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Abstract 
 

Ocular surface disease and corneal neovascularization can lead to visual impairment. 

The principal aims of the work described in this thesis were to develop novel 

treatments for such conditions, and to assess their efficacy in rat models of disease. 

Ocular surface disease results from loss of or damage to, corneal epithelial stem cells 

or their niche. Oral mucosal epithelial cells were harvested from male inbred 

Sprague-Dawley rats and cultured on porous silicon membrane scaffolds, coated with 

factors to replicate the stem cell niche. The cells were characterised, and found to 

express epithelial cell markers CK3 and CK19, as well as the putative stem cell 

markers p63 and ABCG2. Ocular surface disease was induced in female inbred 

Sprague-Dawley rats by n-heptanol debridement. Porous silicon scaffolds loaded 

with oral mucosal cells were implanted subconjunctivally. Cell samples were taken 

from the ocular surface and the presence of transplanted cells was detected by PCR 

for the male sry gene. Despite successful transfer of cells to the ocular surface, 

transplanted cells were not detected on the central cornea after 8 weeks, indicating 

daughter cells had not migrated over the ocular surface. 

A novel composite of porous silicon and polycaprolactone was then developed as an 

improved dual purpose ophthalmic implant, to deliver drugs and cells to the eye. The 

composite biomaterial exhibited some characteristics, including flexibility and 

increased stability, which made it more suitable than porous silicon membrane for 

ocular implantation. The loading and subsequent release of a small molecule 

(fluorescein diacetate) and biologic growth factors (epithelial growth factor, insulin 
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and transferrin) in active form were demonstrated. Further, the composite supported 

attachment and growth of mammalian cells, and displayed acceptable 

biocompatibility when implanted in the eye of live rats. The material may be of use 

as an artificial stem cell niche for the transfer of epithelial stem cells to the cornea. 

The normal cornea is avascular. Corneal neovascularization results from an 

imbalance in pro- and anti-angiogenic factors. Anti-vascular endothelial growth 

factor A (VEGF-A) therapy has shown promise in reducing progression of 

neovascularization in humans but has little effect on established vessels. The related 

molecule VEGF-B is a survival factor for endothelial cells. A recombinant antibody 

fragment reactive with human, rat and mouse VEGF-B was engineered from an 

established hybridoma. Corneal neovascularization was induced in Sprague-Dawley 

rats by silver nitrate cautery and the anti-VEGF-B antibody fragment or a control 

fragment was administered as eye drops or by subconjunctival injection. Treatment 

extended for 14 days either immediately, to determine the effect on growing vessels, 

or for 14 days after cautery to treat established vessels, at which time rats were 

killed, perfused with haematoxylin, and the corneal flatmounts imaged to quantify 

vascularization. Topical treatment neither prevented growth of vessels nor caused 

regression of established vessels. However, subconjunctival administration of the 

anti-VEGF-B antibody fragment significantly reduced the neovascular area of 

established vessels. Anti-VEGF-B biologics may thus hold promise for the 

regression of established corneal vessels. 
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CHAPTER 1 INTRODUCTION 

 Overview 1.1

The focus of the work described in this thesis was to develop novel therapies for two 

common ocular conditions: corneal neovascularization, and ocular surface disease. In 

the introduction to the thesis, I will first discuss the normal anatomy of the ocular 

surface, followed by a summary of the mechanisms involved in regeneration of the 

corneal epithelium and the maintenance of corneal avascularity. The breakdown of 

normal conditions and the pathophysiology of disease will then be described, 

followed by current treatment strategies and the need for novel therapies. The 

potential use of porous silicon materials for the treatment of ocular surface disease, 

and anti-vascular endothelial growth factor B (VEGF-B) therapy for the treatment of 

corneal neovascularization, respectively, will then be discussed. The chapter will 

conclude with the aims of the project. 

 The structure of the cornea and the ocular surface 1.2

The ocular surface is a specialised structure that extends from the eyelid margins 

superiorly and inferiorly, and includes the conjunctival, limbal and corneal epithelia 

(Figure 1-1). It is exposed to the external environment and is subject to trauma, 

infection and drying. The ocular surface protects the eye from mechanical, toxic and 

infectious insults, and is kept hydrated by the tear film
1
. 

 The cornea and sclera 1.2.1

The outermost fibrous layers of the eye consist of the cornea and sclera (Figure 1-1). 

Each is composed mainly of collagen, however the placement of collagen fibres is 
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Figure 1-1 Structure of the anterior segment of the eye 

(A) Image of the front of the human eye showing the positions of the conjunctiva, 

cornea, limbus and sclera. (B) Diagrammatic representation of a transverse section 

through the anterior segment of the eye. Diagram courtesy A/Prof. RAD Mills, 

Flinders University. 
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highly ordered in the cornea, making it transparent
2
. The cornea and sclera provide 

mechanical strength to the eye, maintaining it in a regular near-spherical shape
2
. The 

cornea is present at the anterior surface of the eye and is contiguous with the sclera, 

which is covered by the conjunctival epithelium anteriorly. The cornea is responsible 

for approximately 70% of the refractive power of the eye
2
 and must remain 

transparent and avascular to maintain optimal light transmission
3
.  

The human cornea comprises five distinct layers (Figure 1-2 A): 

The corneal epithelium consists of five to six layers of stratified squamous cells, 

with a uniform thickness of around 50 µm
4
 (Figure 1-2 B). The cells at the anterior 

surface of the epithelium are flattened, with a large surface area
5
. The middle layer 

consists of polyhedral cells that cap the basal epithelial cells. The basal epithelial 

cells are columnar, with flat bases and rounded heads. They are arranged in a highly 

ordered manner on the basal lamina, and are continuous with the limbal epithelium. 

Bowman’s layer is a modified region of the anterior stroma immediately posterior to 

the basement membrane of the corneal epithelium. It is approximately 8-14 µm thick 

and is devoid of cells.  The corneal epithelial cells are thought to play a role in laying 

down Bowman’s layer
6
. 

The stroma makes up the bulk of the thickness of the cornea
7
. It consists of 

regularly arranged bundles of collagen fibres. Stromal keratocytes are responsible for 

the secretion of collagen and extracellular matrix components
3
. 
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Figure 1-2 Layers of the cornea 

(A) Haematoxylin and eosin stained section of the human cornea, showing the 

five anatomical layers (B) Typical architecture of corneal epithelial cells. The 

basal cells are columnar while the cells on the anterior surface are flattened and 

have pyknotic nuclei. Figure A adapted from Remington and Remington, 2012
3
 

and Figure B from Bron et al 1997
2
. 
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Decemet’s membrane is the basement membrane of the endothelium. It is thin in 

childhood and thickens with age
8
. 

The corneal endothelium consists of a single layer of amitotic cells, which pump 

water from the stroma into the anterior chamber, thus maintaining the stroma in a 

relatively dehydrated state
9
. This is essential for corneal transparency. 

 The conjunctiva 1.2.2

The conjunctiva is the mucous membrane that covers the posterior surface of the 

eyelids and the anterior surface of the sclera. It is translucent and consists of 

stratified squamous epithelium, is vascularised and is continuous with the limbal 

epithelium. The conjunctival epithelium is characterised by the presence of mucin-

producing goblet cells
10

 (Figure 1-3). The conjunctiva plays an important role in 

defence against pathogens
11

. Langerhans cells, which are antigen presenting cells, are 

present in the conjunctiva
12

, the limbus and at a lower density in the cornea
13

.  

 The limbus 1.2.3

The limbus is the transitional zone between the cornea and the sclera
2
. It functions as 

a barrier preventing the conjunctival epithelium from growing across the corneal 

surface and harbours a population of stem cells (at least in humans) responsible for 

the maintenance of the corneal epithelium
14-19

. The limbus contains radially-arranged 

ridge-like structures known as the palisades of Vogt
20

 (Figure 1-4). The corneal 

epithelial stem cells are thought to reside in structures called limbal crypts, which 

extend from the interpalisade rete ridge
21

. The palisades offer a degree 
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Figure 1-3 Histology of the conjunctiva 

The conjunctiva is the mucous membrane that covers the anterior surface of the 

sclera and the posterior surface of the eyelids. (A) The conjunctiva is 

characterised by the presence of mucin-secreting goblet cells (arrows).  

(B) Higher magnification showing goblet cells (c) in the conjunctiva. Images 

from Bron et al 1997
2
. 
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Figure 1-4 The limbus 

The limbus is the transitional zone between the corneal and conjunctival 

epithelium. It contains a population of stem cells which are responsible for 

maintenance of the corneal epithelium. Anatomically the limbus is characterised 

by the palisades of Vogt. (A) Photograph of the limbus in a pigmented individual 

showing the rete ridges of the palisades of Vogt. (B) Electron micrograph of the 

palisades of Vogt.  The stem cells are thought to reside in the interpalisade clefts 

(arrows) between the rete ridges. Image A from Bron et al 1997
2
 and image B 

from Gipson et al 1989
14

. 
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of protection from ultraviolet light induced damage
22

, and a rich supply of blood 

vessels
23

 to the corneal stem cells. 

 Corneal epithelial regeneration 1.3

The corneal epithelium is in a state of constant flux. The cells at the surface are 

sloughed off and replaced by cells from the basal layers. In order for renewal, 

progenitor cells need to divide, migrate and undergo differentiation
3
, so that the rate 

of cell renewal is equal to the rate of cell loss
24

. 

 Renewal of the corneal epithelium 1.3.1

Human corneal epithelium was thought to be regenerated by the division of basal 

cells, with one daughter cell remaining in the basal layers, while the other migrates 

apically, differentiates, and is ultimately sloughed off
25

. Experiments using tritiated 

thymidine estimated epithelial turnover over a period of seven days
25

. The presence 

of stem cells at the limbus has been confirmed in rabbits
26

 and in mice
17

. However, 

Majo et al have demonstrated that in the mouse, oligopotent stem cells with the 

ability to differentiate into corneal or conjunctival epithelial cells are present 

throughout the cornea
27

. It is now widely accepted that in humans, the corneal 

epithelial stem cells reside at the limbus
16, 21, 22, 28-36

. Thoft and Friend hypothesised 

that the proliferation of basal cells X, and the centripetal migration of cells Y, is 

equal to the epithelial cell loss Z, the so-called XYZ hypothesis
37

 (Figure 1-5). 

Stem cells proliferate at the limbus, dividing asymmetrically, to give rise to a 

daughter stem cell and a transient amplifying cell. A population of transient 
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Figure 1-5 Corneal epithelial regeneration 

The XYZ hypothesis of corneal epithelial cell regeneration states that the sum of 

proliferation and anterior migration, X, and centripetal migration, Y, is equal to 

the desquamation of superficial cells, Z. (A) Stem cells at the limbus undergo 

asymmetric division, giving rise to stem cells and transient amplifying cells 

(TACs). (B) TACs migrate centripetally, while undergoing a limited number of 

divisions. (C) The basal cells then migrate anteriorly, and are eventually sloughed 

off. Image modified from Yoon et al 2014
36

. 
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amplifying cells has been identified at the basal junction of the limbus and the 

cornea
38, 39

. The transient amplifying cells then proliferate and migrate centripetally 

(Y component). The centripetal migration of cells from the limbus to the central 

cornea has been demonstrated in mice by marking cells with Pelican India ink
40

. The 

cells were measured to migrate at a rate of 17 microns per day and reached the 

central cornea in seven days
40

.  More recently, keratin14 positive progenitor cells 

have been shown to migrate centripetally in the mouse cornea at a rate of 10.8 

microns per day
41

. Centripetal migration of cells has also been observed in the 

human cornea in vivo by confocal microscopy
42

. The migration of basal cells 

anteriorly (X component) has been demonstrated by labelling cells with tritiated 

thymidine in the mouse, rat, guinea pig and the dog
43

. In humans, it is thought that 

the corneal epithelium is completely replaced over the course of 9 to 12 months
44

. 

 Corneal epithelial stem cells 1.3.2

Corneal epithelial stem cells are characterised by a primitive phenotype, high nuclear 

to cytoplasmic ratio
45, 46

, slow cell cycle
46, 47

, high proliferative potential
48-50

 and the 

ability for self-renewal
30

. 

There are currently no unique and unambiguous phenotypic markers known for the 

identification of corneal epithelial stem cells. The presence of a group of putative 

stem cell markers in conjunction with the absence of differentiation markers is used 

to identify corneal epithelial stem cells. Some of these markers are described 

overleaf. 
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 ABCG2 1.3.2.a

The ATP binding cassette transporter protein (ABCG2) is a member of ATP binding 

cassette superfamily of drug transporters. Functionally, ABCG-2 is thought to protect 

stem cells from oxidative stress
51

. Several studies have reported expression of 

ABCG2 in stem cells of different tissues
52-56

. In the human limbus, 0.3-0.5% of cells 

display the “side population” (SP) phenotype, characterised by the efflux of Hoechst 

dye, and associated with expression of ABCG2, while no SP phenotype is observed 

in central corneal epithelium
57, 58

. ABCG-2 expression has been detected in 2.5-3% 

of limbal cells by flow cytometry
59

. Thus, ABCG-2 expressing cells outnumber “side 

population” cells, indicating that ABCG-2 not only marks the stem cells but likely a 

population of transient amplifying cells as well. Hence ABCG-2 alone cannot be 

used as a marker of corneal epithelial stem cells.  

 p63  1.3.2.b

p63 is a transcription factor involved in morphogenesis. p63 knockout mice lack 

stratified epithelium
60, 61

. Germline mutations in the p63 gene, in humans, cause the 

epithelial disorder ectrodactyly–ectodermal dysplasia–cleft syndrome
62

. These data 

indicate a possible role in maintenance of epithelial stem cell populations. p63 is thus 

a putative corneal epithelial stem cell marker. p63 has 6 isoforms
63

 and in the 

uninjured eye, the ΔNp63α is present in the limbus but not in the cornea
64

. The 

ΔNp63β and the ΔNp63γ isoforms are seen in response to wounding, and are 

associated with limbal cell migration, corneal regeneration and differentiation
64

. The 

ΔNp63α isoform might potentially be a marker of corneal epithelial stem cells. 
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 Cytokeratins 1.3.2.c

Cytokeratins (CK) are cytoskeletal proteins that form intermediate filaments in 

epithelial cells.  They show characteristic expression during development and 

differentiation, and are generally expressed in pairs. Because CK3/CK12 is 

expressed in corneal epithelium
65, 66

 but not in the basal layers of the limbus
67, 68

, 

they are regarded as markers of corneal epithelial differentiation. CK14 has been 

used to identify epidermal stem cells in skin
69

. CK5/CK14 has been identified in the 

basal cells of the limbus and the cornea
70, 71

. Recently CK14 positive cells at the 

limbus have been shown to migrate centripetally in vivo
41

. CK19 is an epidermal 

stem cell marker in hair follicles
72

 and has been shown to localise to basal cells of 

human and murine limbal epithelium
38, 66, 73

. 

 The limbal stem cell niche 1.3.3

A stem cell niche is a defined area that maintains stem cells in an undifferentiated 

state
74, 75

. The limbus is highly vascularised, providing a rich supply of nutrients for 

stem cells
17, 76

 (Figure 1-6). It is also pigmented, which is thought to protect the stem 

cells form ultraviolet radiation
14, 17

. The molecular composition of the limbal 

basement membrane is significantly different from that of the central basement 

membrane. Expression of ABCG2, collagen IV α1 chain, lamina α2, b1, b2, g1, g3 

chains, again, BM40, tenascin-c, vitronectin, chondroitin sulphate and versican has 

been demonstrated at the limbus but not in the central cornea
36, 67, 77-81

. 
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Figure 1-6 The limbal stem cell niche 

The limbus is the niche for the corneal epithelial stem cells. (A) Transverse 

section of the anterior limbus. The rete pegs (RP) of the palisades of Vogt are 

separated by the interpalisade region (IP), and house a population of stem cells. A 

large number of blood vessels are located in close proximity to the limbus.  

(B) Immunohistochemistry for ABCG2, which is a cell membrane transport 

protein, with high expression in a number of stem cells. The cells in the limbal 

crypts (LC) show high expression of ABCG2. Image A from Bron et al 1997
2
 and  

image B from Dua et al 2005
21

. 
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 Limbal stem cell dysfunction 1.4

The loss or dysfunction of the corneal epithelial stem cells, or disruption of the 

limbal niche, can lead to limbal stem cell deficiency (LCSD). The causes of LCSD 

are manifold, and include aniridia
82

, autoimmune polyendocrinopathy candidiasis 

ectodermal dystrophy
83

, and some epithelial or stromal corneal dystrophies
84

. LCSD 

can also be acquired as a result of chemical and thermal burns
44

, multiple surgeries 

involving the limbus
85

, contact lens wear
86

, drug toxicity
87

, cicatricial pemphigoid
85

,  

Stevens-Johnson syndrome
85

, ocular surface squamous neoplasia
88

, chronic 

inflammation
89

, and pterygium
90

. Some cases are idiopathic
85

. LCSD can lead to 

ocular surface disease (OSD), which is characterised by conjunctivization of the 

ocular surface, corneal vascularization, pain, and oedema (Error! Reference source 

ot found.). If left unchecked, LCSD can lead to blindness
85, 91

. OSD can refer to a 

number of conditions with disparate causes, however for the purpose of this thesis, 

OSD refers to the disease caused by the loss of, or damage to, LESCs.   

 Treatments for ocular surface disease 1.4.1

 Limbal grafts 1.4.1.a

Limbal autotransplantation can be carried out for the treatment of unilateral 

disease
92

. Kenyon et al performed limbal autografts in 26 cases of chemical burns, 

with follow-up ranging from 2-45 months
92

. Of the 21 cases with 6 or more months 

follow-up, 17 cases had improved visual acuity, and 20 cases demonstrated a stable 

corneal surface without persistent epithelial defect
92

. The procedure involves 

transplantation of limbal tissue from the unaffected eye, however there is a risk of 

inducing disease in the donor eye
86

. Bilateral disease necessitates the use of tissue 
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Figure 1-7 Ocular surface disease 

Photograph of a human eye with ocular surface disease. Conjunctivization of the 

ocular surface and neovascularization is apparent. Provided by the ophthalmic 

photographer, FMC Eye Clinic. 
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from cadaveric donors
93, 94

. Limbal transplantation has shown promise in terms of 

improved vision. However, limbal allografts tend to undergo immunological 

rejection
95, 96

, require immunosuppression
97, 98

 and have a poorer survival rate when 

compared to corneal grafts
99

 (Figure 1-8). 

 Ex vivo cultured limbal epithelial stem cells 1.4.1.b

A biopsy of limbal tissue from an unaffected eye can be cultured to form an 

epithelial cell sheet which is then transferred on to the corneal surface of the affected 

eye on a scaffold. This method reduces the risk of LESC deficit in the healthy eye by 

reducing the amount of limbal tissue needing to be removed, and provides an 

autologous therapy. In case of bilateral disease, tissue from a related donor or 

cadaveric tissue has been used. Schwab et al used tissue from living-related donors 

in five patients with total LSCD. An improvement in visual acuity was observed in 

all patients, with a minimum follow-up time of six months
100, 101

. The Kinoshita 

group evaluated the use of tissue from cadaveric donors for the treatment of OSD in 

two related studies
109, 110

. Corneal epithelial cells cultured on denuded amniotic 

membrane were transplanted in 16 eyes in 13 patients with total LCSD. An 

improvement in visual acuity was observed in 13 of 16 treated eyes, with a mean 

follow-up of 11 months
102, 103

. A separate study by the same group evaluated the use 

of autologous serum for the culture of donor epithelium, with all 7 eyes receiving 

transplanted cells demonstrating improved visual acuity
104

. However, it must be 

noted that immunosuppression was required for the maintenance of allogeneic tissue, 

with episodes of rejection reported
102, 105

. In light of these findings, alternative 

autologous sources of stem cells for ocular surface reconstruction have been 

explored, and are discussed in the following section. 
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Figure 1-8 Limbal grafts 

(A) Image of a failing human limbal allograft. Arrows point to the grafts, opacity 

indicates that the graft is failing. (B) A Kaplan-Meier plot comparing the 

probability of survival of limbal, lamellar and penetrating corneal grafts. Limbal 

grafts fail significantly faster than either partial or full thickness corneal grafts, 

data from the Australian Corneal Graft Registry report 2011
99

. Image A provided 

by Prof. Keryn Williams, Flinders University. 
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 Oral mucosa as a source of stem cells 1.4.1.c

The use of autologous cells for transplantation avoids use of immunosuppressive 

agents. Oral mucosa (OM) is an attractive source of epithelial cells for corneal 

surface regeneration as like corneal epithelium, it is non-keratinised
106

, is a source of 

stem cells
107, 108

, and can be relatively easily harvested
109

. Initial experiments in the 

rabbit demonstrated that autologous oral mucosal epithelium could restore the ocular 

surface in experimentally induced LCSD
110-112

. Oral mucosal epithelial cells 

(OMECs) obtained from biopsies and cultured on denuded amniotic membrane in the 

presence of inactivated 3T3 fibroblasts have been transplanted to treat human ocular 

surface disease
113

. Six eyes of four patients with LSCD associated with Stevens-

Johnson syndrome or chemical burns were treated with autologous oral mucosal 

epithelial cells. The corneal surface was free of epithelial defect 48 hours after 

transplantation in all six eyes, and remained stable during follow-up (mean 13.8 

months). Improved visual acuity was reported, however peripheral vascularization 

was observed
113

. 

Two long-term studies of autologous oral mucosal epithelial cell transplantation have 

been carried out. Nakamura et al reported successful re-epithelisation following oral 

mucosal epithelial cell transplants in 19 eyes in 17 patients with total LCSD
114

. The 

mean follow-up was 55 months, with the best corrected visual acuity improved in 10 

eyes (53%) at the 36 month follow-up
114

. Satake et al demonstrated similar results in 

40 eyes of 36 patients, with 53% of eyes having a stable ocular surface 3 years post 

treatment
115

. A number of other studies have demonstrated similar results with the 

use of ex vivo cultured autologous oral mucosal epithelial cells
116-121

. 
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The culture of oral mucosal epithelial cells (OMECs) employs the use of xenogeneic 

materials, which pose a risk to the recipient. There is a risk of transfer of pathogens 

with the use of amniotic membrane, bovine serum and 3T3 fibroblasts. 

Transplantation of OMECs without the use of amniotic membrane has been 

demonstrated
107

. Nishida et al transplanted oral mucosal epithelial cell sheets to one 

eye each of four patients with bilateral total LCSD. Complete re-epithelialization was 

observed one week post-transplant, and the corneas remained transparent for up to 14 

months, with improved visual acuity
107

. In an attempt to further reduce the use of 

xenogeneic material, Oie et al explored the use of human dermal fibroblasts to 

replace the murine 3T3 feeder cells
122

. The colony-forming efficiency was 

comparable between oral mucosal cells grown on dermal fibroblasts and 3T3 cells, 

and stratified epithelium formed on both substrates
122

. Furthermore, the percentage 

of p63-positive cells was greater when grown on human dermal fibroblasts (46%) 

than on 3T3 cells (30%)
122

. A serum-free and feeder-cell free culture system was 

developed in 2008 for the expansion of human corneal epithelial equivalents
123

. 

Epithelial cells grown in the absence of serum or feeder cells on human amniotic 

membrane formed stratified sheets and expressed CK3/12. The cells also showed a 

higher proliferative capacity and colony-forming efficiency than cells grown in 

standard conditions
123

. However, human amniotic membrane was still used as a 

scaffold. 

 Other sources of stem cells for ocular surface reconstruction 1.4.1.d

Ex vivo expanded human
124

 or rabbit
125

 conjunctival epithelium on amniotic 

membrane has been used to treat experimentally-induced LCSD in rabbits. 

Conjunctival explants grew into stratified epithelium 3-6 layers thick on amniotic 
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membrane, and formed a stable transparent ocular surface when transplanted on the 

eyes of rabbits with experimentally induced LCSD
124, 125

. Epidermis and corneal 

epithelium are derived from the ectoderm during embryogenesis. Autologous 

transplantation of epidermal stem cells led to restoration of corneal transparency and 

improved visual acuity in a goat model of ocular surface disease (OSD)
126

. Human 

immature dental pulp stem cells (hDIPSC) share similar characteristics with limbal 

stem cells
127

. Improved corneal transparency was reported after application of 

epithelial sheets derived from hDIPSC in a rabbit model of LCSD
128

. Autologous 

nasal mucosa transplantation for ocular surface reconstruction has also been 

explored
129

. Six eyes in six patients underwent ocular surface reconstruction with 

cultivated autologous nasal mucosal epithelial cells. The cells expressed CK3/12 and 

p63. A stable ocular surface was established at a mean follow-up of 14 months
129

. 

Stem cells derived from the hair follicle bulge have been successfully 

transdifferentiated into corneal epithelial-like cells
130

. The cells expressed the corneal 

epithelial markers CK3/12 and pax6, as well as the putative stem cell markers CK15 

and alpha6 integrin
130

. Hair follicle bulge-derived cells grown on fibrin carriers were 

able to reconstruct the ocular surface in 80% of mice with experimentally-induced 

LCSD
131

. Furthermore, the cells transdifferentiated on the ocular surface expressed 

CK3/12, and prevented neovascularization and conjunctival ingrowth
131

. Mouse 

embryonic stem cells grown on collagen IV differentiated into  

keratin 12-expressing corneal epithelial progenitor cells, which were able to  

re-epithelialise the corneal surface after n-heptanol debridement
132

. Mesenchymal 

stem cells (MSCs) grown on amniotic membrane successfully re-epithelialised the 

ocular surface in a rat alkali burn model
133

. MSCs delivered systemically were able 
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to home to the cornea and promote re-epithelialization after an alkali burn in a rabbit 

model
134

.  

Whatever the source of epithelial cells, they are generally transferred to the ocular 

surface on a scaffold. Clinically, amniotic membrane is widely used; however a 

number of alternatives are under investigation. Scaffolds for the transfer of epithelial 

cells to the eye are discussed below. 

 Scaffolds for the transfer of stem cell to the ocular surface 1.4.1.e

 Amniotic membrane 1.4.1.e.1

Epithelial cell sheets generally require a scaffold for successful transplantation. The 

current gold standard scaffold is human amniotic membrane, which is denuded of 

cells before seeding corneal epithelial cells
135

. Epithelial cell sheets have been 

successfully grown on amniotic membrane in vitro
135-140

. A number of animal studies 

have demonstrated re-epithelialization of the corneal surface after transfer of 

epithelial cells on amniotic membrane
110, 141-143

.  

In humans, many groups have reported successful transfer of epithelial cells to the 

ocular surface using amniotic membrane. Tsai et al transplanted autologous limbal 

epithelial cells expanded on denuded amniotic membranes in 6 patients with 

unilateral LCSD
144

. Complete reepithelialisation of the corneal surface was observed 

within 3-4 days, and visual acuity was improved in 5/6 patients with mean visual 

acuity improving from 20/112 to 20/45
144

. The Kinoshita group has reported the 

transfer of autologous limbal epithelial cells on amniotic membrane, with 
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regeneration of a stable corneal surface up to 19 months post-transplant, in patients 

with unilateral LCSD
145

. The same group transplanted autologous oral mucosal 

epithelial cells on amniotic membrane in 6 eyes in 4 patients with LCSD. The 

corneal surface was found to be intact in all eyes 48 hours after transplantation, and 

remained stable at a mean follow-up time of 13.8 months
113

. A further study from 

this group, in three patients, reported that regrafting with amniotic membrane 

carrying epithelial cells can be performed if the cornea opacifies after an initial 

graft
146

. Similar results with the use of amniotic membrane as a carrier of epithelial 

cells for the treatment of OSD have been reported by others
113, 147-151

. 

 Alternative scaffolds for transfer of cells to the eye 1.4.1.e.2

Amniotic membrane is at best translucent, does not degrade completely on the ocular 

surface and being biologically sourced, and poses a risk for transmission of 

pathogens. A number of alternative scaffolds have been trialled for the transfer of 

epithelial cells to the ocular surface, including contact lenses, human lens capsule, 

collagen, fibrin, silk fibroin, and polymers (Figure 1-9). The results obtained with 

theses scaffolds will be discussed below. 

Some contact lenses support the growth of human limbal epithelial cells. The  

Di Girolamo group reported that cells proliferated on the surface of the lens, 
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Figure 1-9 Scaffold for the transfer of cells to the ocular surface 

(A) Image of a soft contact lens with limbal epithelial cells in a 90 mm petri dish. 

(B) Outgrowth of cells from a limbal explant seeded on a soft contact lens.  

(C) Silk fibroin membrane placed on written text, demonstrating transparency. 

(D) Electron micrograph of the fibrous silk fibroin mat used to culture 

mesenchymal stem cells. (E) The transparency of fibrin gels demonstrated by 

placing over text. (F) H&E stained oral mucosal epithelial cells on fibrin gel 

showing a multilayered epithelium. Images A and B from Di Girolamo et al 

2007
152

, C and D from Bray et al 2012
186

, and E and F from Sheth et al 2014
176

. 
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were p63 positive, and formed a sheet 2-3 cells thick with expression of corneal 

epithelial cell markers CK3/12
152

. A recent study reported that acrylic acid 

modification of contact lenses led to increased proliferation of limbal epithelial cells, 

and maintained progenitor cells during ex vivo expansion
153

. Acid modified contact 

lenses applied to rabbit eyes with induced LCSD were able to transfer epithelial cells 

to the ocular surface and partially reconstruct the corneal epithelium
154

. Autologous 

limbal epithelial cells transferred to the eye on a soft contact lens were able to 

stabilise the ocular surface in one patient with severe alkali burns
155

. A clinical trial 

exploring the use of contact lenses to deliver epithelial progenitor cells for the 

treatment of LCSD was carried out by Di Girolamo et al
156

. Three patients with long-

standing LCSD due to aniridia (n=1) or recurrent ocular surface melanoma (n=2) 

were included in the study. Autologous epithelial cells from limbal (n=2) or 

conjunctival (n=1) biopsies were expanded on siloxane-hydrogel contact lenses ex 

vivo, in the presence of autologous serum. Transplantation of the progenitor cells on 

the contact lens to the surface of the eye resulted in stabilization of the ocular surface 

in all patients, with an improvement in visual acuity. Follow-up ranged from eight to 

thirteen months
156

. 

Human anterior lens capsule is composed of collagen IV, laminins and heparin 

sulphate proteoglycans. It is easily sourced, as it is discarded following cataract 

surgery
157

. Lens capsule was used successfully to treat mechanically-induced corneal 

ulcers in rabbits
158

. Corneal ulceration was induced in 8 male rabbits by trephination. 

Allogeneic anterior lens capsule was implanted in four rabbits, and in the other four 

the wound was allowed to heal without intervention. Treated rabbits showed faster 

re-epithelialization of the corneal epithelium with reduced opacity when compared to 
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untreated animals
158

. Human LESCs have also been expanded on lens capsule ex 

vivo
159

, however more work is required to evaluate epithelial cell growth in vitro and 

in vivo. 

Collagen is a major constituent of the cornea, is biocompatible, has low 

immunogenicity, and is easily produced
160, 161

. Various formats of collagen carriers 

support the growth of epithelial cells in vitro
162-167

, and have been tested in rabbit
168

, 

minipig
169, 170

 and porcine
171

 models of OSD
168

. A cross-linked collagen material, 

without epithelial cells, designed as a biosynthetic mimic of extracellular matrix has 

shown promise as a corneal substitute in a phase I clinical trial
172

. The material was 

implanted in 10 patients with vision loss due to corneal pathology, and was stable up 

to 24 months post-implant. No immunosuppression was required and the material 

remained avascular. Complete re-epithelialization was apparent in all patients, with 

nerve regeneration and sensitivity to touch. Six out of ten patients showed an 

improvement in visual acuity
172

. 

Fibrin is a low cost, degradable substrate that has been used as a tissue substitute for 

human skin
173, 174

. Human corneal epithelial cells positive for CK3 have been grown 

on fibrin gels
175

. Oral mucosal epithelial cells grown on a fibrin gel developed into a 

stratified epithelium, with the basal cells expressing p63α, and the superficial cells 

expressing CK3/12
176

. Rabbit LESCs on fibrin gels were able to regenerate the 

epithelium after superficial keratectomy
177

. Autologous LESCs grown on fibrin gels 

restored the epithelium in 14 of 18 patients in an initial study by the Pellegrini 

group
178

. Re-epithelialization was apparent within one week, with inflammation and 

vascularization regressing within 4 weeks, and a stable corneal epithelium at follow-

up at 12-27 months
178

. A larger study (112 patients), from the same group, with up to 
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10 years follow-up, demonstrated restoration of a transparent, renewing cornea in 

76% of patients with LCSD
179

. 

Silk fibroin is a protein obtained from the cocoons of the silkworm Bombyx mori
180

. 

It is transparent, non-immunogenic, and can be fabricated into a thin film
181, 182

. Cells 

isolated from rabbit limbal epithelium have been cultured on porous silk fibroin 

membranes, and expressed CK3/12 and p63
183

. Chirila et al demonstrated serum free 

expansion of human limbal epithelial cells on silk fibroin membranes
184

. Bray et al 

compared the growth of human limbal epithelial cells on silk fibroin and amniotic 

membrane. Attachment of cells to tissue culture plastic and silk fibroin membranes 

was comparable, but was six fold less than attachment to amniotic membrane
185

. The 

cells attached to silk fibroin expressed CK3/12, and similar distribution of p63 

positive cells were observed on silk fibroin and amniotic membrane
185

. The same 

group explored dual-layer culture of epithelial and stromal cells on silk fibroin 

membranes, with a view to creating an artificial limbus
186

. Epithelial cells co-

cultured with stromal cells displayed similar expression of CK3/12 and p63 to cells 

grown without stromal cells
186

. 

Polymers are inexpensive and straightforward to prepare. They can be easily 

moulded to form a suitable scaffold for cell culture. Poly(ε-caprolactone)
187, 188

, 

poly(lactide-co-glycolide)
189

, polymethacrylate
190, 191

, and hydroxyethyl-

methacrylate
192

 have been shown to support the growth of epithelial cells in vitro. 

Rabbit conjunctival epithelial cells grown on poly(ε-caprolactone) underwent 

proliferation and stratification after implantation into the corneas of severe combined 

immunodeficiency (SCID) mice
187

. 
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 Corneal neovascularization 1.5

 Corneal avascularity 1.5.1

In most species including humans, the cornea remains avascular even although a 

number of angiogenic factors are present. Vascular endothelial growth factor A 

(VEGF-A)
193

, platelet-derived growth factor, insulin-like growth factor, fibroblast 

growth factor and matrix metalloproteinases have all been detected in the cornea
194

. 

Under normal conditions, there is high expression of anti-angiogenic factors and low 

levels of pro-angiogenic factors. Soluble vascular endothelial growth factor receptor-

1 (sflt-1) is the principal anti-angiogenic agent in the cornea
195

. It is responsible for 

maintenance of corneal avascularity by sequestering VEGF-A, preventing it from 

binding to VEGF receptor-2 on endothelial cells and exerting its mitogenic effect
195

.  

Expression of Fas ligand
196

 and thrombospondin-1
197

 have also been shown to induce 

apoptosis in Fas positive endothelial cells, and to reduce the angiogenic response to 

injury, respectively, and thus play a role in maintaining corneal avascularity. 

 Physiological angiogenesis 1.5.2

Angiogenesis can be defined as the formation of new blood vessels from existing 

vessels. Two forms of angiogenesis are recognised: sprouting angiogenesis, which 

involves chemotactic migration and proliferation of endothelial cells, and non-

sprouting angiogenesis, which is the splitting of existing vessels by formation of 

transcapillary pillars
198

. The growth of tissue beyond the diffusion limit of oxygen, 

approximately 100-200 m from a blood vessel
199

, leads to hypoxic induction of 

angiogenesis
200

 through hypoxia-inducible factor-1 (HIF-1)
201, 202

. Physiological 

angiogenesis is important in the remodelling of the vasculature and vascularization of 
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hypoxic tissue, but pathological angiogenesis has been implicated in a number of 

ischaemic, malignant, inflammatory, infectious and immune disorders
200

. 

The seed for the development of the vascular system is sown during embryogenesis 

by the differentiation of mesodermal cells known as angioblasts
198

. The angioblasts 

form the primitive plexus of blood vessels by a process termed vasculogenesis
203

. 

After vasculogenesis, the remodelling and maturation of the vascular system takes 

place through angiogenesis. Structures such as the neural tube and retina are 

vascularised by angiogenic sprouting during normal development
204

. An important 

step in the maturation of vessels is the association of the endothelial cells with 

smooth muscle cells and pericytes
204

.  

Vascular endothelial cells have a low turnover in adult vascular beds
205

, and 

angiogenesis is a rare event in the mature vasculature. Physiological angiogenesis 

does play an important role in adult vasculature in the female reproductive system
206

, 

especially during cyclic endometrial changes
207, 208

. Angiogenesis also plays an 

important role in wound healing
198, 204

. Physiological angiogenic events are highly 

regulated and persist for short periods before being completely suppressed
209

. 

Angiogenesis is controlled by a fine balance of pro- and anti-angiogenic factors. A 

number of molecules have been identified as inducers of angiogenesis, such as 

members of the vascular endothelial growth factor (VEGF) family, angiopoietins, 

transforming growth factors, tumour necrosis factor-platelet-derived growth 

factor, interleukins and members of the fibroblast growth factor family
210

. The major 

initiator of angiogenesis is believed to be VEGF-A, which is a secreted growth factor 

that stimulates the proliferation of endothelial cells
211, 212

.  
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The vascularization of tissue is determined by its metabolic activity. The presence of 

hypoxic tissue is known to stimulate angiogenesis. Tissue hypoxia has been shown to 

upregulate VEGF-A expression
213, 214

 by the induction of HIF-1, which increases 

VEGF-A transcription, and also by an increase in the stability of VEGF-A mRNA
215

. 

VEGF-A has been shown to be expressed during both vasculogenesis
216

 and 

angiogenesis
217

. VEGF-A acts specifically on endothelial cells, and shows little 

mitogenic activity on other cell type
212, 218

. 

VEGF-A acts in conjunction with other pro-angiogenic agents in a strictly regulated 

manner to mediate physiological angiogenesis. After sufficient vascularization of 

hypoxic tissue, the signals that mediate induction of pro-angiogenic factors soon 

disappear. The levels of VEGF-A return to normal, resulting in cessation of 

angiogenesis and return of the endothelial cells to their quiescent state
200

. 

 Vascular endothelial growth factors and angiogenesis 1.5.3

The VEGF family consists of 7 members: VEGF-A, VEGF-B, VEGF-C, VEGF-D, 

VEGF-E, VEGF-F and placental growth factor (PlGF)
219

. The VEGFs bind to 

transmembrane tyrosine kinase receptors VEGFR-1, VEGFR-2, VEGFR-3, 

neuropilin-1 and neuropilin-2 (Figure 1-10). VEGF-A and VEGF-B, which have 

endothelial cell growth and survival properties respectively, will be discussed 

further. 

 VEGF-A 1.5.3.a

VEGF-A was first discovered as a factor secreted by tumours
220

. It exists as a 

covalently linked
221

 homodimer of ~45 kDa
211

. Differential splicing of the VEGF-A 
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Figure 1-10 The vascular endothelial growth factor family 

The VEGF family of growth factors consists of 7 members VEGF-A to F and 

PlGF, and their receptors VEGFR-1 to 3 and neuropilin-1 and 2. VEGF-A brings 

about angiogenesis through binding to VEGFR-2. VEGFR-1 acts as a dummy 

receptor to keep the levels of VEGF-A in check. The soluble portion of this 

receptor has been shown to be responsible for corneal avascularity. VEGF-B 

binds to VEGFR-1 and the neuropilin receptors. It does not induce angiogenesis 

or lymphangiogenesis. It is more of a survival factor than a growth factor. 

VEGFR-3 and its ligands VEGF-C and D regulate lymphangiogenesis. VEGF-E 

is an angiogenic stimulator encoded by the genome of the orf virus. VEGF-F is a 

VEGF-like molecule in viper venom. PlGF is expressed in the placenta, heart and 

lung and is important in vascular remodeling. Figure adapted from  

Otrock et al 2007
210

. 
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gene yields a number of isoforms, namely VEGF121, VEGF145, VEGF165, VEGF183, 

VEGF189 and VEGF206
222, 223

, with VEGF165 being the most highly expressed. VEGF-

A binds to VEGFR-1, VEGFR-2 and both neuropilin receptors. VEGF-A promotes 

angiogenesis in vitro
224

 and in vivo
225, 226

 and is a survival factor for newly formed 

vessels
227

. Deletion of a single allele of the VEGF-A gene in mice leads to vascular 

defects and is embryonic lethal
228

, indicating its essential role in vasculogenesis. 

VEGF-A also plays a key role in pathological angiogenesis. Most solid tumours 

express VEGF-A
229

, and high levels of VEGF-A have been found in the vitreous and 

blood of patients with active proliferative retinopathy
230-233

, and in human and animal 

models of corneal neovascularization
193, 234, 235

. Dysregulation of VEGF-A 

expression leads to uncontrolled angiogenesis and formation of immature blood 

vessels that are leaky and prone to haemorrhage. VEGF-A is thus an attractive target 

for the treatment of proliferative neovascular diseases. 

 VEGF-B  1.5.3.b

The VEGF-B gene was initially cloned and characterised as VEGF-related-factor 

(VRF) in 1996
236

. It was shown to have structural similarities to VEGF-A and PlGF, 

and described as an endothelial cell mitogen
237

. Alternative splicing of the VEGF-B 

gene yields two isoforms which differ in their heparin binding properties
238

. VEGF-B 

is a secreted protein and associates to form a homodimer
239

. VEGF-B is expressed in 

a wide range of tissue but shows high levels of expression in the heart and skeletal 

muscles both during development
240

 and in adult tissue
237

. Isoform-specific 

expression has also been reported
241

. VEGF-B binds to VEGFR-1
242

 and neuropilin-

1
243

 and was initially believed to have angiogenic properties
244

.  
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The function of VEGF-B is not completely understood, but recent studies have 

shown it to be more of a cell survival factor than a growth factor
245

. VEGF-B 

knockout mice are healthy and fertile, however they do have minor vascular 

abnormalities
246, 247

. This is in contrast to VEGF-A or VEGF-C knock outs, which 

are embryonic lethal
228

. These data suggest that VEGF-B is not essential for 

formation of the vascular system. Transgenic overexpression of VEGF-B does not 

induce angiogenesis, or lymphangiogenesis
248, 249

, which is in stark contrast to other 

members of the VEGF family. Furthermore, unlike VEGF-A, VEGF-B lacks the 

ability to induce vascular permeability
247, 248, 250, 251

. 

 The role of VEGF-B in angiogenesis 1.5.3.b.1

Initial reports suggested VEGF-B could stimulate the growth of endothelial cells in 

vitro
237

. VEGF-B was also shown to increase vascular growth in an ischaemic limb 

model
252, 253

, however, other studies showed no vascular growth
254

. The majority of 

published data suggest that VEGF-B does not induce neovascularization. VEGF-B 

over-expression in muscle
255

, periadvential tissue
256

 and heart
249

 did not cause blood 

vessel growth, though an increase in capillary diameter was observed
249

. VEGF-B 

over-expression potentiated rather than initiated angiogenesis in transgenic mouse 

cells
248

. VEGF-B was found to be dispensable for blood vessel growth, but required 

for blood vessel survival in a mouse model of corneal neovascularization
257

. 

Furthermore, VEGF-B addition was found to augment neovessel formation in models 

of choroidal and retinal neovascularization
258

, possibly by increasing endothelial cell 

survival. 
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 The role of VEGF-B in the heart 1.5.3.b.2

VEGF-B deficient mice had essentially normal hearts, but minor abnormalities in the 

coronary vasculature were noted
247

. Similarly VEGF-B deficient rats did not exhibit 

any obvious vascular abnormalities
259

. In mice, VEGF-B deficiency was shown to 

confer some resistance to hypertension and vascular remodelling induced by 

hypoxia
260

. The levels of VEGF-B were observed to be downregulated in a model of 

left ventricular hypertrophy in the mouse
261

. VEGF-B186 delivered by  

an adeno-associated virus preserved cardiac function, possibly by inhibition of 

apoptosis
261

. A similar downregulation of VEGF-B was observed in rats following 

myocardial infarction
262

, and levels of myocardial VEGF-B have been shown to be 

reduced in heart failure in humans
259

. VEGF-B did not induce capillary angiogenesis 

but caused enlargement of myocardial capillaries in both mouse and rat
249, 263-265

. 

 The role of VEGF-B in neuroprotection 1.5.3.b.3

VEGF-B is expressed in neurons in the central nervous system
240

 and elsewhere
266

. 

Expression has been shown in the brain of humans with Parkinson’s disease
267

. 

VEGF-B also increased neuron survival in a model of Parkinson’s disease in vitro
268

 

and in vivo
269

. VEGF-B stimulated neurogenesis in mice
270

 and prevented motor 

neuron degeneration in vitro
271

. VEGF-B appears to be a survival factor for different 

types of neurons including brain cortical neurons
272, 273

, retinal neurons
273

 and motor 

neurons in the spinal cord
271

. The neuroprotective effects appear to be mediated 

through VEGFR1
266, 271

, by inhibition of apoptosis
273

. The neuroprotective role of 

VEGF-B might be important in the context of the cornea, as VEGF-B inhibition 

could potentially lead to apoptosis of corneal nerves. VEGF-B has been found to be 
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expressed in the normal mouse cornea, and increased expression was observed in 

response to epithelial debridement
274

. Furthermore, VEGF-B deficient mice had 

impaired nerve regeneration, which was rescued by exogenous VEGF-B, in a mouse 

model of peripheral nerve injury
274

. 

 The role of VEGF-B in fatty acid transport 1.5.3.b.4

VEGF-B has an effect on the expression of fatty acid transporter proteins (FATPs). 

Deletion of VEGF-B has been shown to reduce the levels of FATP3 and 4
275

. VEGF-

B deficient mice fed a high fat diet had improved insulin sensitivity and blood lipid 

profiles
276

. Cold exposure reduced the levels of VEGF-B and FATP3 in brown 

adipose tissue
277

. VEGF-B also affected FATP1 and 4 levels in a neuroblastoma cell 

line in vitro
267

. Downregulation
278

 and overexpression
279, 280

 of VEGF-A have been 

shown to prevent obesity and insulin resistance in response to a high fat diet, and the 

levels of VEGF-B and FATP1-4 were increased in the white adipose tissue of these 

mice
278

. Both VEGF-B and VEGFR1 are highly expressed in white and brown 

adipose tissue
281

, however their role in fatty acid metabolism is not completely 

understood. 

 Pathological neovascularization in the cornea 1.5.4

Angiogenesis, the sprouting of blood vessels from existing vessels, is highly 

regulated and occurs for very short periods of time
209

. Corneal neovascularization 

occurs when the balance of pro- and anti-angiogenic factors shifts towards 

angiogenesis (Figure 1-11 A). Pathological angiogenesis is the result of prolonged 

pro-angiogenic stimuli, and can be caused by infection, chemical or mechanical 
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Figure 1-11 Corneal neovascularization 

(A) Image of a vascularised human cornea. (B) Kaplan-Meier plot comparing the 

probability of human corneal allograft survival in vascularised and non-

vascularised recipient beds. Grafts into non-vascularised recipient beds survive 

significantly longer than if there are vessels present at the time of graft. Data 

from the Australian Corneal Graft Registry report 2011
99

. 

 

 

A
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insults, and inflammation
282, 283

, leading to unregulated growth of blood vessels.  

Neovessels arise from the pericorneal limbal plexus and invade the cornea
284, 285

. 

Pathological neovessels tend to be immature and hyperpermeable, which can lead to 

corneal oedema, scarring, lipid deposition and inflammation
194, 286, 287

. The presence 

of corneal vessels is a risk factor for failure of a subsequent corneal graft  

(Figure 1-11 B). Corneal neovascularization is a potentially sight-threatening 

condition estimated to affect 1.4 million people per year in the USA
282

. 

 Treatments for corneal neovascularization 1.5.5

A number of strategies are employed for the treatment of corneal neovascularization. 

In early stages of disease, anti-angiogenic therapies can be employed to prevent the 

formation of blood vessels, while angio-regressive methods are used to treat 

established vessels. 

 Surgical therapy 1.5.5.a

Surgical techniques used to treat corneal neovascularization include laser 

photocoagulation, photodynamic therapy and needle diathermy. 

 Laser photocoagulation 1.5.5.a.1

This technique uses a laser to induce thermal damage to vessels. The laser energy is 

absorbed by haemoglobin leading to coagulation, followed by collapse of the vessel 

and cessation of blood flow. The shortcomings of this technique are that feeding 

arteries and arterioles can be difficult to identify at the slit-lamp, the occlusive effect 

can be impermanent
288

 and the vessels can regrow
289

. Laser therapy can also lead to 
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upregulation of inflammatory cytokines and VEGF-A
290

, resulting in further 

angiogenesis. A number of complications of laser photocoagulation such as 

peripheral corneal haemorrhage, iris atrophy and pupil ectasia, corneal thinning
291

 

and necrotising scleritis
292

 have been described. 

 Photodynamic therapy 1.5.5.a.2

Photodynamic therapy (PDT) aims to target vessels selectively by using a 

photosensitising agent which is selectively absorbed and retained by neovascular 

tissue. Application of laser energy thereafter leads to production of free radicals and 

targeted tissue damage. Verteporfin
293-295

, fluorescein
296

 and dihematoporphyrin 

(DHE)
288

 have been used as photosensitising agents. A pilot study in 15 patients with 

corneal neovascularization showed fluorescein-potentiated argon laser therapy 

resulted in a slow regression of neovascularization and clinically significant 

reduction in corneal oedema, however multiple treatments were required
296

. DHE 

was found to be effective in reducing established vessels, but showed significant 

systemic and local side effects
288

. Verteporfin PDT caused complete occlusion of 

vessels in 50% of cases, however repeat treatments were required in 60% of patients, 

and it failed to cause occlusion in 11% of cases
295

. The dyes and lasers used for PDT 

are expensive
293, 294

, and coupled with the potential for local and systemic side 

effects, PDT is not commonly used for the treatment of corneal 

neovascularization
297

. 
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 Needle diathermy 1.5.5.a.3

This technique involves occlusion of vessels by passing an electric current, using a 

diathermy unit, through a stainless steel needle placed in or near the vessel
298

. A 

modification of this technique uses an electrolysis needle which is more flexible and 

applies thermal energy
299

. A recently published long-term evaluation of the technique 

in 56 eyes in 52 patients, demonstrated regression of vessels in 68% of eyes 6 weeks 

post therapy, however multiple treatments were required to maintain regression, and 

there was only a modest improvement in visual acuity
300

. These techniques have 

been used in a limited number of patients and require further evaluation. 

 Non-surgical therapy 1.5.5.b

Non-surgical treatments for corneal neovascularization are based on anti-angiogenic 

and anti-inflammatory agents. 

 Steroids and non-steroidal anti-inflammatory agents (NSAIDs) 1.5.5.b.1

Topical steroids are used as a front-line treatment for corneal neovascularization
301

. 

The anti-angiogenic activity of a number of corticosteroids such as cortisone
302

, 

dexamethasone
303

, hydrocortisone
304

, prednisolone
305

 and triamcinolone
306

 has been 

assessed. The mechanism of anti-angiogenic action of these agents is poorly 

understood
307

. The anti-angiogenic effect is believed to result from  

anti-inflammatory properties such as inhibition of cell chemotaxis
305, 308

, modulation 

of proteolytic activity of vascular endothelial cells
301, 308

 and inhibition of  

pro-inflammatory cytokines
309, 310

. Steroids are unable to completely suppress 

corneal neovascularization
291

, cannot induce regression of vessels, and may elicit a 
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number of side-effects such as glaucoma and cataract in steroid-sensitive individuals. 

Non-steroidal anti-inflammatory drugs (NSAIDs) provide similar efficacy as do 

steroids, without the ocular side effects. NSAIDs target prostaglandin production by 

inhibition of the cyclooxygenase enzymes
297

. The anti-angiogenic activity of 

topically delivered flurbiprofen
308

, indomecthacin
308

, ketorolac
311

, diclofenac
312

 and 

nepafenac
313

 has been reported in corneal neovascularization. However, NSAIDs do 

cause corneal ulceration and melting and have shown variable clinical efficacy
291

. 

 Cyclosporin A 1.5.5.b.2

Cyclosporin A is an immunosuppressive agent that specifically acts on  

T-lymphocytes
314

. It elicits an anti-angiogenic response through inhibition of 

interleukin-2. Cyclosporin A is sometimes used when steroids need to be tapered, but 

is used sparingly due to systemic toxicity
315

 and corneal deposits
316

. Furthermore, 

there have been reports of the inability of topical cyclosporine A to inhibit corneal 

neovascularization in the context of corneal graft rejection
317

. 

 Anti-VEGF agents 1.5.5.b.3

VEGF-A is the primary pro-angiogenic factor in the eye and is largely responsible 

for pathological neovascularization
318

. VEGF-A promotes growth of endothelial cells 

and is a survival factor for newly formed vessels
227

. Blockade of the VEGF-A 

signalling cascade has been attempted with the use of neutralizing antibodies
319

, 

VEGF receptor antibodies
320, 321

, recombinant soluble VEGF receptor protein
322

, 

VEGF antisense nucleotides
323

, ribozymes
323

 and receptor tyrosine kinase 

inhibitors
297, 324, 325

. Bevacizumab, a full length humanised murine monoclonal 
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antibody that neutralises VEGF-A activity
326

, has been trialled for the treatment of 

Corneal neovascularization. Several animal studies have shown that topical 

bevacizumab can reduce corneal neovascularization. Topical administration in rats
327, 

328
 and rabbits

329
 limited the growth of neovessels. However, it must be noted that 

bevacizumab binds to murine VEGF-A with significantly lower affinity than to 

human VEGF-A. A recent study demonstrated that bevacizumab penetrates only 

superficially in healthy mouse corneas, and penetration in corneas with 

neovascularization was variable
330

. 

Subconjunctival injection of bevacizumab is an alternative route of administration, 

and has been shown to be safe and efficacious in reducing corneal neovascularization 

in rat
331, 332

, guineapig
333

 and rabbit
334-336

 models. Combination therapy of topical 

bevacizumab and doxycycline enhanced the anti-neovascular effect of bevacizumab 

and decreased side effects associated with the anti-VEGF-A agent, such as delayed 

wound healing, in the rat
337

. These results are surprising, considering the weak 

species cross-reactivity of bevacizumab. 

Clinically, monoclonal antibody therapy is being trialled in a number of centres. 

Both topical and subconjunctival administration of bevacizumab result in partial 

regression of neovascularization, with limited side effects
338-346

. Regression of 

vessels without recurrence was observed with combination therapy of bevacizumab 

with argon laser photocoagulation
290

 or superficial keratectomy
347

. The most 

promising results are from a recent randomised control trial, which showed 

subconjunctival bevacizumab, administered in new Corneal neovascularization cases, 

reduced the corneal vessel area by 36% over a 12 week period
348

 (Figure 1-12). 

However, bevacizumab therapy does not cause complete regression of vessels, is 
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Figure 1-12 Bevacizumab prevents growth of blood vessels 

Result of a double masked, randomised clinical trial comparing 3 monthly 

subconjunctival injections of 2.5mg bevacizumab to placebo (0.9% saline) in 

patients (n=15 per group) with newly growing corneal vessels. The box and 

whisker plot shows the area of the cornea that was vascularised. Outliers are 

marked by circles. There was a 90% increase in corneal neovascular area in the 

control group over 12 weeks, while bevacizumab treatment reduced corneal 

neovascular area by 36%, over the same time. From Petsoglou et al 2013
348

. 
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more effective in treatment of newly formed vessels, and has little effect on 

established vessels
338, 345

. 

 Porous silicon materials as implantable scaffolds carrying stem 1.6

cells 

Silicon is the second most abundant element in the earth’s crust. Elemental silicon 

was initially considered bioincompatible and was isolated from contact with human 

tissue in medical devices such as pacemakers. Porous silicon (pSi) was first 

discovered in the 1950’s and found a use in transistors
349

, however its possible uses 

in medicine have been explored more recently
350-358

.  

 Nanostructured pSi implants 1.6.1

Flat silicon can be converted to pSi by etching pores into its surface (Figure 1-13 A). 

The pSi is said to be nanostructured when these pores are on the nano scale (one to 

several hundred nanometres). The engineering of nanopores into silicon gives it a 

huge surface area, in the range of 400-1000 m
2
/g

359
. This property allows for loading 

of large amounts of substances such as proteins, nutrients and drugs
360

. Moreover, 

the size and shape of the pores can be “tuned” for the appropriate application.  

Porous silicon membranes demonstrate biocompatibility both in vitro
352, 361-365

, and 

in vivo
363, 366

 (Figure 1-13 B), and accommodate the attachment and growth of 

cells
367-371

. On implantation, pSi degrades completely into silicic acid
361, 372

 which is 

bioavailable
373

 and is the major form of silicon in the human body 
374

. The 

degradation rate of pSi can be effectively controlled by surface modification. For 
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Figure 1-13 Porous silicon 

(A) Scanning electron micrograph of porous silicon membrane showing its highly 

porous nature. Scale bar 4 µm. Image courtesy of Steven McInnes.  

(B) Haematoxylin and eosin stained section of a pSi membrane (PS) implanted 

under the rat conjunctiva. A fibrous capsule (F) formed around the implant, and 

some inflammatory cells (IC) were observed. Image from Low et al 2009
391

. 

 

 

 

A

B
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example, unmodified pSi degrades over a period of a few hours in aqueous solution, 

while highly oxidised pSi shows significantly greater stability
358, 375, 376

.  

pSi can be fabricated in a number of formats such as films, which remain attached to 

the bulk silicon, membranes, which consist of only porous material, and 

microparticles, which are generated by mechanical disruption of membranes
354

. The 

versatility of formats, surface chemistry, porosity and biocompatibility of pSi make it 

a promising biomaterial for use in implants for applications such as drug delivery and 

as a scaffold for cells. 

 Drug loading and delivery from pSi 1.6.1.a

Porous silicon may be of use in a number of drug delivery applications, particularly 

as a controlled drug delivery device. The large surface area and high porosity of the 

material allow loading of a large amount of drug
377

. Loading of drugs into pSi is 

relatively simple and can be achieved by immersing the pSi in a solution of the 

drug
378-381

. Alternatively, a small amount of drug solution can be impregnated into 

the pores
350, 381-383

.  

A wide variety of molecules such as proteins, enzymes, drugs and DNA can be 

loaded
360

. The surface chemistry and degradation rate of the pSi can be modified to 

tailor the drug release profile. This allows for release of drugs over a period of a few 

hours or slow release over longer timeframes
358, 384, 385

. A unique property of pSi is 

the ability to ‘self-report’ the amount of drug loaded or released. Loading of a 

molecule into thin film or multilayered pSi alters the index of refraction and the 

spectrum obtained, giving a visual indication of the amount of drug. This permits in 
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vivo monitoring of the amount of drug diffused out of the pSi
386

 or the degree of 

degradation
387

.  

The potential use of pSi microparticles for drug delivery to the eye has already been 

explored
388

. No toxicity was observed up to 4 months after intravitreal injection of 

microparticles in rabbits
388

. Injection of daunorubicin loaded microparticles into the 

rabbit vitreous led to slow release of the drug without toxicity
389, 390

. 

 Porous silicon as a scaffold for the culture of cells 1.6.1.b

The bioactivity of pSi was described when hydroxyapatite crystals were successfully 

grown upon it
361

. Bioactivity linked with biocompatibility make pSi an ideal scaffold 

for the transfer of cells to the body. We have previously shown that pSi membranes 

implanted under the conjunctiva in rats did not cause significant inflammation, 

neovascularization, nor erode the underlying or overlying tissue
391

. An added 

advantage of pSi is that it is completely inorganic and easily sterilisable by 

autoclaving
392

. The surface chemistry can be altered
393-395

 to promote the attachment 

and growth of cells
396

. Surface modification also affects the degradation kinetics of 

the pSi, which can be designed to dissociate at a specific rate. Furthermore, pSi can 

be coated with proteins and growth factors to maintain an optimal growth 

environment for cultured cells. A number of studies have reported culture of 

mammalian cells such as B50
371

, hepatocytes
370

, PC12 and lens epithelial cells
367

 on 

pSi. 

Nanostructured pSi has been used as a scaffold in orthopaedic implants
397

 and can 

potentially be used in ophthalmology. Work in our laboratory has shown that human 
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corneal epithelial cells can be grown on pSi membranes coated with rat tail collagen 

I
391

. The cells proliferated and grew to colonise the surface of the pSi membrane, and 

migrated across the ocular surface after subconjunctival implantation in the rat 

eye
391

. 

 Poly(ε-caprolactone)  1.7

Poly(ε-caprolactone) (PCL) was first generated in the 1930’s through ring opening 

polymerization
398

. It is hydrophobic, semi-crystalline, soluble in a wide range of 

organic solvents, and has a low melting point (59-64°C)
399

. It is easily manufactured 

and can be engineered into a large range of scaffolds, including nanospheres, 

nanofibers, foams and knitted textiles
400-404

. 

Mammals lack the enzymes required to degrade PCL
405

. It is however bioresorbable, 

as it undergoes hydrolysis, and degrades over a period of 2-4 years
406, 407

. In vivo the 

initial hydrolysis
408, 409

 of the material is followed by phagocytosis by macrophages, 

giant cells and fibroblasts when the polymer molecular mass is below 3000 

Daltons
410

. PCL microspheres implanted into muscle and bone in rats caused a 

localised inflammatory response with recruitment of neutrophils
410

. However, PCL 

microsphere implantation in the brain did not cause necrosis
411

. Implantation of a 

PCL scaffold in rats and rabbit calvaria was well tolerated and induced new bone 

formation when loaded with recombinant human bone morphogenic protein 2
412, 413

. 

 Porous silicon poly(ε-caprolactone) composite materials 1.7.1

Although porous silicon has a number of properties that make it an attractive material 

for an ophthalmic implant, it does have some drawbacks. pSi membranes are ridged, 
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inflexible, brittle and prone to mechanical damage
414

, and erode in aqueous 

environments
415, 416

. Some of these disadvantages can be mitigated by incorporation 

of a soft flexible polymer such as poly(ε-caprolactone) into a composite material 

(Figure 1-14).  

Composite materials of pSi and PCL can have superior properties compared to the 

individual components. For example, a two-stage drug delivery profile can be 

achieved or different drugs can be loaded into the pSi and polymer
360

. Polymers can 

compensate for the brittle nature of pSi and can increase the stability of the pSi in 

biological fluids
417

.  

Composite materials can be prepared in a number of formats, such as capping pSi 

with polymer
418

, coating with polymer
353

, polymer infiltration into the pSi
419

, pSi 

films supported by polymer
420

, and psi micro- and nano-particles encapsulated by 

polymer
421, 422

. The properties of composite materials can be tailored to suit the 

intended application, such as drug delivery, bio-sensing, or as resorbable implants. 

 Antibodies and antibody fragments 1.8

Antibodies are immunoglobulins, glycoproteins that circulate in the blood and are 

also found in milk, mucous, tears and other body fluids
423

. They are an important part 

of the humoral immune system and function to protect against infection and 

toxins
424

. 



Yazad Irani  48 

 

 

 

Figure 1-14 Porous silicon polycaprolactone composite materials 

(A) Macroscopic image of a piece of pSi-PCL composite material prepared by 

embedding pSi microparticles in a polycaprolactone fabric. (B) Scanning electron 

micrograph of pSi-PCL composite material showing pSi microparticles intimately 

associated with the PCL fibers. Images provided by Prof. Jeff Coffer, Texas 

Christian University. 

 

 

 

A

B
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 Monoclonal antibodies 1.8.1

Antibodies with a defined specificity produced using hybridoma technology are 

termed monoclonal antibodies. A hybridoma cell is produced by the fusion of an 

antibody secreting B lymphocyte with a myeloma cell
425

. Hybridoma cells can be 

cultured indefinitely and secrete specific antibodies. Many monoclonal antibodies are 

of murine origin and elicit an immune response mediated by generation of anti-

mouse antibodies when used in humans
426, 427

, limiting their use. Methods such as 

chimerization
428

 and humanization
429

 have overcome this problem and allowed 

widespread use of monoclonal antibodies as therapeutic agents. 

 Bevacizumab 1.8.1.a

Bevacizumab (Avastin) is a humanised monoclonal antibody that binds to human 

VEGF-A
319

. It was originally developed for cancer therapy and has shown safety and 

efficacy in the treatment of a number of cancers
430

. VEGF-A, a pro-angiogenic 

cytokine, is involved in the pathogenesis of a number of ocular neovascular diseases, 

and is an attractive therapeutic target. Clinically, in ophthalmology, bevacizumab is 

used for the treatment of diabetic retinopathy
431, 432

, age related macular 

degeneration
433

, neovascular glaucoma
434

 and macular oedema
435-437

, in each case 

with some success. Bevacizumab has also been shown to be effective in reducing 

newly-formed corneal vessels in a human randomised control trial
348

, as described 

earlier in Figure 1-12. 

  Engineered antibody fragments 1.8.2

Antibody fragments maintain antigen binding specificity of the parent antibody but 

lack some of their undesirable properties such as poor tissue penetration, long half-
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life in blood and activation of the effector arm of the immune system. Some of the 

formats of antibody fragments are depicted in Figure 1-15. 

The most popular approach to generating antibody fragments is to genetically 

engineer a molecule for bacterial expression
438

. E.coli is the bacterium of choice as it 

is well characterised and inexpensive
439

. Single chain variable fragments (scFvs) are 

commonly used antibody fragments and consist of the variable light (VL) and 

variable heavy (VH) regions of an antibody joined by a polypeptide linker
439, 440

. 

ScFvs, being small (~26 kDa), show good tissue penetration and as they lack the Fc 

region, they are cleared quickly from circulation, primarily by elimination in the 

kidneys
441, 442

. Alternatively, a number of expression systems such as yeast, algae, 

plants, insect cells and mammalian cells can be used to express antibody fragments. 

The major drawback of using scFvs is that they have a single antigen binding site, 

which results in shorter retention times on antigen, that is, lower avidity. However, 

the use of antibody fragments is particularly attractive for the treatment of ocular 

diseases, as they can be applied topically, and penetrate the cornea
443

. 

 Hypothesis and aims 1.9

The overarching aim of the work described in this thesis was to develop novel 

therapies for two common ocular conditions, ocular surface disease and corneal 

neovascularization. Although ocular surface disease and corneal neovascularization 

are disparate conditions, ocular inflammation and neovascularization are part of the 

pathogenesis of both.  
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Figure 1-15 Formats of antibody fragments 

Whole antibodies are large molecules, with a molecular weight of approximately 

150 kDa (IgG). Antibody fragments such as F(ab)
2
, Fab, and scFvs are much 

smaller with molecular weights of 110 kDa, 55 kDa and 26 kDa respectively. 

Antibody fragments retain the binding specificity of the parent antibody, but as 

they are smaller have better tissue penetration. scFvs have been shown to 

penetrate the cornea on topical application Thiel et al 2002
443

. 

 

 

Whole antibody 150 kDa

F (ab)2 fragment 110 kDa Fab fragment 55 kDa

scFv 26 kDa
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Ocular surface disease is a painful disease characterised by damage to or loss of the 

corneal stem cells and/or their niche at the limbus. Clinically, OSD is treated by 

transplanting epithelial cells to repair the damaged ocular surface. The cells are 

carried on a scaffold, currently human amniotic membrane. We hypothesised that 

porous silicon materials would be a suitable scaffold for the transfer of rat oral 

mucosal epithelial cells to the eye, with the aim of recreating an artificial stem cell 

niche. I aimed to assess two pSi materials, pSi membranes and pSi-PCL composite 

materials, for their ability to be loaded with drugs including biologics, support the 

growth of oral mucosal epithelial cells, and for their biocompatibility when 

implanted under the conjunctiva of the rat eye. 

Corneal neovascularization is characterised by the growth of blood vessels in the 

normally avascular cornea. The current therapies for corneal neovascularization can 

prevent the progression of newly formed vessels, but are ineffective at treating 

established vessels. We hypothesised that blockade of VEGF-B, a survival factor for 

endothelial cells, might lead to regression of established corneal vessels in a rat 

model of corneal neovascularization. I aimed to assess the ability of an anti-VEGF-B 

scFv, delivered topically and by subconjunctival injection, to inhibit the growth of 

developing as well as established vessels. 
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CHAPTER 2 MATERIALS AND METHODS 

 Materials 2.1

 Water 2.1.1

Double glass-distilled water (ddH2O) was used for the preparation of all solutions 

and buffers unless otherwise mentioned. Autoclaved Milli-Q water was used for all 

polymerase chain reactions (PCR). 

 

 General chemicals 2.1.2

A list of general chemicals can be found in Appendix A. All chemicals used were 

analytical grade unless otherwise noted. A list of commonly used buffers and 

solutions can be found in Appendix B. 

 

 PCR primers 2.1.3

Primers used for all PCR reactions were purchased from GeneWorks Pty Ltd 

(Thebarton, SA, Australia) at sequencing-grade purity. Primers used for the 

generation and sequencing of the anti-VEGF-B scFv are described in Table 2-1. 

Primers used for the detection of transplanted cells on the rat ocular surface are 

described in Table 2-2. 
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Table 2-1 Primers used to generate and sequence the anti-VEGF-B scFv 

Primer Sequence (5`→3`) Description 

2H10VLfor GGAGCCGCCGCCGCCAGAACCA

CCACCACCAGAACCACCACCAC

CCCTCTTGATTCCCAGCTTTGT 

Amplifies the VL from 

the 2H10 hybridoma 

2H10VLback GCCATGGCGGACTACAAAGAGA

TCCAGATGACCCAGACC 

Amplifies the VL from 

the 2H10 hybridoma 

2H10VHfor GGAATTCGGCCCCCGAGGCCCT

GGACACGGTCACGC 

Amplifies the VH from 

the 2H10 hybridoma 

2H10VHback GGCGGCGGCGGCTCCGGTGGTG

GTGGATCCCAGGTGCAGCTGCA

GCAGCC 

Amplifies the VH from 

the 2H10 hybridoma 

Scfor GGAATTCGGCCCCCGAG SOE* primer 

Scback TTACTCGCGGCCCAGCCGGCCAT

GGCGGACTACAAA 

SOE* primer 

SeqVLfor GGAGCCGCCGCCGCCA Sequencing primer 

SeqVHback GGCTCCGGTTGGTGGTGGA Sequencing primer 

* SOE: splice by overlap extension 

Table 2-2 Primers used to detect the male specific gene sry 

Primer Sequence (5`→3`) Description 

SRYfor CCCGCGGAGAGAGGCACAAGT Original sry PCR primer 

SRYrev TAGGGTCTTCAGTCTCTGCGC Original sry PCR primer 

SRY1for TGCATTTATGGTGTGGTCCCG   sry multiplex primer 

SRY1rev CTGTGTAGGGTCTTCAGTCTCTGC

  

sry multiplex primer 

SRY2for TGTCTAGATAGCATGGAGGGC Second round primer 

SRY2rev CCTCTGTGGCACTTTAACCCTT Second round primer 

ARBPfor CCATCTGCATTTGCGGC Housekeeping gene 

ARBPrev GCAGGCTGACTTGGTGTGA Housekeeping gene 
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 Enzymes 2.1.4

Table 2-3 List of enzymes 

Enzyme Description Company 

PlatinumTaq® 

DNA polymerase 

Used for amplification of DNA in 

end-point PCR 

Life Technologies, 

Carlsbad, CA, USA 

Elongase® Enzyme 

Mix 

Used for amplification of DNA in 

end-point PCR 

Life Technologies, 

Carlsbad, CA, USA 

Pfx50™ DNA 

polymerase 

Proofreading enzyme used for 

generation of scFv 

Life Technologies, 

Carlsbad, CA, USA 

SfiI  

 

Restriction endonuclease used for 

cloning of scFv 

England Biolabs, 

Ipswich, MA, USA 

T4 DNA ligase Ligase used for cloning of scFv Promega, Madison, WI, 

USA 

Dispase I Used to detach the oral mucosal 

epithelium 

Life Technologies, 

Carlsbad, CA, USA 

Trypsin  Used to disaggregate oral mucosal 

epithelial cells 

Sigma-Aldrich, St. 

Louis, MO, USA 
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 Recombinant proteins 2.1.5

Table 2-4 List of recombinant proteins 

Protein Description Company 

Collagen IV Recombinant human Sigma-Aldrich, St. Louis, 

MO, USA 

EGF Recombinant human epidermal 

growth factor 

Prospec-Bio, Rehovot, 

Israel 

Insulin transferrin 

selenium supplement 

Catalogue  

number 41400-045 

Life Technologies, 

Carlsbad, CA, USA 

Vitronectin Recombinant human R&D Systems, 

Minneapolis, MN, USA 

β-NGF Recombinant rat beta-nerve 

growth factor 

R&D Systems, 

Minneapolis, MN, USA 
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 Antibodies 2.1.6

Table 2-5 List of antibodies 

Antibody Description Company 

CK3/12 Clone AE5 Millipore, Billerica, MA, 

USA 

CK19 Clone E6 Abcam, Cambridge, 

United Kingdom 

p63 Clone 4A4 Abcam, Cambridge, 

United Kingdom 

ABCG2 Clone 5D3 Chemicon, Temecula, CA, 

USA  

Goat anti-Mouse IgG 

Alexa Fluor
®
 488 

2° antibody used for 

immunofluorescence 

Life Technologies, 

Carlsbad, CA, USA 

Anti-polyhistidine Clone HIS-1 used in scFv 

ELISA 

Sigma-Aldrich, St. Louis, 

MO, USA 

Anti-mouse IgG 

HRP conjugated 

Goat anti mouse IgG 

horseradish peroxidase 

conjugated used in ELISA 

Millipore, Billerica, MA 
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 Ophthalmic materials, reagents and eye drops 2.1.7

Table 2-6 Ophthalmic reagents and eye drops 

Reagent Description Company 

Ophthalmic balanced Salt 

Solution (BSS) 

Sterile irrigating 

solution (ophthalmic) 

Alcon Laboratories, Inc. TX, 

USA 

Chlorsig™ eye ointment Chloramphenicol  

10 mg/g 

Sigma Pharmaceuticals, 

Rowville, VIC 

Eye spears BVI Weck-Cel® Beaver Visitec International, 

Inc. Waltham, MA USA 

Mydriacyl® eye drops Topicamide 1% Alcon Laboratories (Australia), 

Frenchs Forest, NSW 

Surgical sutures, 10-0 Monofilament nylon Alcon Laboratories, Inc. TX 

USA 

 Porous silicon materials 2.1.8

 Porous silicon membranes and microparticles 2.1.8.a

Samples of pSi were generously provided by Professor L Canham and Dr A Loni, 

pSiMedica Ltd, Malvern, United Kingdom. All pSi membranes and microparticles 

were prepared in the laboratories of Prof. Nicolas Voelcker, Mawson Institute, 

University of South Australia. Porous silicon membranes were produced by 

electrochemical anodization of p-type (0.01-0.02 Ohm cm) single-crystal silicon 

wafers in hydrofluoric acid, followed by separation from the bulk silicon membranes 

were subsequently milled to produce microparticles. Membranes were 

amniosilanised by immersion in 50mM 3-aminopropyltrimethoxysilane prior to use 

as scaffolds for the culture of oral mucosal epithelial cells. Microparticles were used 

to prepare composite materials as described below. 
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 Porous silicon poly-(ε-caprolactone) composite materials 2.1.8.b

All pSi-PCL composite materials were prepared in the laboratories of Prof. Jeffery 

Coffer, Texas Christian University, Fort Worth, TX, USA. Porous silicon 

microparticles were generated as described in section 2.1.8.a. The particles were 

sieved to two size ranges: 150-250 µm, and <40 µm. For fabrication of composite 

materials, two different methods were evaluated. 

Method A. To embed pSi microparticles in the outer surface of microfibers of PCL, 

the particles were warmed to a temperature above the polymer melting point, 

followed by brief exposure to the PCL fabric, forcing a modest blending between the 

contacting interfaces. Specifically, pSi particles were heated in an oven at 110°C, 

then immediately transferred to a glass plate. A 1x1 cm
2
 piece of PCL fabric was 

physically pressed on to the hot particles. The hot particles caused localised melting 

of the PCL fibres and thus resulted in the pSi being partially embedded in the 

polymer. Loadings of the order of 5-6% pSi by mass were obtained, with retention of 

PCL fibre morphology. 

Method B. Improved embedding of pSi microparticles in the PCL was achieved by 

the brief addition of chloroform to pSi microparticles after removal from the oven, 

resulting in a surface etch/dissolution of the PCL surface and better adhesion of the 

pSi particles to the PCL matrix. This processing step was followed by an additional 

electrospinning event, to physically entrap more pSi into the composite. Specifically, 

pSi particles were heated in an oven at 220°C for 10 minutes (min), and then 

transferred to a cold glass plate. One drop of chloroform was added to the pSi and 

quickly mixed. After ~10 s, a 1x1 cm
2
 piece of PCL fabric was physically pressed on 
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to the moist pSi particles. An additional thin layer of PCL fibres was then generated 

on to the pSi-PCL, resulting in the formation of a “net”. Loadings of the order of  

32-34% pSi by mass were obtained, with retention of PCL fibre morphology. 

 Animals 2.1.9

 Ethics approval 2.1.9.a

All animal experiments described in this thesis were approved by the Animal 

Welfare Committee of Flinders University of South Australia. All experiments were 

in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and 

Vision Research, as well as the Australian Code of Practice for the Care and Use of 

Animals for Scientific Purposes. 

 Rats 2.1.9.b

Male and female Sprague-Dawley rats (at least 6 weeks old) were sourced from the 

Flinders University Animal Facility or the Animal Resources Centre (Perth, Western 

Australia). Rats were housed at the Flinders University Animal Facility and exposed 

to a 12 hour light-dark cycle. The room temperature was maintained at 24°C with 

50% ambient humidity. Access to food and water was ad libitum. Animals were 

monitored using the sheets in Appendix D. 
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 Molecular techniques 2.2

 DNA quantification 2.2.1

The concentration of DNA in purified plasmid preparations and purified PCR 

products was estimated using a NanoDrop 8000 UV-Vis spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA, USA). 

 Agarose gel electrophoresis 2.2.2

Agarose was added to 0.5x TBE to make a gel of suitable concentration (e.g. 2g 

agarose in 100ml 0.5x TBE for 2% gel). A microwave oven was used to heat the 

solution to dissolve the agarose. The gel was allowed to cool and Gel Red (Biotium, 

Hayward, CA) was added to a final concentration 1/10,000 of stock. The solution 

was poured into a gel tray and allowed to set at room temperature. Once set, the gels 

were placed in an electrophoresis tank containing 0.5x TBE. 1μl of 6x loading dye 

was added for every 5 μl of sample prior to loading. A DNA marker was also run. A 

potential difference of 110V was applied across the gels for 90 mins using a BioRad 

Power Pac 200. DNA was visualised and photographed under ultraviolet light using a 

Syngene Gene Genius bio-imaging system. 

 

 Amplification of the VH and VL from the 2H10 hybridoma cDNA 2.2.3

cDNA from the 2H10 hybridoma, which secretes an antibody with affinity for 

human, mouse and rat VEGF-B, was provided by Pierre Scotney (CSL Ltd.). The 

PCR master mix was prepared as described overleaf. 
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Reagent Volume (µl) 

Water 34.5 

10x Pfx50 reaction buffer 5 

dNTPs (10 µM each) 1.5 

Pfx50 DNA polymerase (5 U/µl) 1 

Sense primer 1.5 

Antisense primer 1.5 

Template DNA 5 

 

The primers used for amplification are described in Table 2-1. The thermal cycling 

conditions used were as follows: 

 Temperature (°C) Time (s) Number of repetitions 

 

Enzyme activation 94 300 1 
  

Denaturation 94 60  

Annealing 63 60 30 

Extension 72 60  

  

Final extension 72 240 1 

 

 Generation of the anti-VEGF-B scFv by SOE PCR 2.2.4

A single chain variable fragment (scFv) consists of the VL and VH regions of an 

antibody joined together by a polypeptide linker. DNA coding for the VL and VH of 

the 2H10 hybridoma was isolated and gel purified in order to be spliced together to 

generate scFv DNA. An approximately equimolar mixture of the VL and VH was 

made. An assembly PCR mix was made as follows: 
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Reagent Volume (l) 

Water 19.25 

10X Pfx50 reaction buffer 2.5 

dNTPs (10 M each) 0.75 

Pfx50 enzyme ( U/l) 0.5 

Template VL and VH 2 

 

The mixture was subjected to two rounds of primerless PCR as shown in panel A. 

The SOE primer mix containing 50 M each of the primers Scfor and Scback  

(Table 2-1) was then added and the mixture was amplified for 25 rounds as shown in 

panel B. 

A              B                   

 Temperature (°C) Time (s)  Temperature (°C) Time (s)  

Denaturation 92 60  92 60  

Annealing 63 30  63 30  

Touchdown 58 50  72 60  

Extension 72 60 

 

The results of the assembly PCR were analysed by separating the products on a 1% 

agarose gel. 
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 Amplification of the male specific sry gene 2.2.5

Cell samples were collected from the ocular surface of female rats implanted with 

pSi loaded with male oral mucosal epithelial cells, using FTA paper (Millipore, 

Billerica, MA, USA) as described in section 2.5.2.e (below). The presence of 

transplanted cells was detected by PCR amplifying the male specific sry gene in the 

collected samples. The FTA discs were washed in FTA purification reagent 

(Millipore, Billerica, MA, USA) and TE buffer, twice for five minutes each. The 

discs were air dried and used as the template in a PCR reaction. 

 Original sry PCR 2.2.5.a

The PCR master mix was prepared as follows: 

 

Reagent Volume (µl) 

Water 17.4 

10x Buffer 2.5 

MgCl2 0.75 

dNTPs (10µM each) 0.25 

SRYfor and SRYrev 

SRYrev primer mix 

2 

Platinum Taq 0.1 
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The thermal cycling conditions were as follows: 

 Temperature (°C) Time (s) Number of repetitions 

 

Enzyme activation 95 300 1 

  

Denaturation 95 30  

Annealing 55 30 65 

Extension 72 30  

  

Final extension 72 300 1 

 

The results of the PCR were visualised by running 5 µl of the PCR product on a 2% 

agarose gel. The expected size of the sry band was 167 bp. 

 Novel sry PCR 2.2.5.b

The PCR master mix was prepared as follows: 

Reagent Volume (µl) 

Water 17.4 

10x Buffer 2.5 

MgCl2 0.75 

dNTPs (10µM each) 0.25 

Primer mix with 

SRY1for, SRY1rev, 

ARBPfor and 

ARBPrev 

2 

Platinum Taq 0.1 

 



Yazad Irani  66 

 

The primer mix contained a 20:1 ratio of the ARBP and SRY1 primers (Table 2-2). 

Two microliters of male rat genomic DNA (courtesy of Dr. Helen Brereton) was 

used as a positive control. Washed FTA discs were added to the PCR mix and 

subjected to thermal cycling as follows: 

 Temperature (°C) Time (s) Number of repetitions 

 

Enzyme activation 95 300 1 

  

Denaturation 95 30  

Annealing 62 30 30 

Extension 72 30  

  

Final extension 72 240 1 

 

The results of the PCR were visualised by running 5 µl of the PCR product on a 2% 

agarose gel. Detection of arbp (a housekeeper gene) indicated the presence of DNA 

on the FTA disc, and detection of sry indicated the presence of transplanted cells on 

the corneal surface. If no sry was detected, a second PCR was performed using the 

PCR product from the first reaction. The master mix for the second round PCR was 

as follows: 

Reagent Volume (µl) 

Water 17.4 

10x Buffer 2.5 

MgCl2 0.75 

dNTPs (10µM each) 0.25 

SRY1for 1 

SRY1rev 1 

Platinum Taq 0.1 
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The product from the first PCR reaction was diluted 1/100 and 2 µl was used as a 

template in the second reaction. The thermal cycling conditions used was the same as 

for reaction one, with the exception that the annealing temperature was 60°C. 

 Restriction endonuclease digestion with SfiI 2.2.6

The restriction endonuclease digestion mix was prepared as follows: 

 Vector Insert 

DNA 10 µg 28 µl (varying concentration) 

10X Buffer 5 µl 5 µl 

SfiI (20 U/µl) 2 µl 1 µl 

 

The volume was made up to 50 µl with ddH2O. The solution was vortexed briefly 

and overlayed with mineral oil before being incubated overnight at 50°C. 

 Ligation 2.2.7

Ligation reactions were carried out using molar ratios of pHB400 vector to insert of 

1:1 and 1:3. Since the vector is ~4800 bp and the insert ~800 bp (Figure 2-1), this is 

equal to a mass ratio of 6:1 and 2:1 respectively. Two hundred micrograms of vector 

and either 30 µg or 90 µg of insert were ligated in a 20 µl reaction, which contained 2 

µl of 10 x ligase buffer and 1 µl of 40,000 U/µl T4 DNA ligase (New England 

Biolabs, Ipswitch, MA, USA.). Two control reactions were set up with each sample. 
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Figure 2-1 Plasmid map of the anti-VEGF-B scFv in pHB400 

The anti-VEGF-B scFv was ligated into the plasmid pHB400 using a sfiI 

restriction endonuclease site. The plasmid adds a polyhistidine tag to the  

n-terminal end of the anti-VEGF-B scFv. 

 

 

pHB400 VEGF-B

5596 bp

VEGF-B scFv

HIS tag

SfiI (1438)

SfiI (2209)

pHB400 anti-

VEGF-B scFv

anti VEGF-B 

scFv
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The first control contained digested plasmid and 10X ligase buffer only, the second 

contained digested plasmid, 10X ligase buffer and 40,000 U of T4 DNA ligase. Once 

all the components had been added to the respective tubes, they were mixed briefly 

and incubated overnight at 4°C. 

 Purification of anti-VEGF-B scFv by immobilised metal ion 2.2.8

chromatography 

Bacterial lysates containing anti-VEGF-B scFv were prepared as described in section 

2.3.6 (vide infra). Lysates were transferred into a 60 ml conical bottom centrifuge 

tube and incubated with 8 ml of Profinity IMAC resin (BioRad, Hercules, CA, USA) 

overnight at 4°C on a rotating wheel. The scFv was bound to the nickel charged resin 

through interaction with the polyhistidine tag (Figure 2-1). 

The following day, the solution was centrifuged at 1000 g for 5 minutes and the 

supernatant was removed. The resin was washed 3 x with 10 ml of binding buffer 

(section B.17) and loaded on to a chromatography column attached to a BioLogic LP 

chromatography system (BioRad, Hercules, CA, USA). The resin was washed with 

10 ml of binding buffer, successively followed by 10 ml of wash buffers containing 

20 mM or 30 mM imidazole (section B.18). The bound protein was eluted by 

addition of buffer containing 250 mM imidazole. 

 Dialysis of purified scFv solution 2.2.9

Purified scFv was placed in dialysis tubing (Thermo Fisher Scientific, Waltham, 

MA, USA) with a 10 kDa cut-off. The tubing was placed in 2 l of PBS for 2 hours at 

4°C with constant mixing. The PBS was replaced with 2 l of fresh PBS for a further 
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2 hours. Finally the PBS was replaced with 4 litres of fresh PBS and dialysis carried 

out overnight at 4°C. 

 Estimation of protein concentration  2.2.10

The protein concentration of solutions containing scFv was determined using a 

microplate BCA protein assay kit (Thermo scientific, Waltham, MA, USA). Samples 

were assayed in triplicate according to the manufacturer’s instructions. A standard 

curve was prepared using dilutions of bovine serum albumin. The protein 

concentration of each sample assayed was determined by comparison to the values of 

the standard curve. 

 Visualization of purified protein by gel electrophoresis 2.2.11

Visualization of the components of protein solutions containing scFv was achieved 

by separation by gel electrophoresis. Five micrograms of protein samples were 

mixed with 4x loading buffer (BioRad, Hercules, CA, USA) with dithiothreotol and 

incubated at 95°C for 2 minutes. The samples were then loaded into the wells of a 4-

20% Biorad TGX stain free precast gel in a Criterion gel tank. A voltage of 300 V 

was applied for 20 minutes. The gel was then imaged using the BioRad gel-Doc EZ 

imager. 

 Binding of anti-VEGF-B scFv to human VEGF-B and VEGF-A 2.2.12

A direct ELISA was used to detect binding of scFv to VEGF-B. ELISA plates were 

coated with 1 µg/ml recombinant human VEGF-B (CSL, Melbourne, Australia) or 

human VEGF-A (ProspecTany, Rehovot, Israel) overnight at 4°C in a humidified 

box, then blocked with 5% skim milk powder in phosphate buffered saline (PBS) for 
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1.5 hours. Anti-VEGF-B scFv was then added for 1.5 hours at room temperature. 

Diluent (0.1% skim milk) was added as a negative control. Bound scFv was detected 

with 1:2000 diluted anti-HIS antibody (Sigma-Aldrich, St. Louis, MO, USA) and 

1:1000 horseradish peroxidase conjugated anti-mouse antibody (Millipore, Billerica, 

MA) for 1.5 hours each. TMB (BD, Franklin Lakes, NJ) was used as the substrate 

and absorbance was measured at 450 nm. 

 Small and medium scale purification of plasmid DNA 2.2.13

For the small scale production of plasmid DNA, E.coli HB2151 cells containing the 

required plasmid were grown overnight in 3 ml cultures as described in section 2.3.4. 

For the medium scale production of plasmid DNA, a 3 ml bacterial culture was set 

up for 8 h as described earlier. One hundred microliters of this culture was used to 

inoculate 50 ml of 2YT medium containing 35 μg/ml chloramphenicol and 1% 

glucose in a 250 ml conical flask. The flask was incubated at 37°C with 250 rpm 

shaking overnight. The bacterial cells were harvested by centrifuging at 6000 g for 

15 min at 4°C. The Qiagen mini or midi plasmid purification kits (Qiagen, Valencia, 

CA, USA) were used to purify plasmid DNA from the bacterial cells according to the 

manufacturer’s instructions. 

 Sequencing of the anti-VEGF-B scFv in plasmid vectors 2.2.14

DNA to be sequenced was gel purified using the Qiagen gel purification kit (Qiagen, 

Venlo, Limburg, Netherlands). The concentration of the DNA was adjusted to ~100 

ng/l for plasmid DNA and ~10 ng/l for every 100 bp of PCR product (e.g. 30 

ng/ml for a 300 bp product). 5 M sequencing primers were used. The samples were 

sequenced bi-directionally using BigDye Terminator v3.1 Cycle Sequencing kit and 



Yazad Irani  72 

 

resolved using an ABI 3100 Genetic Analyser (Applied Biosystems, Foster City, CA, 

USA), by Oliver van Wageningen at The Flinders Sequencing Facility. Sequence 

analysis was carried using Vector NTI Advance 10 software (Invitrogen, Carlsbad, 

CA, USA). 

 Bacterial techniques 2.3

 Preparation of electrocompetent cells 2.3.1

E. coli HB2151 cells were streaked on a 2YT agar (section B.2) plate from glycerol 

stocks. The plate was incubated at 37°C overnight. Isolated colonies were picked 

from the plate and used to inoculate several 10 ml aliquots of 2YT medium 

(Appendix B.1) in a 50 ml container. The culture was incubated at 37°C overnight 

with shaking. Two 500 ml cultures in low salt Luria Bertani (LB) (Appendix B.19) 

medium were set up using 10 ml of the overnight culture as inoculum. The cultures 

were incubated at 37°C with shaking for ~3 h or until the absorbance at 660 nm 

(OD660) was ≥ 0.6. The cultures were transferred to centrifuge bottles and chilled on 

ice before centrifuging at 2,500 g for 15 min at 4°C. The supernatant was discarded 

without disturbing the pellet. The cells were washed twice with 500 ml of ice cold 

distilled water and centrifuged at 2,500 g for 15 min at 4°C, discarding the 

supernatant gently each time. Each pellet was then resuspended in 10 ml of 10% 

glycerol. The suspensions were then pooled and transferred to a 50 ml Oakridge tube 

(Thermo Fisher Scientific, Waltham, MA, USA). The mixture was centrifuged at 

2,500 g for 15 min at 4°C and the pellet was suspended in 0.5 ml of 10% glycerol. 

Sixty microliter aliquots of the suspension were placed in chilled labelled eppendorf 

tubes. The aliquots were snap frozen in liquid nitrogen and stored at -80°C. 
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 Electroporation of plasmid DNA 2.3.2

Aliquots of competent cells were thawed on ice. Two microliters of purified ligation 

mix was added to each aliquot of competent cells. The mixture was gently mixed by 

tapping the sides of the tube and allowed to stand for 5 min. The mixture was then 

transferred to an ice-cold electroporation cuvette with a gap size of 1 mm, making 

sure no bubbles were formed. If bubbles formed, they were removed by teasing with 

a 19 gauge (G) needle. The cells were electroporated at 1.8 kV, 25 μF and 200 Ω 

using a BioRad Genepulser (BioRad, Hercules, CA, USA). The displayed time 

constant was noted, with a time constant of 3 ms or more considered acceptable. One 

millilitre of SOC medium (section B.23) was added to the cuvette and mixed gently 

by pipetting up and down. The mixture was transferred to an Eppendorf tube and 

incubated for 1 h at 37°C and then centrifuged at 3000 g for 1 min. Eight hundred 

microliters of supernatant was discarded and the cells suspended in the remaining 

fluid. The cell suspension was spread onto an agar plate containing 35 g/ml 

chloramphenicol and 1% glucose and incubated overnight at 37°C. The number of 

colonies was counted on the next day. 

 Colony blot for the detection of His tag 2.3.3

The colonies obtained after electroporation with the scFv-containing plasmid were 

picked and plated in a grid pattern on two 2YT agar plates containing 35 g/ml 

chloramphenicol and 1% glucose and grown overnight at 37°C. The colonies from 

one of the replica plates were lifted on to labelled nitrocellulose discs (Hybond-ECL, 

Amersham Biosciences, Amersham, United Kingdom). The discs were placed on 

2YT agar plates containing 35 µg/ml chloramphenicol and 1 mM isopropyl β-D-

thiogalactopyranoside (IPTG), colony side up. The plates were incubated at room 
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temperature for 24 h for the production of recombinant protein. The discs were then 

placed on two layers of filter paper soaked with Tris NaCl tween (TNT) solution 

(section B.27) in a box. An open container of chloroform was placed in the box and 

the lid was closed. The colonies were incubated at room temperature in the box for 

30 min to lyse cells and allow the released protein to bind to the nitrocellulose discs. 

The debris from lysed colonies was removed from the discs by squirting with TNT 

solution using a spray bottle. The discs were placed in a box containing blocking 

solution (section B.9) for 1 h on a shaker. The discs were washed with PBS-tween 

(PBS-t) (section B.22) and sealed in polythene bags, 5 ml of mouse anti-histidine 

antibody (Sigma-Aldrich, St. Louis, MO, USA) diluted 1/2000 in PBS-tween 

containing 2% w/v skim milk powder was added to the bag before sealing. The discs 

were placed on a rotating wheel for 1 h at room temperature. Unbound antibody was 

washed away by placing discs in a box with PBS-tween for 5 min on a shaker. The 

discs were resealed in a polythene bag with 5 ml of 1/1000 diluted anti-mouse 

antibody conjugated to horseradish peroxidase (Millipore, Billerica, MA) and 

incubated at room temperature on a rotating wheel for 1 h. The discs were washed 

thrice in PBS-t, 2.5 ml of a 1:1 mixture of enhanced chemiluminescence (ECL) 

reagents 1 and 2 (GE Healthcare, Buckinghamshire, UK) was applied to the discs 

and incubated for 5 min. The discs were placed between two sheets of clear plastic 

and imaged using a LAS4000 imager (Fujifilm, Tokyo, Japan). 

 Bacterial culture 2.3.4

E. coli HB2151 cells were transferred from glycerol stock to 3 ml of 2YT medium 

containing 1% glucose and 35 μg/ml chloramphenicol using a sterile loop and grown 

overnight on a shake tray at 37°C. A sterile loop was used to streak the cells on to 
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2YT agar containing 1% glucose and 35 μg/ml chloramphenicol. The plates were 

incubated overnight at 37°C. Single colonies were picked using a sterile toothpick 

and placed in 3 ml of 2YT medium containing 1% glucose and 35 μg/ml 

chloramphenicol. The cultures were grown in an incubator at 37°C with shaking at 

250 rpm.  

 Small scale expression of recombinant scFv protein  2.3.5

Single colonies of E. coli HB2151 transfected with scFv-constructs were picked into 

1 ml of 2YT medium containing 35 μg/ml chloramphenicol and 1% glucose in the 

wells of a 24 well plate  and grown overnight at 37°C with shaking at 250 rpm 

shaking. 400 µl of overnight bacterial culture was used to inoculate 3 ml of 2YT 

medium containing 35 μg/ml chloramphenicol in a 30 ml tube. The cultures were 

incubated for 2 h at 37°C with constant shaking. Recombinant protein production 

was induced by the addition of IPTG at a concentration of 0.25 mM. The culture was 

incubated for 4 h at room temperature with shaking. 

The culture was transferred to centrifuge tubes and centrifuged for 15 min at 6000 g 

at 4°C. The pellet was resuspended in 1 ml (2 ml) of ice cold PBS with protease 

inhibitors (one tablet complete EDTA free protease inhibitors, Roche, Basel, 

Switzerland, was added to 50 ml PBS). The cells were lysed by sonication (using a 

W375 cell disruptor, Heat Systems Ultrasonics, Newton, CT, USA.) and the 

suspension was centrifuged for 10 min at 13,000 g in a microfuge at 4°C. Sodium 

azide (20 mM) was added to the supernatant as a preservative. The resulting solution 

was stored at 4°C. 
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 Large scale production of anti-VEGF-B scFv 2.3.6

Single colonies of E.coli HB2151 transfected with scFv construct were picked into 3 

ml of 2YT medium containing 35 µg/ml chloramphenicol and 1% glucose (growth 

medium) in a 30 ml tube and grown for 8 hours at 37°C with shaking at 250 rpm. 1 

ml of this culture was used to inoculate 50 ml growth medium in a 250 ml conical 

flask. The culture was incubated overnight at 37°C with shaking at 250 rpm 

overnight. Twenty millilitres of the overnight culture was used to inoculate 500 ml of  

pre-warmed TB broth with, 35 µg/ml chloramphenicol and 0.25% glucose, in a 2 

litre conical flask. The culture was incubated for 2 hours at 37°C with 200 rpm 

shaking. Recombinant protein production was induced by the addition of IPTG to a 

concentration of 0.25 mM. The culture was incubated for 4 hours at room 

temperature with shaking at 200 rpm. 

The culture was transferred to 500 ml centrifuge tubes and centrifuged for 15 min at 

6000 g at 4°C. The pellet was resuspended in 50 ml ice cold PBS with protease 

inhibitors and homogenised with a dounce homogeniser. The cells were lysed using 

an Emulsiflex C5 cell disruptor. The lysates were centrifuged at 13,000 g at 4°C for 

15 minutes and the resulting supernatant was labelled as crude bacterial scFv lysate. 

 Cellular techniques 2.4

 Cell attachment and culture on pSi-PCL composite material 2.4.1

Pieces of composite material A were sterilised by immersion in 70% ethanol for 5 

min, then washed three times with sterile Dulbecco’s A phosphate buffered saline 

(PBS), pH 7.2. The pieces were then transferred into sterile 96-well plates (Becton 
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Dickinson Labware, Franklin Lakes, NJ, USA) and held in place by 

polytetrafluoroethylene O-rings. Prior to seeding cells, the material was immersed in 

DMEM containing 10% FBS, 100 IU/ml penicillin, 100 µg/ml streptomycin sulphate 

and 0.29 mg/ml glutamine (complete medium) for 5 min. Human lens epithelial cells 

designated SRA01/04, the kind gift of Professor V. Reddy, Kellogg Eye Centre, 

University of Michigan, Ann Arbor, MI, USA, were used as a model ocular epithelial 

cell line. SRA01/04 cells were seeded at 1x10
5
 cells per well in 200 µl complete 

medium. Cells were maintained at 37°C with 5% CO2 in air. 

 Enhanced attachment and growth of cells on composite material 2.4.2

The ability of growth factors loaded in the pSi to enhance attachment and growth of 

cells was examined. Initial experiments focussed on the use of FBS. Composite 

materials were sterilised and washed as above, then incubated with FBS for 2 h at 

room temperature. Material incubated in serum-free medium was used as a control. 

FBS was removed and SRA01/04 cells were seeded as above. After 6 or 24 h of 

culture, the medium was replaced with complete medium containing 10 nM Hoechst 

33342 dye (Sigma-Aldrich, St. Louis, MO, USA) and incubated for 30 min. 

Unbound dye was removed by washing three times with complete medium. The cells 

were imaged on an Olympus IX71 inverted microscope or mounted on a slide in 

complete medium and imaged on an Olympus BX50 fluorescence microscope. 

 Loading and release of biologics into pSi-PCL composite materials 2.4.3

Pieces of composite material were transferred to a 48 well plate, air-dried and 

exposed to UV radiation in a laminar air-flow hood for 5 min. Test composites were 

incubated in 500 µl of 1 mg/ml insulin, 0.55 mg/ml transferrin, 0.67 µg/ml sodium 
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selenite and 10 µg/ml EGF for 16 h at 4°C in a humidified box, to maintain activity 

of the biologics. Insulin, transferrin, and selenite improve cell growth in serum-free 

or serum-low medium
444

. Composites incubated in PBS were used as controls. The 

materials were washed 5 times in sterile PBS and transferred to a 96 well plate. EGF 

is a potent mitogen for many mammalian cells, but not for SRA01/04 cells. Thus, 

BALB/c 3T3 cells (the kind gift of Dr. E. Lousberg, Adelaide University, Adelaide, 

Australia), which are EGF-responsive
445

, were seeded on the materials at 2x10
4
 cells 

per well and incubated at 37°C and 5% CO2 in air for 48 h. The number of cells in 

each well was enumerated using the CellTiter 96® AQueous One Solution (Promega, 

Madison, WI, USA), according to the manufacturer’s instructions. 

The release of biologics from the pSi-PCL composite materials was first measured 

functionally, by their ability to induce proliferation in BALB/c 3T3 cells. Composite 

materials were loaded as described above. Conditioned medium was prepared by 

incubating the pSi-PCL composite material in 400 µl DMEM at 37°C for 24 h, 

transferring to fresh medium for 24 h and finally into fresh medium for 96 h. 

Unloaded pSi-PCL composite material was used as a control. A proliferation assay 

with BALB/c 3T3 cells was performed using the CellTiter 96® AQueous One 

Solution assay as described above, with 50 µl conditioned medium used in place of 

the pSi-PCL composite materials. Next, the release of insulin from the composite 

materials was measured. Materials were loaded with insulin, transferrin, and selenite 

as above and incubated in 200 µl serum free DMEM in a 97 well plate at 37°C. 

Samples were taken at the end of day 1, day 2 and day 6. The medium was replaced 

with fresh serum-free DMEM at each time point. The amount of insulin in the 

conditioned medium was assayed using the Insulin Human ELISA kit (Abcam, 
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Cambridge, MA, USA), according to the manufacturer's instructions. 

 Animal and tissue techniques 2.5

 Induction and assessment of corneal neovascularization in rats 2.5.1

 Induction of corneal neovascularization in rats by silver nitrate cautery 2.5.1.a

Male or female Sprague-Dawley rats, which were at least 12 weeks old, were 

anaesthetised using inhaled isofluorane in a glass chamber. Anaesthesia was 

maintained by administration of 2 l per minute isofluorane (Bomac, NSW, Australia) 

in oxygen delivered via a nose cone. Topical anaesthetic (0.5% proxymethacaine eye 

drop, Alcon, Fort Worth, TX, USA) was applied to the right eye for two minutes. A 

silver nitrate potassium nitrate applicator (Grafco, QLD, Australia) was dipped in 

sterile water and the excess liquid removed using a surgical spear. The applicator 

was gently placed on the central cornea for five seconds (Figure 2-2). The eye was 

washed with sterile BSS, and Chloromycetin ointment was applied and the eyelid 

was sutured shut with a 10-0 nylon monofilament sutures. The eyelid suture was 

removed the following day and inflammation, blister response and 

neovascularization were monitored daily until euthanasia, using the assessment 

sheets in appendix A3.2. 

 Topical scFv therapy 2.5.1.b

Anti-VEGF-B and control scFv was formulated as eye drops as described in 

appendix B.13. Rats with induced corneal cautery were treated either immediately 
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Figure 2-2 Corneal cautery 

Sprague-Dawley rats were anaesthetised using inhaled isoflurane. A drop of 

topical proxymethacaine solution was applied to the right eye. (A) A silver nitrate 

applicator (Arrow) was wetted in ddH
2
O and applied to the central cornea for 5 

seconds. (B) A drop of ophthalmic BSS solution was then applied to wash the 

eye. A white precipitate is seen in the image above the cauterised portion of the 

cornea. (C) Chloromycetin ointment was applied and the eyelids were closed 

with a 10-0 monofilament suture for 1 day. 

 

A

B

C
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after cautery to assess the effect on developing vessels or the vessels were allowed to 

develop before commencing of therapy. Rats were restrained using a cloth drape with 

only their heads remaining uncovered. Five microliters of scFv eye drops were 

applied to the corneal surface using a micropipette (Figure 2-3). The treatments were 

repeated for a total of five eye drops per day at 2 hour intervals. 

 Subconjunctival injection of scFv 2.5.1.c

Anti-VEGF-B and control scFv were formulated into a temperature responsive gel. A 

sterile solution of 5 mg/ml scFv and 20% Pluronic F127 (Sigma-Aldrich, St. Louis, 

MO, USA) was prepared in PBS. The resulting solution is a liquid at 4°C but rapidly 

gels at body temperature. Ten microliters of the solution was loaded into pre-chilled 

31G sterile insulin syringes. Rats were anaesthetised as described in section 2.5.1.a, 

and the depth of anaesthesia was confirmed by absence of pedal and blink reflexes. 

The conjunctiva was pulled up with forceps to form a “tent” into which the needle 

was introduced. The scFv solution was gently injected and the needle was kept in 

place for approximately 30 seconds to allow the solution to gel (Figure 2-4). 1% 

Chloromycetin ointment was applied to the eye. 

 Haematoxylin perfusion to stain corneal blood vessels 2.5.1.d

Sprague-Dawley rats with induced corneal neovascularization were injected with 35 

units of heparin IP per 100g body weight intraperitonially. The rats were killed by an 

overdose of inhaled isofluorane 30 mins after injection of heparin. The chest and 

abdominal cavities were opened and the descending aorta exposed. The inferior vena 

cava and the descending aorta were clamped close to the heart. A large incision was 

made in the right auricle and a 22G butterfly needle was inserted into the cavity of 
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Figure 2-3 Application of eye drops 

Rats were carefully restrained using a cloth swaddle, making sure the head 

remained exposed. Five microliters of eye drop was loaded into a micropipette. 

The liquid was ejected from the pipette to form a drop at the end of the pipette 

tip. The drop was carefully applied to the eye of the rat. 
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Figure 2-4 Subconjunctival injection of scFv 

Sprague-Dawley rats were anaesthetised using inhaled isoflurane.  

(A) Subconjunctival injection of scFv was performed using a 31 G needle. The 

conjunctiva was lifted using forceps (B) and the needle was inserted at the base 

of the lifted area.(C) scFv was injected and the needle was withdrawn after 20-30 

seconds after the solution had gelled. 

 

 

A

B
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the left ventricle. The rat was perfused with 50 ml warm saline containing 4 U/ml 

heparin and 0.32 ml/l papaverine HCl, followed by 50 ml of 1:3 haematoxylin: PBS 

pH6.0 containing 0.32 ml/l papaverine HCl, at 120 mmHg through the butterfly 

needle using the setup depicted in Figure 2-5. The eyes were enucleated and placed 

in buffered formalin for 1 h at room temperature and then placed in PBS. The cornea 

was then dissected out and flatmounted as described in section 2.5.1.e. 

 Corneal flatmounting 2.5.1.e

Haematoxylin perfused formalin fixed rat eyes were removed from PBS and blotted 

on tissue paper. An incision was made in the sclera approximately 2 mm from the 

limbus. The cornea with a scleral rim was excised using scissors. The iris was 

removed using forceps. The cornea was placed on a slide with 2-3 drops of buffered 

glycerol. A scalpel blade was used to make four radial cuts at 90° to each other and 

extending ¾ of the way to the centre of the cornea. The cornea was then flattened 

using a forceps and a coverslip applied. A weight was placed on the coverslip to 

further flatten he cornea and the coverslip sealed with nail polish. Flatmounts were 

imaged using an Olympus BX51 microscope. 

 Image analysis 2.5.1.f

Images of corneal flatmounts were processed in Photoshop CS2 (Adobe, San Jose, 

USA) using the auto level command. Montages were prepared using the photomerge 

function. Montaged images were then coded so that the quantification of corneal 

vessel area was performed in a masked fashion. Images were processed in ImageJ 

(National Institutes of Health, USA) and the area of the central corneal burn was 

selected using the freehand selection tool. The selected area was then removed. The 
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Figure 2-5 Haematoxylin perfusion setup 

The apparatus used to perfuse the vasculature of rats with haematoxylin, in order 

to stain corneal vessels, is pictured above. A sphygmomanometer was modified to 

provide regulated pressure. The perfusion chamber (60 ml syringe) contained the 

perfusion solution, which was delivered through a 23 G cannula at 120 mmHg, 

attached to the perfusion chamber with rubber tubing. Image provided by  

Dr. Peter van Wijngaarden, Flinders University. 
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freehand selection tool was used to select the corneal area including some sclera. The 

selection was copied to a new image file. The paintbrush tool was used to remove all 

areas beyond the limbal arcades. The image was converted to a RGB stack and the 

green channel, which had the maximum contrast, was copied to a new file. The 

brightness and contrast of the file was optimised to show vessels. The colour 

threshold function was applied and the level was adjusted to select the vessels with 

minimal background (Figure 2-6). The “analyse particles” function was used to 

measure the area covered by vessels. The freehand selection and measure tools were 

used to measure the total corneal area. The following formula was used to calculate 

the percentage of corneal area covered by vessels. 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑣𝑒𝑠𝑠𝑒𝑙𝑠 = (
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑒𝑠𝑠𝑒𝑙 𝑎𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑟𝑛𝑒𝑎𝑙 𝑎𝑟𝑒𝑎 − 𝑐𝑎𝑢𝑡𝑒𝑟𝑖𝑠𝑒𝑑 𝑎𝑟𝑒𝑎
) ∗ 100 

 Harvest of rat oral mucosal epithelial cells and transfer to the rat eye 2.5.2

 Harvest and culture of oral mucosal epithelial cells from the rat 2.5.2.a

Male Sprague-Dawley rats aged between 4 to 6 weeks were euthanised by an 

overdose of inhaled isofluorane. The rat was immersed in povidone iodine solution 

for 2 minutes ensuring that the buccal cavity was bathed in liquid. The buccal cavity 

was washed with ophthalmic BSS-antibiotic solution (BSS supplemented with 

200U/ml penicillin, 200 µg/ml streptomycin and 10 ng/ml amphotericin). The rat was 

placed on a sterile field in a laminar flow hood and oral mucosal tissue was dissected 

out using a scalpel blade and dissecting scissors, making sure the underlying tissue 

was not taken. The tissue was washed with BSS-antibiotic solution and placed in one 
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Figure 2-6 Quantification of corneal vessel area 

Flatmounted rat corneas with vessels perfused with haematoxylin were imaged 

on an Olympus BX51 microscope. A montage image was generated using Adobe 

Photoshop. Image analysis was performed using ImageJ software. First the 

corneal area was delineated by removing the area beyond the limbal arcades. The 

image was converted to a RGB stack and all processing was performed on the 

green channel, as this channel had the maximum contrast. The file was converted 

to 8-bit and the vessels were outlined. The image was next thresholded and the 

“analyse particles” function applied to measure the vessel area. The cornea was 

outlined using the polygon function and the area measured. The percent of the 

cornea covered by vessels was then calculated. 

 

Flatmount Image Corneal area delineated

Vessels outlinedThreshold Image
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millilitre of MCDB153 medium with 2.2 U/ml dispase I (Life Technologies, 

Carlsbad, CA, USA) for 1 hr at 37°C. The epithelial tissue was then gently detached 

from underlying tissue using forceps, washed in sterile BSS and placed in 500 µl 

0.25% trypsin, 2.65 mM EDTA in BSS for 5 minutes. The tissue was gently 

disaggregated using two 21 gauge needles and 1 ml MCDB153 with 10% FBS, 

insulin transferrin sodium selenate supplement, 100 U/ml penicillin/ 100 ug/ml 

streptomycin, 5 ng/ml amphotericin, 5 ng/ml EGF, 10 ng/ml β-NGF, 200 ng/ml 

hydrocortisone and 0.03 pg/ml tri-iodothyronine (complete medium). The cells were 

washed with 10 ml complete medium and pelleted at 100 g for 5 minutes. The cells 

were resuspended in 100 µl complete medium and seeded on collagen IV and 

vitronectin coated aminosilinised pSi membranes in 24 well plates. The cells on the 

pSi were placed in an incubator at 37°C with 5% CO2 in air for 1 hr to allow 

attachment, and then 1 ml of complete medium was added. The medium was 

replaced with fresh complete medium the following day then twice weekly. The cells 

were used at passage 1 and up to two donor rats were used per experiment. 

 Antibody labelling of oral mucosal epithelial cells 2.5.2.b

Rat oral mucosal epithelial cells (OMEC) grown on porous silicon scaffolds were 

transferred to 96 well plates. The cells were fixed with 4% paraformaldehyde in PBS 

for 10 min at room temperature and permeabilised in 0.4% Triton X-100 in PBS for 

5 min. 5% v/v goat serum (Life Technologies, Carlsbad, CA, USA) in PBS for 2 h 

was used to block non-specific binding. The cells were then incubated with primary 

antibodies diluted in PBS with 1% v/v goat serum as described in Table 2-7 for 1 hr 

at room temperature. Unbound antibody was washed off using PBS and a goat anti-

mouse IgG Alexa Fluor
®

 488 secondary antibody diluted 1/500 in PBS was 
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incubated with the cells for 1 hr at room temperature in the dark. The nuclei of the 

cells were counterstained with 2 µg/ml Hoechst 33342 for 5 min. Where the protein 

of interest localised to the nucleus, cytoplasmic actin was stained with 1/200 Alexa 

Fluor 594 phalloidin (Life Technologies, Carlsbad, CA, USA). Excess stain was 

removed by washing with PBS four times, the cells were mounted in buffered 

glycerol and fluorescence imaged on an Olympus BX50 microscope. 

Table 2-7 Primary antibody dilutions for labelling of rat OMEC 

Primary antibody Dilution 

CK3/12 clone AE5 1/100 

CK19 clone E6 1/100 

P63 clone 4A4 1/100 

ABCG2 clone 5D3 1/200 

 

 Labelling rat OMEC with the cell tracker dye PKH26 2.5.2.c

Rat OMEC grown on pSi scaffolds were washed once with serum free medium 

followed by diluent C (from PKH cell labelling kit, Sigma-Aldrich, St Louis, MO, 

USA). One millilitre of diluent C was then added to the cells, followed by 1 ml of 

PKH26 dye solution (1 x10
-7

M). Cells were incubated in dye solution for 5 mins. 

The staining reaction was stopped by the addition of 2 ml of FBS for 1 min. The cells 

were then washed once with complete medium to remove unbound dye. 
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 Surgical implantation of porous silicon materials into the rat eye 2.5.2.d

Female Sprague-Dawley rats were anaesthetised using inhaled isofluorane. A drop of 

0.5% proxymethacaine (Alcon, Fort Worth, TX) was placed on the right eye for two 

minutes to provide local anaesthesia. Incisions were made in the conjunctiva and a 

pocket was blunt dissected using scissors. pSi membranes were inserted into the 

pocket and the opening closed using 10-0 Ethilon monofilament nylon sutures 

(Ethicon, Piscataway, NJ, USA). The procedure was repeated so as to have an 

implant in the superior, inferior and temporal regions of the eye. 1% 

chloramphenicol ointment (Parke Davis, Caringbah, NSW, Australia) was placed on 

the eye and the eyelid sutured shut with a single suture for 24 h. The implanted eye 

was monitored under the operating microscope thrice weekly for two weeks and then 

once weekly. The implants were photographed weekly using an Olympus E-330 

digital camera. The cells from the ocular surface were sampled using FTA paper 

(Millipore, Billerica, MA), as described in section 2.5.2.e. The animals were killed 

by an overdose of inhaled isofluorane eight weeks after implantation and the eyes 

were enucleated for histology. 

 Impression cytology using FTA paper 2.5.2.e

Rats were anaesthetised with inhaled isofluorane and the tear film was absorbed 

using a surgical spear. A 2 mm disc of FTA paper was applied to the central cornea, 

using a forceps, and gently agitated in a circular motion to collect superficial cells. 

The FTA disc was then placed in a sterile PCR tube for analysis. The forceps was 

washed with 10 M NaOH, 1 M HCl and 70% ethyl alcohol between samplings to 

prevent contamination. 
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 Induction of mild ocular surface disease by n-heptanol 2.5.2.f

Female inbred Sprague-Dawley rats were anaesthetised using inhaled isofluorane in 

a glass chamber. Anaesthesia was maintained by administration of 2 l per minute 

isofluorane in oxygen delivered via a nose cone. Topical anaesthetic (1% topicamide 

eye drop) was applied to the right eye for two minutes. A sterile cotton swab was 

dipped in n-heptanol (Sigma-Aldrich, St. Louis, MO, USA) and gently placed on the 

central cornea. The swab was then run across the surface of the cornea in a spiral 

motion for 5 seconds. The eye was washed with sterile BSS, Chloromycetin ointment 

was applied and the eyelid was sutured shut. The eyelid suture was removed the 

following day and inflammation, blister response and neovascularization were 

monitored daily for a week. Impression cytology was performed weekly to confirm 

induction of OSD by the presence of conjunctival goblet cells on the corneal surface. 

 Impression cytology of the rat eye to confirm OSD 2.5.2.g

Rats with n-heptanol-induced OSD were anaesthetised and a surgical spear was used 

to absorb excess liquid from the eye. A 2x2 mm piece of cellulose acetate membrane 

(Sigma-Aldrich, St. Louis, MO, USA) was then placed on the central cornea and held 

in place using a forceps. After 10-15 seconds the membrane was gently removed, 

taking care that the epithelial cells remained attached to it. The membranes were 

fixed to a glass slide using double sided tape and place in 100% ethanol for 1 hr. The 

membranes were rehydrated by passing through 90% ethanol for 2 minutes followed 

by 70% ethanol for 2 minutes and distilled water for 2 minutes. The membranes were 

dipped in distilled water then placed in 1% periodic acid for 2 minutes followed by 

distilled water for 2 minutes, Schiff’s reagent for 10 minutes, washed in tap water for 
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5 minutes then stained with haematoxylin and mounted in DePeX medium (Sigma-

Aldrich, St. Louis, MO, USA). 

 Fixation, processing and embedding 2.5.2.h

The enucleated eyes were fixed in 10% (v/v) buffered formalin for a minimum of 24 

hours. The globes were dehydrated through 70% (v/v) ethanol, 80% (v/v) ethanol, 

90% (v/v) ethanol, each for 1 h followed by 3 changes of 100% (v/v) ethanol for 30 

min each. The globes were then left in 100% (v/v) chloroform overnight.  The globes 

were placed in molten paraffin wax at 60°C for 45 min, then in fresh wax under 

vacuum for two 45 minute periods and embedded in fresh wax. The paraffin blocks 

were sectioned on a microtome; 5 mm sections were cut, mounted on chrome-alum 

subbed slides and air dried at 40°C before storage at room temperature. 

 Haematoxylin and eosin staining 2.5.2.i

Paraffin-embedded sections were dewaxed by two consecutive 2 minute washes in 

100% (v/v) xylene. They were rehydrated by 2 minute washes in 100% (v/v), 100% 

(v/v), 90% (v/v) and 70% (v/v) ethanol, and water. The sections were stained with 

modified Harris haematoxylin for 10 minutes, rinsed in water, dipped in acid alcohol 

for 2 seconds and rinsed in water again. Blue haematoxylin stain was developed by 

incubation in 0.05% (w/v) lithium carbonate for 2 minutes, then rinsed and 

counterstained with eosin for 2 minutes. Excess eosin stain was removed by washing 

with water for 5-7 minutes. The sections were dehydrated with three 30 second 

washes in 100% (v/v) ethanol, and two 1 minute washes in xylene then cover-slipped 

with DePeX mounting medium. 
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 Statistical analyses 2.6

The statistical program IBM SPSS statistics 22 (IBM, Armonk, NY, USA) was used 

to perform all statistical analysis. Statistical analysis was performed with advice from 

a statistician, Dr. Miriam Keane, Department of Ophthalmology, Flinders University. 

Data were first analysed for normality using the Shapiro-Wilk test with a p-value 

>0.05 indicating the data was normally distributed. As all data were found not to be 

normally distributed, non-parametric tests were used. Where two groups were being 

compared, the Mann-Whitney U test was used. If three or more groups were 

compared, the Kruskal-Wallis test was used. Comparisons between subsets of data 

were carried out using Mann-Whitney U tests with Bonferroni correction for multiple 

testing. The significance level (alpha) was set at 0.05.   
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CHAPTER 3 POROUS SILICON MATERIALS AS 

CARRIERS OF CELLS AND DRUGS TO THE EYE 

 Porous silicon as an ocular implant 3.1

Although porous silicon (pSi) was first discovered in the 1950’s, little was known 

about its biocompatibility until the 1990’s
361

. Porous silicon supports the attachment 

and growth of a variety of mammalian cells in vitro
370, 371, 391

. The biocompatibility 

of pSi in vivo has been demonstrated by subcutaneous implantation in guinea-pigs 

and implantation into the abdominal wall in rats
363, 366

. In the context of the eye, a pSi 

membrane implanted under the rat conjunctiva slowly dissolves, but is still visible 8 

weeks post implantation
391

. The implant does not damage the surrounding tissue and 

does not cause inflammation or neovascularization, however a thin fibrous capsule 

forms around it
391

. Eventually, pSi degrades into non-toxic silicic acid
361

. The highly 

porous nature of pSi (Figure 3-1 A) gives it a large surface area to volume ratio
359

 

which allows loading of a large amount of substances such as proteins
446

 and 

drugs
351

. The size and shape of the pSi pores can be altered to mimic the structure of 

the limbal palisades of Vogt (Figure 3-1 B & C). Furthermore, self-reporting of drug 

release from multilayered pSi microparticles can be achieved, as the pSi changes 

colour as it degrades
360

. Being inorganic, pSi is also easily sterilised by 

autoclaving
392

. These properties taken together suggest that pSi might make an 

excellent implant for the eye. 

The overarching aim of this part of my study was to determine whether pSi materials 

could be used to transfer cells and drugs to the rat eye, with the view to creating an 

artificial stem cell niche for the treatment of ocular surface disease (OSD). Two pSi 

materials were tested: the first material was a freestanding pSi membrane, and the 
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Figure 3-1 Porous silicon membranes 

(A) Scanning electron micrograph (SEM) of a porous silicon membrane 

demonstrating its highly porous nature. Image courtesy Dr. Steven McInnes, 

University of South Australia. (B) SEM of the limbal palisades of Vogt from 

Gipson et al 1989
14

. The arrows points to the palisades of Vogt. (C) SEM of a 

pSi membrane, showing some similarities in structure to the palisades of Vogt. 
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second a composite prepared from a non-woven polymer fabric with pSi 

microparticles embedded in the fibres. Cell growth, drug loading and ocular 

biocompatibility of the two materials were assessed. Our hypothesis was that pSi 

materials coated with growth factors would support the growth of oral mucosal 

epithelial cells, including stem cells, and that the cells would migrate across the 

corneal surface after implantation under the rat conjunctiva. The following sections 

will present the results of these experiments and discuss the advantages and 

limitations of the two pSi materials. 

 Exploration of porous silicon membranes as a stem cell niche 3.2

 Harvest and culture of oral mucosal epithelial cells from the rat 3.2.1

Oral mucosal epithelial cells might provide a suitable alternative to corneal 

epithelium, and oral mucosa itself is a source of stem cells. Oral mucosal tissue was 

surgically dissected from young (6-8 week old), male, inbred Sprague-Dawley rats, 

and enzymatically digested to yield a single cell suspension. The cells were grown on 

collagen IV-coated glass coverslips, in low calcium medium, to maintain the cells in 

an undifferentiated state, with growth factors to stimulate proliferation of the cells, as 

described in section (section 2.5.2.a). 

Oral mucosal epithelial cells (OMECs) proliferated to form colonies over a period of 

7 days (Figure 3-2 A). The colonies were approximately circular with a cobblestone 

appearance, and contained densely packed cuboidal cells (Figure 3-2 B). Cells on the 

borders of the colonies appeared to be more flattened. On further culture, the cells 
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Figure 3-2 Rat oral mucosal epithelial cells grown on collagen IV coated 

tissue culture plates 

Oral mucosal tissue was harvested from young (6-8 week old) male inbred 

Sprague-Dawley rats, and enzymatically disassociated to yield a single cell 

suspension. The cells were seeded on collagen coated tissue culture plates, and 

grown for 7 days. (A) Rat oral mucosal epithelial cells proliferated to form round 

colonies (original magnification 100X). (B) The centre of OMEC colonies 

contained densely packed cuboidal cells (original magnification 200X). Images 

captured at the inverted light microscope. 

 

A

B
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did not form a stratified epithelium, as the superficial cells detached from underlying 

cells. 

 Oral mucosal epithelial cells grown on collagen IV coated pSi express 3.2.2

corneal epithelial cell markers 

OMECs were seeded on collagen IV coated porous silicon membranes and allowed 

to grow for 7 days. The cells were fixed and probed with antibodies raised against 

the corneal epithelial cell marker CK3/12 and the basal epithelial cell marker CK19. 

The cytokeratins are found in the intermediate filaments of the cytoskeleton, and 

were expected to be expressed in the cytoplasm. Strong cytoplasmic expression of 

CK3/12 was observed in the OMECs grown on collagen IV coated pSi membranes 

(Figure 3-3). At higher magnifications (40X objective), the CK3/12 antibodies 

appeared to label thin fibrils, an appearance consistent with CK3/12 being an 

intermediate filament protein
66

. Labelling for CK19 was not as intense as CK3/12 

labelling. Weak labelling was observed in a large proportion of cells (Figure 3-3). A 

few cells showed more intense labelling. In some cells, intense nuclear labelling 

accompanied the cytoplasmic labelling (Figure 3-3). CK19 might be present in the 

nucleolus, or structural elements of the nucleus in these cells. The expression of 

corneal epithelial cell markers in the OMECs highlights the similarities between oral 

mucosal epithelium and corneal epithelium. Rat OMECs might thus be considered 

near-corneal epithelial equivalents, however a population of stem cells within the 

OMEC population would be required for long-term reconstruction of the corneal 

epithelium in OSD. In the next section, the pSi membranes were coated with factors 

with the view to recreating a niche environment for stem cells. 
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Figure 3-3 Oral mucosal epithelial cells grown on porous silicon membranes 

express corneal epithelial cell markers 

Rat oral mucosal epithelial cells (OMEC) were seeded on porous silicon 

membranes, and allowed to grow for 7 days. Cells were labelled for the 

cytoskeletal proteins cytokeratin (CK) 3/12, expressed by superficial corneal 

epithelial cells, and CK19, expressed by basal epithelial cells, using monoclonal 

antibodies. (A) and (B) CK3 expression in rat OMECs. CK3/12 is normally 

expressed by differentiated corneal epithelial cells. (C) and (D) CK19 expression 

in rat OMECs. Inserts show an isotype matched negative control. Scale bars 50 

µm, insert scale bar 10 µm. Nuclei stained with Hoechst 33342 dye. 
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 Characterization of OMECs grown on pSi scaffolds coated with collagen 3.2.3

IV and vitronectin 

The effect of coating pSi membrane scaffolds with collagen IV, vitronectin, or a 

combination of the two, on expression of cytokeratins and putative stem cell markers 

in adherent OMECs was investigated. Collagen IV is a major component of the 

limbal epithelial basement membrane, and has been used to enrich stem cells from 

the limbus
447

 and oral mucosa
448

. Vitronectin is an extracellular matrix protein, 

which is expressed at the limbus
77

, and has been shown to support corneal epithelial 

cell migration and proliferation
449, 450

. Coating pSi membranes with collagen IV and 

vitronectin might create a niche environment to maintain stem cells. 

Porous silicon membranes were coated with 10 µg/cm
2
 collagen IV, 1 µg/cm

2
 

vitronectin or a mixture of the two. OMECs were seeded on the scaffolds and 

allowed to grow for 7 days. The cells were fixed and probed with antibodies raised 

against CK3/12, CK19, p63 and ABCG2. CK3/12 is expressed by differentiated 

corneal epithelial cells
66, 73

, whereas CK19 is expressed by basal epithelial cells of 

the peripheral cornea
66

. p63 is a nuclear transcription factor, expressed by transient 

amplifying cells
46

. ABCG2 is a membrane bound transporter protein, that is 

associated with the side population cells, which are able to efflux Hoechst dye
53, 54

. 

High levels of ABCG2 have been found in a number of stem cells, making it a 

putative stem cell marker
52

. 

CK3/12, a corneal epithelial differentiation marker, was expressed by OMECs grown 

on pSi membranes, regardless of the protein coating. However, the expression was 

variable, with some cells expressing the marker strongly while others showed either 
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weak, or no expression. On collagen IV-coated pSi membranes, some colonies of 

OMECs completely lacked CK3/12, while others showed strong expression  

(Figure 3-4 A & B). On vitronectin or collagen IV plus vitronectin coated pSi, the 

OMECs displayed expression of CK3/12 at the periphery of the colonies, with little 

or no expression in the centre (Figure 3-5 A, Figure 3-6 A). This could indicate that 

cells at the periphery had undergone more replications, and had differentiated more 

than the cells at the centre of the colonies. 

The expression of CK19, a basal epithelial cell marker
66

, was uniformly weak across 

the various coatings. OMECs grown on collagen IV displayed patchy, cytoplasmic 

labelling, with some cells displaying strong intranuclear labelling (Figure 3-4 C). 

Vitronectin coated materials displayed a uniform, but weak, cytoplasmic expression 

of CK19 (Figure 3-5 B, Figure 3-6 B). 

The nuclear transcription factor p63, which labels transient amplifying cells (TACs), 

was expressed in a large proportion of OMECs grown on collagen IV, vitronectin, 

and collagen IV plus vitronectin coated pSi membranes (Figure 3-4 D, Figure 3-5 C, 

Figure 3-6 C). Strong nuclear expression of the marker was observed, with no 

observable differences related to growth of the cells on different protein substrates. 

High levels of expression of p63 indicated that a large proportion of the cultured 

OMECs had some proliferative potential. 

A small proportion of OMECs expressed the putative stem cell marker ABCG2. 

Cytoplasmic expression of ABCG2 was observed in OMECs grown on all of the 

coatings under investigation (Figure 3-4 E, Figure 3-5 D, Figure 3-6 D). ABCG2 

expression might indicate the presence of putative stem cells in the OMECs. 



Yazad Irani  102 

 

 

Figure 3-4 Expression of epithelial and putative stem cell markers in rat oral 

mucosal epithelial cells grown on collagen IV coated pSi membranes 

Rat oral mucosal epithelial cells (OMEC), 7 days after seeding on collagen IV 

coated, porous silicon scaffolds. (A) and (B) Differential expression of CK3/12 

(green). Some colonies exhibited strong expression of CK3/12 while others 

displayed little or no expression. (C) Expression of CK19 (green) was low.  

(D) Nuclear expression of p63 (green) was observed in a large proportion of 

OMECs. Actin filaments labelled with Alexa Fluor 594 phalloidin (red). (E) A 

small proportion of OMECs expressed ABCG2 (green). (F) Isotype matched 

negative control antibody. Nuclei stained with Hoechst 33342. Scale bars 50 µm. 
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Figure 3-5 Expression of epithelial and putative stem cell markers in rat oral 

mucosal epithelial cells grown on vitronectin coated membranes 

Rat oral mucosal epithelial cells (OMEC), 7 days after seeding on vitronectin 

coated, porous silicon scaffolds. (A) Expression of CK3/12 was variable. Some 

cells expressed CK3/12 strongly, while others lacked cytoplasmic expression.  

(B) Weak expression of CK19 was observed in OMECs. (C) OMECs expressed 

the nuclear transcription factor p63 (green). Actin filaments were stained with 

Alexa Flour 594 phalloidin (red). (D) The putative stem cell marker ABCG2 was 

weakly expressed. Nuclei stained with Hoechst 33342. Scale bars 50 µm. 
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Figure 3-6 Expression of epithelial and putative stem cell markers in rat oral 

mucosal epithelial cells grown on collagen IV plus vitronectin coated pSi 

Rat oral mucosal epithelial cells (OMEC), 7 days after seeding on collagen IV 

plus vitronectin coated, porous silicon scaffolds. (A) The expression of CK3/12 

was variable, with patches of cells strongly expressing the marker, while other 

cells did not express it. (B) The basal epithelial cell marker CK19 was weakly 

expressed in some OMECs. (C) A majority of OMECs expressed p63 in their 

nuclei. (D) A small proportion of OMECs expressed the putative stem cell 

marker ABCG2. Nuclei stained with Hoechst 33342. Scale bars 50 µm. 
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OMECs grown on pSi membranes consisted mostly of p63 expressing transient 

amplifying cells. Differentiated cells expressing CK3/12 were also observed. A small 

proportion of cells expressed the putative stem cell marker ABCG2. These cells were 

potentially stem cells. 

The expression of markers in OMECs grown on pSi membranes with collagen and 

vitronectin coatings is summarised in Table 3-1. There was no significant difference 

in expression of epithelial cell or putative stem cell markers between the coatings 

tested, indicating that both collagen IV and vitronectin could support the growth of 

OMECs on pSi membranes. 

Table 3-1 Summary of cytokeratin profile and putative stem cell marker 

expression in OMECs grown on pSi membranes 

Group Marker expressed 

CK 3/12 CK 19 p63 ABCG2 

Collagen IV -/+++ + weak +++ -/+ 

Vitronectin -/++ + weak +++ -/+ 

Collagen IV + Vitronectin -/++ + weak +++ -/++ 

- No expression + expressed in some cells ++ expressed in a few cells +++ expressed 

in a majority of cells. 

 Stability and biocompatibility of pSi membranes in vivo 3.2.4

Rat OMECs were successfully grown on pSi membranes and expressed corneal 

epithelial, transient amplifying cell and putative stem cell markers. Next, the ability 

of the cells to migrate off the pSi scaffold on to the ocular surface was assessed. 

OMECs were harvested from young male inbred Sprague-Dawley rats and cultured 
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on pSi scaffolds, coated with collagen IV or vitronectin for 7 days. Collagen IV is a 

major constituent of epithelial basement membranes
451

 and promotes migration of 

corneal epithelial cells
452

. Furthermore, collagen IV is expressed in the limbus but 

not in the central cornea
79

. Migration of cells off the pSi scaffold onto the ocular 

surface is desirable for the treatment of ocular surface disease. Vitronectin is 

expressed at the limbus, and is thought to maintain corneal epithelial stem cells
450

. 

As the pSi is opaque, the cells could not be visualised by microscopy. However, the 

presence of cells on the pSi distorted the surface of the pSi, making visual inspection 

possible. The presence of cells on the surface of the pSi was confirmed visually 

before implantation into animals. Three pieces of pSi membrane, measuring  

2 x 2 mm each, were implanted under the conjunctiva of female inbred Sprague-

Dawley rats. An incision in the conjunctiva was used to blunt-dissect a pocket 

beneath the conjunctiva. The pSi membranes carrying cells were carefully placed 

into the pockets, with the side carrying cells facing anteriorly. The pocket was closed 

with 10-0 nylon sutures. The rats were observed under the operating microscope 

weekly for 8 weeks. 

The pSi scaffold was clearly visible under the conjunctiva immediately after 

implantation (Figure 3-7 A). Implantation of the pSi scaffold caused mild 

inflammation (redness) up to 2 week post-implant, and neovascularization. Two 

weeks later, the pSi scaffold was still visible. New vessels had grown in the vicinity 

of the implant, and appeared denser around the sutures (Figure 3-7 B). Four weeks 

post-implant, no residual inflammation was apparent. The pSi scaffold had 

undergone degradation, as evidenced by the change in colour of the implant from 

black to brown (Figure 3-7 C). The implant remained visible at the operating 
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Figure 3-7 Subconjunctival implantation of pSi scaffolds carrying ex vivo 

expanded rat oral mucosal epithelial cells 

pSi scaffolds carrying male rat oral mucosal epithelial cells were implanted under 

the conjunctiva of female inbred Sprague-Dawley rats. (A) The pSi (black 

arrow), and the sutures (white arrow), were visible under the conjunctiva, one day 

after implantation. (B) At 2 weeks post implantation, signs of degradation were 

apparent, as the pSi changed colour. There was also mild inflammation and 

neovascularization. The vessels appeared to be reaching the sutures (blue arrow). 

(C) Four weeks post implantation, the pSi scaffold had degraded further. Little or 

no inflammation was apparent, however the blood vessels persisted. (D) Eight 

weeks after implantation the pSi scaffold was still visible. An ophthalmic spear 

(asterisk) is visible at the top of image D. Images captured at the operating 

microscope. 
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microscope up to 8 weeks post-implant, however extensive degradation was apparent 

(Figure 3-7 D). The vasculature around the site of the implant had undergone 

remodelling, with a number of vessels regressing. A network of vessels had formed 

around the implant site, with larger vessels around the sutures (Figure 3-7 D).  

In summary, pSi membranes carrying OMECs were successfully implanted under the 

conjunctiva in rats. The implants were well tolerated and did not cause prolonged 

inflammation or extensive neovascularization. However, the rate of degradation of 

the pSi membrane was rapid. This was of concern because the goal was to generate a 

long-term artificial stem cell niche.  

 Detection of transplanted cells on the ocular surface 3.2.5

Porous silicon membranes carrying OMECs were implanted under the conjunctiva of 

rats, as described in the previous section. The next experiment was performed to 

detect if the transplanted cells had migrated across the ocular surface. An initial 

experiment was performed with male OMECs on pSi scaffolds implanted under the 

conjunctiva of 2 female rats. Weekly impression cytology samples from the central 

cornea and the conjunctiva were taken with FTA paper. The presence of the male 

specific gene, sex determining region Y (sry) in the samples, which would indicate 

presence of transplanted cells
97, 453

, was detected by PCR for genomic DNA. 

Amplification of sry from the samples should yield a product of 168 bp. Samples 

from the female rat corneas and conjunctivas taken 1 to 8 weeks post implantation of 

male cells were analysed. In rat one, a band corresponding to the expected size for 

sry was observed, in the corneal samples, from 1-4 weeks post-implantation  
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(Figure 3-8). A positive result in the conjunctival samples from rat one was also 

obtained in weeks 2, 5 and 6 post-implant. Detection of sry in rat two was more 

variable, with a band of the correct size amplified from the cornea, 2, 3 and 6 weeks 

post implant, and in the sample collected on the day of implant from the conjunctiva. 

These results suggested that the transplanted OMECs were able to migrate off the pSi 

scaffold on to the corneal surface. However, the PCR reaction used to amplify sry 

also amplified a large number of spurious bands, as can be seen from Figure 3-8. The 

PCR reaction employed 65 cycles of amplification, in order to maximise the 

sensitivity of detection. The large number of amplification cycles generated 

misprimed artefacts. In order to overcome this issue, a new PCR protocol with 

increased specificity and sensitivity was developed. 

 Novel sry PCR protocol for increased specificity and sensitivity 3.2.6

Detection of a small amount of male DNA in the presence of female DNA required a 

large number of rounds of amplification. This resulted in the presence of artefacts, 

which reduced confidence that the band previously amplified was specific for sry. 

Furthermore, in cases where no bands were observed, for example, in Figure 3-8 lane 

8, it was not possible to determine whether no male DNA was present in the sample 

or whether there was no DNA at all on the FTA paper, that is, whether there had 

been a technical failure in collection of the sample. 

A nested PCR protocol was employed to overcome these problems. The first 

amplification was a multiplex reaction, which amplified the male specific gene sry 

and the housekeeper gene acidic ribosomal phosphoprotein (arbp). Amplification of 

the housekeeper gene confirmed that the samples contained DNA (that is, cells had 
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Figure 3-8 Detection of transplanted cell on the rat ocular surface 

Rat oral mucosal epithelial cells, harvested from a male inbred Sprague-Dawley 

rat, were grown on pSi scaffolds, and transferred to the eyes of two female, 

inbred Sprague-Dawley rats. Cell samples were taken from the central cornea and 

the conjunctiva, weekly, for 8 weeks, using FTA paper. The samples were 

analysed by PCR for the presence of transplanted male genomic DNA. Male rat 

genomic DNA was used as a positive control (+), the negative control (-) was a 

blank FTA paper disc. Bands corresponding to the expected size for the male 

specific gene, sry (168 bp), were detected on the cornea of rat one up to 4 weeks 

post implant. Indicative of the presence of transplanted male cells. A large 

number of spurious bands were observed, making accurate prediction of cell 

transfer difficult. The 20 bp ladder was run in the lanes marked L. The numbers 

0-8 indicate that the sample was taken 0-8 weeks post-implantation. 

 

 

L   +    - Rat 1 cornea                       Rat 1 conjunctiva      L

L         Rat 2 cornea                       Rat 2 conjunctiva                L

1    2    3   4   5   6   7  8   1    2   3  4    5     6    7    8 

0    1    2  3    4   5   6    7   8   0  1    2    3   4    5  6    7    8 

sry 

168bp
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been collected on the FTA paper), while amplification of sry would indicate that 

cells of donor origin had been collected. Samples collected from female rat corneas 

amplified only a band corresponding to arbp, while in samples collected from a male 

rat eye, a strong band corresponding to the expected size for sry, and a weak band 

corresponding to the size of arbp were observed (Figure 3-9 A). When there was a 

large amount of male gDNA, sry was easily detected in the first PCR reaction. 

However, in the case of samples collected from a female rat eye with a few 

transplanted male cells, a small amount of male gDNA would be diluted by a large 

amount of female gDNA. To replicate this condition, a cell sample was taken from a 

female rat and spiked with 8 pg of male gDNA, corresponding to one cell equivalent 

of gDNA. A band corresponding to the expected size for arbp was observed with this 

sample, but sry was not detected in the first round of PCR. 

A second round of amplification was then performed using nested primers for sry. 

The second round of amplification greatly increased the sensitivity of detection of 

sry, while maintaining specificity. Eight picograms of male gDNA added to a cell 

sample taken from a female rat eye yielded a single band corresponding to the 

expected size (168 bp) for sry (Figure 3-9 B). In the absence of male gDNA, no 

spurious bands were amplified from female gDNA. These data suggest that the 

nested sry PCR was sensitive enough to detect a single transplanted male cell in the 

presence of large numbers female cells, and that it specifically amplified rat genomic 

sry. The primers were designed to be specific for rat sry and did not amplify SRY 

from male human gDNA (data not shown). 
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Figure 3-9 Multiplex nested PCR for improved detection of transplanted 

male cells 

A two-step PCR protocol was developed for detection of male DNA in the 

presence of female DNA, and confirmation of the presence of any DNA on the 

FTA paper samples. (A) The first round of amplification was a multiplex PCR 

which amplified the male specific gene sry and the housekeeper gene arbp. In the 

presence of a large amount of male DNA (+, M), sry was detected. However, 

small amounts of male DNA (F+M) or female DNA (F) did not produce a band. 

Detection of arbp confirmed the presence of DNA on the FTA disc. (B) The 

products from the first round of PCR were amplified with nested primers. This 

allowed for sensitive detection of male DNA in the presence of female DNA. 

L = 20 base pair ladder, + = male rat gDNA, B = blank FTA disc, F = FTA disc 

from a female rat eye, M = FTA disc from a male rat eye, M+F = FTA disc from a 

female rat eye with male gDNA. 

 

 

sry
267 bp

arbp
91bp

L         +         B         F       M    F+MA

B
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 Detection of transplanted male cells using the novel sry PCR 3.2.6.a

OMECs harvested from male inbred Sprague-Dawley rats were grown on pSi 

membranes coated with collagen IV, vitronectin or collagen IV plus vitronectin, for 7 

days, and implanted under the conjunctiva of 4, 4 and 3 female rats respectively. The 

implants were observed under the operating microscope for 8 weeks and cell samples 

were taken from the central cornea as well as the conjunctiva weekly, using FTA 

paper. The cells samples on the FTA paper were analysed for the presence of 

transplanted cells using the novel nested PCR protocol. 

Only a band corresponding to arbp was obtained from female samples, while male 

samples yielded a band corresponding to sry (Figure 3-10). No bands were amplified 

from either a water control or a blank FTA disc. A band corresponding to the 

expected size for arbp was amplified in 58% of the corneal samples and 46% of the 

conjunctival samples (Figure 3-11). This indicated that approximately 40% of the 

FTA paper lifts failed to collect cells from the ocular surface. sry was not amplified 

in the first round of amplification in any of the samples. The second round of 

amplification with nested primers did not amplify a band corresponding to sry in any 

of the samples tested. This indicated that the transplanted cells were not detected 

from the central corneal surface post-implantation. 

In summary, pSi membranes carrying OMECs were implanted into the eyes of 

normal rats, with an intact corneal epithelium. No migration of transplanted male 

cells was able to be detected. However, the central cornea was normal, with the 

epithelium being regenerated from the limbus. Under these circumstances, the 
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Figure 3-10 Detection of transplanted male OMECs on the cornea of female 

rats 

Male OMECs were transplanted, on pSi scaffolds, under the conjunctiva of 11 

female inbred Sprague-Dawley rats. A two-step PCR protocol was used to detect 

the presence of male specific DNA in samples collected from the corneas of the 

female rats. A representative gel showing the result from three rats is shown. The 

housekeeper gene arbp was amplified from most of the samples, which indicated 

that the samples contained DNA. However, the male specific sry gene was not 

amplified in any of the samples. L = 20 base pair ladder, W = water control,  

F = female rat gDNA, M = male rat gDNA, B = blank FTA disc, C = collagen 

coated pSi, V= vitronectin coated pSi, C+V = collagen and vitronectin coated 

pSi, 1-8 = sample taken 1-8 weeks after transplantation. Rat 1, 2, 3, implanted 

with OMECs grown on pSi membranes coated with collagen IV plus vitronectin, 

vitronectin and collagen IV respectively. 
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Figure 3-11 Detection of transplanted male OMECs on the conjunctiva of 

female rats 

Male OMECs were transplanted, on pSi scaffolds, under the conjunctiva of 13 

female inbred Sprague-Dawley rats. A two-step PCR protocol was used to detect 

the presence of male specific DNA in samples collected from the conjunctiva of 

the female rats. A representative gel showing the result from three rats is shown. 

The housekeeper gene arbp was amplified from most of the samples, which 

indicated that the samples contained DNA. However, the male specific sry gene 

was not amplified in any of the samples. L = 20 base pair ladder, 1-8 = sample 

taken 1-8 weeks after transplantation. Rat 1, 2, 3, implanted with OMECs grown 

on pSi membranes coated with collagen IV plus vitronectin, vitronectin and 

collagen IV respectively. 
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implanted OMECs might not have received any stimulus to migrate across the 

corneal surface. 

 Induction of ocular surface disease prior to cell transplantation 3.2.7

OMECs transplanted under the conjunctiva of the rat eye may not have received 

adequate stimuli to migrate across the surface of a normal cornea. Damage to the 

corneal epithelium might induce migration of peripheral cells to repair the injury. 

Thus, n-heptanol was used to debride the corneal epithelium, to induce ocular surface 

disease. Cell samples from the corneal surface were collected on nitrocellulose 

membranes, and periodic acid Schiff (PAS)-haematoxylin staining was used to 

characterise the cells. 

Impression cytology from normal rat corneas revealed large, tightly packed, 

hexagonal cells with small nuclei (Figure 3-12). The cells appeared purple due to 

haematoxylin staining. Normal conjunctival cells had smaller densely stained nuclei, 

which appeared in clusters. Pink PAS staining was present in the mucin-producing 

goblet cells. 

Impression cytology and PAS-haematoxylin staining were performed on rat corneas 

that had been debrided with n-heptanol. Samples taken from the central cornea of 

these rats showed large flattened epithelial cells. However, clusters of densely- 

stained nuclei, and positive PAS staining were also observed (Figure 3-12 C & D). 

These findings were indicative of the presence of goblet cells, which are normally 

restricted to the conjunctiva. PAS-positive goblet cells were observed up to 4 weeks 

post-debridement. It was concluded that ocular surface disease had successfully been 
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Figure 3-12 Impression cytology to confirm induction of ocular surface 

disease 

Cells were lifted from the surface of rat eyes using nitrocellulose membranes. 

Haematoxylin periodic acid-Schiff (PAS) staining was then performed on the lifts 

(A) Nuclei from epithelial cells from normal rat corneas were stained with 

haematoxylin, but no pink PAS staining was observed. Superficial corneal 

epithelial cells were large and flattened. (B) A sample from the  

corneo-conjunctival border showing flattened corneal epithelial cells (white 

arrow) and PAS positive, conjunctival cells (black arrow), indicating the presence 

of mucins secreted by goblet cells. (C) and (D) Samples from the corneas of  

n-heptanol treated rats. PAS positive cells were observed amongst the corneal 

epithelial cells, confirming the presence of conjunctival goblet cells, indicative of 

induction of ocular surface disease. 

 

A B

C D
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induced in these rats, as evidenced by the conjunctivization of the corneal 

epithelium. 

 Implantation of pSi scaffolds carrying OMECs in h-heptanol debrided rat 3.2.7.a

eyes 

OMECs from male rats, grown on pSi scaffolds coated with vitronectin, were 

implanted under the conjunctiva of female rats 4 weeks after debridement with  

n-heptanol. The implants were observed at the operating microscope for 8 weeks and 

weekly cell samples were taken from the cornea and conjunctiva using FTA paper. 

The cell samples were analysed using the novel sry PCR protocol. A band 

corresponding to the expected size for arbp was detected in 17/24 (70%) samples 

(Figure 3-13). A second round of amplification with nested PCR was used to 

increase the sensitivity of detection of sry. However, it was not detected in any of the 

samples (Figure 3-13). 

These data suggest that induction of ocular surface disease in rats prior to 

implantation of OMECs on pSi scaffolds did not induce detectable migration of the 

cells across the ocular surface, as measured by PCR. The fate of the OMECs after 

implantation under the rat conjunctiva was further investigated by staining the cells 

with a cell tracker dye. 

 Fate of the transplanted oral mucosal epithelial cells 3.2.8

In order to further investigate the fate of the transplanted OMECs, cells were labelled 

with the cell tracker dye PKH26 prior to transplantation. PKH26 is a fluorescent dye 
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Figure 3-13 Detection of transplanted male OMECs on the corneas of female 

rats with induced ocular surface disease 

The corneas of 3 female inbred Sprague-Dawley rats were debrided with n-

heptanol to induce ocular surface disease (OSD). Induction of OSD was 

confirmed by the detection of goblet cells on the corneal surface. Male OMECs 

on pSi scaffolds were implanted under the conjunctiva of the female rats. Weekly 

cell samples were taken from the cornea using FTA paper. The presence of 

transplanted male cells was detected by PCR for the male specific sry gene. No 

male cells were detected on the surface of the corneas of the 3 female rats. L = 20 

base pair ladder, W = water control, F = female rat gDNA, M = male rat gDNA, 

B = blank FTA disc, 1-8 = sample taken x weeks after transplantation. 
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with a long aliphatic tail, and is incorporated and retained by the cell membrane. 

PKH26 is extremely stable, allowing cell tracking in vivo, however it is divided 

equally between daughter cells during cell division, resulting in dilution of the 

fluorescent signal. OMECs grown on pSi membranes readily took up the PKH26 

dye, resulting in patchy cytoplasmic labelling (Figure 3-14). 

PHK26 labelled OMECs on pSi membranes coated with collagen IV were implanted 

under the conjunctiva of rats, and monitored for up to 8 weeks. At 1, 2, 4 and 8 

weeks post implantation, the rats were euthanised and the corneas with a scleral rim 

containing the implants were flatmounted for microscopic observation. At 1, 2 and 4 

weeks post-implantation, distinct red fluorescence was detected in the flatmounted 

corneas (Figure 3-15). At higher magnification it was apparent that the fluorescence 

localised to the cytoplasm of cells, not the nuclei (Figure 3-15), as expected. The 

labelled OMECs remained on the pSi scaffolds up to two weeks post-implant  

(Figure 3-16). However, small patches of red fluorescence were observed outside the 

borders of the pSi implants. At 8 weeks post-implant the fluorescence was more 

diffuse, making it difficult to image. However, it was noted that there was distinct 

red fluorescence around one of the sutures, which might be indicative of cell 

migration. No fluorescence was detected in the central cornea at any time point. 

These data suggest that the OMECs had not migrated across the surface of the 

cornea, to a detectable extent, even in the presence of OSD. 

In summary, rat OMECs were successfully cultured on pSi membranes coated with 

collagen IV, vitronectin or collagen IV plus vitronectin, and expressed the corneal 

epithelial marker CK3/12, the TAC marker p63 and the putative stem cell marker 

ABCG2. Implantation of pSi membranes carrying OMECs under the conjunctiva of 
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Figure 3-14 Labelling OMECs with the cell tracker dye PKH26 in vitro 

(A) OMECs were grown on collagen IV coated cell culture plates for 7 days 

before labelling with PKH26. The lipophilic dye is taken up by the cell 

membrane resulting in red fluorescence of the cells. Scale bar 10 µm.  

(B) OMECs were grown on collagen IV coated pSi scaffolds and labelled with 

PKH26 before subconjunctival implantation in rats. The labelled cells were 

detected in corneal flatmounts at 7 days post implant. Scale bar 50 µm. 

 

A

B



Yazad Irani  122 

 

 

Figure 3-15 Detection of PKH26 labelled OMECs after transplantation 

under the rat conjunctiva 

PHK26 labelled OMECs on pSi membranes coated with collagen IV were 

implanted under the conjunctiva of 4 inbred Sprague-Dawley rats. Corneas with a 

scleral rim were harvested and flatmounted at: (A) 14 days; and (B) 28 days post 

implant. Labelled cells were visualised by fluorescence microscopy. Scale bars 50 

µm. 

 

 

A
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Figure 3-16 Migration of PKH26 labelled OMECs after implantation under 

the rat conjunctiva 

PHK26 labelled OMECs on pSi membranes coated with collagen IV were 

implanted under the conjunctiva of 4 inbred Sprague-Dawley rats.  

(A) Brightfield, (B) fluorescence (PKH26) and (C) merged images of PHK26 

labelled OMECs 2 weeks post implant. (D) Brightfield, (E) fluorescence 

(PKH26) and (F) merged images of OMECs 8 weeks post implant. Sutures 

(white arrows) are visible in each image. At two weeks post implant, the majority 

of PKH26 labelling was observed on the pSi particle (asterisk). Fluorescence was 

detected around the suture at 8 weeks post implant. This was indicative of 

migration of labelled cells from the pSi scaffolds. The edge of the pSi particle is 

highlighted by the white lines in images A-C. Scale bars 50 µm. 
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rats did not cause significant inflammation or neovascularization. However, 

transplanted OMECs did not migrate across the ocular surface to the central cornea, 

to any significant extent, either in normal eyes, or in eyes in which OSD had been 

induced prior to implantation. Furthermore, the pSi membranes degraded rapidly 

over the course of 8 weeks. It was concluded that a more stable scaffold might be 

more appropriate for the development of an artificial stem cell niche, rather than the 

pSi membranes used up until this point. 

 Porous silicon polymer composite materials 3.3

Although pSi has a number of properties that might theoretically make it an excellent 

ocular implant, it does have drawbacks. Porous silicon membranes are rigid and 

possess sharp edges. Although subconjunctival implantation of pSi membranes did 

not cause damage to surrounding tissue, there is the potential that large implants with 

sharp edges might cause discomfort when implanted in humans.  

Furthermore, as described in section 3.2.8, pSi membranes proved unsuitable for 

development of a limbal stem cells niche, because the material degraded too rapidly. 

Composites of pSi with soft polymers such as poly-caprolactone might overcome 

some of the problems of pSi membranes
422

. We considered that incorporation of pSi 

microparticles into flexible polymer fabrics might make surgical implantation easier, 

and the sharp edges of the pSi would be covered with soft polymer. However, 

complete encapsulation of the pSi particles would make drug loading into the 

material difficult. Thus, a novel composite, pressed pSi-PCL was developed. This 

material consisted of a non-woven fabric of poly-caprolactone with pSi 
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microparticles, of two sizes (<40 µM and 150-250 µM), partially embedded in the 

fibres (Figure 3-17). 

In this section, transfer of a model drug, fluorescein diacetate (FDA) to cells grown 

on composite material was assessed, the effect of loading a model growth factor 

mixture (foetal bovine serum) on cell attachment and growth in vitro was 

investigated, a mixture of recombinant biologic agents, comprising epidermal growth 

factor (EGF), insulin and transferrin was loaded in the material and their effect on 

cell proliferation assayed in vitro, and implantation of the material beneath the 

conjunctiva of rats, at the limbus, was performed to assess biocompatibility. 

 Transfer of small molecule drugs to cells grown on pSi-PCL composite 3.3.1

materials 

The feasibility of transferring drugs from the pSi composite material into cells was 

first assessed. FDA was used as a model small drug. FDA has a molecular weight of 

416 Daltons, is in itself non-fluorescent, and is readily taken up by cells
454

. In living 

cells, intracellular esterase activity converts FDA to the fluorescent product 

fluorescein, which is retained within the cytoplasm of living cells with intact cell 

membranes
454, 455

. The FDA thus serves a dual purpose, demonstrating the transfer of 

a model small molecule drug to cells, as well as the viability of those cells. 
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Figure 3-17 Pressed pSi-PCL composite materials 

Images of the pressed pSi-PCL composite materials. (A) Photograph of pressed 

pSi-PCL material with 150-250 µm pSi particles. (B) Scanning electron 

micrograph of the pSi-PCL composite material with 150-250 µm pSi particles. 

The larger particles are entangled within the polymer mesh. Scale bar 200 µm. 

(C) SEM image of the pSi-PCL composite material with <40 µm particles. The 

small pSi particles are intimately associated with the polymer fibres. Scale bar 50 

µm. Images provided by Prof. Jeffery Coffer, Texas Christian University. 
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 Effect of pSi particle size on transfer of drugs 3.3.1.a

Porous silicon nanoparticles were prepared with particle sizes of <40 µm and 150-

250 µm and loaded with FDA. Two kinds of pressed pSi-PCL composite materials 

were prepared, one with the small (<40 µm) particles, and the other with the large 

(150-250 µm) particles. Composite materials prepared with unloaded pSi particles 

(no FDA) were used as controls. The small pSi particles were closely associated with 

the polymer fibres while the larger pSi particles were entangled within the polymer 

mesh (Figure 3-17). The larger pSi particles had a greater drug loading capacity, as 

their greater volume translated to a larger surface area for drug adsorption. 

Human lens epithelial cells (designated SRA01/04) were seeded on FDA loaded and 

unloaded pSi-PCL composite materials with either small or large pSi particles, and 

allowed to attach for 6 hours before labelling the nuclei with Hoechst 33342 dye. 

FDA transfer to the cells was assessed by fluorescence microscopy. Six hours after 

seeding, cells were observed to be attached to all of the materials. Green fluorescence 

was observed in the cytoplasm of cells on the FDA-loaded materials, indicating the 

cells were viable. Cells seeded on composite material with larger (150-250 µm) 

particles appeared to fluoresce more brightly than those on composite with smaller 

pSi particles (Figure 3-18 B & D), indicating greater FDA transfer from large pSi 

particles. 

Five representative images were analysed in ImageJ to determine the mean 

fluorescence intensity. The mean fluorescence intensity of cells growing on 

composite material with large pSi particles was significantly higher than those 

growing on material with small pSi particles, p=0.008 (Figure 3-20 A). No 
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fluorescence was observed from cells seeded on unloaded composite material  

(Figure 3-18 A). 

 Effect of position of the cells on composite materials 3.3.1.b

Porous silicon particles tended to be unevenly distributed on the polymer fibres, 

irrespective of particle size. This gave rise to areas with a large number of pSi 

particles and other areas with few or no pSi particles. In contrast, cells were evenly 

distributed on the materials and grew on the PCL fibres as well as on the pSi 

particles. Cells growing on or near the pSi particles appeared to fluoresce more 

brightly than cells more distant to particles (Figure 3-19). This was observed 

irrespective of the size of the particles. The fluorescence of cells growing near and 

far from pSi particles was quantified using ImageJ. The cells were selected using the 

polygon selection tool and fluorescence measured, and then the total corrected cell 

fluorescence was obtained by subtracting the background fluorescence. Mean 

corrected cell fluorescence (MCCF) was calculated for cells growing near or far from 

the pSi particles. At least 10 cells were counted per image. The MCCF of cells 

growing on or near pSi particles was significantly higher on both larger and smaller 

pSi-PCL materials, p<0.001 (Figure 3-20 B). The MCCF of cells growing on or near 

larger particles was significantly higher than those growing on or near smaller pSi 

particles, p<0.001. 
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Figure 3-18 FDA uptake by SRA01/04 cells attached to pressed pSi-PCL 

composite materials 

Images of SRA01/04 cells 6 h after seeding on pSi-PCL composite materials 

loaded with FDA. pSi particles were observed as dark masses in the images 

(asterisk). (A) Unloaded composite with <40 µm pSi particles (small);  

(B)  FDA-loaded composite with <40 µm pSi particles showing fluorescent cells; 

(C) FDA-loaded composite with 150-250 µm pSi particles (large); (D) Magnified 

section of panel B; (E) Magnified section of panel C. More brightly fluorescent 

cells were observed in FDA loaded composite material with large pSi particles 

than with composite material with small pSi particles. Cell nuclei stained with 

Hoechst 33342 (blue), cell cytoplasm stained with fluorescein (green), scale bars 

panel A, B, C 50 µm, panel D, E 10 µm. 
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Figure 3-19 Increased fluorescence on or near pSi particles 

Images of SRA01/04 cells 6 h after seeding on FDA loaded pSi-PCL composite 

materials, consisting of pSi particles (asterisks) embedded in polymer fibers 

(black arrows). (A) FDA-loaded composite with <40 µm pSi particles;  

(B) FDA-loaded composite with 150-250 µm pSi particles. Brighter fluorescence 

was observed in cells on or near pSi particles (white arrows). Cell nuclei stained 

with Hoechst 33342 (blue), cell cytoplasm stained with fluorescein (green),  

scale bar 100 µm. 
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Figure 3-20 Quantification of fluorescence from cells seeded on FDA loaded 

pSi-PCL composites 

The fluorescence from SRA01/04 cells seeded on FDA loaded pSi-PCL was 

quantified using ImageJ software. The total fluorescence in the green channel 

(fluorescein) was measured in 5 images and the average was plotted as the mean 

fluorescence intensity. Cells near or far from pSi particles were selected and the 

total cell fluorescence was calculated. Cells were considered to be far from 

particles if they were at least 1x the particle diameter away from large particles or 

at least 3x the particle diameter away from small particles. The corrected 

fluorescence was obtained by subtracting background readings. The values were 

averaged to give the mean corrected cell fluorescence (MCCF). A minimum of 10 

cells were counted per image. (A) Cells seeded on material with larger pSi 

particles showed higher mean fluorescence *p=0.008. (B) Cells growing in the 

vicinity of pSi particles had a higher MCCF compared to cells growing further 

away. This was observed irrespective of the size of pSi particles. Cell 

fluorescence was higher on pSi-PCL with larger pSi particles, # p<0.001. 

Histogram bars represent mean fluorescence intensity ± standard deviation. 
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 Transfer of biologics to cells grown on pSi-PCL composite material 3.3.2

The pSi particles in the pressed pSi-PCL composite materials remain partially 

exposed, allowing loading of drugs after fabrication of the materials. This is 

particularly important for loading of “biologics”, which would lose activity when 

exposed to the high temperatures and solvents used during composite fabrication. 

First, the effect of coating the material with a model growth factor, foetal bovine 

serum (FBS), was assessed. Then, a mixture of biologic growth factors, recombinant 

epidermal growth factor, insulin and transferrin (EGF-ITS) was loaded in the 

composite materials and its effect on proliferation of BALB/c 3T3 cells assayed. 

 Effect of FBS coating on cell growth on pSi-PCL composite materials 3.3.2.a

pSi-PCL composite materials were prepared with two sizes of pSi particles, <40 µm 

and 150-250 µm. SRA01/04 cells were seeded on the materials and allowed to grow 

for 24 h. The cell nuclei were labelled with Hoechst 33342 dye. Cell attachment and 

growth on uncoated materials was poor (Figure 3-21 A & C). Coating of the 

materials with FBS greatly enhanced cell attachment (Table 3-2). A statistically 

significant difference in cell numbers was observed between the uncoated and coated 

materials, regardless of pSi particle size (p=0.009). No difference was observed in 

the number of cells attached to materials with small or large pSi particles (p=0.47). 

The cells colonised the polymer fibres as well as the pSi particles (Figure 3-21). 
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Table 3-2 Cell growth on FBS coated psi-PCL 

Hoechst33342 stained SRA01/04 cells grown on coated and uncoated pSi-PCL 

materials for 24 h were imaged. The number of cells in each image was enumerated 

by counting the nuclei. Five representative images were counted from each sample. 

Material 

Average cell  

count (±SD), n=5 

Significance 

Uncoated pSi-PCL with <40 µm pSi 84 (±37) 

p=0.009* 

FBS-coated pSi-PCL with <40 µm pSi 642 (±39) 

Uncoated pSi-PCL with 150-250 µm pSi 78 (±27) 

p=0.009* 

FBS-coated pSi-PCL with 150-250 µm pSi 650 (±16) 

 *Mann-Whitney U test 
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Figure 3-21 Growth of SRA01/04 cells on FBS coated and uncoated pSi-PCL 

composite materials 

Images of Hoechst 33342 stained SRA01/04 cells 24 h after seeding on pSi-PCL 

composite materials. (A) Uncoated pSi-PCL with <40 µm pSi (B) FBS-coated 

pSi-PCL with <40 µm pSi (C) uncoated pSi-PCL with 150-250 µm pSi  

(D) FBS-coated pSi-PCL with 150-250 µm pSi. Minimal cell attachment and 

growth was observed on uncoated materials. Cells adhered to and grew on FBS 

coated materials. Cells were observed on the pSi particles (asterisks) as well as 

the polymer fibers (arrow). The size of the pSi particles in the composite material 

did not appear to influence cell attachment. Cell nuclei stained with Hoechst 

33342 (blue), scale bar 50 µm. 
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 Loading and release of biologic growth factors from composite materials 3.3.2.b

post-fabrication 

A mixture of epidermal growth factor, insulin, transferrin and sodium selenite (EGF-

ITS) was loaded into the pSi-PCL composite materials post-fabrication by passive 

adsorption. This combination of biologics is known to induce proliferation in serum-

deprived murine BALB/c 3T3 fibroblast cells
444, 445

. BALB/c 3T3 cells seeded on 

biologic-loaded and washed material, or on unloaded composite material with 

biologics added to the medium, showed significantly more proliferation than cells 

grown on unloaded composite material (Figure 3-22 A). Cells seeded on polymer 

without pSi but pre-incubated with biologics did not show increased proliferation, 

indicating the biologics were loaded into the pSi particles. 

The release of biologics loaded in composite materials into cell culture medium was 

demonstrated by the functional effect on proliferation of serum-deprived BALB/c 

3T3 cells in vitro. The release was monitored over 6 days with samples taken on day 

one, day two and a third sample consisting of release from days three to six inclusive. 

DMEM conditioned by incubation of EGF-ITS loaded pSi-PCL composite materials 

was able to induce proliferation in BALB/c 3T3 cells (Figure 3-22 B), in comparison 

to medium conditioned with unloaded pSi-PCL. Samples taken on day one of the 

release elicited the largest proliferative response, indicating a large amount of the 

loaded EGF-ITS had been released on day one. However, samples collected between 

days 3-6 also induced cell proliferation. Taken together these data suggest a burst 

release of EGF-ITS, followed by a slow release as the pSi dissolved. 
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Figure 3-22 EGF-ITS loaded pSi-PCL materials induce proliferation in 

BALBc/3T3 cells 

(A) Proliferation of BALBc/3T3 cells 48 h after seeding on pSi-PCL composite 

materials or PCL fibres loaded with EGF-ITS. Cells seeded on EGF-ITS loaded 

pSi-PCL showed significantly more proliferation than on unloaded composite 

material and loaded PCL *p<0.01. Cells seeded on EGF-ITS loaded PCL did not 

proliferate more than cells loaded on unloaded PCL #p=0.095. (B) Proliferation 

of BALBc/3T3 cells in response to medium incubated with EGF-ITS loaded pSi-

PCL composite material. EGF-ITS loaded in pSi-PCL composite materials was 

released into cell culture medium. Medium conditioned with EGF-ITS loaded 

pSi-PCL composite material induced proliferation of cells compared to medium 

conditioned with unloaded pSi-PCL *p<0.01. 
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 Biocompatibility of pSi-PCL composite material in the rat eye 3.3.3

If the pSi-PCL composite materials are to be of use as ocular implants, they must be 

biocompatible. Ocular biocompatibility of the composite materials was tested in 

three rats by implantation of 2 x 2 mm pieces under the conjunctiva (Figure 3-23). 

The flexibility of the composite material allowed ready implantation. Animals were 

monitored for signs of infection, inflammation and neovascularization, daily at the 

operating microscope for a week after implantation and thrice weekly thereafter for a 

further 7 weeks.   No signs of pain or distress were evident after implantation of the 

materials, however mild inflammation at the implant site (redness) was observed 

under the operating microscope. The inflammation resolved over the first 7 days and 

no further inflammation was observed up to 8 weeks post implant. Some 

neovascularization was observed around the implant site. It was noted that vessels 

grew towards and encircled the sutures. Porous silicon particles were visible 

immediately after implantation but disappointingly, had completely dissolved at 8 

weeks (Figure 3-24). 

The animals were euthanised and their eyes were collected 8 weeks post implant for 

histological analysis. A foreign body response mediated by macrophages and foreign 

body-type giant cells was observed by light microscopy (Figure 3-24 C & D). The 

inflammatory response to the implanted material was similar to that mounted against 

the sutures (Figure 3-24 E). The implant was surrounded by an incomplete fibrous 

capsule. Overall, the implants appeared to be well tolerated by the animals and did 

not cause significant ongoing inflammation, neovascularization or a specific 

lymphocyte-mediated response. However, the magnitude of the response to the 
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Figure 3-23 Subconjunctival implantation of pSi-PCL composite materials 

(A) The conjunctiva was lifted and a small incision made with dissecting scissors. 

(B) A pocket was created under the conjunctiva, by blunt dissection, using 

scissors. (C) The implant was place on the surface of the eye, and the 

conjunctival pocket opened. (D) The implant was carefully maneuvered into the 

conjunctival pocket. (E) The conjunctival pocket was closed using 10-0 

monofilament sutures. (F) pSi-PCL implanted under the conjunctiva of the rat 

eye. Images were taken at the operating microscope. 
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Figure 3-24 Biocompatibility of the pSi-PCL composite materials in vivo 

(A) & (B) Pressed pSi-PCL composite material implanted under the rat 

conjunctiva, immediately after implant and 8 weeks post implant respectively. 

Arrows mark the implants. The pSi particles were visible immediately after 

implantation but had completely dissolved at 8 weeks. A gauze swab is visible in 

the top left corner of image B (asterisk). (C) Haematoxylin & eosin stained 

section of a representative eye 8 weeks post-implantation, depicted a foreign 

body response, mediated by macrophages and foreign body-type giant cells.  

(D) Magnified view of the area delineated by the red box in (C), part of the 

implant is still visible (arrow). (E) Inflammatory response to the suture (arrow) 

was similar to the foreign body response against the implant. Although a 

lymphocyte-mediated response was not observed, the intensity of the foreign-

body type response to the materials was of concern.  Scale bars (C) 200 µm,  

(D) & (E) 100 µm. 
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materials was greater than that mounted to the sutures, with a substantial infiltrate of 

macrophages and giant cells. 

In summary, novel pressed pSi-PCL composite materials were prepared. The 

materials could be loaded with drugs including biologics. The loaded drugs were 

released in an active form and had a functional effect on cells grown on the 

composite materials. The composites were implanted under the conjunctiva of rats. 

At 8 weeks post-implantation the pSi particles had dissolved, however the polymer 

fabric remained visible. Histological examination revealed that there was a foreign 

body type inflammatory response, consisting of histiocytes and giant cells. The 

magnitude of the response was larger than that observed against pSi membranes, and 

will be of concern if the materials are used to construct an artificial stem cell niche. 

 Discussion 3.4

The overarching aim of this section of the work was to explore the suitability of 

different scaffolds for the transfer of epithelial cells to the eye, with the view to 

create an artificial stem cell niche for the treatment of ocular surface disease. Two 

porous silicon materials, pSi membranes and pSi-PCL composite materials, were 

investigated. First, rat OMECs were grown on pSi membranes coated with collagen 

IV and vitronectin. The OMECs expressed corneal epithelial cell and putative stem 

cell markers. However, these cells grown on pSi membranes failed to migrate across 

the ocular surface when implanted under the conjunctiva of rats. The pSi membranes 

degraded rapidly in vivo, and thus pSi-PCL composite materials, which were longer-

lived, were investigated. The pSi-PCL composite materials could be loaded with 

drugs including “biologics”. The drugs were released in an active form and exerted a 
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functional effect on cells grown on the composites. However, the composite 

materials elicited a more pronounced inflammatory response on implantation under 

the rat conjunctiva than had the pSi membranes. 

Porous silicon materials have a number of properties that make them amenable for 

use as an ophthalmic implant for the transfer of cells and drugs to the eye. Porous 

silicon is first and foremost biocompatible
363, 366, 391

. It is a versatile material that can 

be fabricated into films, membranes, micro- or nano-particles, and composite 

materials, which allows tuning of the properties to suite the application
354

. It is easily 

sterilised, minimizing the risk of infection. The size and shape of the pores can be 

altered
360

, a property that could be used to better mimic the stem cell niche 

architecture. Porous silicon materials support the growth of a wide variety of 

mammalian cells
368, 369, 391

, and can be loaded with drugs
364, 381, 456, 457

, including 

biologics
350, 458-460

. This property is particularly important as an artificial stem cell 

niche might need to be loaded with factors that maintain stem cells. 

 Scaffolds to transfer stem cells to the eye for ocular surface regeneration 3.4.1

Amniotic membrane is the current scaffold of choice for the transfer of epithelial cell 

to the eye, for the treatment of limbal stem cell dysfunction (LCSD) in humans. 

Amniotic membrane does support epithelial cells, and has anti-inflammatory
461

 and 

anti-neovascular
462

 properties. Tsai et al expanded autologous limbal tissue from the 

contralateral eye of six patients with LCSD, on amniotic membranes. Transplantation 

of the membranes carrying cells in the diseased eye led to complete re-

epithelialization and improvement of visual acuity in all cases
144

. Koizumi et al used 

allogeneic limbal tissue cultivated on amniotic membrane to treat ocular surface 
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disease in 13 eyes of 11 patients. Six months post-graft, visual acuity was improved 

by two or more lines in 10 of the 13 eyes, although epithelial rejection was observed 

in the remaining eyes
102

. Basu et al published two large retrospective studies of 

patients with unilateral (n=50) or bilateral (n=28) LCSD, treated with autologous or 

allogeneic limbal cells, respectively. Thirty three of 50 patients treated with 

autologous cells maintained a stable corneal surface, and visual acuity was improved 

by two or more lines in 38 patients
151

. In the group receiving allogeneic limbal cells, 

20 of 28 eyes had re-epithelialised, and 19 eyes demonstrated an improvement in 

visual acuity, however penetrating keratoplasty was required in 13 eyes
463

. Amniotic 

membrane does have some disadvantages: it is translucent, rather than transparent, 

and being biologically sourced, poses the risk of transmission of infectious agents. 

Infections following transplantation of amniotic membrane have been reported, with 

the majority of cases being attributed to Gram-positive bacteria
464

. 

A number of materials are under investigation as possible alternatives to amniotic 

membrane. Culture of human corneal epithelial cells has been demonstrated on a 

wide range of materials in vitro. Human corneal epithelial cells have been grown on 

silk fibroin
184

, a protein extracted from the cocoons of the silk worm. Human and 

rabbit primary limbal explants were successfully cultured on silk fibroin matrices, 

and developed into stratified epithelium expressing the progenitor cell marker 

ΔNp63, and the corneal epithelial cell marker CK3/12
465

. Human hair keratin is 

another material derived from a natural source. Corneal epithelial cells have been 

successfully grown on keratin films
466

, however it was found that the films were 

difficult to implant in porcine eyes ex vivo, due to difficulty placing the sutures
467

. 
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Non biological substrates have also been investigated as an alternative to amniotic 

membrane. Corneal epithelial cells have been cultured in vitro on completely 

artificial substrates such as polymethylacrylate
190, 191

, hydroxyethyl-methyl 

acrylate
192

, polylactide
189

 and poly(ε-caprolactone)
188

. Electrospun polycaprolactone 

scaffolds have been shown to support the growth of rabbit conjunctival epithelial 

cells, which formed a stratified epithelial layer expressing conjunctival markers, 

when implanted into SCID mice
187

.  

Besides amniotic membrane, two materials have been employed for the transfer of 

cells to the human eye in vivo. Rama et al cultivated autologous limbal epithelial 

cells from patients with unilateral LSCD on fibrin sheets, and transplanted the cells 

into the damaged eye
178

. Re-epithelialization was observed in 14 of 18 patients, with 

improved visual acuity
178

. In a larger follow-up study, 112 patients were treated, with 

76% of the corneas re-epithelialised and stable ocular surfaces observed for up to 10 

years
179

. Limbal epithelial cells grown in medium with autologous serum have been 

shown to adhere to and proliferate on soft contact lenses, and to express CK3/12 and 

p63
152

. A study in three patients demonstrated transfer of the cells, grown on contact 

lenses, to the damaged ocular surface in patients with LCSD, resulting in a stable 

ocular surface and improved visual acuity
156

. 

Much of the research on scaffolds to transfer cells to the ocular surface has focused 

on delivery of the cells directly to the central cornea, with the scaffold acting like a 

bandage to cover the epithelial defect. Although this approach has resulted in some 

promising results, in cases with total LCSD, if stem cells are not transferred and 

maintained over a long period of time, the therapy will eventually fail.  
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An alternate approach is to replace the damaged stem cell niche with an artificial 

substrate carrying stem cells. The goal is to have a population of self-renewing stem 

cells in the niche. Daughter cells would migrate across the cornea and differentiate 

into mature corneal epithelial cells. This approach has been tested by others, using 

different scaffolds. In an attempt to recreate the limbal microenvironment, dual-layer 

silk fibroin membranes have been shown to support the culture of human epithelial 

and stromal cells
186

. Three dimensional patterned polymer scaffolds have been 

developed to mimic the structure of the limbus. These scaffolds supported the growth 

of rabbit limbal epithelial cells
468

. In 2013, three dimensional porous silicon 

materials were fabricated to mimic the architecture of the palisades of Vogt. Coating 

the scaffold with fibronectin improved cell adhesion and migration, and the cells 

formed multilayered epithelium when implanted in the cornea ex vivo
469

.  

The current study examined the possible use of pSi scaffolds carrying epithelial cells, 

implanted under the conjunctiva close to the limbus, for the treatment of ocular 

surface disease. pSi materials have a large drug loading capacity and can be loaded 

with macromolecular drugs. In the context of recreating the limbal stem cell niche, 

pSi scaffolds were loaded with collagen IV and vitronectin, which have been shown 

to be expressed at the limbus but not to a significant extent in the central cornea
77

. 

pSi membranes coated with vitronectin or collagen IV supported the growth of oral 

mucosal epithelial cells, containing a small population of putative stem cells. 

 Source of stem cells 3.4.2

In the case of unilateral disease, limbal stem cells can be harvested from the 

contralateral eye. However, if too much limbal tissue is harvested, there is a risk of 
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inducing disease in the normal eye
86

. Furthermore, this is not an option in LCSD 

caused by a genetic condition such as aniridia, or by Stevens-Johnson syndrome. 

This forces the transplantation of allogeneic tissue from cadaveric donors, and such 

grafts usually require long-term systemic immunosuppression
94, 470

. Cadaveric tissue 

is generally obtained from older donors, which may be of concern, as the colony 

forming efficiency of limbal epithelial cells is reduced after the age of sixty
34

.  

Alternate autologous sources of stem cells for corneal surface reconstruction are 

currently being investigated. Corneal epithelial equivalents have been harvested from 

oral mucosa, conjunctiva, skin, dental pulp, hair follicles, and nasal mucosa. Induced 

pluripotent stem cells and embryonic stem cells have also been investigated
132, 471

. 

However, the best results have been obtained using oral mucosal epithelium. The 

advantages of using oral mucosa are manifold. Normal human oral mucosal 

epithelium, like corneal epithelium, is non-keratinised. It is an easily-accessible 

tissue to biopsy and is a source of adult stem cells. Ex vivo expanded oral mucosal 

cells have been used clinically for the treatment of LCSD. Initial studies 

demonstrated that cultured autologous oral mucosal epithelial cells can be transferred 

to the eye, in humans, on amniotic membranes (n=6)
113

, or as freestanding epithelial 

sheets generated by detachment from a temperature responsive gel (n=4)
107

, resulting 

in complete re-epithelialization of the corneal surface. The Kinoshita group has 

published long-term results demonstrating complete re-epithelialization in 19 eyes in 

17 patients, with 53% of patients showing an improvement in visual acuity at 36 

months
114

. A larger study with 46 eyes in 40 patients yielded similar results, with 15 

of 31 (48%) of patients with vision loss recording improved visual acuity
472

. These 

results have been replicated by Satake et al, who showed that 53% of patients had a 
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stable ocular surface 3 years after an oral mucosal cell graft (n=40 eyes in 36 

patients)
115

. 

Oral mucosal epithelial cells have previously been isolated from the rat, and grown 

on temperature responsive culture dishes, with 3T3 feeder cells
109

. Oral mucosal 

tissue was successfully isolated from young male (6-8 week old) inbred Sprague-

Dawley rats. The epithelium was separated after dispase treatment, and a single cell 

suspension generated by trypsin digestion and gentle mechanical disaggregation. 

Tissue from young rats (6-8 weeks old) yielded more colonies than tissue from rats 

over 12 weeks old, which is in keeping with observations in the human
34

. Colonies of 

oral mucosal epithelial cells readily grew on porous silicon coated with collagen IV 

or vitronectin. The cells were grown in low calcium medium to prevent 

differentiation
473

. Airlifting the cells was also avoided to maintain the cells in an 

undifferentiated state, preventing stratification into a multi-layered epithelial cell 

sheet
146

. The cells expressed epithelial cell markers, as well as progenitor cell 

markers, which will be discussed further below. 

 Characterization of OMECs on pSi scaffolds 3.4.3

There are currently no unambiguous markers for corneal epithelial stem cells. 

Identification of putative stem cells and their progeny relies on using a combination 

of markers for both undifferentiated and differentiated cells. Differentiation markers 

are used for TACs and terminally differentiated cells, while other markers label 

progenitor and putative stem cells. Rat oral mucosal epithelial cells grown on pSi 

scaffolds were probed with antibodies raised against CK3/12, a marker of mature 

corneal epithelial cells
66

, CK19, a basal epithelial cell marker
66

, p63, a transient 
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amplifying cell marker
46

 and ABCG2, which has been shown to be highly expressed 

in a number of stem cells
52

. 

CK3/12 is expressed by mature human corneal epithelial cells
65

, and is not expressed 

in the basal cells of the limbus
18

. CK3/12 expression can be detected in human 

corneal epithelium, but is lacking in other epithelial tissue
65

. A similar pattern of 

CK3/12 expression has been observed in the guinea pig
73

 and mouse
474

. Here, we 

found that rat OMECs had varying levels of CK3/12 expression, with some cells 

showing strong expression, while others had either low or no expression. This would 

indicate that the OMECs consisted of a heterogeneous population of cells, in varying 

degrees of differentiation. 

CK19 is a basal epithelial cell marker. In both mouse and humans, CK19 has been 

shown to be expressed in the stem cells of the skin
72

. In the human eye, expression of 

CK19 has been demonstrated in the basal cells in the periphery of the cornea, but 

expression is lacking in the central cornea
66

. The rat OMECs expressed low levels of 

CK19. An interesting expression pattern was observed in some cells, with strong 

nuclear expression along with cytoplasmic expression. As the cytokeratins are 

intermediate filament proteins, expression would be expected in the cytoskeleton. 

The transcription factor p63 has been shown to be expressed in human keratinocyte 

stem cells
19

. In human corneas p63 expression has been shown to localise to basal 

epithelial cells, with higher expression in the limbal region
46

. p63 is thought to label 

transient amplifying cells but not stem cells. A majority of rat oral mucosal epithelial 

cells grown on psi scaffolds had strong nuclear expression of p63, indicating that the 

OMECs maintained proliferative potential when cultured on pSi scaffolds. 
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The most widely used marker for putative corneal epithelial stem cells is ABCG2, 

which is a cell membrane bound transporter protein
475

. ABCG2 is associated with the 

side population phenotype, of cells that efflux Hoechst 33342 dye. High expression 

of ABCG2 has been demonstrated in a number of stem cells
52, 53

. A side population 

phenotype has been associated with limbal epithelial cells
57

; such cells express high 

levels of ABCG2 and have a higher colony forming efficiency than ABCG2 negative 

cells
59

. ABCG2 mRNA expression has been detected in both limbal and oral mucosal 

epithelial cell cultures derived from human tissue
119

. In this study, a small proportion 

of rat OMECs grown on pSi scaffolds expressed ABCG2, indicative of the presence 

of a small number of putative stem cells. A number of other markers have been used 

for the characterization of limbal and oral mucosal epithelial cells, some of which are 

outlined in Table 5-1. 

In summary, rat OMEC cultured on pSi scaffolds consisted of a heterogeneous 

population of cells containing some differentiated cells that expressed CK3/12, a 

large number of p63-positive transient amplifying cells, and a small number of 

putative stem cells that expressed ABCG2. This is the ideal mixture of cells for 

transplantation to the eye for the treatment of ocular surface disease. The presence of 

stem cells provides a source of renewal for the corneal epithelium, while transient 

amplifying cells can rapidly proliferate, migrate and undergo differentiation to yield 

mature corneal epithelial cells. 

 Fate of OMECs after transplantation to the rat eye 3.4.4

Oral mucosal epithelial cells were grown on pSi scaffolds, and implanted under the 

conjunctiva of female rat eyes. Cell samples taken from the central cornea and the 
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conjunctiva around the implant site were analysed by PCR for the presence of 

transplanted cells. Transplanted male cells that had migrated over the ocular surface 

would be detected in the cell lifts by amplifying the male specific gene sry, by PCR. 

This approach has been used previously for the detection of transplanted tissue in the 

heart
453

. sry PCR has also been used in our laboratory to monitor the survival of 

donor cells on the surface of the rat eye following limbal grafts
97

. 

In the experiments reported here, no transplanted male cells were detected from the 

central cornea or the conjunctiva around the implant site, by PCR. The PCR was 

designed to maximise sensitivity without compromising specificity: sry could be 

amplified from 8 pg of male gDNA in the presence of female cells. This is equivalent 

to detection of a single male cell. However, it must be noted that no DNA was 

detectable in a significant percentage of cell samples (up to 50%). This indicated a 

significant technical failure rate in the collection of DNA from the ocular surface. 

The failure to detect transplanted male cells may be attributed to a number of factors 

including the placement of the pSi scaffolds. Although every effort was made to 

place the implants carrying OMECs as close to the limbus as possible, they were not 

at the limbus. Furthermore, the cells might not have migrated to the central cornea in 

the timeframe of the experiment. Under normal conditions, corneal epithelial cells 

migrate from the periphery to the centre of the cornea in 7 to 10 days
25, 43

, and even 

faster during wound healing
476

. The length of the current study was 8 weeks, which 

should have provided sufficient time for the cells to migrate to the central cornea. 

Under normal conditions, with a normal corneal epithelium, the transplanted cells 

might not have migrated over the corneal surface. To test this possibility, ocular 
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surface disease was induced in rats prior to implantation of cells. A characteristic 

feature of OSD is conjunctivization of the corneal epithelium. Impression cytology 

from the central cornea of rats that had their corneas debrided with n-heptanol 

revealed the presence of PAS-positive goblet cells, indicative of OSD. However, 

transplanted OMECs were still not detected on the central corneas of rats with OSD, 

which suggests that induction of OSD did not stimulate OMEC cell migration. 

The cells sampled using FTA paper were superficial epithelial cells and it is possible 

that the transplanted cells had not migrated to the surface of the cornea (Figure 1-5). 

To test for this possibility, rat OMECs were labelled with the fluorescent dye 

PKH26, in order to track the cells visually in vivo, as has been demonstrated 

previously
477

. Labelled cells were detected in corneal flatmounts up to 8 weeks post-

implantation, by fluorescence microscopy. However, the majority of labelled cells 

remained on the pSi scaffold 2 weeks post-implantation. Some cells were detected in 

the tissue surrounding the implant at later time points, but the cells did not migrate 

onto the corneal surface. This is in contrast to experiments conducted by Low et al, 

who showed that human limbal epithelial cells migrated off pSi implants one week 

post-implantation under the rat conjunctiva
391

. These experiments used rat collagen I 

coating on pSi scaffolds, while the current study used collagen IV and vitronectin. 

Differences in the coatings might explain the observed difference in cell migration.  

 Degradation of the pSi scaffold 3.4.5

Freshly etched porous silicon without any surface modifications degrades over the 

course of a few hours in aqueous solution
387

. For a porous silicon scaffold to be of 

use as an artificial stem cell niche, it will need to maintain its structure in the longer 
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term. Oxidation stabilises pSi, preventing rapid degradation
375, 376

. Oxidised pSi 

membranes implanted in rat eyes were exposed to OMECs in cell culture medium for 

one week, followed by subconjunctival implantation under the conjunctiva in rats for 

up to 8 weeks. Visual signs of degradation (change in colour from black to brown) 

were apparent in the materials as early as 4 weeks after implantation. The materials 

had not dissolved completely by 8 weeks post implant, but had undergone a 

significant degree of degradation. Porous silicon degrades to silicic acid
361, 372

, which 

in turn may lead to local toxicity. The degradation rate of the porous silicon 

membranes was not acceptable for its use as a scaffold to recreate a niche for stem 

cells. As noted above, an artificial stem cell niche would need to be stable over a 

period of weeks to even years, to maintain a stem cell reservoir to renew the corneal 

epithelium. To address this issue we moved to the use of pSi composite materials. 

 Porous silicon polycaprolactone composite materials as ophthalmic 3.4.6

implants 

Composite materials prepared with porous silicon and soft polymers such as 

polycaprolactone have significant advantages over the individual component 

materials. The polymer lends flexibility to the ridged pSi, making manipulation and 

implantation easier. Importantly, PCL also degrades more slowly than pSi in vivo. 

For example, PCL capsules degraded over the course of 2-3 years when implanted 

subcutaneously in the rat
409

. This would make the composite materials longer lived 

than pSi membranes. The biocompatibility of PCL in the eye has been evaluated: 

PCL sheets remained stable after implantation in rabbit eyes for up to 9 months, 

without adverse effects on the ocular tissue
478

. Addition of pSi particles to the 

polymer allows loading of a large amount of drugs, including biologics. We 
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considered that a pSi-PCL composite material might potentially be used as an 

artificial stem cell niche for the transfer of cells to the eye for the treatment of ocular 

surface disease. 

A novel composite material of pSi and PCL was thus formulated. The PCL was 

electrospun into a non-woven fabric, and pSi microparticles were partially embedded 

into the pSi fibres. A composite material of pSi and PCL, with the pSi particles 

completely encapsulated in the PCL fibres, was previously investigated in our 

laboratory, and was shown to support the growth of human lens epithelial cells
422

. 

The advantage of the novel material described herein, is that it can be loaded with 

drugs after fabrication. This is particularly important in the context of recreating an 

artificial stem cell niche, as biologics such as collagen and vitronectin which support 

the growth of epithelial cells, will otherwise be destroyed during the composite 

fabrication process.  

 Drug loading in the pSi-PCL composite materials 3.4.6.a

In order to function as an artificial stem cell niche, a pSi-PCL composite material 

will need to be loaded with factors to support the growth of stem cells. The 

feasibility of drug loading in the material was thus evaluated. 

Firstly, the loading of a model small molecule drug, fluorescein diacetate (FDA), was 

examined. The ability of the composite material to release the FDA was assessed by 

seeding lens epithelial cells on FDA loaded materials. Lens epithelial cells grown on 

the FDA loaded material demonstrated green fluorescence, indicating that the FDA 

was released from the materials and converted to fluorescein. An added advantage of 
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this assay was the demonstration that the cells grown on the materials were viable. 

This result opens up the possibility of the composite materials being used for the 

delivery of drugs to the eye. Decrease of intraocular pressure has been demonstrated 

in rabbits after implantation of a polycaprolactone scaffold loaded with 

dorzolamide
479

. A pSi-PCL composite material with a large drug loading capacity 

could be of use for such an application. 

The loading of macromolecule “biologics” into composites was also investigated. A 

mixture of recombinant epidermal growth factor, insulin, transferrin and selenium 

sulphate (EGF-ITS), which induces cell proliferation in the absence of serum, was 

tested. Such a cocktail of specific, recombinant biologics might reduce reliance on 

foetal calf serum for the growth of OMECs, as FCS poses regulatory concerns 

associated with the transmission of infectious agents such as prions. The release of 

the biologics in an active form was assayed using BALBc/3T3 cell proliferation. The 

cells did not proliferate in serum-free medium when seeded on either unloaded pSi-

PCL composites or PCL alone loaded with the growth factors. However, cells seeded 

on pSi-PCL composite materials loaded with EFG-ITS, in serum-free medium, 

proliferated. This experiment demonstrated that factors loaded in the composite 

materials were taken up by adherent cells. It also demonstrated the importance of the 

pSi on the composite materials, as no proliferation was observed in cells seeded on 

“loaded” PCL, indicating that only pSi-PCL composite materials could be loaded 

with the biologics post-fabrication and that the biologics had in fact loaded in the pSi 

particles. These experiments demonstrated the feasibility of loading the pSi-PCL 

composite materials with factors to help in the re-creation of a niche that might 
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sustain the growth of stem cells. The next step was to confirm the biocompatibility of 

the materials in the rat eye. 

 Biocompatibility of pSi-PCL composite material in the rat eye 3.4.6.b

Haematoxylin and eosin stained sections of rat eyes containing pSi-PCL composite 

material 8 weeks post-implant showed a foreign body-type inflammatory response, 

similar in kind to that directed to the sutures. However the magnitude of the response 

to the implant was greater. Larger numbers of infiltrating cells were observed, both 

in and around the implant, and the implant itself was surrounded by an incomplete 

fibrous capsule. This was unexpected, taking into consideration that both the pSi and 

PCL are generally well tolerated in vivo. PCL has demonstrated good 

biocompatibility in the rabbit eye, with no inflammation, morphogenic changes or 

fibrosis noted after 6 months of implantation
478

. pSi scaffolds implanted under the rat 

eye did not cause an accumulation of inflammatory cells
391

. Previous work in our 

laboratory with a different pSi-PCL composite material showed implantation under 

the rat conjunctiva resulted in a histiocytic foreign body-type granulomatous 

response, similar to that mounted against the sutures
422

. The difference between the 

two materials was that in the new composites described here, the pSi microparticles 

were partially exposed, whereas they were completely encapsulated in the old 

materials. The presence of both pSi and PCL on the surface of the material might 

have caused the more pronounced infiltration of inflammatory cells. It must be noted 

that there was no lymphocyte-mediated response to the pSi-PCL materials. No overt 

signs of inflammation were observed macroscopically after 7 days of implantation. 

However, the degree of infiltration of macrophages and histiocytoid giant cells 

observed at end-point histology was troubling. 
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 Conclusions 3.5

Two porous silicon materials were investigated for the transfer of cells and drugs to 

the rat eye. Porous silicon membranes coated with collagen and vitronectin supported 

the growth of rat oral mucosal epithelial cells. The rat OMECs expressed corneal 

epithelial and putative stem cell markers. However, OMECs grown on pSi 

membranes did not migrate across the surface of the rat eye when implanted under 

the conjunctiva. The pSi membranes demonstrated good biocompatibility, but 

dissolved rapidly. Longer-lived pSi-PCL composite materials were then tested. The 

composite materials could be loaded with dugs including biologics, which were 

released in an active form and had a functional effect on cells. However, 

implantation of the composite materials under the conjunctiva in rats elicited a 

foreign body-type inflammatory response. The magnitude of the response was of 

some concern. Porous silicon poly-(ε-caprolactone) composites offer advantages 

over the individual components, but improved biocompatibility is required to 

recreate an artificial stem cell niche for the treatment of ocular surface disease. 

This study demonstrated that rat oral mucosa is a good source of epithelial cells, 

including putative stem cells. OSD was successfully induced in rats, providing a 

robust model for testing future cell therapies. However, transplanted cells must be 

able to migrate over the ocular surface after induction of OSD and this was not 

observed in the experiments described here. 
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CHAPTER 4 VEGF-B ANTAGONISM IN CORNEAL 

NEOVASCULARIZATION 

VEGF-B is a member of the vascular endothelial growth factor family, and has 

structural similarities to VEGF-A and PlGF
237

. Unlike other members of the VEGF 

family, VEGF-B does not behave as a pro-angiogenic factor. It is the only member of 

the VEGF family that does not induce angiogenesis, lymphangiogenesis or vessel 

permeability
248, 249

. Recent evidence suggests that VEGF-B is more of a survival than 

a growth factor
257, 480

, and has a role in lipid transport
276

. VEGF-B is a potent 

survival factor for vascular endothelial cells, pericytes and smooth muscle cells
257

. 

VEGF-B deficiency leads to increased apoptosis of endothelial and smooth muscle 

cells and poorer survival of blood vessels
257

. Furthermore, VEGF-B expression has 

been found to augment pathological neovessel formation in models of choroidal and 

retinal neovascularization
258

. VEGF-B also appears to be a survival factor for 

different types of neurons including brain cortical neurons
272, 273

, retinal neurons
273

 

and motor neurons in the spinal cord
271

. Taken together, these data suggest that 

VEGF-B is a potential target for therapy directed at existing vasculature. However, 

targeting VEGF-B may risk damaging neurons. 

As VEGF-B appears to be a survival factor for a large range of cells including 

neurons, targeted delivery of an anti-VEGF-B drug to the cornea may be essential, to 

ameliorate corneal neovascularization. The cornea is accessible and topical delivery 

in the form of eye drops is possible. In contrast, delivery of agents to the retina 

necessitates intravitreal injection. Topical delivery to the cornea in the form of eye 

drops might prevent unwanted systemic side effects. Furthermore, eye drops can be 
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relatively easily self-administered. Targeted delivery to the cornea can also be 

achieved by subconjunctival injection. 

Antibodies are important therapeutic agents and serve as molecular traps or targeting 

agents. Antibodies are, however, too large for effective topical delivery to the 

cornea
443, 481

 and have the potential to be immunogenic and elicit unwanted release of 

cytokines mediated by the Fc region of the immunoglobulin tail
482, 483

. Genetically 

engineered antibody fragments maintain the antigen binding specificity of the parent 

antibody but lack some of the undesirable properties of the latter, such as poor tissue 

penetration, long half-life in blood and activation of the effector arm of the immune 

system. As proof of principle for local administration, a topically delivered antibody 

fragment to TNFα has been shown to inhibit development of laser-induced choroidal 

neovascularization in a monkey model
484

.  

The aim if this work was to engineer an antibody fragment which binds to VEGF-B, 

and to test the effect of topical and subconjunctival injection of the scFv on growing 

and especially on established vessels, in a rat model of corneal neovascularization. 

We hypothesised that the anti-VEGF-B scFv, delivered locally to the cornea, would 

cause regression of established corneal vessels. 

 Generation and characterization of an anti-VEGF-B scFv 4.1

 The 2H10 hybridoma 4.1.1

The 2H10 hybridoma secretes an antibody with specificity for human, mouse and rat 

VEGF-B
485 

(Appendix C.1). cDNA from this hybridoma was a gift from Dr. Pierre 

Scotney and Dr. Andrew Nash (CSL Ltd. & Melbourne University). An antibody 
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fragment in the scFv format was engineered from 2H10. The first step in this process 

was the amplification of the variable region genes from hybridoma cDNA. 

 Amplification of the VL and VH and production of a scFv gene 4.1.2

A scFv consists of a variable light chain (VL) and variable heavy chain (VH) joined 

together by a peptide linker. The VL and VH of the 2H10 hybridoma were 

successfully amplified from 2H10 hybridoma cDNA using custom-designed primers 

(Table 2-1). The expected product sizes for the VL and the VH were 387 bp and  

407 bp respectively. The products amplified corresponded to the expected sizes 

(Figure 4-1). The primers added nucleotides encoding the linker region to the 3` end 

of the VL and 5` end of the VH respectively. The primers also had complementary 

regions which allowed for splicing together the VL and VH. A scFv gene was 

generated from the VL and VH of the 2H10 hybridoma using an assembly PCR 

protocol (section 2.2.4). The expected size of the assembly PCR product was 771 bp, 

and the predominant band ran slightly below the 800 bp marker (Figure 4-1). The 

anti-VEGF-B scFv gene was then cloned into a bacterial expression vector. 

 Cloning of the anti-VEGF-B scFv in E.coli 4.1.3

 Restriction endonuclease digestion with SfiI 4.1.3.a

The assembly PCR product from the 2H10 hybridoma and the pHB400 bacterial 

expression vector was digested with the restriction endonuclease SfiI. Initially a 4 h 

digestion was used which was insufficient for complete digestion of the plasmid 

(Figure 4-2). Subsequently, both the plasmid and the scFv were digested overnight 

with sfiI as described in section 2.2.6 (Figure 4-2). The vector region of the plasmid 

(~4800 bp) (Figure 2-1) was gel purified and SfiI digested insert (scFv) was PCR 
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Figure 4-1 Generation of an anti-VEGF-B scFv gene from the 2H10 

hybridoma 

The V
L
 (lane1) and V

H
 (lane2) regions were amplified from 2H10 hybridoma 

cDNA. The primers used to amplify the V
L
 and V

H
 added complementary DNA 

encoding a linker region, allowing assembly of the scFv gene (lane3) by splice by 

overlap extension (SOE) PCR. The expected product sizes for the V
L
, V

H
 and 

SOE product were 387, 407 and 771 bp respectively. The observed bands 

corresponded to the expected product sizes. Five hundred nanograms of the 2Log 

ladder size marker was run in the lanes marked L. Fragment lengths are 

represented in base pairs. 
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Figure 4-2 SfiI digestion of plasmid pHB400 

The plasmid pHB400 (lane1) was digested with SfiI for 4h (lane2) or overnight 

(lane3). Incomplete digestion was observed at 4 hours as evidenced by the 

presence of a band corresponding to uncut plasmid (white arrow). Overnight 

digestion was required to minimise uncut plasmid. Five hundred nanograms of 

the 2Log ladder size marker was run in the lanes marked L. 
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purified using the QIAquick gel extraction kit and the PCR purification kit 

respectively (Qiagen, Valencia, CA, USA). The scFv gene was next ligated into a 

bacterial expression plasmid.  

 Ligation of scFv into the bacterial expression plasmid pHB400 4.1.3.b

Overnight ligation reactions were carried out using T4 DNA ligase (section 2.2.7). 

Two sets of ligation controls were included. The first contained plasmid but no ligase 

and no insert and the second plasmid and ligase but no insert. Insert to vector molar 

ratios of 1:1 and 2:1 were used. 

The ligation reactions were precipitated and washed twice with ethanol to remove 

protein and salts, to increase the efficiency of the subsequent electroporations. The 

precipitated DNA was dissolved in a small amount of ddH20 and an aliquot was 

separated on a 0.8% agarose gel to visualise the results of the ligation reactions 

(Figure 4-3). The anti-VEGF-B scFv was successfully ligated into pHB400, as 

evidenced by observation of bands not corresponding to the size uncut or single cut 

pHB400 (Figure 4-3). The pHB400 vector carrying the anti-VEGF-B scFv was then 

used to transform electrocompetent E.coli. 

 Transfection of E.coli HB2151 with plasmid containing the  4.1.3.c

anti-VEGF-B scFv 

Electrocompetent E.coli HB2151 cells were generated as described in section 2.3.1. 

The cells were transfected with pHB400 containing the anti-VEGF-B scFv, as well 

as ligation controls, as described in section 2.3.2. pHB400 contains the CAT gene 
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Figure 4-3 Ligation of the anti-VEGF-B scFv into pHB400 

The 2H10 scFv gene was ligated into the plasmid pHB400 using T4 DNA ligase. 

Fragment sizes are represented in base pairs. 

Lanes: 

L – 2Log ladder size marker 

U – Purified undigested pHB400 

C – Purified SfiI digested pHB400 

1 – SfiI digested pHB400 + ligation buffer (control reaction) 

2 – SfiI digested pHB400 + ligation buffer and T4 DNA ligase (control reaction) 

3 – SfiI digested pHB400 + ligation buffer, T4 DNA ligase and SfiI digested 

2H10 scFv (1:1 molar ratio) 

4 – SfiI digested pHB400 + ligation buffer, T4 DNA ligase and SfiI digested 

2H10 scFv (1:3 molar ratio) 

No ligation was observed in the reaction containing cut plasmid with ligation 

buffer (1) or plasmid with ligation buffer and T4 DNA ligase (2). Two molar 

ratios of plasmid to insert were tested. Ligation was observed in both reactions as 

evidenced by the presence of faint bands that did not correspond to either uncut 

or cut plasmid (arrow).  
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which confers resistance to the antibiotic chloramphenicol, allowing transfected cells 

to grow on chloramphenicol containing medium.  

Cells electroporated with SfiI digested pHB400 yielded very few colonies, indicating 

low levels of uncut plasmid. Cells transformed with religated plasmid showed a large 

number of colonies, confirming activity of the ligation reactions. Cells transformed 

with scFv containing plasmid generated a large number of colonies (Table 4-1).  

The colonies of E.coli HB2151 cells grown on chloramphenicol-containing medium 

should have had an intact plasmid carrying the CAT gene. However, the colonies still 

needed to be screened for expression of the anti-VEGF-B scFv. 

Table 4-1 Electroporation of 2H10 scFv in pHB400 into E. coli HB2151 

 

ms=milliseconds TNTC – too numerous to count 

 

Sample 

Time Constant 

(ms) 

Number of 

colonies 

SfiI digested pHB400 4.1 3 

SfiI digested pHB400 + ligase 3.9 TNTC 

SfiI digested pHB400 + ligase + scFv 1:1 3.8 TNTC 

SfiI digested pHB400 + ligase + scFv 1:2 3.9 TNTC 
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 Screening 2H10 scFv transfected clones  4.1.4

Transfection of E.coli HB2151 cells with plasmids containing the 2H10 scFv yielded 

a large number of colonies. The colonies were first screened by colony blot for the 

expression of His-tagged recombinant protein and then crude bacterial extracts were 

screened for binding to rhVEGF-B by ELISA. 

 Colony blot to detect recombinant protein in transfected HB2151 colonies 4.1.4.a

The colonies were picked and transferred on to grid plates with medium containing 

chloramphenicol, to maintain the selective pressure on cells to retain the plasmid. 

Colonies were grown overnight, transferred to nitrocellulose membranes and placed 

on agar plates containing 1mM isopropyl β-D-1-thiogalactopyranoside (IPTG), 

which induces production of recombinant protein, for 24 hours. The membranes were 

removed from the plates and the cells lysed to allow binding of proteins to the 

nitrocellulose membranes. The membranes were probed with an anti-polyhistidine 

antibody. The His-tag is only expressed in colonies that contain a scFv gene that is in 

the correct phase throughout. 

A total of 200 colonies were screened for recombinant protein expression. Seventy 

eight colonies showed expression of the His tag, of which 40 showed strong 

expression (Figure 4-4). The remainder of the colonies likely did not express His-

tagged scFv. The colonies that displayed expression of the His-tag were then further 

screened for binding to human VEGF-B by ELISA. 
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Figure 4-4 Colony blot showing recombinant protein expression in 2H10 

scFv clones 

Clones of cells transfected with scFv constructs were picked and plated in a grid 

pattern on replica plates. Colonies from one plate were transferred to 

nitrocellulose discs and recombinant protein production was induced by addition 

of IPTG. Presence of recombinant protein was detected by probing with an anti-

polyhistidine antibody. A representative membrane containing protein from 50 

colonies is shown above. Colonies strongly expressing recombinant appear 

darker than colonies with intermediate or low expression. A similar pattern of 

expression was observed with the remaining colonies containing 2H10 scFv. 
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 Detection of binding of scFv containing bacterial lysates to VEGF-B 4.1.4.b

Bacterial lysates were prepared from E.coli producing scFv as described in section 

2.3.5. The lysates were assayed for anti-VEGF-B activity using a direct ELISA as 

described in section 2.2.12. A strong positive signal was obtained with anti-VEGF-B 

scFv lysate (Figure 4-5), indicating binding to human VEGF-B. Bacterial lysate 

containing control scFvs with specificity for human VEGF-A
486

 and 

Acanthamoeba
487

 returned negligible readings. The level of scFv expressed from 

different colonies was variable, which might have had an effect on the binding to 

VEGF-B. The binding of the scFv produced from different colonies to human 

VEGF-B was thus assessed by ELISA. 

 Comparison of binding of anti-VEGF-B scFv clones to VEGF-B 4.1.4.c

Bacterial extracts were prepared from the 31 highest expressing clones in the colony 

blot. The extracts were assayed for binding to VEGF-B by direct ELISA. Bacterial 

extract from pHB400 (empty vector) transfected cells was used as a control. All 

clones showed binding to VEGF-B when compared to the control. The binding 

observed varied between clones. The binding was thus normalised to total protein 

(Figure 4-6). Clone 4.2 and 4.19 displayed the highest binding after normalisation. 

The higher binding might have been the result either of higher concentration of scFv 

or by higher affinity of the scFv clone for VEGF-B. The observed differences in the 

binding of different anti-VEGF-b scFv clones might stem from mutations introduced 

during the cloning. To further investigate this, a selection of clones was sequenced. 
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Figure 4-5 Binding of anti-VEGF-B scFv bacterial lysates to human  

VEGF-B 

A direct ELISA was used to assay binding of scFvs present in bacterial lysates to 

human VEGF-B. The anti-VEGF-B scFv demonstrated strong binding to  

VEGF-B. Anti-VEGF-A or anti-Acanthamoeba scFvs did not bind to VEGF-B. 

The bars represent the mean OD
450nm

 of three technical replicates and the error 

bars represent standard deviation. 
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Figure 4-6 Comparison of binding of anti-VEGF-B scFv clones to VEGF-B 

Thirty one 2H10 scFv clones which showed high expression by colony blot were 

screened for binding to VEGF-B by direct ELISA. The results were normalised to 

total protein. Clones 4.2 and 4.19 (*) showed the highest binding to VEGF-B. 

This may have been due to higher affinity or higher production of scFv. The bars 

represent the absorbance at 450 nanometers. 
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 Sequencing of anti-VEGF-B scFv clones 4.1.4.d

A total of 8 2H10 scFv clones were sequenced with the primers Scfor, Scback, 

SeqVLfor and SeqVHback as described in section 2.2.14. Clones with high, medium 

and low expression in the ELISA were chosen for sequencing to investigate whether 

the differences were caused by mutations. Good quality sequence was obtained from 

all clones. The sequence from each of the primers was assembled into a contig for 

each of the clones. Each residue of the scFv was covered by at least two sequencing 

reads. The contigs were then aligned to the known sequence of the 2H10 VL and VH 

(Figure 4-7). 

Each of the 8 clones sequenced had an identical VL and VH. Each one contained a 

linker region comprising 4 x G4S repeats which joined the VL and VH, and a 6 x 

histidine tag following the carboxyl terminal of the VH. There was a single nucleotide 

difference in the sequence of the scFv and the hybridoma cDNA (Figure 4-7). This 

change was introduced by the primer (2H10VHback) and led to an amino acid change 

from an arginine to a serine at the last residue of the VH. Although this was a non-

conserved amino acid change, it was present in the framework region of the VH. This 

change did not appear to affect the folding of the protein adversely, as the resultant 

scFv maintained binding to human VEGF-B. 

Since no differences in sequence were detected amongst the anti-VEGF-B scFv 

clones, one of the clones (clone 4.2), which consistently demonstrated higher 

readings in the VEGF-B ELISA, was selected for further work. The scale of the 

bacterial cultures was increased to produce more scFv, and the scFv was purified 

from the bacterial lysate by immobilised metal ion chromatography. 
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Figure 4-7 Sequence of the anti-VEGF-B scFv 

The sequence of the anti-VEGF-B scFv (2H10) aligned to the known sequence of 

the V
L
 and V

H
 regions of the 2H10 hybridoma, showing the linker region 

(underlined) and the histidine tag (bold, black box). The sequence of the 2H10 

scFv was identical to the expected sequence of the V
L
 and V

H
 except for one 

mismatched base shown in bold red text (red box). 

 

2H10 ScFv GGCCCAGCCGGCCATGGCGGACTACAAAGAGATCCAGATGACCCAGACCACCTCCAGCCT 60 

2H10 VL  ----------------------------GAGATCCAGATGACCCAGACCACCTCCAGCCT 32 

2H10 VH  ------------------------------------------------------------ 0 
 

2H10 scFv GAGCGCCAGCCTGGGCGACAGAGTGACCATCAGCTGCCGGGCCAGCCAGGACATCAGCAA 120  

2H10 VL  GAGCGCCAGCCTGGGCGACAGAGTGACCATCAGCTGCCGGGCCAGCCAGGACATCAGCAA 92 

2H10 VH  ------------------------------------------------------------ 0 
 

2H10 scFv CTTTCTGAACTGGTATCAGCAGAAACCCGACGGCACCGTGAAGCTGCTGATCTACTACAC 180 

2H10 VL  CTTTCTGAACTGGTATCAGCAGAAACCCGACGGCACCGTGAAGCTGCTGATCTACTACAC 152 

2H10 VH  ------------------------------------------------------------ 0 
 

2H10 ScFv CAGCACCCTGCACAGCGGCGTGCCCAGCCGGTTTAGCGGCAGCGGCTCCGGCACCGACTA 240 

2H10 VL  CAGCACCCTGCACAGCGGCGTGCCCAGCCGGTTTAGCGGCAGCGGCTCCGGCACCGACTA 212 

2H10 VH  ------------------------------------------------------------ 0 
 

2H10 ScFv CAGCCTGACCATCTCCAACCTGGAACAGGAAGATATTGCCACCTACTTTTGCCAGCAGGG 300 

2H10 VL  CAGCCTGACCATCTCCAACCTGGAACAGGAAGATATTGCCACCTACTTTTGCCAGCAGGG 272 

2H10 VH  ------------------------------------------------------------ 0 
 

2H10 scFv CAAGACACTGCCCCCCACCTTTGGCGGCGGAACAAAGCTGGAAATCAAGAGGGGTGGTGG 360 

2H10 VL  CAAGACACTGCCCCCCACCTTTGGCGGCGGAACAAAGCTGGAAATCAAGAGG-------- 324 

2H10 VH  ------------------------------------------------------------ 0 
 

2H10 scFv TGGTTCTGGTGGTGGTGGTTCTGGCGGCGGCGGCTCCGGTGGTGGTGGATCCCAGGTGCA 420 

2H10 VL  ------------------------------------------------------------ - 

2H10 VH  ----------------------------------------------------CAGGTGCA 8 
 

2H10 scFv GCTGCAGCAGCCCGGCACCGAGCTGGTGAAGCCTGGCGCCTCCGTGAAACTGTCCTGCAA 480 

2H10 VL  ------------------------------------------------------------ - 

2H10 VH  GCTGCAGCAGCCCGGCACCGAGCTGGTGAAGCCTGGCGCCTCCGTGAAACTGTCCTGCAA 68 
 

2H10 scFv GGCCTCCGGCTACACCTTCACCGGCTTTTGGATCCACTGGGTGAAACAGAGACCAGGACA 540 

2H10 VL  ------------------------------------------------------------ - 

2H10 VH  GGCCTCCGGCTACACCTTCACCGGCTTTTGGATCCACTGGGTGAAACAGAGACCAGGACA 128 
 

2H10 scFv GGGCCTGGAATGGATCGGCCACATCAACCCCGGCAACGGCGGCACCAACTACAACGAGAA 600 

2H10 VL  ------------------------------------------------------------ - 

2H10 VH  GGGCCTGGAATGGATCGGCCACATCAACCCCGGCAACGGCGGCACCAACTACAACGAGAA 188 
 

2H10 scFv GTTCAAGCGGATGGCCACCCTGACCGTGGACAAGAGCAGCAGCACCGCCTACATGCAGCT 660 

2H10 VL  ------------------------------------------------------------ - 

2H10 VH  GTTCAAGCGGATGGCCACCCTGACCGTGGACAAGAGCAGCAGCACCGCCTACATGCAGCT 248 
 

2H10 scFv GTCCAGCCTGACCAGCGAGGACAGCGCCGTGTACTACTGCGCCCGCAGCTACAGCAACTA 720 

2H10 VL  ------------------------------------------------------------ - 

2H10 VH  GTCCAGCCTGACCAGCGAGGACAGCGCCGTGTACTACTGCGCCCGCAGCTACAGCAACTA 308 
 

2H10 scFv CGTGCGGGCCATGGACTACTGGGGCCAGGGCACCAGCGTGACCGTGTCCAGGGCCTCGGG 780 

2H10 VL  ------------------------------------------------------------ - 

2H10 VH  CGTGCGGGCCATGGACTACTGGGGCCAGGGCACCAGCGTGACCGTGTCCAGC-------- 360 
 

2H10 scFv GGCCGATCACCATCATCACCATCAT 807 

2H10 VL  ------------------------- - 

2H10 VH  ------------------------- - 
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 Purification of anti-VEGF-B scFv 4.1.5

Anti-VEGF-B scFv was purified from bacterial lysates using IMAC on a BiologicLP 

chromatography system. A large amount of protein was eluted from the column in a 

single peak (Figure 4-8). No protein was eluted with either 20 mM or 30 mM 

imidazole washes, indicating minimal binding of non-specific proteins. Aliquots of 

the purified anti-VEGF-B scFv and crude bacterial extract were separated on a 

polyacrylamide gel (Figure 4-9). A large number of bands were observed with crude 

bacterial extract confirming the heterogeneous nature of the sample. The purified 

scFv contained predominantly a single band that ran slightly above the 25 kDa 

marker. This corresponded well to the expected size of the scFv (28 kDa). The final 

concentration of purified dialysed anti-VEGF-B scFv ranged from 0.6-0.8 mg/ml, in 

different batches. The binding of the purified scFv to human VEGF-B was assessed 

to confirm that the anti-VEGF-B scFv maintained its binding specificity after the 

purification process. 

 Binding of purified anti-VEGF-B scFv to VEGF-B 4.1.6

The binding affinity of purified anti-VEGF-B scFv for human VEGF-B was assayed. 

A dilution range of the scFv covering six orders of magnitude from 7 µg/ml to 7 

pg/ml was tested. Binding to VEGF-B was maintained over the entire range of 

dilutions, demonstrated by absorbance readings above background in the direct 

ELISA (Figure 4-10). ScFvs with specificity for human VEGF-A and 

Acanthamoeba, respectively, were included as controls. The control scFvs did not 

display binding to human VEGF-B. 
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Figure 4-8 Purification of anti-VEGF-B scFv by immobilised metal ion 

chromatography 

Anti-VEGF-B scFv was purified from bacterial lysate using IMAC on a Biologic 

LP chromatography system. The protein elution was detected by absorbance at 

280 nm. The arrows indicate flow through of wash buffer containing 20 mM 

imidazole, wash buffer with 30 mM imidazole and elution buffer with  

250 mM imidazole respectively. No protein was eluted off the column after 

washing with 20 mM or 30 mM imidazole wash buffers. Protein was eluted off 

the column in a single peak after the addition of buffer with 250 mM imidazole 

(double headed arrow). A.U. = absorbance units. 

 

A.U.

Time (minutes)



Yazad Irani  173 

 

 

 

Figure 4-9 Visualization of the purity of the purified VEGF-B scFv after 

IMAC 

Anti-VEGF-B scFv was purified from bacterial lysate using IMAC on a Biologic 

LP chromatography system. Aliquots of the crude bacterial lysate (lane1), 

flowthrough from the IMAC column (lane 2), purified pooled fractions (lane 3) 

and purified dialysed scFv (lane 4) were separated on a 4-20% polyacrylamide 

gel. The crude bacterial extract as well as the column flowthrough showed a large 

number of bands indicating presence of mixture of proteins. IMAC purification 

led to the presence of a major band around 25 kDa, which was the expected size 

of the VEGF-B scFv. Five micrograms of protein was loaded in each lane and 5 

µl of Precision Plus Protein™ unstained standard (BioRad) was run in lane L. 
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Figure 4-10 Binding of purified bacterial produced anti-VEGF-B scFv to 

human VEGF-B 

Anti-VEGF-B and control scFvs (anti-VEGF-A and anti-acanthamoeba) were 

expressed in E.coli. Recombinant scFv was purified from bacterial lysates by 

IMAC, and pooled fractions were dialysed against PBS. Purified anti-VEGF-B 

scFv was diluted from 7 µg/ml to 7 pg/ml and binding to human VEGF-B was 

assayed by a direct ELISA. Binding above background levels was observed at 

each dilution tested. The control scFvs did not bind to rhVEGF-B. The bars 

represent the mean OD
450nm

 of three technical replicates and the error bars 

represent standard deviation. 
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In summary, an anti-VEGF-B scFv was successfully engineered from a hybridoma 

which secreted an antibody with specificity for human, mouse and rat VEGF-B. The 

scFv gene was cloned into a plasmid vector, expressed in E.coli, and purified by 

IMAC. Bacterially-expressed anti-VEGF-B scFv maintained binding to human 

VEGF-B, and was able to be produced in milligram amounts. However, bacterial 

expression of proteins is associated with the presence of large amounts of endotoxin. 

Hence, the scFv produced in E.coli was used for in vitro experiments only. For in 

vivo work, scFv was codon-optimised and expressed in a mammalian expression 

system at CSL Ltd. In the next section, characterization of the anti-VEGF-B scFv 

produced in mammalian cells is described. 

 Characterization of anti-VEGF-B scFv produced in 4.2

mammalian calls 

Anti-VEGF-B scFv was codon-optimised and produced in mammalian cell culture at 

CSL Ltd. Victoria, Australia. The binding of the scFv and the parental antibody were 

characterised at CSL Ltd. as described in Appendix C. ScFv was purified and 

dialysed against PBS. A concentrated solution of scFv at 10.4 mg/ml was transported 

to Flinders University by refrigerated freight, and stored at 4°C upon arrival. All 

animal experiments were carried out using scFv produced in mammalian cells, to 

minimise the amount of endotoxin. The levels of endotoxin in the scFv solution as 

estimated by Limulus amebocyte lysate assay (Associates of Cape Cod, East 

Falmouth, MA, USA) were less than 3 EU/ml. The binding and stability of the anti-

VEGF-B scFv produced at CSL Ltd.  was further characterised at Flinders University 

as follows. 
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 Binding of anti-VEGF-B scFv to human VEGF-B and VEGF-A 4.2.1

Binding of the codon-optimised anti-VEGF-B scFv to human VEGF-B was assayed 

by direct ELISA as described in section 2.2.12. Tenfold serial dilutions of anti-

VEGF-B scFv from 100 µg/ml to 100 pg/ml were tested. The scFv produced in 

mammalian cells showed binding to human VEGF-B above concentrations of 10 

ng/ml (Figure 4-11). The binding of the scFv to human VEGF-B was thus confirmed. 

Next the specificity of the anti-VEGF-B scFv was evaluated by assessing binding to 

human VEGF-A. A sandwich ELISA that immobilised human VEGF-A to the assay 

plate via an anti-VEGF-A antibody was used. ScFv sample was then applied and 

bound scFv was detected through its His-tag. The anti-VEGF-B scFv did not 

demonstrate binding to human VEGF-A at the concentrations tested (Figure 4-11). 

 Stability of the anti-VEGF-B scFv 4.2.2

ScFv prepared at CSL Ltd. was shipped to Flinders University and stored for 

extended periods of time before use for in vivo experiments. The stability of the scFv 

upon storage was ascertained to confirm its activity before using in animal 

experiments. 

Long term storage of the anti-VEGF-B scFv was tested by assaying binding to 

human VEGF-B by ELISA, immediately after production, and after 20 months at 

4°C. ScFv was handled using aseptic techniques to minimise the chance of 

contamination. Anti-VEGF-B scFv displayed a similar degree of binding to human 

VEGF-B before and after the storage period (Figure 4-12). We concluded that 
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Figure 4-11 Binding of mammalian cell-produced 2H10 scFv to human 

VEGF-B and VEGF-A 

Anti-VEGF-B scFv was produced in a mammalian expression system at CSL Ltd. 

ScFv was diluted from 100 µg/ml to 100 pg/ml and its binding to human VEGF-

B was assayed by direct ELISA. Strong binding was observed up to 100 ng/ml 

scFv and binding above background was observed down to 10 ng/ml scFv. The 

binding of the scFv to human VEGF-A was assayed by sandwich ELISA. The 

2H10 scFv did not bind to human VEGF-A. The absorbance at 450 nanometers is 

plotted on the y-axis against the concentration of anti-VEGF-B scFv on the  

x-axis. 
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Figure 4-12 Stability of the anti-VEGF-B scFv 

Anti-VEGF-B scFv produced in mammalian cells was assayed for binding to 

human VEGF-B by direct ELISA, and then stored at  

4°C for 20 months before its binding was retested. The binding activity of the 

scFv was maintained during the storage period. The absorbance at 450 

nanometers is plotted on the y-axis against the concentration of anti-VEGF-B 

scFv on the x-axis. 
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storage over 20 months did not adversely affect the binding of the anti-VEGF-B scFv 

to human VEGF-B. 

 Binding of the anti-VEGF-B scFv to human VEGF-B after formulation 4.2.3

as an eye drop 

Next the binding characteristics of the scFv upon formulation as an eye drop for 

topical delivery was assessed. The anti-VEGF-B scFv was formulated as an eye drop 

for topical delivery. The eye drop base contained an agent to increase the viscosity of 

the solution so that it remained on the corneal surface for a longer time, as well as a 

penetration enhancer to facilitate passage of the scFv into the cornea
443

 (Appendix 

B.13). A direct ELISA was performed on the eye drop solution to confirm that the 

anti-VEGF-B scFv maintained binding activity after formulation as an eye drop. 

Anti-VEGF-B eye drops demonstrated strong binding to human VEGF-B by ELISA 

(Figure 4-13). The eye drop solution was then stored for 3 months at 4°C before re-

testing its binding to VEGF-B. The anti-VEGF-B scFv formulated as an eye drop 

maintained binding to human VEGF-B after 3 months of storage (Figure 4-13). 

In summary, the anti-VEGF-B scFv produced in mammalian cells demonstrated 

binding to human VEGF-B by ELISA. The binding of the scFv and the parental mAb 

to human VEGF-B were assessed by surface plasmon resonance. The scFv had 

similar binding characteristics to the mAb, but the kinetics of the binding differed. 

The scFv blocked the functional effects of VEGF-B in a cell based assay. The 

binding of the scFv was maintained after 20 months of storage and after being 

formulated as eye drops, and the scFv had low levels of endotoxin. 
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Figure 4-13 Maintenance of anti-VEGF scFv activity after formulation into 

eye drops 

Anti-VEGF-B scFv was formulated into eye drops, which contained  

1.5% hypromellose, a viscosity enhancer, and 1% capric acid, a penetration 

agent. Binding of the eye drops to human VEGF-B was assayed by direct ELISA. 

Freshly prepared eye drops maintained binding to human VEGF-B. The eye 

drops were then stored at 4°C for 3 months and binding retested. The eye drops 

maintained binding to human VEGF-B. The bars represent mean the mean optical 

density at 450 nanometers, of three technical replicates, and the error bars 

represent the standard deviation. 
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 Anti neovascular activity of VEGF-B scFv in a rat model of 4.3

corneal neovascularization 

The effect of the scFv on growing and established vessels was then assessed in a rat 

model of corneal neovascularization. Corneal neovascularization was induced in 

Sprague-Dawley rats by superficial cautery using a silver nitrate applicator (section 

2.5.1.a). Care was taken to position the applicator at the centre of the cornea, and to 

keep the size of the injury consistent between animals. The cautery caused corneal 

oedema and a mild blister response at the site of injury. Neovascularization was 

apparent at the limbal arcades 3-4 days post cautery and the vessels reached the site 

of cautery within 7-10 days. The vessels then anastomosed to form a vascular 

network by 14 days. Anti-VEGF-B scFv therapy was administered either 

immediately after induction of neovascularization to determine its effects on growing 

vessels, or the vessels were allowed to establish before treatment was started. 

 Effect of topical anti-VEGF-B therapy on developing vessels 4.3.1

Anti-VEGF-B scFv therapy was started the day after cautery to test the effect on 

developing vessels. A 5 µl eye drop was applied at 2 hour intervals 5 times per day. 

After the last eye drop of the day, polyvisc ointment was applied to maintain the 

scFv on the corneal surface overnight. Initial experiments examined the effect of  

7 days of therapy. 

Figure 4-14 shows representative flatmounts from control scFv and anti-VEGF-B 

scFv treated rats. The cauterised area is visible as a brown spot in the centre of the 

cornea. The corneal vessels were stained with haematoxylin. At day 8 post cautery 

vessels had infiltrated the cornea and were approximately halfway between the 
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limbus and the cauterised site (Figure 4-14). The percentage of the cornea covered by 

vessels was quantified as described in section 2.5.1.f. There was no significant 

difference in the corneal vessel area between rats treated with the control scFv and 

rats treated with the anti-VEGF-B scFv (Figure 4-15, p=0.59). 

Next, a longer treatment regimen was tested. Corneal cautery was performed as 

above. Treatment commenced the day after cautery and consisted of 5 x 5µl eye 

drops per day for 14 days. The corneal vessels were stained 15 days post cautery and 

quantified as above. The longer treatment period allowed the vessels to grow further 

into the cornea, and by day 15 the vessels had reached the site of cautery  

(Figure 4-16). The degree of neovascularization did not appear to be different in 

untreated, control scFv treated, and anti-VEGF-B scFv treated animals, with all 

animals showing an even infiltration of densely packed vessels. Quantification of 

corneal vessel area revealed that there was no significant difference in the percentage 

of the cornea covered by vessels between the groups (Figure 4-17, p=0.46). 

These results indicated that topical delivery of the anti-VEGF-B scFv had no effect 

on the growth of new corneal vessels in response to silver nitrate cautery. The result 

was not surprising, as VEGF-B is not a growth factor for developing vessels. As 

VEGF-B is known to be more of a survival factor for endothelial cells, the effect of 

topical therapy on more established vessels was next tested. 
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Figure 4-14 Representative images of haematoxylin perfused corneal 

flatmounts from rats treated for 7 days immediately after cautery 

Corneal cautery was induced in Sprague-Dawley rats. Rats were treated with 

anti-VEGF-B or control scFv for 7 days. At the end of the treatment, the 

vasculature of the rat was perfused with haematoxylin. The eyes were removed 

and corneas dissected out and flatmounted. (A) Control scFv and (B) anti-VEGF-

B scFv treated rats showed infiltration of vessels into the cornea. The vessels had 

penetrated halfway to the site of cautery in 7 days. The cautery site is marked 

with an asterisk, the limbal arcades are marked with white arrows. Neovessels in 

the cornea have been stained purple with haematoxylin. Air bubbles are visible in 

the top tight corner of each image. 
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Figure 4-15 Effect of 7 days of topical scFv treatment on developing corneal 

vessels in a rat model of corneal neovascularization 

Corneal neovascularization was induced in inbred Sprague-Dawley rats by silver 

nitrate cautery. Treatment with scFv eye drops was commenced the day after 

cautery. Eye drops were delivered at 2 hour intervals 5 times a day for 7 days. 

The corneal vessels were perfused with haematoxylin and the percentage of the 

cornea covered by vessels was quantified. The corneal vessel area was not 

different between anti-VEGF-B and control scFv treated animals p=0.58 

(Kruskal–Wallis test). The bars represent the mean corneal vessel area of three 

biological replicates, and the error bars represent the standard deviation.  

n = number of rats in each group. 
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Figure 4-16 Representative images of haematoxylin perfused corneal 

flatmounts from rats treated for 14 days immediately after cautery 

Corneal cautery was induced in Sprague-Dawley rats. The rats were then treated 

with anti-VEGF-scFv or control for 14 days. At the end of the treatment the 

vasculature of the rat was perfused with haematoxylin. The eyes were removed 

and corneas dissected out and flatmounted. (A) Untreated (B) Control scFv and 

(C) anti-VEGF-B scFv treated rats showed infiltration of vessels into the cornea. 

By day 14 the vessels had reached the site of cautery. No difference in corneal 

vessel area was observed amongst the groups. The cautery site is marked by an 

asterisk. 

 

 

B

A

C



Yazad Irani  186 

 

 

 

Figure 4-17 Effect of 14 days of topical scFv treatment on developing corneal 

vessels in a rat model of corneal neovascularization 

Corneal neovascularization was induced in inbred Sprague-Dawley rats by silver 

nitrate cautery. Treatment with scFv eye drops was commenced one day after 

cautery. Eye drops were delivered at 2 hour intervals, 5 times a day for 14 days. 

The corneal vessels were perfused with haematoxylin and the percentage of the 

cornea covered by vessels was quantified. No significant difference in corneal 

vessel area between treatment and control groups was observed p=0.46 (Kruskal-

Wallis test). The bars represent the mean corneal vessel area of biological 

replicates, and the error bars represent the standard deviation. n = number of rats 

in each group. 
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 Effect of topical anti-VEGF-B scFv treatment on established vessels 4.3.2

VEGF-B is a survival factor for blood vessels
257

. We next aimed to test the ability of 

the anti-VEGF-B scFv to cause regression of established vessels. In order to do this, 

treatment was not commenced immediately after cautery, but vessels were allowed to 

grow into the central cornea before treating with the anti-VEGF-B scFv. 

In the first instance vessels were allowed to grow into the cornea for 7 days and 

treatment was commenced on day 8 following cautery. Five x 5 µl eye drops were 

administered per day for 7 days. At euthanasia of the rats, vessels were stained with 

haematoxylin and the corneas flatmounted. By day 15 the vessels had reached the 

central cauterised area of the cornea (Figure 4-18). A uniform degree of 

vascularization was observed, with vessels growing more or less straight towards the 

site of cautery. The density of the vessels was similar between untreated, control 

scFv and anti-VEGF-B scFv treated eyes. There was no significant difference in the 

percent of the cornea covered by vessels amongst the treatment and control groups 

(Figure 4-19, p=0.83). 

It was observed that corneal neovessels did not always reach the central cauterised 

area within 7 days post cautery. Fourteen days were required for the new vessels to 

develop completely to form a stable vascular network. In the next set of experiments, 

vessels were allowed to develop for 14 days after cautery was performed before 

initiation of anti-VEGF-B eye drops. The duration of therapy was increased to 14 

days, and 5 x 5 µl eye drops were applied each day with polyvisc ointment applied 
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Figure 4-18 Representative images of haematoxylin perfused corneal 

flatmounts from rats treated for 7 days, beginning 7 days after cautery 

Corneal cautery was induced in Sprague-Dawley rats. The vessels were allowed 

to establish for 7 days, after which 7 days of treatment with control or anti-

VEGF-B scFv was applied. At the end of the treatment the vasculature of the rat 

was perfused with haematoxylin. The eyes were removed and corneas dissected 

out and flatmounted. (A) Untreated (B) Control scFv and (C) anti-VEGF-B scFv 

treated rats showed infiltration of vessels into the cornea. By day 14 the vessels 

had reached the site of cautery. No difference in corneal vessel area was observed 

amongst the groups. 
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Figure 4-19 Effect of 7 days of topical scFv treatment on established corneal 

vessels in a rat model of corneal neovascularization 

Corneal neovascularization was induced in inbred Sprague-Dawley rats by silver 

nitrate cautery. Treatment with scFv eye drops was commenced 7 days after 

cautery. Eye drops were delivered at 2 hour intervals 5 times a day for 7 days. At 

euthanasia, the corneal vessels were perfused with haematoxylin and the 

percentage of the cornea covered by vessels was quantified. No significant 

difference between treatment and control groups was observed p=0.82 (Kruskal-

Wallis test). The bars represent the mean corneal vessel area of three biological 

replicates, and the error bars represent the standard deviation. n = number of rats 

in each group. 
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after the last drop on each day. The vessels were stained with haematoxylin and the 

corneas flatmounted. 

After establishment of the vascular networks by day 14, some vessels began to 

regress regardless of treatment. Vessels covered a significantly larger proportion of 

the eyes of untreated animals at day 15 than day 29 (Figure 4-20). Regression of 

some of the vessels led to a heterogeneity in the density of the corneal vessels, with 

some areas containing more patent vessels while others had poorly perfused vessels 

(Figure 4-21). However, there was no significant difference in the area of the cornea 

covered by vessels in the anti-VEGF-B scFv treated and control rat eyes  

(Figure 4-22, p=0.87). 

These results indicated that topically applied anti-VEGF-scFv had no effect on 

established corneal vessels. This result was unexpected in the light of VEGF-B being 

a potent survival factor for endothelial cells. However, during the course of these 

experiments an interesting observation about neovascularization in male and female 

rats was made. 

 Differences in the degree of neovascularization between males and 4.3.3

females 

Corneal neovascularization was induced in male and female Sprague-Dawley rats by 

silver nitrate cautery. In the days following cautery, it was noted that male rats 

developed darker blisters than females (Figure 4-23). Males generally developed 

dark brown or black blisters while females had light brown blisters. Male rats also 

developed more oedema and robust neovascularization. To investigate this further, 
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Figure 4-20 Comparison of corneal neovascularization in untreated rats 15 

and 29 days after cautery 

Corneal neovascularization was induced in inbred Sprague-Dawley rats by silver 

nitrate cautery. Vessels were allowed to develop for 15 and 29 days respectively, 

without any intervention. The vessels were stained with haematoxylin and the 

corneas flatmounted. The percent of the cornea covered by vessels was 

quantified. Vessels reached the central cauterised area between days 7-10 and 

formed a vascular network by day 14. Some vessels then spontaneously began to 

regress while others remained patent. There were significantly more vessels in the 

corneas of rats at day 15 than day 29 *p=0.002. The bars represent the mean 

corneal vessel area of biological replicates, and the error bars represent the 

standard deviation. n = number of rats in each group. 
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Figure 4-21 Representative images of haematoxylin perfused corneal 

flatmounts from rats treated for 14 days beginning 14 days after cautery 

Corneal cautery was induced in Sprague-Dawley rats. The vessels were allowed 

to establish for 14 days, after which 14 days of treatment with control or anti-

VEGF-B scFv was applied. At the end of the treatment the vasculature of the rats 

was perfused with haematoxylin. The eyes were removed and corneas dissected 

out and flatmounted. (A) Untreated (B) control scFv and (C) anti-VEGF-B scFv 

treated rats showed infiltration of vessels into the cornea. By day 28 the vessels 

had reached the site of cautery and anastomosed. No difference in corneal vessel 

area was observed amongst the groups. 
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Figure 4-22 Effect of 14 days of topical scFv treatment on established 

corneal vessels in a rat model of corneal neovascularization 

Corneal neovascularization was induced in inbred Sprague-Dawley rats by silver 

nitrate cautery. Treatment with scFv eye drops was commenced 14 days after 

cautery. Eye drops were delivered at 2 hour intervals, 5 times a day for 14 days. 

The corneal vessels were perfused with haematoxylin and the percentage of the 

cornea covered by vessels was quantified. No significant difference between 

treatment and control groups was observed p=0.86 (Kruskal-Wallis test). The bars 

represent mean corneal vessel area of the biological replicates, and the error bars 

represent the standard deviation. n = number of rats in each group. 
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the data from sections 4.3.1 and 4.3.2 were reanalysed, separating out males and 

females. 

As there were no significant differences between any of the treatment groups, data 

from all animals were first analysed together. The percent of the cornea covered by 

vessels in males was significantly higher than in females, either after immediate 

treatment or after delayed treatment for 14 days, p=0.001 and p<0.001 respectively 

(Figure 4-24). The difference between males and females was also observed when 

only data from the untreated animals were analysed. Again males showed 

significantly higher neovascularization then females, either after immediate treatment 

or delayed treatment for 14 days, p=0.012 and p<0.001 respectively (Figure 4.26). 

In light of these differences between male and female rats, the data from sections 

4.3.1 and 4.3.2 were separated into males and females and analysed separately. The 

effect of topical anti-VEGF-B scFv therapy on developing vessels was first assessed. 

There was no significant difference in the percent of the cornea covered by vessels 

between the anti-VEGF-B scFv and control groups in either male (p=0.39) or female 

(p=0.42) animals (Figure 4-25). However, in each group the males had more vessels. 

The effect of topical anti-VEGF-B therapy on established vessels was next assessed 

as described previously. The males in each group had more vessels than the females. 

There was no significant difference in the percent of the cornea covered by vessels 

between the anti-VEGF-B scFv and control groups in either male or female animals 

(Figure 4-26). 
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Figure 4-23 Representative images of male and female rat eyes following 

silver nitrate cautery 

Eyes from male (A, C, E) and female (B, D, F) inbred Sprague-Dawley rats were 

photographed following silver nitrate cautery. The cauterised portion of the 

cornea was visible the day following cautery but was darker in males (A) when 

compared to females (B). Vessels were evident 7 days post cautery in both male 

(C) and female (D) eyes, however the cauterised portion was lighter in females. 

The vessels in the males appeared to be more densely infiltrating the cornea. The 

cornea was oedematous in both males and female rats. Fourteen days post corneal 

cautery, oedema had resolved in both male (E) and female (F) eyes. 
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Figure 4-24 Differences in degree of corneal neovascularization between 

male and female rats 

The degree of corneal neovascularization following silver nitrate cautery was 

compared in male and female Sprague-Dawley rats. Untreated, control scFv and 

anti-VEGF-B scFv treated animals, (A) treated immediately after cautery or  

(B) 14 days after cautery for 14 days were grouped together. Male rats showed 

significantly more corneal vessels then females in both immediate and delayed 

treatment groups. Males also showed significantly greater neovascularization 

when only the untreated animals were analysed after (C) immediate or  

(D) delayed treatment. *p=0.001 #p=0.012 §p<0.001. The bars represent the 

mean corneal vessel area in biological replicates, and the error bars represent the 

standard deviation. n = number of rats in each group. 
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Figure 4-25 Effect of topical treatment with anti-VEGF-B scFv on 

developing vessels in male and female rats 

The degree of corneal neovascularization following silver nitrate cautery was 

compared in (A) male and (B) female Sprague-Dawley rats treated immediately 

after cautery for 14 days. No significant differences were observed between anti-

VEGF-B scFv treated and control groups in either males (p=0.39) or females 

(p=0.42). The bars represent the mean corneal vessel area in biological replicates, 

and the error bars represent the standard deviation. n = number of rats in each 

group. 
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Figure 4-26 Effect of topical treatment with anti-VEGF-B scFv on 

established vessels in male and female rats 

The degree of corneal neovascularization following silver nitrate cautery was 

compared in (A) male and (B) female Sprague-Dawley rats treated 14 days after 

cautery for 14 days. No significant differences were observed between anti-

VEGF-B scFv treated and control groups in either males (p=0.15) or females 

(p=0.08). The bars represent the mean corneal vessel area in biological replicates, 

and the error bars represent the standard deviation. n = number of rats in each 

group. 
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In summary, a statistically significant difference in the neovascularization between 

male and female rats was observed. Male rats developed more vessels in response to 

corneal cautery than female rats. The anti-VEGF-B scFv did not have an effect on 

either growing or established vessels when delivered topically as an eye drop, in 

male or female rats analysed separately. 

 Effect of anti-VEGF-B scFv delivered by subconjunctival injection on 4.3.4

established vessels 

Topical delivery of the anti-VEGF-B scFv did not result in regression of vessels, and 

increasing the frequency of eye drops was not considered to be practical. We 

surmised that perhaps what was required was more sustained release of the scFv. To 

investigate this further, the topical anti-VEGF-B scFv treatment was supplemented 

with two subconjunctival injections of the scFv.  

Subconjunctival injection is an alternate mode of delivery of drugs to the anterior 

segment. The effect of subconjunctival delivery of the anti-VEGF-B scFv on 

established vessels was assessed. Corneal cautery was induced in Sprague-Dawley 

rats as before. The vessels were allowed to establish a stable network for 14 days, 

following which anti-VEGF-B scFv was applied as eye drops 4 times daily at 2 hour 

intervals. The final eye drop of the day was formulated with a temperature sensitive 

gel, which was liquid at 4°C but formed a gel at body temperature. In addition on 

days 1 and 8 of treatment, scFv formulated with the temperature sensitive gel was 

delivered by subconjunctival injection, as described in section 2.5.1.c. At the end of 

the treatment regimen, the rats were euthanised and the vasculature was stained with 

haematoxylin and the corneas were flatmounted. 
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Figure 4-27 shows representative corneal flatmounts from an untreated rat, a rat 

treated with control scFv and an anti-VEGF-B scFv treated rat. In both groups, 

vessels had infiltrated the cornea, from the limbus, and reached the site of cautery. 

There was an even density of vessels over the surface of the cornea. The flatmounts 

from the rat treated with anti-VEGF-B scFv showed a prominent central blister. 

Some vessels spanned the limbus and the blister. However, a large proportion of the 

vessels did not extend all the way to the site of cautery.  

The percent of the corneal area covered by vessels was then quantified. Animals 

treated with anti-VEGF-B scFv showed significantly less corneal area covered by 

vessels, p<0.001 (Figure 4-28). There was no significant difference between 

untreated and control scFv treated animals, p=0.66. The data were then separated into 

males and females. Male rats treated with anti-VEGF-B scFv showed significantly 

less corneal area covered with vessels than untreated or control scFv treated males, 

p=0.003 and p=0.009 respectively (Figure 4-29). There was no significant difference 

between untreated and control scFv treated males, p=0.53. A similar result was 

observed in the females. Female rats treated with anti-VEGF-B scFv showed 

significantly less corneal area covered with vessels than untreated or control scFv 

treated males, p=0.006 and p=0.048 respectively (Figure 4-29). There was no 

significant difference between untreated and control scFv treated females, p=0.11. 

In summary, an anti-VEGF-B scFv was engineered from a hybridoma which secreted 

an antibody with specificity to human, mouse and rat VEGF-B. The scFv maintained 

the binding specificity of the parent antibody and was shown to block the biological 

effects of VEGF-B in a cell based assay. The effect of the scFv on developing and 

established vessels was assessed in a rat model of corneal neovascularization. The 
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Figure 4-27 Representative images of haematoxylin perfused corneal 

flatmounts from rats treated with topical and subconjunctival scFv for 14 

days beginning 14 days after cautery 

Corneal cautery was induced in Sprague-Dawley rats. The vessels were allowed 

to establish for 14 days, after which 14 days of treatment with control or anti-

VEGF-B scFv was applied. At the end of the treatment the vasculature of the rat 

was perfused with haematoxylin. The eyes were removed and corneas dissected 

out and flatmounted. (A) Untreated (B) Control scFv and (C) anti-VEGF-B scFv 

treated rats showed infiltration of vessels into the cornea. By day 28 the vessels 

had reached the site of cautery and anastomosed. Fewer vessels were observed in 

rats treated with VEGF-B scFv (panel C) compared to both control and untreated 

corneas. 
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Figure 4-28 Effect of 14 days of topical scFv treatment combined with 2 

subconjunctival scFv injections on corneal vessels in a rat model of corneal 

neovascularization 

Corneal neovascularization was induced in inbred Sprague-Dawley rats by silver 

nitrate cautery. Treatment commenced 14 days after cautery. Eye drops were 

delivered at 2 hour intervals 5 times a day for 14 days. In addition, on days 1 and 

8 of treatment scFv was delivered by subconjunctival injection. At euthanasia, the 

corneal vessels were perfused with haematoxylin and the percentage of the 

cornea covered by vessels was quantified. The percentage of cornea covered by 

vessels was significantly smaller in the anti-VEGF-B scFv treated group. 

*p<0.001 #p=0.66. The bars represent the mean corneal vessel area in biological 

replicates, and the error bars represent the standard deviation. n = number of rats 

in each group. 
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Figure 4-29 Comparison of corneal neovascularization in males and females 

after combined treatment with topical and subconjunctival anti-VEGF-B 

scFv 

Data from rats treated with topical as well as subconjunctival scFv was separated 

into (A) males and (B) females. The percent of the cornea covered by vessels was 

compared between anti-VEGF-B scFv and control treated groups. Rats treated 

with anti-VEGF-B scFv had a significantly smaller portion of their corneas 

covered with vessels. *p=0.003, #p=0.525, §p=0.009, **p=0.006, ##p=0.108,  

§ § p=0.048. The bars represent the mean corneal vessel area in biological 

replicates, and the error bars represent the standard deviation. n = number of rats 

in each group. 
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results are summarised in Table 4-2. The scFv did not have an effect on 

neovascularization when delivered topically as an eye drop. However, topical anti-

VEGF-B scFv supplemented with subconjunctival injection resulted in reduced 

corneal vessel area, compared to a control scFv with irrelevant specificity. 

Table 4-2 Summary of results 

 

Group 

Percentage of the cornea vascularised  

p value Untreated Control 

scFv 

Anti-VEGF-B 

scFv  

7 days of eye drops, 

growing vessels 

 23.9 ±14.5 

n=3 

21.6 ±14.5 

n=3 

 

0.59 

7 days of eye drops, 

established vessels 

35 ±9.8 

n=3 

31 ±14.1 

n=3 

42.5 ±19 

n=3 

 

0.83 

14 days of eye drops, 

growing vessels 

33 ±14.1 

n=11 

33.7 ±14.1 

n=6 

26.4 ±8.3 

n=7 

 

0.46 

14 days of eye drops, 

established vessels 

20.5 ±7 

n=17 

20.9 ±12 

n=10 

20.1 ±6.7 

n=18 

 

0.87 

14 days of eye drops + 

subconjunctival injection, 

established vessels 

20.5 ±7 

n=19 

22.5 ±7.2 

n=9 

12.9 ±3.6 

n=21 

 

<0.001 
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 Discussion 4.4

The aim of this work was to develop an anti-VEGF-B antibody fragment, in the scFv 

format, and assess its activity on growing and established vessels in a rat model of 

corneal neovascularization. An anti-VEGF-B scFv was engineered from a hybridoma 

that secreted an antibody with activity against human, mouse and rat VEGF-B. The 

binding of the anti-VEGF-B scFv to human VEGF-B was confirmed by ELISA and 

surface plasmon resonance, and its functional activity was proven using a cell based 

assay. 

Topical therapy with scFv did not prevent the growth of newly formed vessels nor 

cause regression of established vessels in a rat model of cornel neovascularization. 

However, a significant decrease in the corneal neovascular area was observed when 

treatment with topical scFv was supplemented by subconjunctival injection. 

An unexpected finding of this study was a statistically significant difference in the 

degree of neovascularization between male and female rats. Male rats developed 

more vessels in response to silver nitrate cautery than female rats. These findings 

will be discussed and placed in context with the current literature. 

 VEGF-B as a therapeutic target for corneal neovascularization 4.4.1

Corneal neovascularization is a potentially sight threatening condition, with limited 

treatment options. The major therapeutic target for the treatment of corneal 

neovascularization is VEGF-A, which has been shown to stimulate blood vessel 

growth in the cornea
225

. A meta-analysis of prospective human case studies showed 

that subconjunctival and topical bevacizumab caused a reduction in corneal vessel 
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area
488

. A recent randomised control trial by Petsoglou et al, in 30 patients with 

recent onset corneal neovascularization, demonstrated that subconjunctival injections 

of bevacizumab, an anti-VEGF-A antibody, were effective at reducing the area of the 

cornea covered by vessels by 36% over 12 weeks, as compared to placebo group in 

whom the area increased by 90%
348

. However, treatment of established vessels has 

proved to be more difficult. A study in 12 eyes of 11 patients revealed that 

subconjunctival bevacizumab did not cause long lasting regression of established 

corneal vessels
346

. 

An agent that can cause regression of established blood vessels would be useful for 

the treatment of corneal neovascularization. VEGF-B is closely related to VEGF-

A
236, 237

but does not induce angiogenesis
248, 249

. However, VEGF-B has been shown 

to be a survival factor for blood vessels
257

. This makes VEGF-B an attractive target 

for the treatment of established blood vessels in the cornea. 

 Production of an anti-VEGF-B scFv 4.4.2

The 2H10 hybridoma produces an antibody with activity against human, mouse and 

rat VEGF-B
485

. An agent with cross-species reactivity is particularly attractive, as it 

allows initial testing in animal models, followed by rapid progression to human 

trials, without the need for modification. The efficacy of the 2H10 antibody has been 

trialled in a number of animal models of human diseases. The antibody, when 

administered prophylactically, resulted in a reduced clinical pathology index in a 

mouse collagen induced arthritis model
489

. Administration of the antibody to diabetic 

rats on a high fat diet resulted in normalization of insulin sensitivity and increased 

glucose uptake in skeletal muscles and heart
276

. The 2H10 antibody has also shown 



Yazad Irani  207 

 

an effect on blood vessels in the eye. In a mouse model of oxygen induced 

retinopathy, intravitreal injection of the antibody increased blood vessel regression, 

and reduced neovascular tufts
257

. This effect was brought about by an increase in 

apoptosis of endothelial cells, as evidenced by co-localization of TUNNEL
+
 cells 

with IB4 stained endothelial cells
257

. 

Topical application is the preferred option for the delivery of ophthalmic drugs. A 

locally applied drug for the treatment of established corneal vessels would be a 

useful addition to the clinician’s armamentarium. Antibodies are large molecules and 

are unable to penetrate the cornea on topical application
443

. Antibody fragments such 

as single chain variable fragments (scFv) retain the binding specificity of the parental 

antibody, but being much smaller, penetrate through the cornea when applied 

topically
443

. ScFvs consist of the VL and VH of the parent antibody held together with 

a polypeptide linker. cDNA from the 2H10 hybridoma was used successfully to 

engineer an anti-VEGF-B scFv. 

V(D)J recombination leads to a vast array of specificities for antibody molecules. 

Plückhtun et al have developed specialised sets of primers to capture the large 

variations in antibody genes
439

. However recombination can lead to the formation of 

unproductive immunoglobulin rearrangements in hybridomas that secrete a 

functional antibody, which complicates the amplification of the functional genes
490

. 

In order to avoid this, the V regions of the 2H10 antibody were sequenced and 

specific primers were designed to amplify the VL and VH. The amplified VL and VH 

were joined using splice by overlap extension PCR, to yield the anti-VEGF-B scFv 

gene. 
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The anti-VEGF-B scFv gene was then cloned into a bacterial vector for expression in 

E.coli. Bacterial expression is an efficient method to produce large quantities of 

recombinant protein, with yields of up to 40 mg per litre per day achievable using a 

benchtop fermenter
491

. However, protein production in bacteria is associated with 

endotoxin contamination. Removal of endotoxin from recombinant protein is time-

consuming and leads to loss of recombinant protein. Furthermore it is often 

impossible to reduce the endotoxin levels to an acceptable amount for in vivo use. 

For this reason, recombinant anti-VEGF-B scFv produced in E.coli was used for in 

vitro experiments only. All scFv for in vivo use was produced at CSL Ltd. using a 

mammalian expression system, to massively reduce endotoxin levels. 

 Characterization of the anti-VEGF-B scFv 4.4.3

A scFv produced from an antibody must maintain the binding specificity of the 

parent antibody to be of use. The binding of the anti-VEGF-B scFv to human VEGF-

B was assessed by ELISA and surface plasmon resonance. The VEGF-B scFv 

demonstrated binding to human VEGF-B at concentrations as low as 7 pg/ml by 

ELISA. Furthermore, surface plasmon resonance analysis demonstrated that the 

VEGF-B scFv maintained similar binding characteristics to the parent 2H10 

antibody. However, the kinetics of the binding differed slightly. Although an 

accurate Kd was not calculated, the sensograms revealed that the scFv had a higher 

association and a higher dissociation rate to and from human VEGF-B than the 

parental antibody. The faster association rate of the scFv may be due to reduced 

steric hindrance, owing to the smaller size of the molecule. Furthermore, the scFv 

being monovalent might also dissociate from the target faster than a divalent 

antibody molecule. However, the anti-VEGF-B scFv was found to maintain the 
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binding characteristics of the parental antibody. The next step was to assess the 

stability of the anti-VEGF-B scFv. 

Having a long shelf life is an important quality for a pharmaceutical drug. The 

stability of the anti-VEGF-B scFv under long-term storage was assessed. The 

binding of freshly prepared scFv to VEGF-B was assessed by ELISA. The scFv was 

then stored at 4°C for a period of 20 months, at which point a repeat ELISA was 

performed. There was no significant difference in the binding of the scFv after 20 

months of storage at 4°C. This indicated that the scFv could be stored at 4°C for 

extended periods, without adversely affecting the binding. This is keeping with 

previous studies in our laboratory, in which an anti-rat-CD4 scFv was found to be 

stable at 4°C and room temperature for up to 12 months, and was resistant to 

protease in rat serum for up to 72 hours
443

. scFvs have also shown stability in human 

serum for similar time frames
492

. 

The functional effects of the anti-VEGF-B scFv were assessed in a cell based assay 

at CSL Ltd. BaF3 cells, expressing a recombinant fusion receptor consisting of the 

extracellular portion of VEGFR1 and the transmembrane and intracellular regions of 

the erythropoietin receptor, proliferate when exposed to VEGF-B
493

. The ability of 

the anti-VEGF-B scFv to inhibit VEGF-B induced proliferation was assessed. The 

anti-VEGF-B scFv inhibited VEGF-B induced proliferation in BaF3 cells at 

concentrations in the ng/ml range. This was comparable to the inhibition of 

proliferation seen with the 2H10 antibody. These data suggested that the anti-VEGF-

B scFv maintained the binding specificity of the 2H10 antibody, and was 

functionally active in vitro. 
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 Rat model of corneal neovascularization 4.4.4

The model of corneal neovascularization used in this study was the silver nitrate 

induced corneal cautery model in the rat. This is a well characterised model which 

has been used in a number of studies
311, 327, 494

. Chemical cautery has been used to 

induce neovascularization in both the rabbit
495

 and the mouse
496

. The advantage of 

this model is that it is associated with inflammation, which mimics corneal 

neovascularization in humans, in which neovascularization is usually accompanied 

by inflammation. It is also simple to induce neovascularization with this model. The 

disadvantages are uneven neovascularization and the complex pathophysiology of 

the neovascular response
497

. 

Corneal neovascularization has been induced in animals using other models such as 

the corneal micropocket model and the corneal suture model. The corneal 

micropocket model was described by Kenyon et al in the mouse
498

 and by Loughman 

et al in the rabbit
499

. It involves implanting pellets containing vascular growth factors 

such as β-fibroblast growth factor into the corneal stroma, to induce 

neovascularization. It is a fast and inexpensive model, however the 

neovascularization can be variable and is dependent on the surgeon’s technique
497

. 

Neovascularization can also be induced by placement of sutures in the cornea. This 

model has been used for induction of corneal neovascularization in the rabbit
317, 500

. 

The advantage of this model is that it is a simulated clinical scenario in the context of 

corneal transplantation. The disadvantages are that it is surgeon-dependent and there 

is variability in the neovascular response
497

. 
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The silver nitrate cautery model was chosen because it is a robust model which 

induces both neovascularization and inflammation. It is relatively easy to perform 

and although there is some variability in the neovascular response, this can be 

minimised by careful application of the neovascular stimulus. The effect of anti-

VEGF-B scFv therapy on growing and established vessels was assessed using this 

model. 

 Topical delivery of scFv for corneal neovascularization 4.4.5

The effect of topical treatment with the anti-VEGF-B scFv on growing vessels was 

first assessed. Blood vessels sprouted from the limbal plexus 3-4 days following 

cautery of the central cornea with silver nitrate. The vessels grew in towards the 

centre of the cornea and generally reached the site of cautery between 7-10 days. To 

assess the effect of anti-VEGF-B scFv eye drops on growing vessels, therapy was 

commenced on the day following cautery. 

Anti-VEGF-B scFv applied as eye drops did not prevent the growth of vessels in a 

rat model of corneal neovascularization. This result was not entirely surprising, as 

VEGF-B has shown little or no angiogenic effect. Transgenic overexpression of 

VEGF-B does not induce angiogenesis or lymphangiogenesis
248, 249, 255

. Furthermore, 

VEGF-B protein does not induce endothelial cell proliferation or migration in 

vitro
501

, nor angiogenesis in vivo in the brain
271

 or eye
273

. 

VEGF-B is a potent survival factor for endothelial cells
245, 257

. VEGF-B deficient 

endothelial cells underwent apoptosis in response to oxidative stress or serum 

starvation in vitro
257

. Moreover, VEGF-B caused an increase in blood vessel density 
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in a cardiac ischaemia model in the mouse
254, 502

, pig and rabbit
503

. These studies 

showed that depletion of VEGF-B was detrimental to blood vessel survival, while 

addition caused an increase in blood vessel survival. These data suggested to us that 

VEGF-B inhibition might cause regression of existing corneal blood vessels. 

The effect of the anti-VEGF-B scFv on established vessels was thus assessed. Blood 

vessels were allowed to grow and form an anastomosed vascular network for 14 days 

post-cautery. Anti-VEGF-B scFv eye drops were then applied for 14 days and the 

percentage of the cornea covered by vessels was assessed. Topical anti-VEGF-B 

scFv therapy did not reduce the area of the cornea covered by vessels when 

compared to either untreated or control scFv treated groups. 

A possible explanation for the ineffectiveness of the topical therapy was that the anti-

VEGF-B scFv did not penetrate through the cornea. However, scFvs have been 

shown to penetrate the cornea of pigs and cats on topical delivery in the form of an 

eye drop
443

. Recently, an anti-TNFα scFv was found to penetrate through the cornea 

in humans, with a mean aqueous humour concentration of 1.1 ng/ml
504

. It is thus 

unlikely that the anti-VEGF-B scFv did not penetrate through the rat cornea. Another 

point to consider was the eye drop regimen. Five eye drops were applied at 2 hour 

intervals, with ointment applied over the eye after administration of the final eye 

drop each day. This did leave a significant portion of the day in which no therapy 

was applied, which might have resulted in the levels of scFv dropping below 

therapeutically useful levels. We considered that possibly what was required was a 

depot of drug which was released slowly, and that maintained levels of the scFv. 

Delivery of the anti-VEGF-B scFv by subconjunctival injection was trialled next. 



Yazad Irani  213 

 

 Supplementation of topical therapy with subconjunctival anti-VEGF-B 4.4.6

scFv 

Subconjunctival injection is an alternative route for administration of drugs to the 

anterior segment of the eye, and has been used to deliver anti-inflammatory agents 

such as triamcinolone
505, 506

, and antibiotics
507, 508

. Clinically bevacizumab has been 

delivered by subconjunctival injection for the treatment of corneal 

neovascularization
335, 336, 339, 341, 345, 346, 348, 509, 510

. 

The aim of delivering the anti-VEGF-B scFv by subconjunctival injection was to 

create a depot which would release the scFv slowly, so as to maintain the levels of 

scFv in the cornea. In preliminary work, subconjunctival injection of scFv in aqueous 

solution proved to be difficult, as most of the injected solution poured back out of the 

injection site, despite the use of a 31 G needle. To overcome this issue, the scFv was 

formulated into a temperature responsive gel using Pluronic F127. Pluronic F127 has 

been used in the eye for sustained release of pilocarpine hydrochloride, with an 

increase in the duration of action of the drug reported
511-513

. The benefit of using 

Pluronic F127 was that the scFv-Pluronic solution was liquid at 4°C, allowing 

injection under the conjunctiva. The normal body temperature of rats is 37°C
514

. The 

body heat of the rat caused the injected scFv-Pluronic solution to gel, thus creating a 

reservoir of drug-containing gel under the conjunctiva. This method allowed 

successful delivery of the scFv under the conjunctiva of the rat eye. 

The effect of topical anti-VEGF-B scFv therapy supplemented with subconjunctival 

injection was assessed on established corneal vessels using silver nitrate cautery in 

the rat model. Anti-VEGF-B scFv therapy significantly reduced the area of the 
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cornea covered by vessels, when compared to either untreated or control scFv treated 

groups (p<0.001). This was a noteworthy result, as it demonstrated that the anti-

VEGF-B scFv had an effect on established corneal vessels. Complete regression of 

the vessels was not observed at the concentration of scFv and time point tested. 

Further work is required to characterise the extent of regression achievable with the 

use of the anti-VEGF-B scFv, including assessing the effect of subconjunctival 

injections without topical therapy. There were no observable adverse effects 

associated with anti-VEGF-B scFv therapy. However, as VEGF-B is a survival factor 

for multiple cell types, including neurons, assessment of corneal nerves and 

endothelium needs to be carried out to ensure there are no adverse effects of the 

therapy. 

 Difference in neovascular response in male and female rats 4.4.7

An interesting finding of this study was the difference in neovascularization in male 

and female rats. Male rats developed significantly more vessels at 14 and 28 days 

post-cautery, than did female rats. A standardised cautery protocol was applied to all 

animals in order to minimise variation. 

Obvious differences between the sexes include size and expression of sex hormones. 

Male rats are significantly larger than females, and have larger eyes. The differences 

in the size of the eyes may have played a role in the observed neovascularization. 

However, the experiments were conducted on animals of varying ages, including 

young male rats which were the size of an adult female rat. The young males 

displayed a similar neovascular response when compared to older, larger male rats. It 

is thus unlikely that the size of the animals had an effect on the neovascular response. 
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A possible explanation for the sex-based differences in ocular neovascularization 

observed might be differential responses caused by sex hormones. mRNAs for 

testosterone, oestrogen and progesterone receptors have been found in the eyes of 

rabbits and humans
515

, and in human corneas
516

. Both testosterone and oestrogen 

have been shown to have an effect on angiogenesis. However, testosterone 

replacement therapy has been shown to stimulate angiogenesis in a castrated rat 

myocardial infarct model
517

. Exogenous testosterone upregulated HIF1α and  

VEGF-A in the prostate glands of castrated rats
518

. Testosterone has also been shown 

to have the opposite effect on angiogenesis. Rats fed with a high fat diet had 70% 

less testosterone, which led to stromal hyperplasia in their prostrate, with increased 

VEGF-A and angiogenesis
519

. 

Similarly oestrogen plays a role in the regulation of angiogenesis. Ovariectomy, 

which results in a reduction of oestrogen and an increase in gonadotropins, resulted 

in increased tumour angiogenesis in a mouse model
520

. This might indicate an anti-

angiogenic role of oestrogen. Oestrogen has also been shown to inhibit angiogenesis 

in the uterus of mice
521

. The uteri of mice treated with an oestrogen analogue 

expressed lower levels of VEGFR2, neuropilin1, and platelet endothelial cell 

adhesion molecule (PECAM-1), which is a marker of endothelial cells
522

. In a rat 

model of colon cancer, oestrogen reduced the levels of HIF1α and VEGF-A, and was 

found to be protective against carcinogenesis
523

. These data suggest that oestrogen is 

a potent inhibitor of angiogenesis. However, oestrogen has also demonstrated pro-

angiogenic effects. Diosgenin, an oestrogen analogue, and oestrogen both have been 

shown to upregulate VEGF-A and stabilise HIF1α in vitro
524, 525

. Oestrogen also 

induced tumour angiogenesis, with upregulation of VEGF-A in rats
526

. 
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The literature on the regulation of angiogenesis by sex hormones is mixed, with 

testosterone and oestrogen having both pro and anti-angiogenic effects in different 

contexts. However, the literature demonstrates that sex hormones do have a profound 

effect on angiogenesis. The differences in the response to silver nitrate cautery in 

male and female rats might plausibly be a result of inhibition of angiogenesis by 

oestrogen and exacerbation by testosterone. The mechanisms need to be investigated 

further. However, anti-VEGF-B scFv eye drops supplemented by subconjunctival 

injections significantly reduced corneal vessels compared to controls in both males 

and females. 

 Conclusion 4.5

An anti-VEGF-B scFv with specificity for human, mouse and rat VEGF-B was 

engineered from a hybridoma. The scFv demonstrated similar binding characteristics 

to the parent antibody. The scFv was formulated as an eye drop and for 

subconjunctival injection and assessed in a rat model of corneal neovascularization. 

Topically delivered scFv had no effect on growing or established vessels. However, 

topical therapy supplemented with subconjunctival injection did cause significant 

regression of established corneal vessels. The safety of anti-VEGF-B therapy needs 

to be further assessed, in particular effects on corneal nerves and endothelial cells. 

However, the anti-VEGF-B scFv, delivered by subconjunctival injection, might 

prove useful for the treatment of human corneal neovascularization.
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CHAPTER 5 DISCUSSION 

During my PhD candidature, I investigated the use of porous silicon membranes and 

composite materials as artificial stem cell niches for the transfer of oral mucosal 

epithelial cells to the rat eye, and anti-VEGF-B scFv therapy in a rat model of 

corneal neovascularization. In this chapter I will present the major findings of my 

studies and place them in context with the current literature. 

 Overview of study findings 5.1

 Porous silicon materials as an artificial stem cell niche for the transfer of 5.1.1

cells to the rat eye 

Porous silicon membranes coated with collagen IV or vitronectin were found to 

support the growth of rat oral mucosal epithelial cells. The cells expressed the 

corneal epithelial marker CK3/12 and the transient amplifying cell marker p63. A 

small proportion of cells also expressed the putative stem cell marker ABCG2. Upon 

subconjunctival implantation, rat oral mucosal epithelial cells migrated off the pSi 

membranes, however they were not detected from the central corneal surface. 

A novel pressed pSi-PCL composite material was engineered, which supported the 

growth of human lens epithelial cells and could be loaded with drugs, including 

biologics, post-fabrication. FDA loaded in the composite materials was released and 

taken up by lens epithelial cells. Composites loaded with a mixture of biologic 

growth factors elicited proliferation in BALBc/3T3 cells grown in serum-free 

medium. However, the restricted biocompatibility of the composite material in the rat 

eye suggested it was unsuitable for use as an ocular implant. 
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 Anti-VEGF-B therapy for corneal neovascularization 5.1.2

I engineered an anti-VEGF-B scFv from a hybridoma that secreted an antibody with 

specificity for human, mouse and rat VEGF-B. The binding of the scFv to human 

VEGF-B was confirmed, and the scFv was formulated for topical delivery as an eye 

drop. Topical scFv therapy did not have a significant effect on growing or 

established corneal vessels in a rat model of corneal neovascularization. However, 

topical anti-VEGF-B scFv supplemented with subconjunctival injection, applied to 

established corneal vessels, significantly reduced the area of the rat cornea covered 

by vessels. 

 General discussion 5.2

 The need for a specific limbal epithelial stem cell marker 5.2.1

Ex vivo cultured epithelial cells must contain a population of self-renewing stem cells 

for long-term maintenance of the corneal epithelium after transplantation. 

Confirming the presence of stem cells before transplantation might improve 

outcomes, but currently there is no single, unambiguous marker for LESCs.  

Morphologically, LESCs are identified as small
527

,  

melanin-containing
528

 cells with a high nuclear to cytoplasmic ratio
68

. Like other 

stem cell populations, LESCs are slow cycling
17

, retain BrdU labelled DNA
529

 and 

have the ability to generate holoclones
30, 48

. Currently used markers are not specific 

for LESCs and in addition, mark populations of transient amplifying cells. In a 

clinical setting the presence of stem cells is not generally confirmed prior to 

transplantation of epithelial cells to the ocular surface. 
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Pellegrini et al were the first to demonstrate ocular surface reconstruction using ex 

vivo cultured limbal epithelial cells in humans
155

. The cultured limbal cells stained 

positive for CK3
155

, indicating they had undergone differentiation into mature 

corneal epithelium. Schwab et al used CK3, which marks differentiated corneal 

epithelial cells, to confirm re-epithelialization of the ocular surface after 

transplantation of ex vivo cultured limbal epithelial cells, in a rabbit model of 

OSD
100

.  

Shortt et al treated 10 patients with limbal stem cell dysfunction with ex vivo 

cultured limbal epithelial cells grown on amniotic membrane
150

. Cells were collected 

from the central corneas pre- and post-operatively by impression cytology, and 

stained for CK3 and CK19. The corneal epithelial marker CK3 was expressed in 

12% of cells pre-operatively compared with 69% of cells post-operatively
150

. CK19 

is expressed by basal epithelial cells in the peripheral cornea, but is also seen in the 

conjunctiva. Pre-operatively, the conjunctivised ocular surface showed high 

expression of CK19 (80% of cells); this number reduced to 30% post-operatively. A 

combination of CK3 and CK19 expression was used to demonstrate the shift from a 

conjunctival to a more corneal epithelial phenotype. 

Rama et al demonstrated a correlation between the expression of the transient 

amplifying cell marker p63 and the stabilization of the ocular surface post-

transplant
179

. The authors treated 112 patients with autologous limbal epithelial cells 

cultivated on fibrin sheets. Cultured limbal epithelial cells with greater than 3% of 

cells expressing p63 (p63alpha bright cells) resulted in a 78% success rate when 

transplanted into patients
179

. Conversely, when less than 3% of the cells expressed 

p63, ocular surface restoration was achieved in only 11% of patients
179

. Although 
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expression of p63 was predictive of the success of the transplant, it must be noted 

that it is a marker of transient amplifying cells, not stem cells. However, the ΔNp63 

isoform is regarded the most selective for stem cells
64

. A recent study by Zakari et al 

evaluated the expression of putative stem cell markers expressed by ex vivo cultured 

limbal epithelial cells using a standardised non-xenogeneic protocol
470

. Cultured 

limbal epithelial cells expressed the stem cell markers ABCG2, ΔNp63 and CK14 

and were negative for the differentiation markers CK3 and desmoglein 3
470

. The 

authors used a panel of markers consisting of putative stem cell markers and 

differentiation to characterise the population of epithelial cells. 

Our study also employed a panel of markers for characterization of the rat oral 

mucosal epithelial cells. The use of CK3 with oral mucosal epithelial cells serves two 

purposes. Firstly, expression of CK3 demonstrates that the OMECs have a corneal 

epithelial cell-like phenotype. Secondly, CK3 can be used to confirm the 

differentiation status of the cells. CK19 marks basal epithelial cells and in 

conjunction with p63 was used to identify transient amplifying cells. ABCG2 

expression was used to identify a population of putative stem cells. Various markers 

used for the characterization of epithelial cells for ocular surface reconstruction are 

summarised in Table 5-1. 
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Table 5-1 Markers used to identify human limbal stem cells 

Putative marker Present (+) absent (-) 

in LESCs 

Reference 

α-enolase + 
530-532

 

ABCG2 + 
57, 59, 68, 533

 

C/EBPδ + 
534

 

Carbonic anhydrase + 
535

 

CD44 + 
536

 

CK19 + 
66, 68, 73

 

CK3/12 - 
18, 28, 68, 537

 

Connexin 43, Connexin 50 - 
538-540

 

Cyclin A, D, E + 
541

 

Cytochrome oxidase + 
542

 

Integrin α9, Integrin β1 + 
543-545

 

Involucrin - 
68, 538

 

Na/K-ATPase + 
546

 

p63 (various isoforms) + 
19, 35, 46, 64, 547, 548

 

Protein kinase C-γ + 
549

 

TrKA + 
550-552

 

Vimentin + 
22, 66, 73
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 Cell surface markers for enrichment of stem cells 5.2.1.a

A marker that not only identifies LESCs but can also be used to enrich them from a 

mixed population would be of great value. Molecules expressed on the surface of 

cells, such as receptors and adhesion molecules, could potentially be used for 

enrichment of stem cells by cell sorting methods. 

Rabbit limbal side population cells which expressed high levels of ABCG2 were 

shown to express higher levels of the marker nectin-3 than non-side population 

cells
553

. However, the authors noted that a small proportion of the non-side 

population cells also expressed nectin-3. This indicates that nectin-3 is not a specific 

marker of LESCs and can only be used to enrich them partially. Horenstein et al 

evaluated the expression of two cell surface molecules, CD38 and CD157, in corneas 

from 10 human cadaveric donors
554

. CD38 was found to be expressed by suprabasal 

cells in the limbal epithelium, but was not seen in the central corneal epithelium
554

. 

CD157 was expressed by a population of p63
+
, CK19

+ 
cells in the basal region of the 

limbus
554

. These markers could potentially be used for the identification and 

enrichment of LESCs. 

In 2014 a novel marker of LESCs, ABCB5, was identified
555

. To date this appears to 

be to most specific marker identified. ABCB5 expressing cells from the limbus of 

humans and mouse co-localised with ΔNp63α
+ 

cells, and retained BrdU-labelled 

DNA
555

. Furthermore, ABCB5 expression was found to be reduced in patients with 

limbal stem cell deficiency. ABCB5 positive cells isolated from human and mouse 

limbus were able to restore the corneal epithelium in limbal stem cell deficient mice 
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in both a xenogeneic and a syngeneic transplantation model
555

. This is the first report 

of a molecular marker which correlates with stem cell function. 

In summary, a panel of markers is likely to be required for the identification of 

epithelial stem cells. ABCB5, ABCG2 and ΔNp63 can be used to identify stem cells, 

while CK3/12 labels differentiated corneal epithelial cells. Furthermore, cell surface 

markers such as ABCB5 and ABCG2 might possibly be used to enrich for stem cells 

using cell sorting methods. The former has been shown to correlate with stem cell 

function and is the most promising for the identification and enrichment of epithelial 

stem cells. 

 Is a scaffold necessary for the transfer of cells to the ocular surface? 5.2.2

The majority of studies have transplanted epithelial cells to the ocular surface on a 

scaffold. The various scaffolds used to transfer cells have been outlined in section 

1.4.1.e. However, there is some evidence in the literature of successful transfer of 

epithelial cells to the ocular surface without the use of a scaffold. 

In 2004, the Tano group applied a cell sheet composed of autologous oral mucosal 

epithelial cells to the ocular surface of four patients with limbal stem cell deficiency, 

without the use of a carrier
107

. Oral mucosal biopsies were taken from four patients 

with bilateral total LCSD and enzymatically dissociated with dispase and trypsin. 

This was the method used for harvest of tissue in the current study. The authors then 

cultured the oral mucosal epithelial cells on a temperature responsive polymer,  

poly(n-isopropylacrylamide). Under normal cell culture conditions at 37°C the 

cultured cells are adherent to the polymer. However, reducing the temperature below 
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30°C causes rapid hydration and expansion of the polymer resulting in detachment of 

the cells in a single contiguous epithelial sheet, with a basement membrane. The oral 

mucosal epithelial cells formed a stratified epithelium five to six layers thick, 

expressing CK3/12
107

. The cell sheets were transplanted on to the ocular surface of 

the patients, whose corneas had been denuded to expose the stroma
107

. No sutures 

were required, and a contact lens was used to hold the cell sheet in place. Rapid re-

epithelialization was observed, with restoration of corneal transparency. An 

improvement in visual acuity was observed in all patients, with a mean follow-up 

time of 14 months
107

. The use of temperature-responsive polymers for the generation 

of epithelial cell sheets is an efficient way of circumventing the need to use a 

scaffold to carry the cells. However, this was a single, small study and long-term 

results using this method have not been published. Furthermore, damage to the 

limbal stem cell niche may need to be repaired for long-term efficacy. 

Hyun et al have described biomaterial-free epithelial cell sheets prepared from 

human oral mucosal epithelium
556

. The authors demonstrated that human oral 

mucosa exhibited a greater colony forming efficiency (44%) when compared to 

human limbal epithelium (17%). Cultured oral mucosal epithelium expressed the 

non-keratinised epithelium marker CK4, the corneal epithelium marker CK3/12, the 

transient amplifying cell marker p63 and the proliferation marker Ki67
556

. Oral 

mucosal epithelial sheets were detached from the culture plates using dispase. Eighty 

percent of the cells remained viable after detachment
556

. Transplantation of the cell 

sheets on to the ocular surface of rabbits with induced limbal stem cell deficiency 

resulted in re-epithelialization of the ocular surface with marginal epithelial 

defects
556

. Expression of CK3/12, CK4 and CK13 was observed
556

. The basal 
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epithelial cells expressed p63, ABCG2 and Ki67
556

. However, this was a xenograft 

model in which outcomes were reported one week post-transplant. Long-term 

stabilization of the ocular surface is required in the clinical context, and further 

evaluation of carrier free oral mucosal epithelial sheets is required. 

Zhang et al have described a “scaffold free” method for the construction of 

embryonic stem cell sheets for ocular surface reconstruction
557

. This method employs 

a centrifugation protocol to deposit a multilayer of mouse embryonic stem cells on to 

amniotic membrane in a transwell plate. The cells were then transferred to the ocular 

surface of rabbits with induced limbal stem cell deficiency, with the cells in direct 

contact with the stroma
558

. The amniotic membrane was removed 10 days  

post-transplant. In essence this was not a truly scaffold-free method for the transfer 

of cells to the ocular surface, however, the scaffold was removed shortly after 

transplantation. The authors reported short-term re-epithelialization of the ocular 

surface up to 15 days post- transplant, with expression of CK3 and no expression of 

the conjunctival marker Muc-5AC or the embryonic stem cell marker OCT-4
558

. 

The majority of the literature dictates the use of a scaffold to transfer ex vivo cultured 

epithelial cells to the ocular surface. However, the reports described above 

demonstrate that cell sheets can be transplanted on the ocular surface without the use 

of a scaffold. The use of a scaffold may be more important for the creation of an 

artificial stem cell niche, rather than simply as a carrier of cells to the ocular surface. 
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 Recreating the limbal epithelial stem cell niche 5.2.3

The majority of studies to treat ocular surface disease have focused on applying cells 

to the ocular surface, like a bandage. Although this is effective at repairing epithelial 

defects and restoring transparency, unless the limbal stem cells and their niche are 

replaced, indefinite renewal of the corneal epithelium is unlikely. Recreating the 

physical and chemical characteristics of the limbal stem cell niche is one of the 

biggest challenges in the field of ocular surface reconstruction. 

Ortega et al have described the engineering of three dimensional scaffolds which 

resemble the limbus
468, 469

. They employed a two-step process of microfabrication 

and electrospinning to generate a 3D scaffold. In the first step, 

microstereolithography was used to generate a template, followed by electrospinning 

of poly(lactic-co-glycolic acid) polymer on to the scaffold, to generate a 3D polymer 

fibre scaffold that incorporated the structural features of the template
468

. The 

scaffolds were ring or horseshoe shaped and incorporated areas of low fibre density, 

resembling the structure of limbal crypts. The scaffolds were found to support the 

growth of rabbit limbal fibroblasts as well as rabbit limbal epithelial cells
468

. Both 

types of cells were found in the niche, as well as the non-niche areas of the scaffolds. 

This was an efficient method for the generation of crypt-like regions within the bulk 

implant. However the authors did not describe the structure of the niche regions in 

detail. Furthermore, the niche structure was only physically different from the 

surrounding material and was not chemically modified to resemble the “real” limbal 

stem cell niche. 



Yazad Irani   227 

 

The same group has since developed a limbal scaffold using microstereolithography, 

or 3D printing
469

. The scaffold was made of polyethylene glycol diacrylate and 

incorporated structures designed to closely resemble the limbal palisades of Vogt. 

The biggest improvement in the materials was the coating of the niche areas with 

fibronectin. Coating with fibronectin improved attachment of rabbit limbal epithelial 

cells and rabbit limbal fibroblasts
469

. Rabbit limbal epithelial cells grown on 

fibronectin coated scaffolds expressed CK3/12 and were able to migrate on to a 

denuded rabbit cornea, and to partially re-epithelialise the surface ex vivo
469

. 

Although these results are promising, further work is required to demonstrate the 

biocompatibility of the scaffolds in vivo. Furthermore, coating of the niche structures 

with multiple factors known to be expressed in the LESC niche, such as collagen 

IV
79, 448, 451

, vitronectin
449, 450, 559

, and tenascin-c
543, 560

 may improve the function of 

the niche, and allow it to harbour a population of self-renewing epithelial stem cells. 

Bray et al have described a dual-layer silk fibroin scaffold for the recreation of the 

limbus
186

. The scaffold consisted of mats supporting membranes prepared from silk 

fibroin. The authors explored co-culture of human limbal epithelial cells and limbal 

mesenchymal stromal cells on the dual layer scaffolds. Limbal epithelial cells were 

grown on the silk fibroin membrane while the limbal mesenchymal stromal cells 

were suspended within the fibres of the silk fibroin mat. The limbal epithelial cells 

expressed CK3/12 as well as ΔNp63, while the limbal mesenchymal stromal cells 

expressed CD90 and α-smooth muscle actin
186

. This study explored the use of limbal 

stromal cells as part of the stem cell niche environment, and successful co-culture of 

limbal epithelial and stromal cells was achieved. However, the biocompatibility of 

the materials in the eye was not tested. Moreover, the migration of the cells off the 
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scaffold was not assessed. Silk fibroin scaffolds may prove to be suitable artificial 

limbal stem cell niches, however further in vivo characterization of the materials is 

required.  

The importance of direct association of LESCs and stromal cells has been described 

by the Daniels group
561

. The composition of an artificial stem cell niche may require 

the presence of accessory cells such as stromal cells and melanocytes to maintain the 

LESCs. These authors have described the engineering of three dimensional 

biomimetic limbal crypts, generated from collagen hydrogels using the Real 

Architecture For 3D Tissue (RAFT) technique
562

. Human limbal epithelial cells 

formed stratified cell sheets 3-4 layers thick on the collagen constructs, and filled the 

crypts forming an epithelium that was 6-7 cells thick
562

. Human limbal fibroblasts 

contained within the RAFT constructs were found in close proximity to the limbal 

epithelial cells within the artificial crypts. Human limbal epithelial cells at the base 

of the crypts had a high nuclear to cytoplasmic ratio and expressed the putative stem 

cell marker p63α
562

. The expression of the proliferation marker Ki67 was also 

observed in the cells within crypts. Furthermore, the superficial epithelial cells 

expressed CK3 and Pax6, which are markers of corneal epithelial cells
562

. This study 

attempted to recreate both the physical as well as the chemical characteristics of the 

limbal stem cell niche, in order to preserve the limbal epithelial cells in a more stem 

cell like phenotype. The association of the epithelial cells with stromal cell may be 

essential in maintaining their “stemness”.  

In the context of using porous silicon-polymer materials as an artificial stem cell 

niche, the incorporation of three-dimensional architecture to better mimic the 

physical characteristics stem cell niche may be required. The replication of the 
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chemical characteristics of the niche is of utmost importance. The maintenance of 

stem cells is not likely in the absence of factors that support these cells. Our study 

attempted the recreation of the stem cell niche with the use of collagen IV and 

vitronectin, with some success. However, the new evidence of the importance of 

associations between limbal epithelial cells and stromal cells may necessitate the  

incorporation of stromal cells and/or melanocytes into the construction of future 

constructs. A long-lived artificial material, which is non-immunogenic, can be 

fabricated with the physical and chemical properties of the limbal stem cell niche, 

and can support the growth of epithelial stem cells in close association with stromal 

cells may prove to be an adequate substitute for the limbus. A porous silicon 

polycaprolactone composite material with three dimensional architecture mimicking 

limbal crypts, and loaded with factors and or cells found in the niche environment 

could prove to be a suitable scaffold to house stem cells able to regenerate the 

corneal epithelium long-term. 

 Angiogenesis induced by treatments for ocular surface disease 5.2.4

Ocular surface disease results from the loss of or damage to adult corneal epithelial 

stem cells or their niche at the limbus, and is characterised by conjunctivization of 

the corneal epithelium, inflammation and neovascularization. Corneal 

neovascularization can also result from injury, infection or ocular inflammation
66, 67

. 

The common thread in the pathogenesis of the two diseases is inflammation and the 

growth of blood vessels in otherwise avascular tissue. 

Corneal neovascularization has been noted after treatment of OSD with cultivated 

epithelial cells. Nakamura et al transplanted autologous oral mucosal epithelial cells 
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carried on amniotic membranes in six eyes of four patients. Superficial peripheral 

neovascularization was observed in all eyes, just below the amniotic membrane
113

. 

Similarly, Inatomi et al reported superficial peripheral vascularization in all eyes 

(n=15), between the amniotic membrane and stroma, after transplantation of 

epithelial cells on amniotic membrane to the ocular surface
116

. Peripheral 

vascularization was apparent within the first post-operative month in most cases. 

New vessels progressed towards the central cornea between three to six months, but 

abated thereafter and did not interfere with visual function
116

. Ma et al also observed 

superficial neovascularization following transplantation of oral mucosal epithelial 

cells on amniotic membranes in 5 patients with limbal stem cell dysfunction resulting 

from severe chemical burns
563

. Stromal vascularization was noted by Nishida et al 

after transplantation of oral mucosal epithelial sheets for the treatment of ocular 

surface disease. The authors stressed that this vascularization was different from the 

sub-epithelial vascularization observed with conjunctivization, as it was deep in the 

stroma
107

. In summary, corneal neovascularization may accompany OSD, but may 

also develop as a result of treatment of OSD. 

In vitro studies have shown that decreased expression of the anti-angiogenic 

molecules thrombospondin-1 (TSP-1)
564

 and soluble fms-like tyrosine kinase-1  

(sflt-1)
565

, and increased expression of the pro-angiogenic molecule fibroblast growth 

factor-2 (FGF-2)
566

 may be responsible for the observed neovascularization 

associated with cultured oral mucosal epithelial cells. Chen et al analysed 6 eyes 

from patients with limbal stem cell dysfunction and who had received cultivated oral 

mucosal epithelial cells for the expression of pro- and anti-angiogenic factors. FGF-2 

and VEGF-A were expressed in specimens (collected during penetrating 
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keratoplasty) from all six patients
567

. VEGF-A expression was detected in the 

stromal cells and blood vessels. The expression of the anti-angiogenic factors TIMP-

3, TSP-1 and sflt-1, which are expressed in normal corneal epithelium, was only 

detected in one of the six patient corneas
567

. These data indicated an imbalance in the 

levels of pro- and anti-angiogenic factors following epithelial cell transplantation for 

the treatment of OSD. 

Neovascularization post-therapy has been associated with poorer outcomes. A study 

in eight patients with limbal stem cell deficiency who received cultivated autologous 

limbal epithelial cells on amniotic membranes, demonstrated a correlation between 

vascularization and success of therapy
568

. Five of eight patients with a stable ocular 

surface demonstrated a reduction in the neovascular area, vessel calibre and the 

invasion area post-therapy
568

. In the three failed cases, there was a worsening of at 

least one of the vascular parameters
568

. Inhibition of corneal neovascularization post-

transplant might thus lead to improved success of the epithelial cell therapy in 

restoring the ocular surface. A recent case report investigated the use of bevacizumab 

in conjunction with a limbal stem cell transplant for the treatment of long-standing 

ocular surface disease
569

. A 59 year old patient with unilateral total LCSD resulting 

from a 21 year old chemical burn was treated with autologous limbal epithelial cells 

and two subconjunctival injections of bevacizumab (2.5 mg each injection), 

administered 2 and 3 months after limbal stem cell transplantation. Four months after 

transplantation, the ocular surface was stable, transparent, with no signs of limbal 

neovascularization, and an improvement in visual acuity was noted
569

. Thus, 

treatment of neovascularization related to ocular surface disease may be associated 

with improved outcomes for patients. 
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 VEGF-B, angiogenesis and the eye 5.2.5

The majority of studies have shown that VEGF-B does not cause angiogenesis under 

normal circumstances
249, 254-256

. In the eye, Reichelt et al demonstrated that mice 

lacking VEGF-B developed normal retinal vasculature
250

. However, under 

pathological conditions VEGF-B has been shown to promote capillary growth, 

survival and perfusion. 

Silvestre et al assessed the effect of VEGF-B and VEGF-A administration in a 

surgical model of hind limb ischemia in the mouse
252

. The angiographic score 28 

days post-induction showed a marked improvement in the ischaemic/non-ischaemic 

leg ratio (1.4 fold in VEGF-B group and 1.5 fold in VEGF-A group)
252

. Furthermore, 

perfusion was improved by 1.5 fold in both groups
252

. Similar results were obtained 

in a rabbit femoral artery ligation model
253

. Treatment with VEGF-B, FGF-2, or  

VEGF-B+FGF2, increased collateral artery numbers by 53%, 47% and 59% 

respectively, compared to a 28% increase observed with rabbit serum albumin
253

. 

These data suggest that VEGF-B has a role in angiogenesis related to reperfusion of 

ischaemic tissue. 

VEGF-B is highly expressed in the heart
570

. Li et al demonstrated that VEGF-B 

deficient mice had impaired vessel growth after left coronary artery occlusion
254

. 

Overexpression of VEGF-B in wild type mice led to improved revascularization of 

the infarct and the ischaemic border zone
254

. Cardiac-specific transgenic 

overexpression of VEGF-B in mice caused an increase in capillary size, but the 

number of vessels remained unchanged
249

. Mice overexpressing VEGF-B in their 
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hearts had less cardiomyocyte damage in response to ischemia
249, 259

. These data 

suggest a protective role of VEGF-B in the heart under ischaemic conditions. 

The effect of VEGF-B depletion and overexpression on the vasculature of the eye 

has also been assessed
257, 258

. Zhong et al overexpressed VEGF-B in the retinae of 

mice, using transgenic VEGF-B delivered by adeno-associated virus
258

. 

Overexpression did not cause retinal neovascularization in normal mice. However, 

overexpression of VEGF-B in the retina prior to induction of neovascularization, in a 

laser induced model of choroidal neovascularization, led to an increased neovascular 

area when compared to controls
258

. Furthermore, increased retinal neovascularization 

was observed in mice over-expressing VEGF-B in an oxygen-induced retinopathy 

model
258

. These data demonstrate the role of VEGF-B in pathological 

neovascularization in the retina. 

The role of VEGF-B in corneal neovascularization and in oxygen induced 

retinopathy was evaluated by Zhang et al
257

. Corneal vessel growth in response to 

VEGF-A or bFGF in the mouse corneal pocket assay was comparable in VEGF-B-

deficient and wild type mice
257

. This indicated that in the presence of other 

angiogenic growth factors VEGF-B was not required for the growth of blood vessels 

into the normally avascular cornea. However, the authors demonstrated that VEGF-B 

was essential for the survival of blood vessels. Corneal neovascularization was 

induced in VEGF-B deficient and wild type mice with exogenous VEGF-A or bFGF. 

After induction of neovascularization, the exogenous growth factors were removed. 

Blood vessel survival was decreased in VEGF-B deficient mice
257

. Furthermore, 

intravitreal injection of a VEGF-B neutralizing antibody led to greater regression of 

vessels in an oxygen induced retinopathy model, while intravitreal injection of 
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VEGF-B inhibited regression
257

. Taken together, these data suggest that VGEF-B is a 

potent survival factor for pathological blood vessels in the cornea and the retina. 

Targeting of VEGF-B in these conditions might thus lead to regression of 

pathological vessels, an hypothesis that was further tested in the work described in 

this thesis. 

 Targeting VEGF-A and VEGF-B in corneal neovascularization 5.2.6

Blockade of VEGF-A signalling with bevacizumab has been shown to be effective at 

reducing the growth of newly-formed corneal vessels in a randomised clinical 

trial
348

. Ranibizumab, a Fab fragment generated from bevacizumab, has been shown 

to have a similar anti-neovascular effect to bevacizumab in animal
571-573

 and human 

studies
574, 575

. However, treatment of established vessels is still a challenge
338, 345

. 

My study demonstrated that blockade of VEGF-B with an anti-VEGF-B biologic 

caused regression of established vessels in a rat model of corneal neovascularization. 

A 37% reduction in corneal vessel area was observed in anti-VEGF-B scFv treated 

animals when compared to untreated or control scFv treated animals, which is 

comparable to the anti-neovascular effect observed with bevacizumab treatment of 

newly formed vessels in humans
348

. Further work is required to ascertain if anti-

VEGF-A treatment with bevacizumab or ranibizumab will be synergistic or additive 

with anti-VEGF-B therapy. 

An agent with activity against both VEGF-A and VEGF-B is currently on the 

market. Aflibercept is a recombinant fusion protein composed of the second 

immunoglobulin (Ig) binding domain of VEGF receptor 1 and the third Ig binding 
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domain of VEGF receptor 2, fused to the Fc region of human IgG1
576

. Aflibercept 

binds VEGF-A, VEGF-B and PlGF
577

, and is used for the treatment of wet ARMD 

and macular oedema. 

Two randomised, double-masked, active-controlled, phase 3 trials comparing 

aflibercept to ranibizumab for the treatment of neovascular age related macular 

degeneration demonstrated that the increase in visual acuity with aflibercept was 

significantly higher than for ranibizumab at one year post-treatment
578

. However, by 

two years post-treatment there was no difference between aflibercept or ranibizumab 

treatment
578

. Due to its increased affinity for VEGF-A
577

, fewer aflibercept injections 

(11.2 injections) were required over 24 months of therapy compared to ranibizumab 

(16.5 injections), to achieve a similar anti-neovascular effect
577

. 

A recent randomised clinical trial compared the effect of aflibercept, bevacizumab 

and ranibizumab in 660 patients with diabetic macular oedema. The improvement in 

the visual acuity letter score, as measured by electronic early treatment of diabetic 

retinopathy study visual acuity test, was higher in the aflibercept group (13.3) 

compared with the bevacizumab (9.7) and the ranibizumab (11.2) groups
579

. The 

authors pointed out that although this difference was statistically significant, it was 

clinically irrelevant as the difference was due in large part to eyes with worse visual 

acuity at baseline
579

. 

Aflibercept has been assessed for its anti-neovascular activity in a mouse model of 

corneal neovascularization
580

. Neovascularization was induced by implanting a bFGF 

pellet into the cornea, and aflibercept was administered by intraperitoneal injection at 

12.5 mg/kg. The extent of corneal neovascularization was assessed at 4 and 7 days 
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post-implant. The area of corneal neovascularization was 1.05 ± 0.12 mm
2
 and  

1.53 ± 0.27 mm
2
 at days 4 and 7, respectively. Treatment with aflibercept 

significantly reduced the area of corneal neovascularization, 0.24 ± 0.11 mm
2
 and 

0.35 ± 0.16 mm
2
 at days 4 and 7, respectively

580
. The effect of aflibercept on 

established vessels was not determined. To my knowledge, there are no reports of 

aflibercept being used to treat corneal neovascularization in humans. 

In summary, aflibercept binds VEGF-A, VEGF-B and PlGF, however studies 

comparing its anti-neovascular effects to the anti-VEGF-A agents, bevacizumab and 

ranibizumab, have not found a statistically significant difference in 

neovascularization. The advantages of using aflibercept are that it can be 

administered less frequently then the anti-VEGF-A agents. However, it may be 

beneficial to be able to selectively target VEGF-A and VEGF-B, using different 

agents. This might be important to prevent off-target effects of the blockade of 

VEGF-B, which is a survival factor for endothelial cells, neurons and smooth muscle 

cells
281

, in the context of treatment of well-established pathological vessels. 

 Is topical therapy for corneal neovascularization appropriate? 5.2.7

The preferred route of administration of ophthalmic drugs is topically, as eye drops. 

Whole antibodies do not penetrate the cornea on topical application, however, 

antibody fragments such as scFvs have been shown to penetrate the cornea when 

applied as eye drops
443, 504

. A number of studies have looked at the effect of topical 

therapy with anti-VEGF agents in corneal neovascularization. 
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Topical bevacizumab has shown some anti-neovascular effect in rodent models of 

corneal neovascularization. Yoeruek et al compared the effect of bevacizumab (25 

mg/ml) eye drops on developing as well as established vessels in a rabbit model of 

corneal neovascularization
329

. Bevacizumab eye drops were able to reduce the 

development of vessels in the early treatment group, while no apoptosis of developed 

vessels was observed
329

. Similar results were observed by Perez-Santonja et al
581

. 

Bevacizumab eye drops (5 mg/ml) were administered thrice daily for 14 days, in 

rabbits with corneal neovascularization induced by placement of silk sutures in the 

cornea
581

. A modest but statistically significant reduction in the corneal vessel area 

was observed in bevacizumab-treated animals (13%±5.8%) when compared to 

controls (18%±3.5%)
581

. In a silver nitrate induced model in the rat, bevacizumab 

eye drops (4 mg/ml), administered twice daily for 7 days was able to significantly 

reduce corneal neovascularization when compared to controls (38%±15% compared 

to 63%±5% in controls)
327

. Habot-Wilner et al assessed three doses of bevacizumab 

eye drops (4 mg/ml, 2 mg/ml and 1 mg/ml) in a rat model of corneal 

neovascularization
328

. Doses above 2 mg/ml were found to have a significant effect 

on the growth of corneal vessels
328

. However, the study did not quantify the 

percentage of the cornea covered by vessels, but applied the qualitative measure of 

neovascularization score, as assessed by a masked observer. 

Bevacizumab is known to bind to human and non-human primate VEGF-A
319, 326, 430

. 

We have compared the binding of bevacizumab to human, mouse and rat VEGF-A 

by ELISA, and found that it binds to rat and mouse VEGF-A with 5 orders of 

magnitude less affinity than to human VEGF-A (Figure 5-1). Furthermore, we have 

shown that whole antibodies do not penetrate the cornea on topical application
443

. In 
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light of these data, it is somewhat surprising that topically-delivered bevacizumab 

has been reported to cause significant reduction in corneal neovascularization in 

rodent models. 

 

Figure 5-1 Binding of bevacizumab to human, mouse and rat VEGF-A 

The binding of bevacizumab to human, mouse and rat VEGF-A was assayed by 

ELISA. Bevacizumab bound strongly to human VEGF-A above concentrations of 

0.01 µg/ml. No binding to rat or mouse VEGF-A was observed below 10 µg/ml. 

Binding to rat and mouse VEGF-A at 1000 µg/ml was comparable to binding to 

human VEGF-A at 0.01 µg/ml. 

 

Bevacizumab and ranibizumab have been applied topically in humans and rodents 

for the treatment of corneal neovascularization. However, penetration through the 
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cornea on topical application is disputed. Moisseiev et al could not detect penetration 

of bevacizumab in to the anterior chamber or vitreous after topical application at  

25 mg/ml in humans
582

. However, Dastjerdi et al reported penetration of 

bevacizumab in the corneas of mice with induced corneal neovascularization
330

. The 

authors did not observe penetration through intact corneas
330

, and it is likely that 

penetration was observed in neovascularised corneas as a result of damage caused 

during the induction of angiogenesis (implantation of the bFGF pellet).  

Bock et al described the effect of topical bevacizumab in 5 patients with corneal 

neovascularization, refractory to steroids
340

. Eye drops were applied at 5 mg/ml for 

0.5-6 months (mean 3.6 months). All patients showed a decrease in corneal vessel 

area, however this was quite variable (48%±28%)
340

. Partial regression of immature 

vessels was observed, with reduced perfusion of persisting vessels
340

. The Dana 

group has reported a prospective, open-label, non-comparative study in 10 patients 

with corneal neovascularization
344

. Bevacizumab eye drops (10 mg/ml) were applied 

two or four times a day for three weeks and follow-up was 24 weeks. A 47%±36% 

reduction in neovascular area was observed, with a reduction of 54%±28% in vessel 

calibre and a 12%±42% reduction in invasion area
344

. The reduction in neovascular 

area appeared to be driven by the reduction the vessel calibre, as the area of vessel 

invasion did not reduce significantly. 

Waisbourd et al tested high-dose (25 mg/ml) bevacizumab eye drops, four times 

daily for two weeks, in 17 patients with corneal neovascularization
583

. Partial 

regression of corneal vascularization was observed in 11 patients, with a modest 

improvement in visual acuity
583

. Ferrari et al assessed the effect of topical 1% 

ranibizumab, applied four times daily, on corneal neovascularization
574

. A 
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statistically significant difference in neovascular area and vessel calibre was 

observed (55% and 59% respectively), over the 16 weeks of the study, with no 

significant difference in invasion area
574

. As with previous results using 

bevacizumab
344

, the decrease in neovascular area appeared to be mediated by a 

decrease in the vessel calibre rather than regression of the vessel. Ranibizumab and 

bevacizumab appear to have similar anti-neovascular effects, however ranibizumab 

may reduce neovascular area slightly faster than bevacizumab
584

. The difference may 

be explained by the fact that ranibizumab, being a smaller molecule, displays better 

tissue penetration than bevacizumab. This modest improvement may not warrant the 

use of ranibizumab, which comes at a higher cost
584

. 

In our study, a topically delivered anti-VEGF-B scFv had no effect on growing or 

established vessels in a rat model of corneal neovascularization. However, topical 

therapy supplemented with subconjunctival injection resulted in a statistically 

significant reduction in the corneal vessel area. These data suggest that the anti-

VEGF-B scFv delivered topically as an eye drop did not reach a concentration that 

was able to cause regression of vessels. Eye drops were applied at two hour intervals 

five times a day over a fourteen day period. In a clinical setting increasing the 

frequency of eye drops is clearly impractical. Furthermore, biologic drugs are 

generally stored at 4°C. The requirement for refrigeration means that a drug cannot 

practically be applied more than once or twice daily. Hence, for a topically delivered 

anti-VEGF-B scFv to be an effective and practical anti-neovascular drug, it must be 

able to be applied once or at the very most twice daily. 

A number of strategies might be employed to increase the effective dose of an anti-

VEGF-B scFv in the cornea. Firstly, the concentration of the scFv in the eye drop 
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solution could be increased. The anti-VEGF-B scFv eye drop was formulated at 1 

mg/ml in our study. Topically delivered bevacizumab has been applied at doses as 

high as 25 mg/ml for the treatment of corneal neovascularization
583

. The eye drop 

could also be formulated for overnight treatment as an ointment or a temperature 

responsive gel such as Pluronic F127, to increase the amount of time on the ocular 

surface, subsequently increasing penetration into the cornea. It is clear that 

significant improvements are required to be able to use the anti-VEGF-B scFv for 

topical therapy for corneal neovascularization. Subconjunctival injection might still 

be a more practical route of delivery, especially if only a few injections are required, 

compared to long-term use of daily eye drops. 

 Gender differences in ocular pathology 5.2.8

It is widely recognised that gender-based differences are observed in a number ocular 

diseases
585-591

. Our study demonstrated a significant difference in corneal 

neovascularization in response to chemical cautery in a rat model. Differences in the 

prevalence of corneal neovascularization in human males and females have not been 

reported. However, a gender bias has been noted in ocular diseases characterised by 

aberrant angiogenesis, such as diabetic retinopathy and age-related macular 

degeneration
588, 589

.  

Evidence from three large population studies, the Beaver Dam Eye Study, the 

Rotterdam study of the elderly, and the Blue Mountains Eye Study revealed that the 

prevalence of ARMD was significantly higher in women when compared with men 

(odds ratio 1.15)
592

, adjusting for 10 year age categories. In the United States the 

prevalence of ARMD in Caucasian women above the age of 80 is estimated to be 
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16%, while it is 12% in males above 80 years or age
593

. A meta-analysis of studies 

describing the prevalence of ARMD in people with European ancestry suggested that 

neovascular ARMD is more prevalent in women than men (odds ratio 1.2)
594

. 

Conversely, a large population study from China and a meta-analysis of ARMD 

studies in Asian populations put males at increased risk of developing ARMD 

compared to women
595, 596

. The mechanisms of the observed differences have not 

been elucidated. However, exposure to exogenous oestrogen has been associated 

with a reduced risk of developing ARMD
597, 598

. 

The data surrounding gender differences in diabetic retinopathy are mixed. Increased 

levels of oestrogen and progesterone during pregnancy have been associated with the 

progression of diabetic retinopathy
599, 600

. However in men, high testosterone levels 

are associated with an increased risk of developing diabetic retinopathy
601, 602

. 

My study demonstrated that male rats developed significantly more vessels in 

response to corneal cautery than did female rats. It is possible that this difference is 

caused in part due to differences in expression of steroid hormones and their 

receptors. The data surrounding the effect of oestrogen, progesterone and 

testosterone on angiogenesis, are conflicting. However, it is possible that oestrogen 

has an anti-angiogenic effect and/or testosterone has a pro-angiogenic effect in the 

rat cornea. Further work is required to determine the mechanism behind these 

observed differences. 

Although a number of studies with conflicting results have been published, it is 

certain that there are clear gender differences in the prevalence of ocular neovascular 

diseases. There is a gender bias in preclinical animal models towards the use of 
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males
603

. The results from our study demonstrate the need to include both male and 

female animals, in order to determine any gender differences. Recognising this issue, 

the National Institutes of Health in the United States of America now recommends 

the use of both male and female animals and cells in pre-clinical models
604

. The 

authors point out that the use of a single sex in animal models could be to blame for 

the results of a number of promising preclinical results not being translated to phase 

I/II clinical trials. Furthermore, women have been shown to experience higher rates 

of adverse drug reactions than males
605

. 

 Final comments 5.3

This study looked to develop novel therapies for two potentially blinding corneal 

conditions, ocular surface disease and corneal neovascularization. In animal models, 

the use of porous silicon materials for the transfer of cells and drugs to the eye was 

assessed, and the anti-neovascular effect of VEGF-B blockade directed at the cornea 

was investigated. 

Oral mucosal epithelial cells were successfully cultured on porous silicon 

membranes. These cells contained a population of putative stem cells, a large number 

of transient amplifying cells and some mature epithelial cells. However, transplanted 

cells could not be detected on the central ocular surface upon implantation under the 

conjunctiva of rats. The porous silicon membranes were biocompatible, but degraded 

too rapidly to be used as an artificial stem cell niche. A longer-lived composite 

material of porous silicon and polycaprolactone was successfully loaded with 

biologic growth factors that had a functional effect on cells grown on the materials. 

This provided proof of concept that the materials could be loaded with factors that 
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might support the growth of stem cells, with the view to creating an artificial stem 

cell niche. The composite materials supported the growth of mammalian cells, but 

induced an undesirable inflammatory response on implantation under the rat 

conjunctiva. These composite materials could potentially be used in the engineering 

of an artificial stem cell niche, but need to be modified further to display improved 

biocompatibility. 

An anti-VEGF-B scFv was generated from a hybridoma with activity against human, 

rat and mouse VEGF-B, and its binding to human VEGF-B confirmed. The scFv was 

formulated for topical delivery as an eye drop. Topically delivered anti-VEGF-B 

scFv did not prevent the growth of developing vessels nor cause regression of 

established vessels in a rat model of corneal neovascularization. However, topical 

scFv supplemented with subconjunctival injection led to regression of established 

corneal vessels. This anti-VEGF-B scFv might potentially be used for the treatment 

of human corneal neovascularization, on its own or in conjunction with an anti-

VEGF-A agent, because it is human reactive. 

Finally, this study reported a difference in the neovascular response to silver nitrate 

cautery between male and female rats. To my knowledge this is the first study to 

demonstrate gender differences in neovascularization of the cornea. These findings 

highlight the importance of including animals of both sexes in preclinical animal 

models. 

A number of advances in the treatment of ocular surface disease have been made 

over the last 15-20 years. Chiefly, the use of ex vivo expanded epithelial cell sheets, 

rather than limbal tissue grafts has improved outcomes. However, at this stage 
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indefinite renewal of the corneal epithelium is not possible. Currently, ex vivo 

expanded epithelial cells are applied to the central cornea as a “bandage”. This is an 

efficient way to restore corneal epithelium, and in turn transparency. However, 

without a population of self-renewing stem cells these transplants will eventually 

fail. A number of groups are focusing on recreating an artificial stem cell niche. It is 

apparent that both the physical and chemical properties of the limbus must be 

mimicked to be able to house a population of self-renewing stem cells, which are 

able to regenerate the corneal epithelium. The properties of the ideal artificial limbus 

are outlined in Table 5-2. On demand “printing” of an artificial stem cell niche using 

microstereolithography techniques might be possible in the not too distant future. 

 

Table 5-2 Properties of an ideal artificial limbus 

1 3D architecture to mimic the limbal stem cell niche 

2 Coated with factors found in the limbal stem cell niche 

3 Able to support the growth of stem cells 

4 Biocompatible in the eye 

5 Implantable (at the limbus) – easy to handle 

6 Similar Young's modulus (stiffness) to limbal tissue 

7 Quick and inexpensive to produce 

8 Sterilisable 

 

 

There are a number of agents on the market for the treatment of corneal 

neovascularization. However, current treatment regimens have yielded sub-optimal 

results. The future direction in this field is to establish combinations of agents that 
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allow treatment of both newly-formed as well as established vessels. An  

anti-VEGF-B scFv could potentially be used in combination with an anti-VEGF-A 

agent, delivered by subconjunctival injection, with or without topical steroids, for the 

management of corneal neovascularization. However, these agents must have 

minimal side-effects to be a viable therapy, especially given that VEGF-B is a 

survival factor for a number of cell types. It is nevertheless conceivable that corneal 

neovascularization might soon be an eminently treatable condition. 
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APPENDIX A LIST OF GENERAL CHEMICALS 

A.1 General chemicals 

Table AA.1-1 List of general chemicals 

Reagent Description Company 

2-Propanol For molecular biology ≥ 99% Sigma, St Louis, MO 

USA 

Absolute alcohol Ethanol absolute Merck, Kilsyth, VIC 

Acetic acid Glacial acetic acid Ajax Finechem, Taren 

Point, NSW 

Albumin, from 

bovine serum 

≥98%, catalogue #A7906 Sigma-Aldrich, St Louis, 

MO USA 

Amphotericin B Antifungal agent 250 µg/ml Sigma-Aldrich, St Louis, 

MO USA 

Bacto™ Agar Solidifying agent Becton, Dickson & Co., 

NJ, USA 

Bacto™ Tryptone Peptone for use in culture media Becton, Dickson & Co., 

NJ, USA 

Bacto™ Yeast 

Extract 

Extract of autolysed yeast cells Becton, Dickson & Co., 

NJ, USA 

Betadine® Antiseptic 

Solution 

10% w/v Povidone-Iodine Betadine, Virginia, QLD 

Calcium chloride 

dihydrate 

Transfection reagent, DNA precipitation VWR International, 

Leuven, Belgium 

CellTiter 96® AQueous 

One Solution 

Reagent 

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium 

Promega, Madison, WI 

USA 

Chloramphenicol Antibiotic for microbial selection Sigma, St Louis, MO 

USA 
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Reagent Description Company 

D-Glucose 

(anhydrous) 

dextrose anhydrous, catalogue #GA018 Ajax Finechem, Taren 

Point, NSW 

Di-sodium hydrogen 

orthophosphate 

Na2HPO4 (anhydrous) Chem-Supply, Gillman, 

SA 

EDTA Ethylenediaminetetraacetic acid tetrasodium salt 

hydrate 

Sigma, St Louis, MO 

USA 

E-Toxa-Clean
®
 Cleaning glassware for endotoxin-low 

preparations 

Sigma, St Louis, MO 

USA 

Foetal bovine serum 

(FBS) 

Australian characterised Hyclone-Serum 

heat inactivated 

Thermo Scientific, 

Scoresby, VIC 

Formalin Formaldehyde aqueous solution (10%) Medvet Science Pty Ltd, 

SA 

Glycerol analytical reagent, catalogue #A242 Ajax Finechem, Taren 

Point, NSW 

Heparin Sodium DBL® 1000 IU/ml Hospira Australia, 

Mulgrave, VIC 

Hepes ≥ 99.5% Sigma, St Louis, MO 

USA 

Hoechst 33342 BisBenzimide, nuclear stain, blue dye Sigma, St Louis, MO 

USA 

Hydrochloric acid 36%, analytical reagent Ajax Chemicals, 

Auburn, NSW 

Isofluorane AttaneTM Isofluorane 1 ml/ml Bomac, Hornsby, NSW, 

Australia 

L-Glutamine ReagentPlus™ ≥99% Sigma, St Louis, MO 

USA 

Non-essential Amino 

Acids 

10 mM solution Invitrogen, CA USA 
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Reagent Description Company 

Papavarine HCl 30 mg/ml USP 
Hameln 

pharmaceuticals, 

Gloucester, UK. 

Paraffin Paraplast tissue embedding medium McCormick Scientific, 

St Louis, MO USA 

Pluronic F127 Catalogue number P2443-250G Sigma-Aldrich, St. 

Louis, MO, USA 

Penicillin Penicillin G (benzylpenicillin) potassium salt Sigma, St Louis, MO 

USA 

Potassium 

dihydrogen 

orthophosphate 

anhydrous 

KH2PO4, catalogue #PA009 Chem-Supply, Gillman, 

SA 

Sodium azide extra pure Merck, Kilsyth, VIC 

Sodium carbonate Na2CO3 Ajax Chemicals, 

Auburn, NSW 

Sodium chloride NaCl Chem-Supply, Gillman, 

SA 

Sodium chloride 

0.9% for irrigation 

0.9% w/v isotonic, nonpyrogenic, sterile Baxter, Old Toongabbie, 

NSW 

Sodium di-hydrogen 

orthophosphate 

dihydrate 

NaH2PO4.2H2O Chem-Supply, Gillman, 

SA 

Sodium dodecyl 

sulphate 

SDS, for molecular biology. Approx. 99% Sigma, St Louis, MO 

USA 

Sodium hydrogen 

carbonate (sodium 

bicarbonate) 

NaHCO3 Ajax Finechem, Taren 

Point, NSW 

Sodium hydroxide NaOH VWR International, 

Leuven, Belgium 

Streptavidin/HRP Streptavidin conjugated to horseradish 

peroxidise. Binds to biotin or biotinylated 

antibodies 

DakoCytomation, 

Glostrup, Denmark 
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Reagent Description Company 

Streptomycin Streptomycin sulphate 765 IU/mg Sigma-Aldrich, St Louis, 

MO USA 

Sucrose catalogue #10274.4B Merck, Kilsyth, VIC 

Tris base Trizma® Base, minimum 99.9% titration Sigma-Aldrich, St Louis, 

MO USA 

Trypan Blue Used at 1% w/v in dH2O Sigma, St Louis, MO 

USA 

Trypsin from porcine pancreas 1000-2000 BAEE 

units/mg 

Sigma, St Louis, MO 

USA 

Tween-20 Polyoxyethylenesorbitan monolaurate Sigma, St Louis, MO 

USA 

UltraPure water Used in PCR Fisher Biotec Australia, 

Wembley, WA 

Water for injections 

BP 

Sterile, used in endotoxin-low methods (animal 

work) 

Phebra, Lane Cove, 

NSW 

Water for irrigation Sterile, nonpyrogenic, used in endotoxin-low 

methods 

Baxter, Old Toongabbie, 

NSW 

Xylene catalogue #1023 BDH Chemicals 

Australia, Kilsyth, Vic 
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APPENDIX B BUFFERS AND SOLUTIONS 

All chemicals used were of analytical grade unless otherwise mentioned. General 

chemicals were obtained from the following manufacturers: Ajax Finechem,NSW, 

Australia, BDH Chemicals, Radnor, PA, USA, Chem-Supply, Gillman, SA, 

Australia, and Sigma-Aldrich, St Louis, MO, USA. 

B.1 2YT medium 

16 g   tryptone 

10 g   yeast extract 

5 g   sodium chloride 

Dissolve in 900 ml ddH2O. Adjust pH to 7.0 ± 0.2 and make up to 1 litre. Autoclave 

and store at room temperature. 

B.2 2YT agar medium 

Add 15 g/L bacto agar to 2YT medium before autoclaving. 

B.3 6x gel loading dye 

72 mg   bromophenol Blue (0.25%) 

72 mg   xylene cyanol FF (0.25%) 

4.5 g   ficoll (0.25%) 

Dissolve in 30 ml ddH20 for 1-2 h on low heat until the solution turns green. 

Dispense into 1 ml aliquots and store at room temperature. 
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B.4 Buffered formalin 

50 ml   formalin (40% w/v) 

2 g   sodium di-hydrogen orthophosphate 

3.25 g   di-sodium hydrogen phosphate 

Dissolve in 450 ml ddH2O and store at room temperature. 

B.5 Buffered glycerol 

Solution A 

0.5 M   sodium bicarbonate (5.3 g/100 ml) 

Solution B 

0.5 M   di-sodium hydrogen carbonate (8.4 g/ 200 ml) 

Solution C 

100% v/v  glycerol 

0.5 M sodium carbonate buffer pH 8.6 

Place 50 ml solution B into a beaker and adjust the pH to 8.6 with solution A (~3 ml) 

Add 2 parts glycerol to 1 part 0.5 M buffer solution 

B.6 Chrome alum subbing solution for slides 

5 g  chrome alum 

5 g  gelatin  

Gelatin was dissolved in 500 ml of distilled water, warmed to no more than 60
o
C. 

The chrome alum was added and the solution made up to 1 L with distilled water. 

Filtered through Whatman number 1 filter paper (Whatman, Maidstone, England). 

Glass microscope slides were washed overnight in Extran
®
 soap solution (Merck, 

Darmstadt, Germany) then rinsed for 30 minutes in running deionised water. Slides 

were dried before being dipped for 2 – 4 minutes into warmed subbing solution in 

racks, drained on paper towel then dried overnight with loose covers to prevent dust 

adhering to surfaces. 
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B.7 Chloramphenicol for antibiotic selection 

0.34 g chloramphenicol was made up to 10 ml with 100% Ethanol (AR grade) and 

filter sterilised for 34 mg/ml aliquots. Used at 34 µg/ml in selective media. 

B.8 Complete medium for OMEC culture 

The following components were added to 1 litre MCDB 153 medium (Sigma-

Aldrich, St. Louis, MO, USA) to make complete OMEC culture medium: 

10%   foetal bovine serum 

100 iU/ml  penicillin G 

100 ug/ml  streptomycin sulphate 

 2.5 mg/l  amphotericin B 

10 ml  insulin transferrin sodium selenate supplement 100X 

5 ng/ml epidermal growth factor 

10 ng/ml  β-nerve growth factor 

200 ng/ml  hydrocortisone  

50pM  tri-iodothyronine 

B.9 ELISA blocking buffer 

5% w/v  skim milk powder 

5% w/v  sucrose  

Add to PBS-azide pH 7.4 (B.21) and mix until dissolved. Make up fresh reagent for 

every experiment. 
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B.10 ELISA diluent 

0.1% w/v  skim milk powder  

0.05% v/v  Tween-20  

Add to TBS pH 7.4 (B.26) and mix well. Make up fresh diluent for every 

experiment. 

B.11 ELISA wash buffer 

0.05% v/v  Tween-20  

Add to PBS pH 7.4 (B.20) and mix thoroughly. Store the solution at room 

temperature. 

B.12 Eosin stock solution 

1 g   eosin Y 

20 ml   ddH2O 

80 ml   95% ethanol 

Add 25 ml eosin stock to 75 ml ethanol (80%). Add 0.5 ml glacial acetic acid 

immediately prior to use. 

B.13 Eye drop base solution 

0.9%               sodium chloride 

0.5%               capric acid (sodium salt) 

1.5%               hypromellose 

10 mM           HEPES (free acid) 

Heat 15 ml of 0.9% NaCl to 80-90C. Add 1.5 g of hypromellose, add 35 ml ice cold 

0.9% NaCl and mix on ice bath. Add 0.5 g capric acid and mix at room temperature 

until solution is clear. Filter sterilise using 0.2 m disposable filter and store at 4C. 

 



Yazad Irani  255 

 

B.14 Haematoxylin stain 

1.25 g  haematoxylin powder  

75 ml  glycerol  

0.25 g  sodium iodate  

12.5 g  aluminium potassium sulphate  

0.5 ml  glacial acetic acid  

A few ml absolute ethanol 

175 ml  distilled water 

The haematoxylin powder was dissolved in absolute ethanol. Aluminium potassium 

sulphate was added to 60 ml of distilled water, heated to dissolve and cooled. The 

remaining water was added to the aluminium potassium sulphate with the dissolved 

haematoxylin, sodium iodate, acetic acid and glycerol. The resulting solution was 

filtered and stored in the dark. 

B.15 Haematoxylin perfusion buffer 

Mix 1 part haematoxylin solution (B.14) with 3 parts PBS (B.20), add 0.32 ml / 100 

ml papaverine HCL, heat to 37°C and filter through #1 Whatman paper.  

B.16 IMAC elution buffer 

100 mM  sodium di-hydrogen orthophosphate 

10 mM  tris-chloride 

250 mM  imidazole 

pH 8.5 

Make up in 1 litre ddH2O and store at room temperature. 
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B.17 IMAC loading buffer 

100 mM  sodium di-hydrogen orthophosphate 

10 mM  tris-chloride 

10 mM  imidazole 

pH 8.5 

Make up in 1 litre ddH2O and store at room temperature. 

B.18 IMAC wash buffer 

100 mM  sodium di-hydrogen orthophosphate 

10 mM  tris-chloride 

20 or 30 mM  imidazole 

pH 8.5 

Two separate IMAC wash buffers were prepared, the first with 20 mM imidazole and 

the second with 30 mM imidazole. The column with bound protein was first washed 

with wash buffer containing 20 mM imidazole followed by buffer with 30 mM 

imidazole. 

B.19 Luria Bertani (LB) medium 

10 g   tryptone 

5 g  yeast extract 

10 g  sodium chloride 

Dissolve in 900 ml ddH2O. Adjust pH to 7.0 ± 0.2 and make up to 1 litre. Autoclave 

and store at room temperature. A low salt version of this medium with 5 g/l NaCl is 

used to prepare electrocompetent cells. 
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B.20 Phospate Buffered Saline (PBS) 10X solution 

43.5 g   sodium chloride 

4.25 g   di-sodium hydrogen orthophosphate 

2.7 g   potassium di-hydrogen orthophosphate 

Dissolve in 400 ml ddH2O and adjust pH to 7.4, and make up to 500 ml with ddH2O. 

Autoclave and dilute 1/10 with ddH2O before use. 

B.21 PBS-azide 

20 mM  sodium azide in PBS 

Add 5 ml 4M sodium azide to 995 ml 1x PBS and mix well and stored at room 

temperature. 

B.22 PBS-tween 20 

0.05% v/v  tween20 in PBS 

Add 500 µl tween20 to 1 litre 1x PBS (B.20), mix well and store at room 

temperature. 

B.23 SOC medium 

20 g   tryptone 

5 g   yeast extract 

0.5 g   sodium chloride 

Dissolve in 950 ml ddH2O. Add 10 ml of 250 mM potassium chloride. Adjust pH to 

7.0 and adjust volume to 1 litre. Autoclave and store at room temperature. Add 5 ml 

of sterile solution of 2 M MgCl2 and 20 ml of sterile 1 M glucose solution. 
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B.24 Terrific broth (TB) 

11.8 g/L   tryptone 

23.6 g/L    yeast extract 

9.4 g/L  dipotassium hydrogen phosphate 

2.2 g/L   potassium dihydrogen phosphate 

4 ml/L   Glycerol (0.4%) 

Make up to 1 litre with ddH2O and autoclave. Store at room temperature. 

B.25 TBE (5X stock) 

54 g   trizma base 

27.5 g   boric acid 

4.65 g   ethylene diamine tetra acetic acid 

Dissolve in 400 ml ddH2O and make up to 500 ml with ddH2O. Dilute 1/10 before 

use. 

B.26 TBS pH 7.4 

0.2 M Tris solution was prepared by dissolving 24.23 g of Tris base in 1 L dH2O. 50 

ml of this solution was mixed with 16.5 ml of 0.1 M HCl and made up to 200 ml 

with dH2O. This final solution was diluted to 10 mM before use. 

 

B.27 TNT buffer 

10 mM  tris hydrochloric acid pH 8.0 

150 mM  sodium chloride 

0.05% v/v tween-20 

Make up in ddH2O. 
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B.28 Trypsin-EDTA 

0.5 g  trypsin powder 1:250   

0.2 g  EDTA.4Na (0.05%)   

100 ml  10x PBS (endotoxin-low)  

Made up to 1 litre with water for irrigation and sterile filtered with a 0.22 μm filter.  
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APPENDIX C CHARACTERIZATION OF THE ANTI-

VEGF-B SCFV AT CSL LTD. 

C.1 Binding of the parent 2H10 antibody to human, mouse, and rat 

VEGF-B 

The work described in appendix C.1, C.2 and C.3 was carried out at CSL Ltd. in the 

laboratories of Dr. Andrew Nash and Dr. Pierre Scotney. The binding of the parent 

antibody, from which the anti-VEGF-B scFv was generated, to human, mouse and rat 

VEGF-B was assessed by direct ELISA at CSL Ltd. Binding of the antibody to 

human, mouse and rat VEGF-B was similar (Figure C-1).  These data confirm the 

feasibility of using the 2H10 antibody to generate a scFv for treatment of induced 

corneal neovascularization in a rat model. Furthermore, species cross-reactivity 

allows faster translation from pre-clinical to human trials. 

C.2 Analysis of binding of the anti-VEGF-B scFv to human VEGF-

B by surface plasmon resonance 

The binding of the anti-VEGF-B scFv and the parent anti-VEGF-B antibody to 

human VEGF-B was assessed by surface plasmon resonance. Human VEGF-B was 

immobilised on the chip surface, 40 nM anti-VEGF-B mAb or scFv were applied for 

10 minutes, and dissociation monitored for 30 minutes. Both anti-VEGF-B mAb and 

scFv displayed binding to human VEGF-B (Figure C-2). The binding of the two 

interactions appeared to be similar. However, the kinetics of the binding appeared to 

differ. Accurate kinetic rates and Kd were not determined. A qualitative observation 

was made that the anti-VEGF-B scFv retained the ability to bind human VEGF-B. 

Qualitative evaluation of the sensograms revealed that the scFv displayed a higher 

binding rate and a higher dissociation rate than the parental antibody. These data  
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Figure C-1 Binding of the anti-VEGF-B antibody to human, mouse and rat 

VEGF-B 

The binding of the anti-VEGF-B antibody to human, mouse and rat VEGF-B 

scFv was assayed by direct ELISA. The antibody had a similar binding profile to 

human, mouse and rat VEGF-B. This work was carried out in the laboratories of 

Dr. Andrew Nash and Dr. Pierre Scotney at CSL Ltd. 
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Figure C-2 Characterization of the binding of the anti-VEGF-B scFv to 

human VEGF-B 

The binding of the anti-VEGF-B scFv and mAb to human VEGF-B was assessed 

by surface plasmon resonance at CSL Ltd. The anti-VEGF-B scFv retained 

binding to human VEGF-B. The dissociation constant (Kd) could not be 

determined. However, it was noted that the kinetics of binding and dissociation of 

the scFv and the whole antibody to VEGF-B differed. This work was carried out 

by Dr. Pierre Scotney at CSL Ltd. The horizontal axis is time and the vertical axis 

is relative binding. 

 

       Anti-VEGF-B mAb                     Anti-VEGF-B scFv   
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confirm that the anti-VEGF-B scFv maintained the binding specificity of the parental 

antibody.  

C.3 Functional characterization of the anti-VEGF-B scFv 

The parental 2H10 antibody has been shown to neutralise the effects of VEGF-B
485

. 

A cell based assay was used to characterise the functional binding of the anti-VEGF-

B scFv to human VEGF-B, and its ability to neutralise the effects of VEGF-B. This 

work was also carried out at CLS Ltd. The anti-VEGF-B scFv or mAb were 

incubated in cell culture medium containing VEGF-B for 1 hour. BaF3 cells 

expressing a chimeric receptor, consisting of the extracellular domain of VEGFR1, 

fused to the transmembrane and intracellular domains of the erythropoietin receptor, 

were added. The cells were allowed to grow for 72 hours and the proliferation 

measured by MTS assay. Both the anti-VEGF-B scFv and mAb inhibited VEGF-B 

induced proliferation of BaF3 cells (Figure C-3). The anti-VEGF-B scFv appeared to 

inhibit cell proliferation at a lower concentration than the anti-VEGF-B mAb. 

Complete inhibition of proliferation was observed at 1 µg/ml scFv. 
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Figure C-3 The anti-VEGF-B scFv neutralises the effect of VEGF-B in vitro 

The ability of the anti-VEGF-B mAb and scFv to neutralise the biological 

activity of VEGF-B was assessed in a cell based assay at CSL Ltd. The scFv or 

mAb were incubated in medium containing VEGF-B before addition of BaF3 

cells that expressed a chimeric receptor consisting of the extracellular domain of 

VEGFR1 and the transmembrane and intracellular domains of the erythropoietin 

receptor. These cells proliferate in response to VEGF-B. The cells were allowed 

to grow for 72 hours and the proliferation measured by MTS assay. Both the anti-

VEGF-B mAb and scFv inhibited VEGF-B induced proliferation in BaF3 cells. 

This work was carried out by Dr. Pierre Scotney at CSL Ltd. 

 

 

Anti-VEGF-B scFv

Anti-VEGF-B mAb
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APPENDIX D ANIMAL MONITORING SHEETS 

D.1 Corneal cautery scoring sheet 
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D.2 Corneal neovascularization monitoring sheet 

 

Corneal neovascularization monitoring sheet 

 

Animal#:                      Marking:                   Sex:                  Strain:                 Eye: 

 

Analgesia: 
 

Date 

Time 

Day 

post-

op 

Blister 

response 
Vessels Comment 

     

     

     

     

     

     

     

     

     

     

     
 

 

Disclaimer: 

A separate sheet to be used for each animal 

Animals monitored daily at the operating microscope for signs of inflammation and 

neovascularisation 

In untreated animals neovascularisation is generally apparent on day 5 post-injury 
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D.3 Rat conjunctival space implant scoring sheet 
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D.4 Post-pSi implantation clinical monitoring sheet 

 

Animal#:                      Marking:                   Sex:                  Strain:                 Eye: 
 

Date Post-

op 

Infection Inflammation Vessels Comment 

      

      

      

      

      

      

      

      

      

      

      

      
 

Disclaimer: 

A separate sheet will be used for each animal 

Animals will be observed in their cages 

Inflammation 0=none, 1=mild, 2=moderate, 3=severe 
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D.5 n-Heptanol corneal debridement procedure sheet 

 

Animal#:                      Marking:                   Sex:                  Strain:                 Eye: 

 

Date: 

 

Operator:  

 

Topicamide: 

 

Procedure: 

 
 

 

Notes: 

 

 

 

 

 

 

 

 

 

 

Disclaimer:  

Superficial debridement of the corneal epithelium performed using n-heptanol 

A separate sheet will be used for each animal 
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D.6 Post-pSi implantation clinical monitoring sheet 

 

Animal#:                      Marking:                   Sex:                  Strain:                 Eye: 
 

Date Post-

op 

Infection Corneal 

integrity 
Inflammation Vessels Comment 

       

       

       

       

       

       

       

       

       

       

       

       
 

Disclaimer: 

A separate sheet will be used for each animal 

Animals will be observed in their cages 

Inflammation 0=none, 1=mild, 2=moderate, 3=severe 
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