
   

Decellularized Human Cornea for Reconstructing the Corneal Epithelium and Anterior 

Stroma 

 

 

 

 

 

 

BY 

 

MARYAM ABDULMAJID SHAFIQ 
 

B.S., University of Illinois at Chicago, 2007 
 
 
 
 
 
 

THESIS 
 
 
 

Submitted as partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Bioengineering 

in the Graduate College of the 
University of Illinois at Chicago, 2012. 

 
 

Chicago, Illinois 
 
 

  
 
 
Defense Committee: 
   
  Michael Cho, Chair 

Ali Djalilian, Ophthalmology and Visual Sciences, Advisor 
David Eddington 
Richard Gemeinhart, Pharmaceutical Sciences 
Beatrice Yue, Ophthalmology and Visual Sciences 
 



ii 

DEDICATION 

 
Dedicated to my wonderful loving parents, Majid and Shafqat, for their constant support, 

encouragement, and unconditional love. 

 

Dedicated also to my dear husband, Suleman, for his patience and understanding. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



iii 

ACKNOWLEDGMENTS 

First of all, I would like to thank God for giving me life direction, strength and helping me to 
accomplish my PhD work. Thank you for giving me guidance and support through all the 
difficulties.  
 
I would like to thank my PhD advisor, Dr. Ali Djalilian, for his patience and supervision during 
my PhD study. You have been very supportive and have given me the freedom to explore 
different areas of the research related to my project without objection.  You taught me how to 
think more critically and work independently, skills that I am sure will prove invaluable in my 
future endeavors as a researcher.  Thank you for giving me this opportunity to walk this journey 
with you. I am delighted and honored to have worked with you as your first PhD student. 
 
I would also like to express my sincerest gratitude to each of my committee members: Dr. 
Richard Gemeinhart, Dr. Beatrice Yue, Dr. Michael Cho, and Dr. David Eddington for serving 
on my committee and for their input and suggestions for my project. I would like to express my 
special appreciation to Dr. Gemeinhart and Dr. Yue for always welcoming me in for valuable 
discussions related to my project.  I appreciate both of your direction and feedback in preparing 
the manuscript for the journal paper. Dr. Gemeinhart, thank you for allowing me the opportunity 
to grow professionally by attending your lab meetings and participating in lab presentations. I 
have learned tremendously from each of my interactions with you.  
 
Special thanks to the lab manager and a great teacher, Dr. Robert Chang. Thank you for your 
encouragement all these years. I really am grateful for the insightful discussions and suggestions 
that you provided both to my research and for my career.  
 
I would also like to thank all the past and current members of the Djalilian Lab for their 
contributions and support. 
 
I also thank my friends for providing support and friendship and making this journey enjoyable 
and memorable. Finally, I would like to thank my parents, Majid and Shafqat, my sisters, 
Majidah and Asmaa, and brother, Ali for their loving presence in my life. All of you have been 
the source of encouragement and I love you all dearly. Finally, I want to express my gratitude to 
my dear husband, Suleman, for his support, patience, and encouragement. Thank you for being 
so unconditionally loving and understanding. 
 
   
    
            MS 

 

 

 

          



iv 

TABLE OF CONTENTS 
 
CHAPTER PAGE          PAGE 
 

I.         INTRODUCTION……………………………………………………………….1  
1.     Background…………...……………....................................................................2  

1.1     Cornea Anatomy and Function…………………………………………….2  
1.2     Corneal Epithelial (Limbal) Stem Cells ……………………………..….…4  
1.3     Limbal Stem Cell Deficiency (LSCD)………………………………..……5 
1.4     Factors Important for the Integrity of Epithelial Cells…………………..…5  

2.     Tissue Engineering………………………………………………………..……..9 
2.1     Approaches to Corneal Transplantation…………………………....……..11  
2.2     Synthetic Scaffolds……………………………………………….…...….12 
2.3     Natural Scaffolds……………………..……………..…………………....13  

3.     Donor Corneas…………………………………………………...…………….15 
3.1     Decellularized Cornea for Transplantation………………….…………....17  

 3.2     Significance of Decellularization and Preservation of Basement 
Membrane………………………………………………………………………..17  

 3.3     Studies on Decellularized Cornea…………………………………..……..19 
4.     Purpose and Significance of the Study ………………………………….……..20 

4.1     Statement of Overall Hypothesis and Objective……………………….….21 
4.2     Specific Aims…………………………………………………………...…21 

 
II.        PREPARATION AND CHARACTERIZATION OF DECELLULARIZED 

HUMAN CORNEA ……………………………………………………………23 

1. Introduction………………………………………………….…………..……..24 
2. Material and Methods………………………………………………………….25 

2.1   Decellularization of Human cadaver Corneas……………………………25 
2.2   Deturgescence of Decellularized Corneas……………………....………..27 
2.3   Histological Evaluation of Decellularized Corneas……………………....28 
2.4   Mechanical Testing of Decellularized Corneas……………………….….30 

3. Results…………………………………………….……………………..……….32 
3.1  Decellularization of Human Corneas……………………..………………32 
3.2  Evaluation of Extracellular Matrix………………………………………..35 
3.3  Mechanical testing of Decellularized Corneas……………………………44 

4. Discussion……………………………………….…………………………….….47 
5. Conclusion……………………………………………………………….……….54 

 
III.      ABILITY OF DECELLULARIZED HUMAN CORNEA TO SUPPORT CELL 

GROWTH (IN VITRO) ……………………………………………..……….…55 
1. Introduction………………………………………………………………….…...56 
2.   Material and Methods………………………………………..…………………...57 

2.1    Human Corneal Epithelial Cell Culture ……………………..…………..57  
2.2    Optimization of Media Conditions for Epithelial Cells……………….…58 



v 

TABLE OF CONTENTS (continued) 
 
CHAPTER PAGE          PAGE 

 
2.3 Human Corneal Fibroblasts Cell Culture………………………….….58 
2.4 Cell Viability and Proliferation…………………………………….…59 
2.5 Immunostaining………………………………………………….……60 

 3.    Results…………………………………………………………..……………61 
3.1       Optimization of Media Conditions for Epithelial Cells……..………..61 
3.2       Ability to Support Cell Growth………………...…………………….64 

 4.     Discussion………………………………………………………..………….71 
 5.     Conclusion………………………………………………………………..…74 
 
IV.      EVALUATION OF DECELLULARIZED CORNEA GRAFTED IN AN ANIMAL 

MODEL (IN VIVO)………………………………………………...………75 

1. Introduction………………………………………………………………..76 
2. Material and Methods…………………………………….……….……….76 

2.1 Alkali Injury and Mechanical Epithelium Debridement……….……76 
2.2 Laser Injury Model in Rat Eye………………………………………77 
2.3       Transplantation of a Decellularized Corneal Graft in a rat eye.....…..78 
2.4       Slit Lamp Imaging………………………………………………...…80 
2.5       Staining……………………………………………………...……….80 

3. Results………………………………………………………………….….80 
3.1    Evaluation of Alkali Injury and Mechanical Epithelium  
    Debridement……………………………………..…………….….….80 
3.2    Evaluation of Laser Injury Model in a Rat Eye……….….……….…82 
3.3    Evaluation of the Graft in a Rat Eye …………………………....…...82 

4. Discussion…………………………………………………………...……..86 
 
V. CONCLUSION AND FUTURE WORK………………………...………..90 

VI. CITED LITERATURE……………………………………………….……96 

VII. VITA………………………………………………………………………..112 

 
 
 



vi 

LIST OF TABLES 
 
TABLE           PAGE  
 

1. Results of Corneal Decellularization Using the Tested Methods…...39  
 



vii 

LIST OF FIGURES 
 
FIGURE           PAGE  
  

1. Section of the human cornea………………………………………….3 
2. Cytokines interaction between keratocytes and epithelial cells………7 
3. The tissue engineering triad………………………………………….10 
4. Approaches to engineering corneal epithelium…………………...….16 
5. Schematic of the experimental design for engineering anterior                         

cornea…………………………………………………………….…...22 
6. Mechanical testing apparatus and set up……………………….…..…31 
7. Evaluation of removal of cells………………………………...….…..33 
8. Evaluation of removal of immunogenic antigens…………………….34 
9. Evaluation of epithelium basement membrane……………………….37 
10. Histological analysis of corneas exposed to the NaCl plus 

nuclease decellularization method……………………………………38 
11. Optimization of glycerol concentration for achieving corneal  
            deturgence ……………………………………………………………40 
12. Electron micrographs to show removal of cells and integrity of  

basement membrane…………………...…………………………..…42 
13. Electron micrographs to show integrity of the collagen fibers………43 
14. Stress-strain curve……………………………………………………45 
15. Elastic modulus values of control and decellularized corneas……….46 
16. Optimizing media conditions for corneal epithelial cells…………….63 
17. Cell viability and cytotoxicity assay and DAPI staining in  

NaCl plus nuclease treated corneas…………………………………..65 
18. Phenotypic evaluation of epithelial cells……………………………..67 
19. Phenotypic evaluation of corneal fibroblasts………………………...68 
20. Corneal fibroblasts proliferation and migration assay……………….70 
21. Experimental design for grafting …...……………………………….79 
22. Alkali injury and mechanical debridment……………………………81 
23. Slit Lamp images with and without flourecein to evaluate 

integrity of the graft in the rat eye…………………...………………84 
24. Histological sections of the graft…………………………………….85 
25. Limbal stem cells supported by decellularized cornea………………94 
26. Treatment of LSCD with the engineered limbus…………...………..95 

 
 
 



viii 

LIST OF ABBREVIATIONS 

 
 

H & E   Hematoxylin and Eosin 

TAC  Transient amplifying cells 

LSCs  Limbal stem cells 

LSCD  Limbal stem cell deficiency  

TGF  Transforming growth factor 

IL  Interleukin 

PDGF  Platelet derived growth factor 

EGFR  Epidermal growth factor receptor 

PDGFR Platelet derived growth factor receptor 

IGF  Insulin-like growth factor 

LIF  Leukemia inhibitory factor 

bFGF  Basic fibroblast growth factor 

KGF  Keratinocyte growth factor 

HGF  Hepatocyte growth factor 

KGFR  Keratinocyte growth factor receptor 

ECM  Extracellular matrix 

PCL  Poly (ɛ-caprolactone)  

PVA  Polyvinyl alcohol 

PEUU  Poly (ester urethane) urea  

PMMA Poly (methyl methacrylate)  

KPro  Keratoprothesis 



ix 

LIST OF ABBREVIATIONS 

 

FDA  US food and drug administration 

PHEMA Poly (2-hydroxyethyl methacrylate)  

BM  Basement membrane 

HCECs Human corneal endothelial cells 

HKLs  Human keratoplasty lenticules 

SDS  Sodium dodecyl sulfate 

PBS  Phosphate buffered saline 

PEG  Poly (ethylene glycol) 

NaCl  Sodium chloride 

DAPI  4',6-diamidino-2-phenylindole 

PI  Propidium iodide 

PFA  Paraformaldehyde 

PAS  Periodic Acid Schiff 

MHC  Major histocompatibility complex 

SEM  Scanning electron microscope 

TEM  Transmission electron microscope 

HLA  Human leukocyte antigen 

GAGs  Glucosaminoglycans 

DMEM  Dulbecco's modified Eagle’s media 

FBS  Fetal bovine serum 

TBS  Tris buffered saline 

BSA  Bovine serum albumin 



x 

LIST OF ABBREVIATIONS 

 

ALDH1 Aldehyde dehydrogenase 1 

FITC  Fluoroscein isothiocyanate 

KSFM  Keratinocyte serum free media 

CM  Conditioned media 

NaOH  Sodium hydroxide 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xi 

SUMMARY 

 

The optical clarity of the cornea is highly dependent on the integrity of its primary layers 

including the outermost epithelial, the middle stromal, and the innermost endothelial layers.  The 

epithelium plays a pivotal role in maintaining the corneal surface healthy as it forms first barrier 

to the environmental insults.  There has been enough evidence that damage to epithelial cells 

renders stromal cells (keratocytes) exposed that eventually causes destruction of these 

keratocytes and makes the cornea opaque.    

 

A number of tissue engineering approaches have been investigated for the reconstruction 

of the whole cornea or its individual layers as an alternative to using cadaver corneal tissue for 

transplants. In recent years, decellularized organ matrices have drawn attention as they provide a 

more natural environment for the growth and differentiation of cells. In this study, we undertook 

a tissue engineering approach to evaluate methods for removing cells from human cadaver 

corneas while maintaining the integrity of the basement membrane and the stromal matrix.  

 

Our results have shown that corneas decellularized with NaCl plus nucleases method 

resulted in removal of the cellular components as evident with H and E and nuclear staining 

(DAPI). Positive staining for the basement membrane proteins; collagen type IV, fibronectin and 

laminin suggested that the decellularization did not have deletarious effect on basement 

membrane both in the central and limbus region. The integrity of the extracellular matrix 

evaluated by scanning and transmission electron microscopy demonstrated no gross changes in 

the collagen fibers in decellularized corneas except that the collagen fibers were slightly larger 

due to swelling. The decellularization process caused significant swelling of the corneal tissue, 
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however, following deturgescence with glycerol or optisol GS, the stroma was optically clear 

indicating no gross change to the lamellar organization. The effect of decellularization method 

on stiffness of the cornea investigated by comparing the elastic modulus showed no significant 

difference in the elastic modulus between the control and the decellularized corneas measured by 

Student’s t-test. 

 

The ability of decellularized cornea to support cell growth was also studied. Phenotypic 

evaluation of the corneal epithelial cells grown on decellularized corneas revealed that they can 

differentiate and express the corneal specific keratin 12 similar to that seen in human cadaver 

corneas. To examine the level of differentiation of basal epithelial cells, the expression of 

markers typically associated with limbal stem and progenitor cells also evaluated by 

immunofluorescence. The basal epithelium was found to express DeltaNp63and ABCG2 

indicating that the construct supported a “limbal” (undifferentiated) phenotype in the basal layer. 

Proliferation was noted in the basal epithelial layer as evident by Ki67 staining. Corneal 

fibroblasts grown on NaCl plus nuclease decellularized corneas attached and exhibited native 

spread morphology and demonstrated positive staining for vimentin.  An increase in expression 

of ALDH1, a marker of corneal keratocytes suggested that majority of the fibroblasts had 

partially reverted to a keratocyte phenotype over time. 

 

 For in vivo study, a decellularized graft was transplanted on a rat cornea ablated with 

excimer laser showed graft epithelialization as demonstrated by a reduction in flourescein 

staining over time.  
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In summary, this is the first study on decellularization of human cornea with which re-

cellularization with both corneal epithelial cells and fibroblasts was demonstrated. The novel 

method for decellularization has potential applications in corneal and limbal tissue engineering, 

where a biopsy may be used to grow both epithelial cells and stromal cells to reconstruct the 

corneal epithelium with a stromal niche.  
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1.     Background 

 

1.1     Cornea Anatomy and Function 

 

The eye is a complex organ, divided into three large tissue layers. The cornea, the 

first tissue layer that light hits before entering into the eye, is composed of multiple layers 

of cells. The light then reaches another important tissue called the ‘Lens’ which is 

transparent and has a spherical shape. After passing through the lens, the light bends and 

reaches the ‘Retina’, which is present at the back of the eye. All three layers have a 

consistent and uniform arrangement to maintain the integrity of the eye (Pinnamaneni and 

Funderburgh, 2012). 

 

The cornea, which is the outermost layer of the eye, provides a protective barrier 

to maintain the ocular integrity.  It is composed of five distinct layers (Figure 1). From 

anterior to posterior the first layer is called the epithelium which consists of 5-7 layers of 

epithelial cells. Underneath the epithelium there is a thin acellular layer called Bowman’s 

Layer. The third layer, stroma, consists of cells called keratocyte and the matrix, makes 

up most of the cornea. The stroma lies on a thick membrane called Descemet’s 

membrane, which is devoid of any cells. The posterior most part is a single cell layer 

thick endothelium, consisting of endothelial cells (Almubrad, and Akhtar, 2011; Patel et 

al., 2001; Schmoll et al., 2012).  
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Figure 1. Section of the human cornea. Human corneal section about 10µm thick stained 
with Hematoxylin and Eosin (H & E).  
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1.2     Corneal Epithelial (Limbal) Stem Cells 

 

The cornea consists of several epithelial layers that are not only phenotypically 

distinguished but also behave differently too. The less differentiated epithelial cells are 

the basal epithelial cells, which are attached to the basement membrane by 

hemidesmosomes and to each other by desmosomes.  The most undifferentiated cells are 

present in the limbus region and are called the ‘limbal stem cells’ (LSCs). These stem 

cells undergo continual self-renewal and generate an intermediate cell type known as 

transient amplifying cells (TAC).  These TACs migrate upwards toward the surface and 

then further divide and differentiate terminally into corneal epithelial cells (Lavker et al., 

2004). The limbal stem cells are necessary for the constant regeneration of the corneal 

epithelium. 

 

Limbal stem cells, like any other stem cells, are located in a specialized 

microenvironment, (aka ‘niche’), which supports and protects their population from 

environmental insults and maintains the ‘stemness’ of the stem cells. Limbal stem cells 

are located exclusively in the limbus, the boundary between the cornea and the sclera. It 

has been shown that limbal epithelial cells in the limbus extend from the surface of the 

cornea into the underlying stroma and form pockets known as ‘limbal epithelial crypts’, 

or ‘palisades of Vogt’. These crypts are of variable lengths in the human cornea. Limbal 

crypts that are shorter than 40um are termed ‘minor crypts’ and the ones larger than 

40um are termed ‘major crypts’. (Shanmuganathan et al. 2007) (Molvaer et al., 2012) 
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1.3    Limbal Stem Cell Deficiency (LSCD) 

 

The integrity of the corneal epithelium depends on the presence of self-renewing 

limbal stem cells. These limbal stem cells, or their microenvironment where they reside, 

can be damaged due to various factors such as mechanical or chemical insults.  They may 

also be damaged or compromised by immune diseases, like ‘Stevens-Johnson Syndrome’, 

resulting in a serious ocular condition known as ‘Limbal Stem Cells Deficiency’ (LSCD) 

(Grueterich et al., 2003).  LSCD is associated with persistent epithelial defects, 

neovascularization and severe loss of vision if left untreated.   

 

1.4     Factors Important for the Integrity of Epithelial Cells 

 

Epithelial-Keratocyte Interaction 

 

Epithelial cells are regulated by a number of factors.  Epithelial-stromal cells 

interactions play a vital role in the function of epithelial cells and epithelial stem cells in a 

variety of the tissues.  On the ocular surface, there are three major patterns of cytokine 

interaction, potentially involved between the epithelium and keratocytes of the cornea 

and limbus, that are important for maintaining both epithelial cells and keratocytes 

(Figure 2).   

 

(1) Type I: Transforming growth factor (TGF)-α, interleukin (IL)-1β, and platelet-

derived growth factor (PDGF)-B are released by corneal epithelial cells to act on 
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keratocytes by binding to their respective receptors present on stromal 

keratocytes; epidermal growth factor receptor (EGFR), IL-1R, and PDGFR-β. 

(2) Type II:  Insulin-like growth factor (IGF)-I, TGF-β1, -β2, leukemia inhibitory 

factor (LIF), basic fibroblast growth factor (bFGF), and their receptors are 

expressed by both epithelium and fibroblasts and therefore mediate both epithelial 

and keratocytes activity. 

(3) Type III:  Keratinocyte growth factor (KGF) and hepatocyte growth factor (HGF) 

are released by keratocytes to stimulate corneal epithelial cells through their 

respective receptors on epithelial cells; KGFR and c-met (Li and Tseng, 1995).  

 

This back and forth signaling between keratocytes and epithelial cells plays a pivotal 

role in maintaining both cell types. Studies on the growth of limbal epithelial cells have 

also shown that when co-cultured with fibroblasts, grown on fibroblast feeder layer, or 

cultured in fibroblast conditioned media, they express better growth and proliferation 

potential as compared to when cultured without fibroblasts (Tseng et al. 1996).  
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Figure 2. Cytokines interaction between keratocytes and epithelial cells. The three major 
pattern of cytokine interaction potentially involved between the epithelium and 
keratocytes of the cornea. 
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Extracellular Matrix 

 

Another factor regulating the fate of epithelial cells and limbal stem cells is the 

extracellular matrix (ECM). ECM is a biologically active scaffold comprises of a 

meshwork of proteins, proteoglycans, and glycosaminoglycans. In addition to providing 

mechanical strength and elasticity to tissues, ECM components have also been associated 

with the regulation of cell proliferation and differentiation (Lin and Bissell, 1993). The 

ECM thus provides an appropriate microenvironment for stem cells and differentiated 

cells and facilitates repair and regeneration during wound healing.  

 

The ECM of corneal stroma supports keratocytes which in turn support epithelial 

cells and limbal stem cells, while the ECM of epithelial basement membrane has a direct 

effect on both epithelial cells and the limbal stem cells.  Corneal stroma comprises of 

about 90% of the total corneal thickness and is important in maintaining the mechanical 

shape and the structure of the cornea. Corneal stroma comprised of highly organized 

sheets of connective tissue that are made up of mostly collagen fibers arranged parallel to 

each other with keratocytes embedded in them. These sheets of connective tissue are 

stacked orthogonally with respect to each other to allow proper refraction of the light and 

maintain the transparency of the cornea.  (Last et al. 2012)  

 

Keratocytes, which originate from the neural crest, are present in the stroma, 

embedded in collagen fibers.  In adult, these keratocytes remain in a quiescent state in the 

stroma under normal physiological conditions.  Upon injury, these keratocytes transform 

into a fibroblast phenotype and migrate into the damaged region and replicate. These 
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transformed cells secrete new extracellular matrix during the stromal remodeling phase. 

After wound healing, these fibroblasts undergo apoptosis and are replaced by the 

keratocytes to achieve transparency (Carlson et al., 2003).   

 

2.     Tissue Engineering  

  

Tissue engineering is defined as an “interdisciplinary field that applies the 

principles of engineering and the life sciences toward the development of biological 

substitutes that restore, maintain, or improve tissue or whole organ function’’ (Langer 

and Vacanti, 1993). 

 

It is believed that ancient Egyptians may have been the first ones to practice 

Tissue Engineering in1500 B.C. There is a description in the Papyrus of Ebers, on how 

skin wounds can be treated using honey, lint, and grease.  Honey provides anti-bacterial 

and anti-inflammatory properties that are produced by honeybees. While the lint was 

used as a scaffold to facilitate healing of the wound, and the grease to seal the wounded 

surface to protect it from disease causing microorganisms present in the environment 

(Nahmias and Yarmush, 2009). 

 

 There are three basic components of a biological tissue, referred to as the Triad of 

Tissue Engineering (Figure 3). These components are scaffolds, signals, and the cells.  

Scaffold mainly consists of ECM such as collagen fibers, proteoglycans, and 

glycoproteins in the form of fibers and fibrils.  Depending on the type of tissue, there is a 

special set of cells important for maintaining the functionality of that specific tissue.  
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These cells perform biological functions such as proliferation, differentiation, apoptosis, 

migration, etc. by receiving biochemical cues from signaling molecules such as proteins. 

All three components are crucial for the success of any tissue engineered scaffold 

(Langer and Vacanti, 1993). 

 

 

 

 

 

Figure 3.  The tissue engineering triad.  The components of the triad of tissue 
engineering are cells, signals and scaffolds. 
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2.1     Approaches to Corneal Transplantation 
 
 

There are estimated about 10 million cases of vision loss worldwide associated 

with cornea.  About 30,000 to 40,000 corneal grafts are performed annually in the US. 

Although, the cornea is an immune-privileged site, the corneal rejection rate starts below 

10% and over the long term it increases to 25-50% (George and Larkin 2004; Nishida et 

al., 2004; Williams et al., 1992; Miri et al., 2010). Thus, the long term success of the 

corneal grafts is still limited by rejection. Due to shortage of corneas for transplantation, 

researchers have tried to tissue engineer corneas using both natural and synthetic 

materials, as a scaffold, to grow corneal cells (Hicks et al., 1997).  The engineered 

cornea, regardless whether it is developed with natural or synthetic material, must fulfill 

the functions of the cornea it replaces. It must be transparent, provides protection against 

chemical, mechanical, and microbial insults, be non-immunogenic, and have a similar 

refractive index to allow proper refraction of light. 

 

The limited supply and the variable quality of the donor cornea are significant 

problems that could be overcome by developing an artificial cornea. Different 

biomaterials are being sought for their potential to replace the cornea (Figure 4).  A great 

advantage of using synthetic or natural material for developing an artificial cornea is the 

ability to form a product in a uniform manner that is repeatable, gives identical products, 

and can be manufactured at a large scale. There is a rising need to investigate different 

materials/devices that can replace the function of the cornea, in whole or in part.   
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2.2 Synthetic Scaffolds  

 

There is a lot of research being done on using synthetic material to develop 

artificial cornea or individual layers of the cornea.  Synthetic materials that have been 

studied include polymers, such as gelatin hydrogels (Mimura et al., 2008), electrospun 

poly (ɛ-caprolactone) (PCL) nanofibers that are surrounded by polyvinyl alcohol (PVA) 

hydrogel disk (Bakhshandeh et al., 2011), nano-hydroxyapatite/poly (vinyl alcohol) 

hydrogel skirt with poly (vinyl alcohol) hydrogel clear transparent center (Fenglan et al., 

2007), and poly(ester urethane)urea (PEUU) (Wu et al., 2012). While many of these 

show some promising results, they also have shortcomings, and are currently not in the 

form that could be used in clinical studies.   

 

Currently, there are two synthetic corneas approved by FDA for Transplantation, 

Boston Keratoprosthesis (KPro) and AlphaCor.  

 

KPro is one of the most commonly used keratoprosthesis in the U.S. that has both 

synthetic and natural components (Gomaa et al., 2010). Though KPro is FDA approved 

and is currently being used clinically, there are some side effects associated with it. One 

of the main side effects of Boston KPro is the development of glaucoma in some of the 

patients. It is suggested that due to its more rigid texture as compared to the native 

cornea, it elevates intraocular pressure and causes glaucoma (Carlsson et al., 2003). Other 

main risks associated with the Boston Kpro are the risks of melting, infection, and 

extrusion, given the lack of proper integration with the host. 
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The second FDA approved synthetic cornea is AlphaCor.  AlphaCor is made with 

the synthetic polymer, poly(2-hydroxyethyl methacrylate) (PHEMA), which has been 

used extensively in ocular devices such as contact lenses. AlphaCor is a modified version 

of KPro that incorporated a softer polymer to avoid the complications associated with the 

rigidity of the Boston Kpro device (Crawford et al., 2002). 

   

The main limiting factor for these artificial devices is the lack of epithelialization 

and/or poor epithelialization.  The epithelium forms a barrier that protects the eye from 

environmental insults.  An absence of epithelium and/or poor epithelium renders the eye 

susceptible to infections (Myung et al., 2007).  Poor healing between an artificial implant 

and a recipient cornea could result in infection and/or inflammation of the tissue. If these 

conditions are not fixed, eventually the implant gets extruded.   Due to this shortcoming, 

these artificial corneas are used only in patients with more complicated situations and are 

not good candidates for the cadaver donor corneas.   

 

2.2       Natural Scaffolds 
 
 

Compared with the synthetic scaffolds, natural scaffolds are more promising to 

use due to their ability to support cell growth without the use of additional adhesion 

proteins. Some of the natural materials include amniotic membrane (Chen et al., 2012; 

Tsujita et al., 2012; Nubile et al., 2011), collagen-chondroitin sulfate foams (Vrana et al., 

2008), fibrin- 0.1% agarose gels (Ionescu et al., 2011), silk film from the cocoon of the 

silk worm Bombyx mori (Lawrence et al., 2009), and collagen (Fagerholm et al., 2010; 

Gendron et al., 2011). 
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A comparative analysis of the composition of basement membranes of human 

limbus epithelium and amniotic membrane epithelium showed that these two membranes 

share many of the vital proteins (Fukuda et al., 1999; Endo et al., 2004; Cooper et al., 

2005).  Because of the extensive similarities for the types of proteins in an amniotic 

membrane and limbal basement membrane, many researchers are optimizing conditions 

for using amniotic membrane for replacement of the damaged cornea.  

 

While amniotic membrane has shown to support ex vivo expansion of limbal 

epithelial stem cells, there is still resistance to adopting it universally given that its 

mechanical and optical properties are not optimal, which makes it disadvantageous to be 

used as a scaffold for corneal epithelial transplantation.  

 

Recently, Fagerholm et al. (2010) developed biosynthetic corneas made up of 

clinical-grade recombinant human collagen type III made in yeast and then cross-linked 

with a chemical cross-linking agent and molded into an implantable form. These corneas 

were extensively tested in animal models.  Now, they are conducting a phase I clinical 

trial study where they transplanted these artificial corneas into nine patients having 

keratoconus and one patient with corneal infection.  These grafts were monitored for a 

period of two years and evaluated for nerve innervations, sensitivity, tear film production, 

growth of epithelium on the graft, and infiltration of the host keratocyte cells.  Through 

multiple tests, they proved that these corneas closely mimic natural corneas and were able 

to restore all the essential elements of a natural corneal tissue.  However, at close 

examination, they found that the graft was epithelialized, but the epithelium was missing 

in some patches at the site of sutures and this caused some irregularity and roughness to 
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the surface of the graft. However, the authors suggested using less disruptive sutures for 

the future study, which would solve this problem.  This study showed very promising 

results and could be used as a possible alternative to human donor tissue for 

transplantation (Fagerholm et al., 2010). 

 

The design of any tissue replacement strategy requires a detailed understanding of 

the function that was performed by the native tissue.  So far, all of these artificial corneal 

substitutes are not close to ideal: if they fulfill one criteria, they compromise on some of 

the other components such as collagen texture, arrangement of collagen fibers, optimal 

porosity to allow diffusion of nutrients and migration of cells, or the stiffness of the 

tissue.  Also, for normal functionality of the cornea, it is impossible to develop an 

artificial cornea containing a complete set of proteins as in a normal cornea.  Hence, due 

to these shortcomings, long term stability and functionality of these artificial corneas still 

have not been attained.  

 

3.     Donor Corneas 

 

The gold standard treatment for replacing the damaged cornea is the surgical 

replacement of the cornea with donated cadaver human cornea. In 2011, more than 

46,000 corneal transplants were performed in the United States.  The first corneal 

transplant was performed in 1905. Due to increased awareness of cornea donation over 

years, the number of grafts made available in 2011 was around 67,000 as compared to 

59,000 in 2010.  Even with this increased number of available corneal grafts, the need for 

corneal tissue is more than what is available (Eye Bank Association of America). 
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The corneas that are donated are not all appropriate for transplantation.  There are 

some corneas unsuitable for transplantation such as from donors suffering from infections 

or have transferable diseases such as HIV or hepatitis.  After careful medical evaluation, 

the donor corneas are distributed for transplantation or sent for use in research and 

education (Eye Bank Association of America).  Successful transplantation depends on 

many factors including the quality of the donor cornea as well as the patient's health and 

eye condition.  

 

 

 
Figure 4. Approaches to engineering corneal epithelium. Examples of both synthetic and 
natural scaffolds for reconstruction of corneal epithelium for the purpose of 
transplantation.  
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3.1     Decellularized Cornea for Transplantation 

 

Successful transplantation depends on the quality and availability of the donor 

cornea as well as the patient's underlying condition. Decellularized corneal matrices 

would provide an alternate to patients whose eyes are at high risk for rejecting donor 

corneas. These high-risk patients often have a vascularized corneal bed that is more prone 

to graft rejection.  In an effort to overcome the problem of donor tissue rejection, 

researchers have developed decellularized corneas that have drawn lots of attention in 

recent years for their potential to be used as an alternative to donor corneas for 

transplantation.   

 

3.2 Significance of Decellularization and Preservation of Basement Membrane 

 

The idea behind using decellularized cornea is to develop a scaffold that mimics 

the natural physiological condition of the cornea and is biochemically and mechanically 

similar to the native cornea, which is critical for successful integration into the host tissue 

and also for maintaining the functionality of the cornea.  The extracellular matrix is 

preserved among species and is not recognized as a foreign object by the host and thus 

should not induce an immune response.  However, donor cells are immunogenic and 

therefore these cells must be removed prior to transplantation. The extracellular matrix 

(ECM) of any tissue contains a network of proteins such as collagen, growth factors, 

chemokines, glycoproteins and proteoglycans.  Similarly, corneal ECM carries proteins 

that are essential in providing structural and physiological support to the tissue and the 

cells.  A highly specialized form of ECM is the basement membrane that contain unique 
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set of proteins that play critical role in cellular growth, differentiation, morphology, 

proliferation, survival and migration of the cells in that special tissue.  The corneal stroma 

is composed of a uniform layout of collagen fibers along with other proteins and any 

defect in this arrangement results in damage to the cells and eventually to the tissue.  

Therefore, the best scaffold to grow the corneal cells to develop an artificial human 

cornea is the human cornea itself.   

 

 The decellularized cornea can be transplanted without cells but to facilitate the 

integration of the graft with the host tissue, repopulating the graft with the host corneal 

cells prior to the transplantation could be performed.  In order to make a suitable matrix 

for tissue engineering cornea, the scaffold should fulfill three main requirements. First of 

all, it should be devoid of any cell components to avoid any immunological and 

inflammatory response due to foreign cell components that act as antigens. Secondly, 

following de-cellularization, the basement membrane (BM) of the epithelial cells should 

be preserved as it plays key roles in many corneal cellular functions. Epithelial basement 

membrane is a thin sheet like structure present underneath the epithelium. Epithelial 

basement membrane like other BMs, is in contact with the cells and is responsible for 

regulating various cell processes including facilitating migration of epithelial cells, 

adhesion of basal epithelial cells, their proliferation and differentiation and prevents 

epithelial cells from undergoing apoptosis. In general, basement membranes are highly 

crosslinked and express about 50 proteins with collagen type IV making up for 50% of all 

the proteins (Kalluri, 2003).  Finally, the third requirement is that, it should support cells 

when repopulated with recipient cells.  

 



19 

3.3     Studies on decellularized cornea 

 

Due to the convenient availability of animal corneas, there are studies by several 

researchers that involve the use of porcine corneas as a decellularized scaffold for 

transplantation on rabbit eyes.  In all these studies, after decellularization, the graft was 

transplanted to the rabbit eye and evaluated for growth and migration of the host 

epithelial cells and keratocytes into the graft (Zhang et al., 200; Xu et al., 2008; Oh et al., 

2008; Amano et al., 2008; Xiao et al., 2011; Du, and Wu, 2011; Hashimoto et al., 2010; 

Sasaki et al., 2009; Fu et al., 2010; Zhang et al., 2007).   

 

Some decellularization studies looked into the ability of the scaffold to support 

cells growth only ex vivo. For example, a study by Zhang et al. investigated using rat 

limbal stem cells on decellularized dog cornea to see if it supports cell growth ex vivo 

(Zhang et al., 2012).  Another study aimed to evaluate the potential of using 

decellularized bovine corneas as a scaffold for ex-vivo expansion of human corneal 

endothelial cells (HCECs) (Bayyoud et al., 2012).  However, the goal of that study was 

different from ours, as it focused on the posterior cornea to grow endothelial cells while 

our focus was the anterior cornea to grow epithelial cells.   

 

Due to the easy access and availability of animal tissues, research is currently 

being done on animal tissues.  Although to get preliminary data, the use of animal tissues 

is helpful, but for the purpose of clinical testing, the use of such tissues could be a 

problem.  First of all, the approval to initiate clinical trial could be challenging due to 

safety concerns.  There have been concerns that the transplant of xenogenic tissue 
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including cornea could cause transmission of diseases (Takeuchi et al., 2005; Langat, and 

Mwenda, 2000; Kim et al., 2011; Michaels et al., 1997). 

 

There is only one study on the use of human corneal tissue for epithelial tissue 

engineering. They developed a “hemicornea” from human keratoplasty lenticules (HKLs) 

that are currently used for anterior lamellar keratoplasty surgeries.  However, in this 

study, the authors only removed the corneal epithelium and left keratocytes in the stromal 

matrix.  Later, they plated corneal epithelial cells on the hemicorneal graft and evaluated 

for the reconstruction of the epithelium.  Their main focus was to use the matrix as a 

template to grow epithelium that mimics normal corneal epithelium organized and 

stratified into four to five cell layers, with basal cells expressing stem cell markers 

(Barbaro et al., 2009). They did not perform complete removal of cells which could cause 

an immune response when transplanted to treat the damaged eye.  Secondly, this group 

did not look into the feasibility of transplanting and biocompatibility of the ‘hemicornea’ 

in vivo, in an animal model.  The aim of this study was not to develop a decellularized 

scaffold to reconstruct corneal epithelium, instead, to use the underlying healthy stroma 

to reconstruct epithelium.  

 

4. Purpose and Significance of the Study 

 

The use of cadaver donor corneas for treating corneal conditions carries risk of 

immune rejection and requires long-term application of immunosuppressive medications.  

Synthetic devices such as KPro and AlphaCor often result in poor integration and/or 

development of other eye complications such as causing glaucoma by increasing 
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intraocular pressure.  Natural scaffolds can integrate into the host tissue, but are not 

devoid of shortcomings.  For example, fibrin gel scaffold is not porous enough to allow 

proper diffusion of nutrients and migration of the cells.  Research on decellularized 

corneas from animal source show encouraging results but safety concerns remain.  

Therefore, there was a need to develop a novel method to engineer cadaver corneas to be 

used in humans that are safe, transparent, and non-immunogenic in an effort to replace 

damaged corneas.  

 

4.1 Statement of overall hypothesis and Objective 

 

We proposed to create a transplantable biologically functional cornea by 

engineering a cadaver cornea for the treatment of corneal diseases.  We hypothesized that 

tissue engineering application of the corneal epithelium would be optimized and success 

achieved with the establishment of the proper stromal microenvironment (niche) to 

provide the necessary support to the transplanted epithelial cells.  

 

Therefore, we proposed to develop a decellularized cadaver corneal construct that 

was capable of supporting the growth and differentiation of human corneal epithelial and 

stromal cells by implementing the following specific aims: 

 

4.2     Specific Aims 

 

Aim 1. To decellularize cornea while preserving extracellular matrix proteins  

1.1 Decellularization of human corneas  

1.2 Evaluation of the basement membrane and extracellular matrix  
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Aim 2. To reconstruct anterior stroma in decellularized cornea  

2.1 Repopulation of decellularized cornea with corneal fibroblasts  

2.2 Repopulation of decellularized cornea with corneal epithelial cells  

 

Aim 3. To test reconstructed anterior stroma construct in vivo  

3.1 Testing of engineered anterior stroma construct in an animal model 

 

The schematic of the experimental design is explained below: 

 
 

 
 
Figure 5.  Schematic of the experimental design for engineering anterior cornea. 
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II.        PREPARATION AND CHARACTERIZATION OF DECELLULARIZED 

HUMAN CORNEA 
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1.     Introduction  

 

The optical clarity of the cornea is highly dependent on the integrity of its primary 

layers including the outermost epithelial, the middle stromal, and the innermost 

endothelial layers.  A number of tissue engineering approaches have been investigated for 

the reconstruction of the whole cornea or its individual layers as an alternative to using 

cadaver corneal tissue for transplants (De Miguel et al., 2010; Han et al., 2002; Griffith et 

al., 1999; Carlsson et al., 2003; Watanabe et al., 2011; Sumide et al., 2006). 

 

Reconstruction of the corneal epithelium has been studied extensively with tissue 

engineered corneal epithelium now in clinical use in selected academic centers 

worldwide (Kawashima et al., 2007; Thanos et al., 2010; Meller et al., 2010; Pauklin et 

al., 2010; Colabelli et al., 2010; Basu et al., 2011; Marchini et al., 2012). 

 

Both synthetic and biological matrices have previously been tested for corneal 

tissue engineering (Li et al., 2003; Shimmura et al., 2003; Chirila, 2001).  In recent years, 

decellularized organ matrices have also drawn attention as they provide a more natural 

environment for the growth and differentiation of cells when compared to synthetic 

scaffolds (Ott et al., 2008).  In the cornea, decellularized xenograft matrices have been 

studied primarily for stromal replacement. (Fu et al., 2010; Wu et al., 2009; Xu et al., 

2008; Hashimoto et al., 2010; Zhou et al., 2010; Sasaki et al., 2009; Oh et al., 2009).  In 

this study, we undertook a tissue engineering approach to evaluate methods for removing 

cells from human cadaver corneas while maintaining the integrity of the basement 

membrane and the stromal matrix. The optimized protocol resulted in a decellularized 
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cornea that is fully capable of supporting the growth and differentiation of human corneal 

epithelial and stromal cells in vitro.  

 

2.     Material and Methods 

 

2.1 Decellularization of human cadaver corneas  

 

Human donor corneoscleral buttons that had been stored in Optisol GS media and 

deemed unsuitable for transplantation were obtained from the Illinois Eye Bank, Chicago, 

IL. Most corneas had either passed their expiration date or had low cell counts which 

made them undesirable for clinical use. The mean age of the donors was 50 + 25 years. 

The following five different methods were employed to remove cells from the human 

cadaver corneas. All experiments were repeated a minimum of 3 times. 

 

Method 1 (Detergents): 

 

Corneas were placed in 50 mL centrifuge tubes with sodium dodecyl sulfate 

(SDS) or Triton X-100 in concentrations ranging from 0.1-1% at room temperature for 24 

h under shaking. To remove the detergents, the corneas were washed with phosphate 

buffered saline (PBS) three times, each for 24 h at 4oC on a rotating shaker.  

 

A slight variation of the detergent based method was also adapted from Daniels et 

al., (2005), where corneas were treated with 1% SDS for 12 h after which they were 

rinsed with PBS 3-5 times for 2 h, in 75% ethanol for 12 h, and in PBS for 3-5 times for 1 

h, all at room temperature under shaking (Daniel et al., 2005; McFetridge et al., 2004). 
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Method 2 (Liquid nitrogen): 

 

Corneas were placed in 50 mL centrifuge tubes, snap frozen with liquid nitrogen, 

and were left in the tube with the cap closed tight to create a hypoxic environment. The 

corneas were then incubated in the same tubes for 7 days at room temperature (Amano et 

al., 2008). 

 

Method 3 (Poly(ethylene glycol)): 

 

Corneas were treated with poly (ethylene glycol) (PEG) MW 1,000 and MW 

8,000. PEG is an amphiphilic polymer that damages the cell membranes. The rationale 

for using PEG is to avoid using detergents. For our purpose, the decellularization 

protocol adapted from Uchimura et al., (2003) was modified to 45 min PEG exposure at 

room temperature under shaking. To remove PEG, corneas were washed with PBS three 

times as described above.   

 

Method 4 (Osmotic gradient plus detergents): 

 

Tissues were subjected to a stepwise treatment in which a combination of 

hypotonic and hypertonic buffers along with Triton X-100 and SDS was used. This 

procedure, adapted from a study on carotid arteries by Roy et al., (2005) was modified to 

preserve the extracellular matrix and remove cells from the cornea.  In the first step, the 

cornea was treated with hypotonic buffer containing 10.0 mM Tris (pH 8.0) for 24 h at 

4oC under continuous shaking. After 24 h the cornea was placed in hypertonic buffer 

containing 1% Triton X-100, 1.5 M KCl, and 10.0 mM Tris (pH 8.0) under the same 
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conditions. In the third step, hypertonic buffer was replaced by an extraction buffer 

containing 1% SDS and 10.0 mM Tris (pH 9.0) for 24 h. To remove SDS, the cornea was 

incubated in 1% Triton X-100 at 37oC for 30 min under shaking. Finally the cornea was 

washed extensively with PBS change every 24 h for up to 72 h under the same 

temperature and shaking conditions. 

 

Method 5 (NaCl plus nucleases): 

 

Corneas were subjected to non-surfactant treatment involving incubation in 1.5 M 

sodium chloride (NaCl) solution for 48 h with NaCl change after 24 h (Gonzalez-

Andrades et al., 2010). This method was modified in the second step by treating the 

corneas with DNAse 5 U/mL and RNAse 5 U/mL for 48 h. Corneas were then washed 

with PBS for 72 h with PBS change every 24 h. The decellularization procedure was 

carried out at room temperature under continuous agitation.  

 

2.2 Deturgescence of Decellularized Corneas 

 

Corneas following decellularization were dehydrated to remove excess fluid to 

regain transparency by incubating in two different solutions.  After decelllularization, 

swollen corneas were stored in Optisol-GS for at least 24 h or until needed for the 

experiment to remove extra fluid. Optisol-GS is currently the solution of choice for 

storage of corneas used in Eye banks. The main component of Optisol-GS is chondroitin 

sulfate and dextran that protect the cornea from swelling during storage.   
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The second solution that was tested to remove fluid was glycerol which is 

commonly used for long-term storage of tissues.  To test the toxicity of glycerol, 

decellularized corneas were incubated in different concentrations of glycerol ranging 

from 5% to 100%.  After 24 h of incubation, these corneas were placed on fibroblasts 

cultured in a 12-well plate.  The experiment was carried out for one week and media was 

not changed during the study.  After one week, the fibroblasts were stained with crystal 

violet to visualize the degree of cell viability. 

 

2.3 Histologic Evaluation of Decellularized Corneas 

 

The removal of cellular components was investigated by routine histology and 

using the nuclear stains 4',6-diamidino-2-phenylindole (DAPI) and/or propidium iodide 

(PI). Decellularized corneas were embedded in optimal cutting temperature (OCT) 

medium, sectioned with a cryostat and fixed in 4% paraformaldehyde (PFA) solution in 

PBS for 20 min at room temperature. Following fixation, the tissue sections were 

permeabilized with 0.5% Triton-X-100 in PBS for 30 min at room temperature and 

stained with PI or DAPI. Periodic Acid Schiff (PAS) staining was also used to evaluate 

the integrity of the basement membrane. Fluorescent images were captured with a Zeiss 

Axioscope2 upright phase contrast and epifluorescence microscope. The integrity of the 

extracellular matrix was investigated with a hematoxylin and eosin (H and E) stain and 

scanning electron microscopy. The H and E stain was used to observe the corneal 

structure as well as the degree of decellularization. The presence of residual 

cellular/membranous material was assessed by immunostaining for human MHC class I 

antigen (HLA-A, B, C). 
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For scanning electron microscopy studies, the corneas were fixed with 2.5% 

glutaraldehyde and 2% paraformaldehyde (PFA) in PBS, pH 7.4, at room temperature for 

2 h, then washed in PBS buffer, pH 7.4, 3 times for 5 min each. For secondary fixation, 

samples were fixed in 2% osmium tetraoxide in PBS for 1 h at room temperature, and 

dehydrated in graded ethanol series: 25%, 50%, 75%, 95% each for 15 min and finally in 

100% ethanol with 3 changes for 5 min each. Samples were critical point dried using a 

CPD 030 - Balzers Critical Point Dryer (BAL-TEC). Samples were mounted on an 

aluminum stub and coated with gold/palladium with a thickness of approximately 275 

Angstrom using sputter coater (Denton Desk IV Sputter Coater). Scanning electron 

microscope JEOL (Japan Electron Optics Laboratory) 5600LV SEM was used to 

visualize and compare the anterior surface morphology and the arrangement of the 

collagen fibers network of control and decellularized corneas.  

 

For transmission electron microscopy, samples were primary fixed in 2% PFA 

and 2.5% glutaraldehyde in sodium cacodylate then secondary fixed with 1% osmium 

tetroxide at 4oC. Dehydration with ethanol was performed as described for SEM followed 

by infiltration with 1 part Spurr’s resin to 1 part 100% ethanol over molecular sieves, 

followed by embedding with fresh resin and polymerization. Polymerized blocks were 

sectioned at 90nm on a Reichert-Jung Ultracut E ultramicrotome then placed on 200 hex 

mesh parlodion/carbon coated nickel grids, dried, and stained with 4% uranyl acetate, 

followed by Reynold’s lead citrate. Stained grids were imaged with a JEOL 1200EX 

transmission electron microscope. The size and distance between collagen fibers were 

measured for a minimum of 50 fibers for each TEM section. 
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For periodic acid Schiff (PAS) staining, frozen sections were incubated in 0.5% 

periodic acid for 10 min at room temperature. The sections were then washed in running 

water for 5 minutes and then treated with hydrochloric acid Schiff’s reagent for 7 min 

warmed at room temperature. This is followed by 5 min wash with running water.  

2.4 Mechanical Testing of Decellularized Corneas 

To characterize the mechanical properties of NaCl plus nucleases treated cornea, 

uniaxial tension test and tension to rupture tests were performed.  In this experiment an 

MTS machine is used to perform tensile tests of specimens (Figure 6). The cornea was 

cut in 6-8mm strips and fastened between two aluminium clamps. In biological tissues, 

stress increases much faster with increasing strain at first, and after a number of cycles, it 

becomes steady. To record steady state data, preconditioning of the cornea at 20% was 

done for the initial period of adjustment.  A 44N load cell was used to stretch the tissue 

and elongation was recorded. In all the samples, tension conditions were set at 50% and 

at a frequency of 0.1 Hertz.  From the data collected, a tension stress-strain curve was 

plotted to measure Secant Elastic Modulus to draw a line between any two points on a 

stress-strain curve and measuring the slope of that line.  Secant Elastic Modulus is also 

called stress-strain ratio and is a close approximation of the Elastic Modulus in the elastic 

range.  In this study, the slope of the stress-strain curve was compared between control 

and decellularized corneas to determine the stiffness of the corneas. 

In order to keep the solution conditions the same, control corneas were kept in PBS 

for 1 week to allow swelling to match up with the decellularized corneas.  The 

experiment was carried out in water bath to avoid variability in the data due to drying out 
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of the tissue during the experiment.  Statistical analysis was performed using a Student’s 

t-test.  

 
 
 

 

 

Figure 6. Mechanical testing apparatus and set up.  (B) The experiment was carried out 
in water bath to avoid drying out of the tissue during the experiment and (C) MTS 
software was used to generate data.  
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3.     Results 

 

3.1 Decellularization of Human Corneas 

 

Human corneas decellularized with different methods were initially screened for 

the removal of cells with H&E staining, as well as the nuclear stain DAPI (Figure 7). 

Complete removal of cells was observed for corneas treated with the NaCl plus nuclease 

treatment method as well as the osmotic gradient and 1% SDS processing methods. The 

use of liquid nitrogen, and poly (ethylene glycol) (PEG 1000 or 8000) did not result in 

complete removal of cells and cellular debris.  The presence of residual 

cellular/membranous material was assessed by immunostaining for human MHC class I 

antigen (HLA-A, B, C) (Figure 8).  HLA staining was positive for liquid nitrogen, poly 

(ethylene glycol) (PEG 1000), and triton X-100, while for 1% SDS, osmotic gradient, 

poly (ethylene glycol) (PEG 8000), and NaCl plus nuclease treatment the staining was 

negative suggesting the tissue is not immunogenic.  
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Figure 7.  Evaluation of removal of cells. DAPI staining of corneal sections treated with 
different decellularization methods.  (B, C, D, E) 1% Triton X-100, liquid nitrogen, PEG 
1000, and PEG 8000 treatment methods did not remove cells while,  (F, G, H) 1% SDS, 
osmotic gradient, and NaCl + nucleases methods resulted in successful removal of 
cellular components. 
 

 

 

 

 

 

 

 

PEG 8000 PEG 1000 Liq N2 

Osmotic Gradient 1% SDS 1% Triton X-100 

Control 

NaCl + Nucleases 

A B C D 

E F G H 



34 

  

 

 

Figure 8.  Evaluation of removal of immunogenic antigens. HLA staining of corneal 
sections treated with different decellularization methods.  (A, B, D, F) 1% SDS, osmotic 
gradient, PEG 8000, and NaCl + nucleases methods resulted negative for HLA staining 
while, (C, E) liquid nitrogen and PEG 1000 treatment methods showed positive staining 
for HLA staining.  
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3.2 Evaluation of Extracellular Matrix  

 

The epithelium basement membrane was evaluated with PAS staining (Figure 9) 

and immunostaining for collagen type IV (not shown for all the treatment methods). PAS 

stains carbohydrate in tissues and is routinely used in histologic studies to identify 

basement membranes that contain high proportions of glycoproteins/carbohydrates.   

 

On PAS staining, the epithelial basement membrane of corneas treated with NaCl 

plus nucleases appeared intact and comparable to the untreated corneas. Likewise, on 

immunofluorescence, there was no difference in the staining for collagen type IV, 

laminin, and fibronectin between the NaCl plus nuclease treated and fresh cadaver 

corneas (Figure 10). The basement membrane in the limbal region was evaluated more 

specifically using a monoclonal antibody against α1 chain of collagen type IV (Figure 

10). There was also no difference compared to control, suggesting that the treatment did 

not have a deleterious effect on the basement membrane of the limbal region (Figure 10). 

The detergent based methods in particular SDS, was found to induce damage to the 

basement membrane by PAS staining in certain areas.  

 

The decellulrization process generally caused significant swelling of the corneal 

tissue, however, following deturgescence with glycerol the stroma was optically clear 

indicating no gross change to the lamellar organization (Figure 10).  Glycerol 

decellularized corneas regained their transparency and showed no cytotoxicity to the cells 

at low concentrations (Figure 11). However, at high glycerol concentrations of 80%, 90% 

and 100%, cell death was more significant.  There was also some loss of cells due to 
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washing during the staining procedure as seen in the 0% glycerol case (control). Normal 

cornea contains some fluid in it, therefore, to avoid over dehydration 50% glycerol was 

used to remove excess fluid out of the tissue. 50% glycerol with 50% basal media 

(DMEM) is used for storing many biological tissues for long term storage. In this study, 

the ability of the glycerol treated cornea to support cell growth was not investigated, 

therefore, for the corneas used for grafting, optisol-GS was used which is currently used 

to store corneas at Eye bank.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 

 

 

Figure 9.  Evaluation of epithelium basement membrane. PAS staining of corneal 
sections treated with different decellularization methods.  (A, C) Corneas treated with 
osmotic gradient and 1% SDS had inconsistent basement membrane integrity. Arrows 
show areas where the basement membrane is damaged.  (B, F) Triton X-100 and NaCl + 
nucleases resulted in intact basement membrane. (D, E) Both PEG (1000, 8000) 
treatments resulted in damage to the epithelium basement membrane along with 
significant damage to the extracellular matrix.   
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Figure 10.  Histological analysis of corneas exposed to the NaCl plus nuclease 
decellularization method. Hematoxylin and eosin staining in (A) control cornea and (B) 
decellularized cornea. (C) DAPI staining of NaCl decellularized cornea demonstrating 
absence of nuclei (inset showing incomplete decellularization with liguid nitrogen 
method), (D) HLA staining of NaCl decellularized cornea demonstrating no HLA (inset 
showing positive HLA staining with liquid nitrogen method), (E) Optically clear NaCl 
plus nuclease decellularized cornea after deturgescence with glycerol. The presence of 
the epithelial basement membrane in decellularized cornea was observed by (F) PAS 
staining and (G) by immunostaining against collagen type IV, (H) the alpha1 subtype of 
collagen type IV which is specific for the limbal basement membrane (LBM) (arrow), 
central corneal basement membrane (CBM) (arrow), (I) fibronectin, and ( J) laminin 
staining. (H) Scale Bar = 50 mm. NaCl, sodium chloride; DAPI, 4',6-diamidino-2-
phenylindole; HLA, human leukocyte antigen; PAS, periodic acid Schiff. 
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Table 1. Results of Corneal Decellularization Using the Tested Methods. 
 

Decellularization 

Method 

DAPI Basement 

Membrane 

HLA Staining 

SDS - +/- - 

Triton X-100 + + + 

Liquid Nitrogen + + + 

PEG (1000) + + + 

PEG (8000) + + - 

Osmotic Gradient - +/- - 

NaCl + Nucleases - + - 

 

Table 1. DAPI: ‘‘ + ’’ = presence of nuclei/DNA, ‘‘ - ’’ = absence of nuclei/DNA;  
basement Membrane: ‘‘ + ’’ = completely intact basement membrane, ‘‘ + / - ’’ = areas of 
basement membrane disruption; HLA: ‘‘ + ’’ = presence of membranous/cellular material 
by HLA staining, ‘‘ - ’’ = absence of HLA staining.SDS, sodium dodecyl sulfate; PEG, 
poly(ethylene glycol); NaCl, sodium chloride; DAPI, 4',6- diamidino-2-phenylindole; 
HLA, human leukocyte antigen. 
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Figure 11.  Optimization of glycerol concentration for achieving corneal deturgence.  
Decellularized corneas were treated with different concentrations of glycerol to remove 
excess fluid.  Decellularized corneas treated with (A) 0% (control) (B) 5% (C) 10% (D) 
20% (E) 30% (F) 40% (G) 50% (H) 60% (I) 70% (J) 80% (K) 90% and (L) 100% 
glycerol concentration were placed in each well of a 12-well plate, containing 80% 
confluent corneal fibroblasts, to evaluate the cytotoxicity of increasing glycerol 
concentration. Glycerol decellularized corneas regained their transparency and showed no 
cytotoxicity to the cells at low concentrations. However, high glycerol concentrations of 
80%, 90% and 100% showed more cell death. 
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The effect of the NaCl plus nuclease treatment on the integrity of the matrix was 

further evaluated by scanning and transmission electron microscopy (Figure 12). 

Epithelial cells seen in control corneas were absent in decellularized corneas with 

preservation of the limbal matrix and epithelial basement membrane following 

decellularization.  No gross changes in the collagen fibers were noted in decellularized 

corneas except that the collagen fibers were slightly larger due to swelling as noted above 

(Figure 13).  Rapid stromal swelling is also observed in ex vivo stored corneas for longer 

time in normal situation (Meek, and Quantock, 2001; Ruberti, and Klyce, 2001). 

 

To maintain structural and functional integrity of the cornea, a normal orientation 

of the fiber network is very important. Disruption of this network eventually leads to 

degeneration of the cornea, and cause irregularities inside the stroma as well as on the 

surface of the cornea and disrupts the normal curvature that results in compromised 

vision.  For our study, the diameter of the collagen fibers and the distance between these 

fibers were measured in images taken under a transmission electron microscope (Figure 

13).  The mean diameter of the collagen fibers was 377 ± 42 Å in normal compared to 

499 ± 26 Å in decellularized corneas (P < 0.001). There was no significant difference in 

the distances between the fibers (276 ± 33 Å vs. 297 ± 70 Å). Overall, the NaCl plus 

nuclease decellularization procedure did not appear to alter the ultrastructure of the 

cornea (Figure 13).  
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L 

 

Figure 12.  Electron micrographs to show removal of cells and integrity of basement 
membrane. (A, B) SEM micrographs to show removal of cells. Anterior surface of the 
limbus in (A) control and (B) NaCl plus nuclease decellularized corneas. No significant 
difference is observed in the anterior surface of the central cornea (CC), and limbal (L) 
region. (C, D) TEM micrographs to show integrity of the basement membrane. Epithelial 
basement membrane (BM), (arrow) is shown in (G) control and (H) NaCl plus nuclease 
decellularized cornea. 
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Figure 13. Electron micrographs to show integrity of the collagen fibers. (A, B) Scanning 
electron micrographs. On cross-section of cornea, the collagen fibrils appear similar 
between (A) control and (B) NaCl plus nuclease treated corneas. (C, D)Transmission 
electron micrographs. Collagen fibers in (C) control and (D) NaCl plus nuclease 
decellularized cornea.  

TEM 

Control Decellularized 

SEM 

Mean diameter of the collagen fibers  

•377 ± 42 Å normal  

•499 ± 26 Å decellularized  
 
Distances between the fibers  

•276 ± 33 Å normal 

•297 ± 70 Å decellularized  
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3.4 Mechanical Testing of Decellularized Corneas 

 

A tensile test was performed for control and decellularized corneas using an MTS 

machine (Figure 14).  Seven control and decellularized corneas with NaCl plus nucleases 

method were compared. Statistical analysis performed using a Student’s t-test showed no 

significant difference in the elastic modulus between the control and the decellularized 

corneas (Figure 15).  However, it must be noted that our result had large standard 

deviation and variability in the data collected, and overall, the study was under powered. 

One of the reasons for having a lot of variation in the value of elastic modulus among the 

group is because the sample consisted of corneas of donor from different ages and 

medical conditions.  The mechanical properties of cornea are dependent on the age. The 

cornea becomes stiffer as the patient ages due to a decrease in the elasticity of the tissue.   

 

To measure ultimate tensile strength, tension is measured at the point of rupture of 

the tissue. For this test 44N load cell was used to stretch the cornea.  However, this force 

was not enough to rupture the cornea.  Therefore, no data was collected for the tension to 

rupture test.  
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Figure 14.  Stress-strain curve. (A) Load vs. time curve (B) Strain vs. time curve (C) 
Stress-strain curves during loading and unloading showing low hysteresis.  
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Elastic Modulus of Control vs. Decellularized Cornea 
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Figure 15.  Elastic modulus of control and decellularized corneas. Seven control and 
decellularized corneal samples were tested.  
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4. Discussion 

 

The purpose of this aim was to develop a decellularized human cornea as a 

suitable scaffold for tissue engineering of the corneal epithelium and its underlying 

stroma. The rationale behind this approach was that a tissue construct that best recreates 

the corneal and limbal microenvironment would likely offer the most optimal substrate 

for survival and function of the tissue engineered corneal epithelium. This may be 

particularly important since in many clinical situations the pathology or damage is 

extended beyond the epithelium and often includes the extracellular matrix and cells 

within the anterior stroma. A decellularized human cornea could potentially provide a 

matrix that is nearly identical to the native cornea on which appropriate cells can be 

repopulated to reconstruct the corneal epithelium with the underlying stromal support.   

 

To decellularize any organ or tissue, either physical, chemical or a combination of 

both methods is utilized.  Any treatment method to remove the cells from a tissue disrupts 

the native architecture of the extracellular matrix. Therefore, the goal of decellularization 

was to minimize the disruption of the extracellular matrix while maximizing the retention 

of mechanical and biological properties of the tissue.  Physical methods to remove cells 

include agitation, sonication, mechanical pressure, or freezing and thawing.  All these 

methods cause cell membrane lysis and release of the nuclear content into the matrix 

which is then removed by washing the tissue multiple times with fluids such as saline, 

water, or the culture medium.  For thin tissues such as membrane, physical treatment 

might be enough to decellularize, however, for more complex, thicker tissues, a chemical 

treatment must be added to achieve complete removal of cells.  These chemical methods 
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include using trypsin, ionic solutions, and detergents that penetrate through the tissue and 

reach the deeply embedded cells into the tissue and cause disruption of the cell 

membranes and the intercellular and extracellular adhesions.  The main challenge after 

decellularization with the chemical treatment is the removal of the residual chemical prior 

to repopulating with cells and transplantation.  Some of the chemicals such as detergents 

like SDS is very difficult to remove from the tissue, especially from the compact tissues 

and organs and requires aggressive rinsing of the tissue (Gilbert et al., 2006). 

 

In this study a total of five methods were tested for their effectiveness in cellular 

removal, preservation of the extracellular matrix, and the ability of the resulting 

decellularized cornea to support the growth of corneal cells. Among the various detergent 

and non-detergent based methods, a process using NaCl, DNAse and RNAse was found 

to provide the most superior results with complete decellularization and minimal 

disturbance of the basement membrane and the ultrastructure of the cornea.  The 

mechanism of action of this method is to first cause cell lysis by putting the cornea in a 

hypertonic solution made with 1.5 M NaCl.  This solution caused shrinking of the cells 

and ultimately disruption of the cell membrane and release of the nuclear materials, DNA 

and RNA.  To cleave off DNA and RNA, NaCl was replaced with enzymes DNAse and 

RNAse.  Finally, to remove the resultant cellular remnants from the tissue, cornea was 

washed with PBS.  All this process was done on an orbital shaker to facilitate chemical 

exposure to the deeper layers of the tissue, and for removal of cellular debris.   

 

The use of liquid nitrogen and PEG (1000, 8000) resulted in incomplete removal 

of cells from corneas. The rationale for using PEG and liquid nitrogen was to avoid using 
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detergents, which usually cause more destruction to the matrix.  PEG is an amphiphilic 

polymer having both hydrophilic and hydrophobic parts.  For the purpose of removing 

cells from the tissue, PEG can actively interact with the cell membrane and destabilizes 

it.  It is biocompatible and nontoxic to humans and hence already used in many 

pharmaceutical drugs.  It is also currently used in eye drop lubricants (Ota et al., 2007).  

For this study, PEG with two molecular weights 1000 and 8000 were used.  The viscosity 

of the polymer increases with increasing the molecular weight of the polymer, so PEG 

1000 is less viscous and PEG 8000 has longer side chains that make it more viscous.  

Both of these PEG 1000 and PEG 8000 were not effective in removing cells from the 

cornea.  Corneal sections treated with PEG showed a lot of damage to the extracellular 

matrix when stained with Periodic Acid Schiff.  Sections stained with HLA 

immunostaining showed positive staining for PEG 1000 and negative for PEG 8000.   

 

Liquid nitrogen was poured directly on the cornea to rapidly freeze it and cause 

lysis of cell membrane by the formation of intracellular ice crystals.  This also required 

rinsing of the tissue to remove cellular debris.  However, this rapid freezing did not 

completely remove cells.  It also showed positive HLA staining.  Further study to 

evaluate whether this rapid freezing caused fracture of the ECM was not performed.    

 

The use of detergents, while successful in removing cellular materials, rendered 

the corneas unsuitable for epithelial cell attachment afterwards. This was consistent with 

a previous study on decellularized human cornea using 2% Triton X-100 and 0.1% 

NH4OH after which laminin (basement membrane protein) was no longer detectable in 

the epithelial basement membrane (Choi et al., 2010).  With triton X-100 treatment, some 
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of the cells were retained in the cornea. Triton X-100 is non-ionic detergent that disrupts 

lipid–lipid and lipid–protein adhesions while leaving protein–protein interactions intact.  

SDS is ionic detergents and removes cells by solubilizing cytoplasmic and nuclear 

cellular membranes.  It is also known to remove glucosaminoglycans (GAGs) from the 

tissue (Gilbert et al., 2006). GAGs are long unbranched polysaccharides containing 

repeating disaccharide units.  Their extended chain length imparts high viscosity to the 

solution. GAGs are located primarily on the surface of cells or in the extracellular matrix.  

They have rigid structure that provides structural integrity to cells and provides 

passageways between cells, allowing for cell migration. Some of the examples of GAGs 

are hyaluronate, chondroitin sulfate, heparin sulfate, heparin, dermatan sulfate, and 

keratin sulfate.  Different GAGs are present in different parts of the body and perform 

vital biological functions.  In cornea, keratan sulfate is present, which is responsible for 

maintaining even spacing of collagen type I fibrils to allow proper refraction of light.  

Defect in keratin sulfate causes distortion of the arrangement of fibrils and causes corneal 

opacity (Esko et al., 2009).  However, loss of GAGs from the cornea was not evaluated in 

this study. 

 

  SDS also has a tendency to denature proteins. SDS in comparison with Triton X-

100 treatment consistently and effectively removed the cells completely from the cornea.  

We showed in this study that SDS successfully removed the cells from the cornea, but did 

not support re-epithelialization ex vivo, probably due to denaturing of the proteins 

(Chapter 3).  Also, both detergents caused significant damage to the extracellular matrix 

as shown by the PAS staining.   
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Besides biochemical cues that are provided by proteins and other signaling 

molecules, physical cues are also important for integrity of any tissue and organ.  It has 

been shown that the behavior of cells can be regulated by topographical cues (Au et al., 

2007; Curtis, and Wilkinson, 1997; Lim, and Donahue, 2007; Jones et al., 2012).  For 

successful engineering of the cornea, both biochemical and mechanical properties need to 

be optimized.  In the cornea, collagen is a major component of the extracellular matrix 

and comprises predominantly of type I and V collagens in the stroma (Newsome et al., 

1982). The fibrils are aligned in parallel sheets within a layer and are surrounded by 

proteoglycans. These layers are stacked orthogonally with respect to each other.  This 

orientation of fibrils having regular size and spacing between them is important for 

minimizing light scattering and therefore, transparency of the cornea (Farrell et al., 1973). 

 

There are many eye disorders associated with the damage or disruption of ECM 

fibril network.  Collagen fiber disruption causes abnormal corneal refraction and vision is 

degraded. Keratoconus is one such disease where the normal collagen-fibril network is 

disrupted due to weakening of the adhesions.  This loosening of collagen mesh is 

accompanied with increased intraocular pressure that pushes the cornea outward causing 

it to protrude out.  Corneas having keratoconous are significantly weaker than that of 

normal corneas (Andreassen et al., 1980; Nash et al., 1982). There are many other 

disorders associated with weakening of the stroma, therefore, for developing suitable 

substitute for the cornea, mechanical properties need to be adjusted. 

 

In this study, to compare stiffness of the decellularized with the native cornea, we 

used tensile testing.  Several different methods have been used to determine the elastic 
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modulus of the cornea and a wide range of values has been published (0.01–11.1 MPa) 

(Lombardo et al., 2012; Knox et al., 2011; Elsheikh et al., 2007; Hjortdal, 1996; Hoeltzel 

et al., 1992; Jue, and Maurice, 1986; Liu, and Roberts, 2005; Nash et al., 1982; Nyquist, 

1968; Wollensak, and Iomdina, 2009; and Zeng et al., 2001). The wide range of values 

for the elastic modulus suggests that there are various external factors, such as the type of 

storage media, temperature, humidity, swelling or dehydration of the tissue, and testing 

techniques that may affect the viscoelastic property of the cornea in the experimental 

environment.  

 

The two commonly used testing methods to measure elastic modulus are tensile 

testing, which involves pulling on a strip of the cornea and bulge testing which involves 

applying pressure behind the cornea and measuring the deflection of the cornea as a 

function of pressure. For this study, tensile testing method was employed.  The behavior 

of viscoelastic materials is dependent upon conditions such as temperature and hydration 

therefore these parameters were kept constant throughout the experiment. 

 

Biological tissues that are soft in nature, such as the cornea, are viscoelastic 

materials and exhibit a complex stress-strain relationship that is dependent on time, 

temperature, and frequency of the loading and unloading, which means that the rate at 

which a load is applied changes the measured value for the Young Modulus. The stress-

strain relationship of the cornea is non-linear and that makes calculating the elastic 

modulus difficult.  During cyclic loading/unloading in viscoelastic material some energy 

is stored and some is lost.  Therefore, for the cornea, the true elastic modulus is called the 

‘Dynamic Modulus’ which is the vector sum of stored modulus and damping modulus 
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(loss modulus). For pure elastic material, the phase shift between stress and strain is equal 

to 0, and for the pure viscous material the phase shift between stress and the strain is 

equal to 90o, and for the viscoelastic material like the cornea, the phase shift is between 

0-90o. The damping modulus is calculated by incorporating this phase shift (Stolz et al., 

2004).  However, for the data we collected, the hysteresis curves were fairly symmetrical 

and had low damping (small phase shift), which indicated that these corneas are mostly 

elastic under the applied strain. Therefore, for comparison purposes between 

decellularized and control corneas, the damping modulus was not accounted for and the 

stored modulus part was considered to be the close approximation to the elastic modulus.   

 

There are many methods published for calculating the elastic modulus using 

stress-strain hysteresis curves (Stolz et al., 2004; Polfik et al., 1996; Pattin et al., 1996). 

The alternative methods for determining the modulus of the material are tangent modulus 

or a secant modulus. In this study, the secant elastic modulus was calculated in the elastic 

range of the loading curve. This is done by drawing a line through the center of the length 

of the loading curve and the slope of that line gives secant elastic modulus.  In tangent 

modulus, the instantaneous rate of change of stress as a function of strain is calculated.  

This is done by drawing a line at any point on a stress-strain curve and the slope of that 

line gives tangent modulus at that instantaneous position (Buzard, 1992).   

 

5. Conclusion 

 

The decellularization method using NaCl plus nucleases treatment successfully 

removed the cells from the human cornea while preserving the integrity of the 
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extracellular matrix, basement membrane, and the stiffness of the cornea.  The 

decellularized corneas could have potential application in corneal tissue regeneration and 

could be potentially used as an alternative to donor corneas for the transplantation 

purposes.  
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1. Introduction  

 

Epithelial cells play a pivotal role in the maintenance of the healthy corneal 

surface.  They form the first barrier to the environmental insults and damage to these cells 

results in corneal vascularization.  There has been a body of evidence that damage to 

epithelial cells make stromal cells (keratocytes) exposed, that eventually causes 

destruction of these keratocytes and make the cornea opaque.    

 

For the treatment of damaged epithelium, in most clinical applications, a small 

population of corneal epithelial stem/progenitor cells from the limbus are expanded in 

culture on a substrate, typically a basement membrane such as human amniotic 

membrane and transplanted to the damaged corneal surface (Tsai et al., 2000). The main 

clinical indication for the use of tissue engineered corneal epithelium is the treatment of 

limbal stem cell deficiency, a condition where the epithelial stem cells responsible for 

renewing the corneal epithelium have been lost. The early clinical results appear 

promising, especially when autologous engineered epithelium is used and immune 

mediated rejection is avoided (Sharpe et al., 2007). However, success with tissue 

engineered corneal epithelium is not always attained and in some cases despite a 

successful initial transplant, a normal corneal epithelium is only temporarily restored 

(Kenyon, and Tseng, 1989).  Although, there are many factors that contribute to the 

clinical failure of the tissue engineered epithelium, it seems that one of the major issues is 

the lack of an appropriate in vivo environment that can support the long-term survival and 

function of the corneal epithelium and its stem cells.  
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Besides factors essential for the health of the corneal epithelium such as a healthy 

tear film, proper eyelid closure, and the absence of destructive inflammation, the function 

and survival of the epithelium is also highly dependent on the structural and biochemical 

support from the underlying stroma. Previous studies in the cornea as well as other 

epithelial tissues have clearly demonstrated the importance of the interactions between 

the epithelium and its underlying layers (Li et al., 1995).  In the cornea, epithelial-stromal 

interactions have been found to play a critical role in regulating epithelial proliferation 

and differentiation both during normal and wound healing states (Liu, J., et al. 1999;  Li 

et al., 1995; Wang et al., 2007; Melles et al., 1995; Wilson et al., 2001). 

 

Based on this information, we developed a decellularized corneal construct that 

can be used for both epithelium and anterior stromal reconstruction. The main advantage 

of using decellularized cornea over other natural or synthetic scaffolds is its highly 

complex native structure that best supports tissue repair and regeneration.   

 

2.     Material and Methods 

 

2.1 Human Corneal Epithelial Cell Culture 

 

Human corneal epithelial and fibroblast cultures were initiated from fresh cadaver 

eyes obtained from the Illinois Eye Bank as described (Djalilian et al., 2008). To isolate 

limbal epithelial cells, the limbus was separated from the central cornea with an 8 mm 

trephine. The limbal ring was incubated in 2 mg/mL Dispase II (Invitrogen) in PBS for 1 

h at 37°C. The epithelial sheets were peeled off and digested in 0.25% trypsin-EDTA at 
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37°C for 30 min. Cells were washed and plated on the epithelium basement membrane 

side of the decellularized corneas at a density of 1 x 106 cells/cornea. To induce 

stratification after 2 weeks, the media was reduced to allow growth at the air-liquid 

interface. 

 

2.2 Optimization of Media Conditions for Epithelial Cells 

 

Every cell type requires certain nutrients for its optimal growth. To keep cells 

alive and healthy for longer periods of time in vitro, and to have desired proliferation, 

migration and differentiation, medium must be supplemented with several factors. A 

number of media conditions were tested to grow epithelial cells. A commercially 

available medium keratinocyte serum free media (KSFM) was compared with CM 

(designed by mixing KSFM plus DMEM plus Ham’s F12 plus fibroblasts conditioned 

media) both for in vitro and ex vivo epithelial cultures.   

 

2.3 Human Corneal Fibroblasts Cell Culture 

 

To isolate corneal fibroblasts, the epithelium and Descemet’s membrane were 

first removed after incubation in dispase as described above. The remaining stroma was 

then cut into 1mm x 1mm pieces and incubated in 0.1% collagenase (Sigma) in DMEM 

at 37°C for 1.5 h on a shaker. The isolated keratocytes were expanded and differentiated 

into fibroblasts by culturing in DMEM supplemented with 10% fetal bovine serum 

(FBS), 100 unit/mL penicillin and 100 µg/mL streptomycin. After 1-2 passages, the cells 

were trypsinized and resuspended in DMEM and 10% FBS. A total of 1x106 fibroblasts 
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cells were resuspended in 70 µL of media and injected into the stroma of each 

decellularized cornea. This was done using a 25g needle on a 1 mL syringe that was 

advanced into the mid-stroma then moved back and forth and side to side a few times to 

create a potential space into which the cells were injected. 

 

2.4 Cell Viability and Proliferation 

 

LIVE/DEAD Viability/Cytotoxicity kit (Molecular Probes) was used to visualize 

live and dead cells in the cornea. The cornea was rinsed with PBS once and then 

incubated for 30 min at room temperature in calcein AM (2 µM) and ethidium 

homodimer (4 µM) solution. After incubation, the cornea was rinsed in PBS three times 

to remove the excess solution. The tissue was then placed on a glass bottom dish and 

imaged using a Leica SP2 confocal microscope at excitation/emission of 495 nm/515 nm 

for live cells and excitation/emission of 495 nm/635 nm for dead cells.  

 

Proliferation in the epithelium was assessed by immunostaining for Ki67. 

Fibroblast proliferation within the stroma was measured using CellTiter 96® AQueous 

One Solution Cell Proliferation (MTS Assay, Promega).  MTS Assay is used to measure 

the number of viable cells in a solution. This assay measures mitochondrial activity of the 

cell by the conversion of MTS reagent (tetrazolium compound [3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)2H-tetrazolium) into a colored 

formazan product that is soluble in tissue culture medium. It is a colorimetric assay where 

the quantity of formazan production is directly proportional to the number of living cells.  

Briefly, equal number of fibroblasts were injected into decellularized corneal stromal 
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pieces then cultured up to 4 weeks. At one week time points, the corneal pieces were 

removed from culture and incubated in an MTS solution for 3 h. The solution was 

collected and the calorimetric changes were measured by a spectrophotometer at 492 nm.     

 

To assess corneal fibroblasts migration in the decellularized stroma, a pocket was 

made in the center of stroma with the microtome. Equal number of fibroblasts was gently 

injected into the pocket using pipette tip.  The corneas were incubated for 4 h at 37°C.  

After 4 h, once the cells have adhered to the stroma, more media was added to each 

cornea to avoid drying out.  At one week time points, corneas were sectioned and stained 

with DAPI to evaluate the migration of cells from the injection site towards anterior and 

posterior of the cornea.   

 

2.5 Immunostaining 

 

For immunostaining, human corneas in OCT were cut into 10 µm sections, fixed 

in 4% PFA for 20 min followed by permeabilization in 0.3% Triton-X in Tris Buffered 

Saline (TBS) for 10 min at room temperature. The sections were blocked with 10% 

donkey serum with 1% bovine serum albumin (BSA) in TBS for 1 h at room temperature. 

The primary antibodies included the goat polyclonal anti-collagen type IV (1:100, 

Southern Biotech), mouse monoclonal anti-collagen type IV alpha 1 (1:100, DSHB), goat 

anti-keratin 12 (1:100, Santa Cruz Biotechnology), mouse anti-ABCG2 (1:100, Santa 

Cruz Biotechnology), mouse anti-p63 (1:100, Santa Cruz Biotechnology), rabbit anti-

Ki67 (1:50 Epitomics), mouse anti-human HLA Class I (1:50, Biolegend), and goat anti-

ALDH1 (aldehyde dehydrogenase 1) (1:50 EMD Chemicals). The primary antibody was 
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incubated either overnight at 4°C or for 2 h at room temperature. A fluoroscein 

isothiocyanate (FITC)-conjugated donkey anti-goat, anti-rabbit or anti-mouse IgG 

(1:300-400, Jackson ImmunoResearch) or rhodamine conjugated anti-goat IgG was 

applied for 1 h at room temperature in the dark. For negative control, the primary 

antibody incubation step was omitted or instead isotype control was used. Slides were 

coverslipped with mounting medium with or without DAPI and images were visualized 

using a Zeiss Axiovert fluorescence microscope, and photographed with an AxioCam 

(Carl Zeiss, Thornwood, NY) camera.  

 

3.     Results 

 

3.1 Optimization of Media Conditions for Epithelial Cells 

 

Corneal epithelial cells were grown in different media conditions, but the best 

results were obtained with combination of keratinocyte serum-free medium (KSFM; 

Invitrogen) along with DMEM, Ham’s F12, and Fibroblast Conditioned Medium (CM).  

The growth of epithelial cells in CM is compared with the current gold standard medium 

KSFM both in vitro and ex vivo cultures (Figure 16).  Epithelial cells were evaluated for a 

period of 3 weeks. For in vitro evaluation, corneal epithelial cells were grown on tissue 

culture plastic while for ex vivo comparison, epithelial cells were grown on a 

decellularized cornea. The epithelial cells grown in vitro in CM, showed a higher 

proliferation as compared to KSFM by gross examination with a microscope.  The level 

of differentiation was based on the size of the cell and nucleus to cytoplasm ratio (N/C 

ratio).  N/C ratio determines the maturity of the cell and less differentiated cells exhibit 
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high nucleus to cytoplasm ratio (N/C ratio).  Epithelial cells grown in CM exhibited 

larger nucleus and overall smaller cell size as compared to cells grown in KSFM. 

  

For ex vivo study, corneal epithelial cells were grown on an anterior surface of 

decellularized cornea.  Cells were grown for a period of 3 weeks in CM and gold 

standard media; KSFM.  After 3 weeks, whole cornea stained with calcein AM and 

ethidium homodimer solution showed almost intact stratified sheets of epithelium grown 

in CM.  On the other hand, KSFM, very few individual epithelial cells dispersed 

throughout the anterior surface were observed.   
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Figure 16.  Optimizing media conditions for corneal epithelial cells.  (A) In Vitro culture 
of epithelial cells for 3 weeks in KSFM and CM. CM showed better cell growth and less 
differentiated cells as compared to KSFM.  (B) Ex vivo culture of epithelial cells for 3 
weeks in KSFM and CM also showed that CM supported epithelial cells while cells 
grown in KSFM didn’t survive. 
 

A     In-Vitro 

B     Ex-vivo 

Keratinocyte Serum Free 
Medium (KSFM) 

KSFM + DMEM + Ham’s F12 
+ Fibroblast Conditioned 

Medium (CM) 
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3.2 Ability to Support Cell Growth  

 

The ability of the decellularized corneas to support corneal epithelial and 

fibroblast cell growth was further evaluated in culture (Figure 17). Limbal epithelial cells 

were plated on decellularized corneas. In NaCl plus nuclease decellularized corneas, the 

epithelial cells readily attached and by the end of week 2, became nearly confluent as 

revealed by the Live/Dead Assay (Figure 17). Stratification of the epithelium was 

successfully induced by raising the tissues to the air-liquid interface. Corneas 

decellularized using detergent based methods, in particular SDS (Methods 1 and4), did 

not support epithelial growth, due to poor attachment of the cells (data not shown). 

 

Corneal fibroblasts were injected into NaCl plus nuclease decellularized corneas. 

The cells attached and exhibited native, spread morphology. The viability assay 

performed up to 3 weeks revealed that the cells remained alive with evidence of 

proliferation (based on cell density) for the duration of the study (Figure 17). The 

fibroblasts appeared to migrate into the more anterior layers (closer to the epithelium) of 

the stroma (Figure 17). Corneas decellularized by detergent based methods also 

supported the growth of fibroblasts (data not shown). 
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Figure 17.  Cell viability and cytotoxicity assay and DAPI staining in NaCl plus nuclease 
treated corneas. The tissue was stained with calcein AM and imaged en face with 
confocal microscopy: (A) Corneal epithelial ells cultured for 2 weeks over decellularized 
cornea, demonstrating viability and differentiation of the superficial layer. (B) Corneal 
fibroblasts injected into the stroma of decellularized corneas and cultured for 5 days 
demonstrating viability, and (C) A crosssectional image showing viable fibroblasts in the 
stroma and stratified epithelium on the anterior of cornea. DAPI staining of the cross 
sections demonstrating (D) stratified epithelium and (E) Fibroblasts after 2 weeks in 
culture, and (F) corneal fibroblasts 5 weeks after injection of fibroblasts and 3 weeks 
after plating epithelial cells. Scale Bar = 300 mm for A, B, C and 100 mm for D, E, and 
F.  
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Phenotypic evaluation of the corneal epithelial cells grown on decellularized 

corneas revealed that they can differentiate and express the corneal specific keratin 12 

similar to that seen in human cadaver corneas (Figure 18). To examine the level of 

differentiation of basal epithelial cells, the expression of markers typically associated 

with limbal stem and progenitor cells was also evaluated by immunofluorescence. The 

basal epithelium was found to express DeltaNp63and ABCG2, indicating that the 

construct supported a “limbal” (undifferentiated) phenotype in the basal layer (Figure 

18). Proliferation was noted in the basal epithelial layer as evidenced by Ki67 staining 

(Figure 18). 

 

The fibroblasts grown on posterior of the cornea were stained with vimentin at 

day 1.  The de-differentiation of fibroblasts in the decellularized corneal stroma over time 

was evaluated with the expression of ALDH1, a marker of corneal keratocytes. This was 

performed in corneas ranging from 1 to 4 weeks after injection of fibroblasts. As early as 

1 week, 64 % ± 12% of the cells were found to be expressing ALDH1, suggesting that 

the majority had partially reverted to a keratocyte phenotype (Figure 19). The percentage 

of ALDH1 staining did not differ significantly at subsequent time points examined (range 

59%-87%), indicating no correlation with time in culture (P = NS by Chi-square).  
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Figure 18.  Phenotypic evaluation of epithelial cells. Corneal epithelial cell were grown 
over NaCl plus nuclease decellularized corneas for 2 weeks and then raised to the air-
liquid interface to induce differentiation (A–L). (A–C) Corneal specific cytokertain 12 
expression is noted in all the superficial epithelial cells. The basal epithelium expresses 
stem/progenitor cell markers including (D–F) DeltaNp63 ( J–L) ABCG2 and proliferation 
marker (G–I) Ki-67.  
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Figure 19.  Phenotypic evaluation of corneal fibroblasts.  (A-C) Corneal fibroblasts were 
grown on the posterior surface of NaCl plus nuclease decellularized corneas for 1 day 
expressing positive staining for vimentin. (D-F) Corneal fibroblasts grown in 
decellularized cornea after 1 week, demonstrating ALDH1 staining. Scale Bar = 50 mm. 
ALDH1, aldehyde dehydrogenase 1.  
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The migration of the fibroblasts in the stroma was determined by staining the 

corneal sections with DAPI staining.  Images at one week time points showed an increase 

in migration of the fibroblast from the injection site toward the anterior and posterior 

stroma during the 4 week study, as noted by histology and MTS assay (Figure 20).  Also, 

the rate of proliferation of corneal fibroblasts, measured by MTS Assay, showed a steady 

increase in proliferation over a period of 4 weeks (Figure 20). 
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Figure 20.  Corneal fibroblasts proliferation and migration assay. Corneal fibroblasts 
grown in a pocket made in stroma for (A) 1 day, (B) 7 days, (C) 14 days, (D) 21 days, 
and (E) 28 days, stained with DAPI demonstrate proliferation and migration of cells over 
time. (F) An MTS Assay showing proliferation of cells over a period of 4 weeks. Scale 
Bar = 100 mm.  
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4. Discussion 

 

There are several aspects of this study which are worth highlighting. In this study, 

stromal cells were included as supporting cells for the epithelial cells. Most tissue 

engineering applications of the corneal epithelium have primarily included the underlying 

matrix for supporting the epithelium. Several recent studies have considered the 

importance of the stromal cells in corneal epithelial tissue engineering, and have 

developed experimental approaches that incorporate stromal cells in the tissue construct 

(Choi et al., 2010; Barbaro et al., 2009; Pang et al., 2010; Phu et al., 2010).   

 

Our study is the first to use a decellularized human cadaver cornea instead of a 

xenograft cornea. Decellularized human corneas, while eliminating the theoretical risk of 

zoonotic infections, are also less likely to induce immunologic responses in a human 

host, which may potentially be seen with xenogenic grafts (Kasimir et al., et al. 2006). 

Corneal tissues which are structurally intact but are unsuitable for transplantation are 

good candidates for such applications.  

 

Previous studies have highlighted the importance of corneal and limbal fibroblasts 

in corneal epithelial proliferation, differentiation, and wound healing (Espana et al., 

2003). There is a bi-directional signaling between corneal keratocytes/fibroblasts and 

epithelial cells.  The epithelium regulates the function of corneal fibroblasts, and the 

corneal fibroblasts regulate epithelial cells function through a complex network of 

signaling molecules. (Wilson et al., 1999, 2001; Nishimura et al., 1998; Szerenyi et al., 

1994; Hong et al., 2001). 



72 

It is becoming more evident that even the simplest epithelial disruption wound 

results in keratocyte death and a subsequent stromal response to regenerate the affected 

area.  After any injury, as part of the wound healing mechanism, the keratocytes 

transform into fibroblasts and migrate into the wound area. This migration is slow and 

could take a few weeks depending on the depth of keratocytes loss in adjacent layers.  

These migrating fibroblasts synthesize the repairing matrix.  In the next phase, these 

fibroblasts transform into myofibroblasts, which are involved in contracting the wound 

area. The extent of fibroblasts to myofibroblasts transformation depends on the severity 

of the wound.  The myofibroblasts have a reversible phenotype; after wound healing, 

these myofibroblasts either degenerate or transform back into the fibroblast phenotype 

(Fini, 1999). 

 

In this study, keratocytes were differentiated in vitro into fibroblasts mainly 

because fibroblasts are easier to expand in culture. However, when exposed to corneal 

stroma, these fibroblasts appeared to revert back into a more keratocyte like phenotype, 

which may be important in maintaining the transparency of the cornea.  In this study, 

stromal fibroblasts were chosen given their well known interaction with the corneal 

epithelium, including their production of epitheliotrophic factors (Li et al., 1995; Espana 

et al. 2003). It should be noted that complete reconstruction of the stromal niche will 

likely require more than just fibroblasts and epithelial cells, and perhaps may require 

other cell types, such as neuronal cells. The purpose of this study, however, was not to 

identify all the necessary cells at this point, but rather to develop a construct which could 

be used to further study the various cell types that may be necessary. 
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The differentiation state of the cells that are used to repopulate the underlying 

stroma may also be important (Carrier et al., 2009). While we envision the final construct 

to only include a relatively thin anterior stroma, the choice of cell type may still affect its 

optical clarity. This may not be a critical factor for the limbal area, but more important in 

the central cornea because these activated fibroblasts during wound healing deposit an 

opaque scar tissue, which interferes with vision. Future in vivo experiments will help 

determine whether it is necessary to use keratocytes instead of fibroblasts in the 

construct.  

 

Due to the ease of expansion, most of the studies on seeding the stromal cells on a 

scaffold for tissue engineering applications involve the use of fibroblasts instead of 

keratocytes.  In culture, freshly isolated keratocytes, under serum-free conditions, 

maintain a quiescent keratocyte phenotype, but show very little or no proliferation.  On 

the other hand, exposure to serum leads to fibroblast differentiation (Beals et al., 1999; 

Jester et al., 2007; Scott et al., 2011; Hassell et al., 1992).  Studies have shown the use of 

certain proteins to regulate the expansion of keratocytes in vitro without transformation 

into fibroblasts, such as basic fibroblast growth factor (FGF2), (Jester et al., 1996; 

Maltseva et al., 2001), 1% platelet-poor horse serum (Jester, and Ho-Chang, 2003), and 

insulin (Musselmann et al., 2005).  

 

This study also examined to what extent the decellularized human corneas can 

maintain the epithelial cells in an undifferentiated phenotype, based on the expression of 

stem cell associated markers. Previous studies on human amniotic membrane have shown 

that the extracellular matrix helps to preserve cells in a less differentiated state 
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(Mariappan et al., 2010; Tsai, and Tsai et al., 2010; Grueterich et al., 2003). The 

decellularization process used in this study appears to preserve the corneal basement 

membrane and matrix proteins. Notably, the epithelial cells grown over the NaCl plus 

nuclease decellularized corneas appear to maintain a “limbal stem cell phenotype”, as 

evidenced by the expression of ABCG2 and DeltaNp63. While neither one of these 

markers are very specific markers of corneal epithelial stem cells, they, nonetheless, 

confirm previous observations of the corneal/limbal basement membrane and its ability to 

keep cells in a less differentiated state (Chen et al., 2010).  

 

5. Conclusion 

 

In summary, this is the first study on decellularization of human cornea which has 

examined recellularization of the cornea with corneal epithelial cells and fibroblasts. 

Fibroblasts grown in the decellularized corneal stroma showed both active proliferation 

and migration.  Similarly, epithelial cells plated on the anterior of the decellularized 

cornea proliferated and differentiated into stratified layer similar to the native cornea.  
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IV.      EVALUATION OF DECELLULARIZED CORNEA GRAFTED IN AN 

ANIMAL MODEL (IN VIVO) 
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1. Introduction 

 

While in vitro studies can provide important insights into biological mechanisms, 

in vivo studies provide more convincing evidence of adverse health consequences. The in 

vitro models can not mimic the complicated interactions among cells, tissues, and organs 

that happen in a human body, therefore, final tests must be done on an animal.  Scientists 

have been solving medical problems, developing new techniques, and treatments for 

diseases using animal models for biomedical research.  Animal models are chosen based 

on both their anatomy and physiologic similarities with the humans for a specific disease.  

Rodents such as rats and mice, that have a short life span and are easier to breed in lab, 

have extensively been used in biomedical research.  

 

In vivo testing is routinely used for biocompatibility studies of a scaffold to 

collect valuable information without exposing humans to the risk of rejection and 

infection.  This test is done by demonstrating lack of immune response or tissue damage 

in response to the transplantation of the bioengineered scaffold.  The most popular animal 

models for biocompatibility testing are rats, guinea pigs, rabbits, and mice.  

 

2.     Material and Method 

 

2.1 Alkali Injury and Mechanical Epithelium Debridement 

 

Mice were anesthetized with an injection of ketamine hydrochloride (100 mg/kg 

IP) and xylazine (5 mg/kg IP) hydrochloride intrapertoneally. For local anesthesia, one 

drop of proparacaine hydrochloride 0.5% was applied to the eye.  The state of anesthesia 
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was monitered by the level of response to pinching the toe, or blinking in response to the 

administration of eye drop. Under anesthesis, the epithelium removal was tested by 

mechanical debridement with a 23G needle with blunt tip and varying concentrations of 

sodium hydroxide (NaOH) ranging from 0.25-1M. 

 

In case of NaOH epithelium removal, a cotton swab soaked in NaOH was gently 

applied on the cornea for about 30 seconds.  For mechanical debridement, 23G needle 

was used to scrape the epithelium.  The tip of the needle was made blunt by scraping on a 

sand paper. The eyes were then monitored for one week for the severity of inflammation 

and damage to the cornea. 

 

2.2 Laser Injury Model in a Rat Eye  

 

Rats weighing about 300-500 grams were anesthetized as described above.  For 

epithelium removal, Nidek EC-5000 excimer laser system was used to ablate about 5.0 

mm in length and 100 µm deep corneal tissue under anesthesis from a rat eye at the 

limbal area (junction of cornea and sclera).  Thus, the laser had an additional advantage 

to remove not just epithelium but also the stroma. 
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2.3     Transplantation of a Decellularized Corneal Graft in a Rat Eye 

 

A lamellar transplantation of human decellularized corneal graft was tested on a 

rat eye (Figure 21).  The process of preparing the graft for transplantation involves a 

lamellar dissection to separate the anterior half of the cornea, discarding the posterior 

stroma, Descemet’s membrane, and the endothelial cells. After disinfecting the host eye 

with 10% ophthalmic povodine-iodine, a thin layer of decellularized anterior cornea was 

dissected from the limbal area with a surgical blade and was grafted onto the rat eye 

using interrupted 10-0 nylon sutures.  In control eyes only laser was done. Immediately 

after the procedure, antibiotic solution was applied to the eye.  The antibiotics were given 

once every day for the duration of the study.  A pilot study was also performed on the 

feasibility of transplanting decellularized cornea in a mouse eye.    

 

At one week time point, a rat was sacrificed by an intracardiac injection of 

sodium pentobarbital and its eyes were enucleated, cut into 14 µm sections, and stained 

with H & E and DAPI to evaluate the graft and infiltration of the host cells into the graft. 
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Figure 21.  Experimental design for grafting.  Human decellularized cornea was grafted 
on the laser ablated eye.  
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2.4 Slit Lamp Imaging 

 

The clinical status of the ocular surface was assessed at day 0, 3, and 7 after 

transplantation, and the degree of opacity due to inflammation and neovascularization 

was monitored with slit lamp microscope.  The rate of epithelialization was assessed by 

placing a drop of fluorescein on the cornea and recording the area of epithelial healing 

with slit lamp microscope.  Fluorescein is a commonly used stain for detection of 

epithelium damage as it temporarily stains the areas where the epithelium is missing.  

 

2.5       Staining 

 

After one week of transplantation of the graft, both the grafted and control eyes 

were enucleated, and sections were stained with hematoxylin and eosin to assess the 

integration of donor tissue with the host tissue.  The sections were also stained with DAPI 

to check on the status of the host cell migration into the graft.   

 

3.     Results 

 

3.1      Evaluation of Alkali Injury and Mechanical Epithelium Debridement  

 

 All concentrations of NaOH, tested to remove epithelium, caused significant 

inflammation in the cornea at day 7, making the cornea opaque (Figure 22).The 

mechanical debridement method was not destructive, but the results were not consistent.  

In some experiments, the epithelium was not fully removed as evident by the positive 

flourescein staining (Figure 22).   
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Figure 22. Alkali injury and mechanical debridment. Slit Lamp images with and without 
flourecein to evaluate NaOH and mechanical injury. Images were taken at Day 0, and 7. 
Cornea received NaOH (0.25, 0.5, and 1M) resulted in damage deeper into the stroma. At 
Day 7, epithelium healed but scar developed in the stroma. Mechanical injury was not too 
destructive and did not result in obvious scar formation but this method did not give 
consistent result (inset shows incomplete epithelium removal).   
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3.2       Evaluation of Laser Injury Model in a Rat Eye 

  

 Alkali injury and mechanical debridement methods to remove epithelium were 

also tested in rat eyes and similar results were obtained (data not shown).  Alkali injury 

resulted in much deeper damage in to the stroma, and mechanical injury had 

inconsistency in results.  Therefore, removal of epithelium was tested by a third method, 

‘Excimer Laser System’ in the rat eyes.  Upon examination with slit lamp microscope, a 

positive flourescein staining in cornea after laser injury indicated absence of the 

epithelium. Also, upon gross inspection, the laser epithelium removal did not seem to 

cause excessive inflammation in the cornea (Figure 23).   

 

3.3       Evaluation of Graft in a Rat Eye  

 

 A decellularized human corneal graft was transplanted on a rat cornea ablated 

with excimer laser.  The laser ablated cornea, with and without graft, were analyzed for a 

period of one week (Figure 23).  At days 3 and 7, in both control and the grafted cornea, 

there was a significant reduction in the flourescein staining and the surface was 

completely epithelialized.  With a slit lamp microscope, upon gross inspection the eye 

showed some inflammation.  At close examination, the control cornea that received only 

laser treatment showed more blood vessel formation at the site of injury as compared to 

the cornea that also received graft. In addition, comparing with control eyes, the eyes that 

received grafts healed faster and had clearer stroma as the graft acted as a scaffold to 

facilitate the wound healing. 
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For histology analysis, the eyes were removed and sectioned.  H & E staining 

revealed a nice stratified epithelium grown on the graft.  However, the graft also showed 

the presence of inflammatory cells in the stroma (Figure 24). Epithelial cells grown on 

the graft showed positive staining for K12, which is a marker for differentiated corneal 

epithelium.  

 

A total of 8 grafts were performed.  In successful grafts, we observed 

epithelialization of the graft in one week.  But in the earlier cases, where thicker grafts 

had been used, we observed ingrowth of host corneal epithelial cells into the host–graft 

junction. The host cornea became opaque and neovascularization occurred, resulting in 

separation and extrusion of the graft.   
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Figure 23.  Slit Lamp images with and without fluorescein to evaluate integrity of the 
graft in the rat eye.  Flourescein detects the absence of epithelium, and damage to the 
epithelium is represented by positive flourescein staining (day 0, asterisk). Images were 
taken at day 0, 3, and 7. At day 7, the treated area was completely epithelialized in both 
control and grafted corneas. Cornea without the graft showed blood vessel formation at 
the site of injury and had irregular epithelium with late fluorescein staining, as compared 
to the cornea that received the graft. In addition, comparison with control rats, the 
transplanted rat eyes healed faster and had clearer and smoother stroma. 
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Figure 24.  Histological sections of the graft. (A) High magnification image of the graft 
showing stratified epithelium.  (B) Epithelial cells stained with K12 antibody (red), a 
marker for differentiated corneal epithelium and nucleus stained with DAPI.  (C) Low 
magnification image of the graft stained with H & E shows intensive inflammation.  
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4. Discussion 

 

For the treatment of damaged cornea, either all the corneal layers are replaced by 

a donor cornea (penetrating keratoplasty) or selectively only diseased layers of the cornea 

are replaced by healthy layers while retaining the endothelium (lamellar keratoplasty).  

Lamellar keratoplasty has some advantages over full thickness corneal replacement as it 

provides more rapid and predictable visual outcomes, reduced complications and prevent 

the loss of endothelial cells that have very limited proliferation capacity (Tan et al., 

2012). In this study, lamellar transplantation of decellularized human corneal tissue on 

rats was performed to test biocompatibility of decellularized scaffold and it’s efficacy to 

support epithelial cells in vivo.  

 

For lamellar grafting procedures, rabbits are commonly used due to their larger 

eye size and thicker cornea, in this study, the possibility of grafting was tested in a rat 

model.  Depending on the strain of rat, there is variability in the size of the eye.  The 

mean diameter of the Sprague Dawley rat corneas is about 6.5 mm and the mean cornea 

stromal thickness is approximately 200 µm (Lee et al., 2004). A pilot study was 

conducted to assess the feasibility of grafting decellularized human cornea in the rat eye. 

Several methods such as varying concentrations of NaOH, mechanical debridement in 

addition to laser ablation were investigated for the removal of epithelium.  Chemical 

removal have shown to cause more damage to the cornea and resulted in more 

vascularization and inflammation in the cornea.  Among the methods tested, laser 

ablation resulted in more uniform and less destructive injury and was considered 

comparatively safe and efficient in removing the epithelium.   
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The laser ablation procedure has been in use for over two decades now and there 

have been no long term issues associated with using this system.  Nidek EC-5000 laser 

system, used in this study, uses laser of 193nm wavelength, which has been shown to 

efficiently remove corneal layers while limiting collateral thermal damage to the 

surrounding tissue (Sakimoto et al., 2006).  The components of the corneal stroma such 

as proteins, glycosaminoglycans and nucleic acid absorb energy of this wavelength, 

preventing any secondary mechanical shock-waves from transmitting through the eye and 

thus reduce unwanted damage (Manche et al., 1998). 

 

Initially, more than half of the grafts failed due to the ingrowth of host corneal 

epithelial cells into the host–graft junction. The host cornea became opaque and 

neovascularization occurred, resulting in separation and extrusion of the graft.  To 

prevent this ingrowth, the thickness of the graft was reduced which seemed to help graft 

survival.  

 

Any disturbance to the cornea, in case of our study, disturbance caused by the 

laser ablation, recruits inflammatory cells to the site of injury.  In this study, at one week 

time point, upon inspection with slit lamp microscope and further with H & E staining 

revealed stromal inflammation. In the clinical setting, inflammation due to the grafting or 

any other treatment to the cornea is normal and is controlled by steroids and antibiotics.  

Irreversible corneal graft rejection is diagnosed when the cornea remains opaque despite 

the treatment.   
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Decellularized xenografts have been used in numerous tissue engineering 

applications. It has been suggested that decellularized tissues are biologically inert and do 

no induce immune response.  This is true only in the case of 100% removal of cells and 

cellular components.  Due to the lack of systematic assessment of decellularization 

procedure, the amount of retained cellular materials varies among different 

decellularization techniques. The residual cellular components have the potential to 

recruit inflammatory cells (Kasimir et al., 2006). 

 

Studies have published on the possible factors such as protein mismatch across 

the species, which could induce organ/tissue rejection in the host. One such protein is 

Alpha-gal that has been studied by several groups. Alpha-gal epitope is carbohydrate 

produced by the cells on glycolipids and glycoproteins in non-primate mammals such as 

pig and monkey.  Antibody to alpha-gal is present in human serum.  Once a xenograft 

containing alpha-gal antibody (from human) is introduced in a recipient having alpha-gal 

epitope, the quiescent antibody is activated, which in turns activates B cells and results in 

influx of inflammatory cells, causing hyperacute rejection of the graft.  Although, alpha-

gal epitope in not present in both rat and human, but the ECM contains many other 

structural and functional proteins that are part of the native human ECM (donor tissue). 

These proteins are considered xenogenic in the host animal and have potential to induce 

immune response.  It is more realistic to believe that if our decellularization efficiency 

was not 100% and if the immunogenic human antigens were left behind in the matrix 

after decellularization, elevated inflammation could be triggered in the rat eyes after 

grafting (Keane et al., 2011). 
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The graft did seem to induce inflammation which may be in part due to human 

antigens expressed in the transplanted graft. Despite the inflammation, our results showed 

that introducing the stromal niche (stromal graft) has a therapeutic effect on healing the 

epithelium and corneal surface.  It was evident that as early as 7 days, the corneal surface 

after the laser healed better and appeared clearer with very little neovascularization as 

compared to the control (laser only).   

 

Another potential cause of this inflammation could be the sutures. The sutures 

used in this study were Nylon, and they are known to induce inflammation and 

vascularization in the stroma. 

 

Our one week in vivo study showed predominantly inflammatory cell infiltration 

into the stroma with no obvious infiltration of fibroblasts. The keratocytes in the cornea 

are normally in a quiescent state, which suggests longer time must be required to see any 

cell growth into the graft.  It has been shown that any surgical incision or mechanical 

stress on the cornea, damages the tissue and the keratocytes within 200-300 µm of the cut 

undergo apoptosis within few hours after the surgery (Fini, 1999).  This creates a region 

of the tissue devoid of cells surrounding the injury.  A study by Carlson et al. on mouse 

cornea, showed expression of stromal matrix protein synthesized by keratocytes within 

12 weeks of wounding by epithelial debridement (Carlson et al., 2003).  Another study by 

Xu-Chu Lin et al. showed infiltration of rabbit keratocytes in decellularized porcine 

corneal graft after 4 weeks of grafting (Lin et al., 2008).  Therefore, a longer study period 

is required to observe the migration of fibroblasts into the graft. 
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In this study, the graft was transplanted at the limbus; junction of the cornea and 

sclera.  The reason for choosing the limbal region for grafting is the presence of 

stem/progenitor cells in this area.  These stem cells undergo continual self-renewal and 

divide and differentiate terminally and migrate upwards toward the surface for healing 

the epithelium injury (Lavker et al., 2004).  The integrity of the corneal epithelium 

depends on the presence of self-renewing limbal stem cells. There are also other 

specialized stromal cells (undifferentiated cells) reside in the limbus.  Therefore, the idea 

behind grafting at limbus region is to have a higher stem cells and progenitor cells count 

that possess high cell proliferation capacity, which would facilitate graft recellularization 

and integration.   

 

 
V. Conclusion and Future Work 
 

 

The decellularization technique used in this study was proved to be successful to 

support corneal cell growth.  In vitro, the decellularized construct supported both 

epithelial cells and fibroblasts, while, the in vivo study was able to show that the scaffold 

promoted the growth of epithelial cells.  The graft did seem to induce inflammation, 

which may be in part, due to residual human antigens present in the transplanted graft. 

Future animal work may be done using a decellularized rat cornea to reduce the 

inflammation in the rat eye, caused by the mismatch of antigens. For future studies, 

another approach could be to introduce rat cells into the decellularized rat cornea, prior to 

transplantation in the rat eye. We hypothesize that, by growing cells in the graft ex vivo 

prior to grafting, will give cells more time to synthesize and remodel extracellular matrix.  
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This in turn, will greatly reduce the time for healing and will help improve the success of 

the transplantation by preventing immune rejection.   

 

The cell types, used in the stroma, can also have significant impact on the 

synthesis of extracellular matrix, and on their interaction with the neighboring cells such 

as epithelial cells and endothelial cells.  Therefore, in future, one area of investigation 

could be the use of mesenchymal stem cells (MSCs) for stromal cell replacement. 

Previous studies have shown that corneal limbal stromal cells have MSCs properties.  

These MSCs are immunoprivileged cells, having low expression of class II Major 

Histocompatibility Complex (MHC-II) on the surface of their cells (De Miquel et al., 

2012).  In order to evaluate the use of MSCs in replacement of other cell types, studies 

are conducted to monitor the immune response.  In one such study, adult corneal stromal 

stem cells were directly injected into the mouse corneal stroma and the cornea was 

evaluated for inflammation.  In the study, the mice received three types of treatment: 

sham, stem cells, and fibroblast injections into the corneas. After injection, all three 

groups showed rapid influx of neutrophils into the stroma. However, after one week of 

the study, the corneas that received sham and corneal stem cell treatments, showed a 

decrease in the level of neutrophils, suggesting a transient inflammation.  On the other 

hand, the cornea that received a fibroblasts injection, resulted in a significant increase in 

the population of the inflammatory cells (Yiqin Dy et al. 2009). 

 

A weakness of our study is the relatively short in vivo study period.  This was in 

part, due to an excessive amount of inflammation, presumably, incited by the human 

antigens in the rat cornea. In future, by optimizing the use of rat decellularized tissue in 
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vivo, will allow longer time points to be assessed.  The novel method for decellularization 

has potential applications in corneal and limbal tissue engineering, where a biopsy may 

be used to grow both epithelial cells and stromal cells to reconstruct the corneal 

epithelium with a stromal niche.  

 

Laser Induced Limbal Stem Cell Deficiency Model 

 

The stem cells of the corneal epithelium are called ‘limbal stem cells’ and are 

present in the limbus region, the boundary of the cornea and sclera. Limbal stem cells, 

like any other stem cells, are located in a specialized microenvironment, (aka ‘niche’), 

which supports and protects their population from environmental insults and maintains 

the ‘stemness’ of the stem cells. These stem cells undergo continual self-renewal and 

differentiate to epithelial cells and migrate upwards toward the surface (Lavker et al., 

2004).  

 

It has been shown that limbal epithelial cells in the limbus extend from the surface 

of the cornea into the underlying stroma and form pockets known as ‘limbal epithelial 

crypts’ or ‘palisades of Vogt’ and reside in them. These crypts are of variable lengths in 

human cornea. Limbal crypts that are shorter than 40 µum are termed ‘minor crypts’ and 

the ones larger than 40 µm are termed ‘major crypts’ (Shanmuganathan et al., 2007; 

Molvaer et al., 2012). 

 

The integrity of the corneal epithelium depends on the presence of self-renewing 

limbal stem cells. These limbal stem cells or their microenvironment where they reside, 

can be damaged due to various factors such as mechanical or chemical insults.  They may 
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be damaged or compromised by severe injuries such as alkali burns or by immune 

diseases like ‘Stevens-Johnson Syndrome’, resulting in a serious ocular condition known 

as ‘Limbal Stem Cells Deficiency’ (LSCD) (Grueterich et al., 2003).  LSCD is associated 

with persistent epithelial defects, neovascularization, and severe loss of vision if left 

untreated.   

 

One of the main advantages of using the Excimer Laser System is the opportunity 

to control the ablation depth.  The laser not only removes epithelium, but also removes 

the matrix underneath it, so effectively it could destroy the limbal stem cells and the 

limbal niche when applied on the limbus. Therefore, in future, it will be interesting to 

investigate the possibility of developing a limbal stem cell deficiency (LSCD) animal 

model by laser injury.  

 

Our preliminary study has demonstrated, that the decellularization method has 

maintained the integrity of the limbus.  The epithelial cells that were grown on 

decellularized cornea ex vivo, expressed stem cell marker DeltaNp63, and showed higher 

proliferative potential as evidenced by an increase in Ki-67 expression at the limbus, as 

compared to the central cornea (Figure 25).  Based on our findings that the decellularized 

construct supported a “limbal” (undifferentiated) phenotype of cells in the limbus, we are 

interested to study the possibility of reconstructing the limbus.  In specific, the aim of our 

future study is to treat laser induced limbal stem cell deficiency (LSCD) in vivo, with the 

reconstruction of the limbus, by growing limbal stem cells in the decellularized cornea.  
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Figure 25. Limbal stem cells supported by decellularized cornea. Limbal stem cells 
grown on decellularized cornea shows (A, B) higher expression of Ki-67, a marker for 
proliferation, at the limbus as compared to the central cornea.  (C, D) Likewise, there was 
a higher expression of stem cell marker DeltaNp63 at the limbus as compared to the 
central cornea. 
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 Our model of ‘laser induced limbal stem cell deficiency’ is illustrated in Figure 

26. This model is based on results and knowledge attained from this study and published 

literature.  Our proposed model involves a 360o total limbal ablation, created with the 

laser.  The depth of the ablation will be optimized to successfully remove all of the stem 

cells.  Once the limbal stem cell deficiency is confirmed in vivo, reconstructed limbus by 

growing limbal stem cells in decellularized cornea will be grafted on the treated eye.  The 

ability of the engineered limbus to reconstruct corneal epithelium in vivo will be 

investigated. 

 

 

 

 

 

Figure 26.  Treatment of LSCD with the engineered limbus.  This aim of this study is 
two-fold. First, to develop a limbal stem cell deficiency (LSCD) in a rat eye using a laser 
technology, and second, to treat laser induced LSCD with the engineered limbus, 
reconstructed in the decellularized cornea.   

Laser Induced 
LSCD 

Transplanted Reconstructed 
Limbus on LSCD Affected Eye 

Sclera 

Limbus 

Cornea 

Reconstructed Limbus in 
Decellularized Cornea 
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