents, where perforations usually 

heal rapidly and spontaneoulsy; experiments in larger animals are lacking. 

Finally, histological evidence of chronicity must be demonstrated prior to 

treatment to prove that chronic perforations, similary to those seen 

clinically, are obtained. 

In contrast to autologous grafts, bio-engineered constructs have to be 

manufactured. These biomaterials may have a limited shelf life, leading to 
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difficulties with storage and quality control. There are also issues associated 

with production costs, preservation, packaging and transport, especially if 

human or animal tissue and cell-based products are involved. Strict 

regulatory control also presents a major hurdle before a new product can be 

marketed and translated into improvement in patient care. The justified 

routine use of bio-engineered TMs to replace the traditional grafts will only 

be adopted when more robust, multi-centre, double-blinded, randomised 

control trials are conducted to prove its safety and efficacy. Finally, the 

choice of materials will depend on the surgeons’ and institutional 

preference, the cost and the commercial availability of these products. 

9.5. Future direction 

The pathogenesis of TM wound healing is complex with the mechanisms of 

chronic TM wound healing poorly understood. Whilst we have inched 

forward in our understanding of the biology of TM regeneration by 

studying the interactions between cells, BMs and scaffold, many questions 

remain to be answered. Future works include mechanistic cell biology and 

animal studies, elucidation of signalling pathways, expression and 

localisation of receptors to further gain new insight into roles and potential 

of BMs in TM wound healing. This could also help identify specific 

molecular targets to help regenerate a full functional TM without scarring. 
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Although much effort has been made towards the construction of a 

bio-engineered TM, this only represents preliminary studies in the selection 

of BMs and silk types. More details in design and fabrication need to be 

considered before applications in the clinical settings. These include 

optimisation of material characteristics, surface modifications and 

development of bioreactor design to further stimulate cultured tissue via 

relevant signals such as vibration and sound. Future studies should also 

include restoration of the vibroacoustic properties of regenerated TM in 

order to optimise the hearing outcomes. In this thesis, we have identified SF 

and TGF-α as a favourable combination for keratinocyte growth; the next 

logical step would be to test these in vivo. It is anticipated that future 

constructs would consists of a dynamic bio-engineered TM with spatially 

and temporally controlled delivery of BMs to match the formation of new 

tissue. These may also include angiogenic factors to generate a 

well-vascularised tissue. Functional tissue assembly consisting of three 

layers of the TM is also highly desirable. 

It is generally accepted that a bio-engineered TM will consist of a 

bioscaffold seeded with cultured cells with appropriate BMs. In an ideal 

setting, a bioscaffold with characteristics outlined in Table 1.5 with suitable 

combinations of BM without cells may be an optimal construct. This not 

only reduces the challenges associated with cell harvesting, culturing and 

storage, but could also substantially facilitate the delivery of an 
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‘off-the-shelf’ bio-engineered TM in the clinical setting. However, cell 

source remains a major part of ongoing study in our group. The isolation 

and characterisation of adult stem cells in the TM present huge potential for 

further advancing the tissue engineering applications. 

9.6. Conclusion 

This thesis establishes some of the groundwork towards the fabrication of a 

bio-engineered tympanic membrane (TM) for the repair of chronic TM 

perforations. We have successfully cultured human-derived (hTM) 

keratinocyte on SF films. Twenty-one bioactive molecules (BMs) have 

been narrowed down to a selected few, with TGF-α the most promising 

factor in promoting wound healing through increase cell migration and 

proliferation. Finally, silk fibroin (SF) films and TGF-α showed a 

promising combination that may represent a suitable bio-engineered TM for 

TM repair. Together with concurrent successes in vivo, clinical trials would 

be the next appropriate step in translating these basic sciences into 

therapeutic interventions, from bench to bedside. 
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