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A transparent cornea is paramount for vision. Corneal opacity is one of the leading causes of blindness. Although

conventional corneal transplantation has been successful in recovering patients’ vision, the outcomes are challenged by a

global lack of donor tissue availability. Bioengineered corneal tissues are gaining momentum as a new source for corneal

wound healing and scar management. Extracellular matrix (ECM)-scaffold-based engineering offers a new perspective on

corneal regenerative medicine.
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1. Introduction

1.1. Human Cornea Anatomy, Composition and Cell Types

A healthy cornea with high transparency and optimal refractivity is paramount for vision. As the first layer of the eye, the

cornea refracts light onto the lens, which then reaches the retina. It also provides mechanical support and protection to

the intraocular tissues and defense against pathogens. The adult cornea measures 11 to 12.5 mm in diameter, with a

mean anterior corneal curvature radius of around 8 mm. The corneal thickness is 500 to 600 μm (an average of 540 μm in

the center and 700 μm in the periphery) with a refractive index of 1.38 . The human cornea comprises five layers: the

epithelium, Bowman’s layer, stroma, Descemet’s membrane, and innermost corneal endothelium (Figure 1).

Figure 1. Human cornea: anatomy and structure. In the anterior segment, the cornea is highlighted in relation to the rest

of the eye. A schematic representation of the structure and composition of the cornea is presented in the corneal cross-

section. It consists of 3 cellular layers (epithelium, stroma, and endothelium) and 2 basement membranes (Bowman’s

layer and Descemet’s membrane) (figure created using BioRender.com, BioRender, Toronto, ON, Canada).

The corneal epithelium is a non-keratinized stratified squamous epithelium. It functions as a physical barrier against

external hazards and protects the eye from chemicals and microbes, which helps in maintaining visual acuity . It is the

only corneal tissue that undergoes both maintenance and injury-triggered regeneration due to the presence of the

epithelial stem cell population in the peripheral limbus. The Bowman’s layer is a collagen-rich basement membrane of the

corneal epithelium . Corneal stroma, the thickest layer of the cornea, accounts for 80–90% of the overall corneal volume

. It provides mechanical strength to the cornea, comprising highly structured collagen fibers and a stromal matrix. A

syncytial network of corneal stromal keratocytes populates the inside of the stroma. These cells are quiescent and are

indispensable for stromal homeostasis, as they primarily produce the collagens and proteoglycans that comprise the

stromal extracellular matrix (ECM) . Parallel layers of collagen fibrils (predominantly type I and V) form an organized

matrix architecture with an orthogonally aligned pattern for undisturbed light passage without scattering. Furthermore,
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small leucine-rich keratan sulfate proteoglycans (SLRPs) (such as lumican, keratocan, mimecan, and decorin) regulate

the stromal collagen fibrillar spacing and play a significant role in maintaining the structural integrity of the stromal matrix

. Descemet’s membrane is the basement membrane of the innermost corneal endothelium. It is composed of collagen

types IV and VIII . The corneal endothelium is lined with a monolayer of tightly packed hexagonal-shaped corneal

endothelial cells. Its continuous pump/leak activity regulates stromal hydration preventing corneal edema and loss of

transparency .

1.2. Corneal Blindness and Conventional Treatments with Tissue Grafting

The cornea is susceptible to abrasive insults, including mechanical, chemical, and thermal injury and infections. Globally,

corneal blindness ranks fifth after refractive errors, cataracts, age-related macular degeneration, and glaucoma. In a

recent report issued by the World Health Organization (WHO), around 2.2 billion people have vision impairment, including

4.2 million with unaddressed corneal opacities (WHO  World report on vision, October

2019;  https://www.who.int/publications/i/item/9789241516570, accessed on 13 February 2022). Corneal transplantation

(keratoplasty) is the primary and most successful treatment modality for severe corneal opacities (Figure 2). However, the

scarcity of transplantable donor tissues has limited the treatment outcomes. A recent report projected that 12.7 million

people worldwide are waiting for corneal transplantations . The highest corneal transplantation rate is in the USA

(199 cases per million), followed by Lebanon (122 per million) and Canada (117 per million). However, the transplantation

rate for the other 116 countries is only 19 per million. Approximately 53% of the world’s population has no access to

corneal transplantation, and only 1 out of 70 patients with corneal blindness can access a transplantable donor cornea

.

Figure 2. Comparison of vision between clear and opaque corneas and conventional corneal grafting to replace scarred

corneas. Normal vision with unblocked light passage through a healthy and clear cornea, leading to clear and sharp visual

acuity. The presence of corneal scarring/opacities blocks light passages, resulting in vision loss (corneal blindness).

Although corneal transplantation is the most frequent and successful type of organ transplant worldwide, various

postoperative complications have been reported, such as astigmatism, infection, wound dehiscence, and graft rejection

. Astigmatism affects almost 15–31% of patients (greater than five diopters) undergoing penetrating keratoplasty .

1.3. Corneal Wound Healing and Scar Development

Corneal opacity or scarring results from injury, infection, or hereditary or inflammatory corneal diseases. After injury, the

corneal epithelium, stroma, and endothelium heal with different but interlinked mechanisms . Corneal epithelial cells

and stromal keratocytes produce and release cytokines to initiate epithelial–stromal interaction for coordinated wound

healing. IL-1α and platelet-derived growth factor (PDGF) secreted by the injured epithelium induce stromal keratocytes to

be activated and undergo fibrosis (more details in the following paragraph) . Moreover, keratocyte-secreted

Growth Factors (GF), such as keratinocyte growth factor (KGF) and hepatocyte growth factor (HGF), aid epithelial wound

healing by influencing cell behaviors, including cell migration and proliferation . Adult limbal epithelial stem cells are

also activated and generate transit-amplifying cells that migrate and regenerate the corneal epithelium . On the other

hand, the corneal endothelium has a specific pump and leak action to keep the corneal stroma in a partially dehydrated

status for corneal clarity. Endothelial wounds mostly heal through cell shape enlargement and the sliding of adjacent

endothelial cells rather than mitosis, as adult corneal endothelial cells are post-mitotic quiescent and lack regenerative

capacity. Hence, endothelial cell loss, if severe, causes the cell density to drop below the threshold needed to maintain an

efficient pump/leak action, resulting in corneal edema and opacities .
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Inside the corneal stroma, the dominant population of stromal keratocytes regulates stromal homeostasis by producing

and depositing stromal-specific collagens and matrix proteoglycans, and this maintains the structural integrity with minimal

light scattering. One recent review detailed the role of stromal keratocytes in corneal health and visual functions .

Mature keratocytes are quiescent and show minimal mitosis in adult life. There is an estimated 0.45% cell loss per annum.

Keratocyte-secreted maspin inhibits cell migration and stimulates cell adhesion to ECM . Keratocytes also have

phagocytic functions . Upon injury, keratocytes at the wound site undergo apoptosis due to IL-1α and PDGF

produced by the corneal epithelium. Cells in the peripheral regions are activated to re-enter the cell cycle. This event

generates proliferative and motile stromal fibroblasts (SFs) with an accompanying actin cytoskeleton-mediated

morphological change from a dendritic to a spindle shape. The activated SFs have a loss of keratocyte phenotypes,

including the expression of keratan sulfate proteoglycans and stromal crystallins. On the other hand, there is an increased

production of ECM proteins, including collagen I, fibronectin, and biglycan, an initiation of fibronectin receptor and integrin

(α5β1) interaction, and an expression of IL-1α-controlled metalloproteinases (MMPs). These features are related to

stromal tissue remodeling that alters the stromal matrix architecture, resulting in corneal haze development . Further

generation of contractile myofibroblasts due to the presence of pro-fibrotic transforming growth factor (TGF)-β isoforms

exaggerates these fibrotic events with disorganized ECM and excessive matrix contraction, forming scars and opacities.

SFs also produce growth factors (GFs) to trigger neovascularization into the avascular stroma and the expression of MMP

to degrade stromal collagens to assist new blood vessel formation and penetration .

2. Corneal Regenerative Approach: Cell-Based vs. Scaffold-Based
Strategies

2.1. Cell-Based Therapies

Conservative treatments (topical anti-inflammatory medications or steroid eye drops and minor surgeries) and donor

tissue grafting are the major options for managing corneal opacities and scarring. The limited supply of transplantable

donor tissue and the risk of allogenic graft rejections have urged researchers to look for alternative options to restore

corneal functions. The regenerative ability of corneal cells has led to extensive research into regenerating and

reconstructing various layers of the cornea, starting from the corneal epithelium  to current developments in

the corneal stroma  and endothelium . In the regeneration of corneal layers, cell and tissue

engineering have emerged as essential strategies for developing novel substitutes . Specific corneal stem cells have

immense potential to induce respective tissue regeneration through multiple modes of action, including: (1) differentiation

of limbal epithelial stem cells to corneal epithelial cells and corneal stromal stem cells (CSSCs) into keratocytes to

replenish the lost/damaged cells; (2) activation of resident cells to assist in tissue repair; (3) secretion of regenerative

molecules to reduce tissue inflammation, promote tissue remodeling, and activate the signaling pathways associated with

tissue healing and regeneration . Different studies have reported the differentiation of CSSCs, extraocular

mesenchymal stem cells (MSCs), and induced pluripotent stem cells (iPSCs) to survive and differentiate in vivo along the

keratocyte lineage and synthesize new collagens in the recipient stroma . MSC treatment also reduces pre-existing

scars and stromal defects, resulting in improved corneal clarity . In addition, the immunomodulatory properties of MSC

make them ideal for corneal regeneration in syngeneic, allogeneic, and even xenogeneic scenarios .

Despite the potential of cell-based therapies, there are limitations regarding the direct delivery of cells. The therapeutic

efficacy depends on the precise location and retention of viable cells at the target site and their functions in the new niche

. However, a number of attempts have not been met with critical success due to post-transplantation complications,

such as poor cell localization, short-term survival, and side effects (including the transition to other cell types and

tumorigenesis) . Without appropriate data from corneal research, it can be found from other studies that less than 5%

of transplanted cells reach the target site after intravenous administration, and their survival rate can be as low as 1% 

.

2.2. Scaffold-Based Cell Delivery Strategies

Scaffold-based cell delivery has the potential to overcome some limitations associated with cell-based therapy, such as

poor cell localization, as mentioned above. Bioscaffolding can assist in efficient cell delivery; at the same time, cells

introduced inside the scaffold can create 3D tissue analogs. It also provides a suitable matrix environment for cell

adhesion and growth  and maintains cellular functions, such as cytoskeleton reorganization, integrin activation, gene

expression, and ECM organization . Compared with cell suspensions, cell-laden scaffolds show higher cell viability and

better integration at the host site . Furthermore, in tissues where cell orientations are necessary, a good alignment of

cells and ECM is feasible. Such cell guidance inside the scaffold can assist host tissue regeneration and functional

recovery . In tissues and organs, such as corneal stroma, tendons, bones, and skeletal muscles, specific cell–ECM
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alignment is crucial for organ function . In the corneal stroma, keratocytes are sparsely located between the parallel

running collagen lamellae, and this is essential to minimize incident light scattering for perfect light transmission . In

tendons, the presence of a unique cell–matrix alignment provides substantial resistance and exceptional mechanical

properties to the tissue in that axis . Other similar examples can be observed in cartilage , dental enamel , and

basal epithelium . Reproducing those cell–matrix alignment patterns within the tissue-engineered substitutes can

generate a more native physiological representation of biological tissues, leading to a better recovery of tissue functions.

Engineering cells in a scaffold also warrant mechanical support and protection for the cells . Last but not least, a

bioscaffold used for corneal tissue engineering should have excellent optical characteristics, biocompatibility, and stability

.

The ECM is a non-cellular component present in every tissue and organ in our body, providing the physical scaffolding

support and essential biochemical, biophysical, and biomechanical signals necessary for tissue morphogenesis,

differentiation, and homeostasis. Therefore, an ECM-derived scaffold is an ideal biocompatible material for cell

incorporation compared with other biosynthetic platforms. In corneas, stromal matrix scaffolds have shown the potential to

be used for such a purpose due to the good preservation of the native ECM structure .

Decellularization of ECM Tissues for Scaffold-Based Engineering

Decellularization aims to eliminate cellular and antigenic molecules, including genetic materials while preserving the

structural, biochemical, and biomechanical properties of the matrix scaffold . In the context of tissue engineering,

a decellularized scaffold provides a native-like ECM environment with high bioactivity and compatibility for cell–ECM

interaction, and this promotes subsequent cell adhesion, proliferation, and survival . In addition, it offers the

advantage of a remarkable similarity with the tissue to be replaced. After delivery to the target site, the decellularized ECM

can be repopulated with the recipient cells to produce an integrated cell–tissue composite. Various decellularization

methods have been developed to efficiently remove immunogenic cellular materials, hence maintaining low

immunogenicity . A good decellularization protocol would produce non-immunogenic ECM with the original structural

integrity and a preserved protein content, including collagen, fibronectin, and glycosaminoglycans (GAGs). As a criterion

to be justified as non-immunogenic, decellularized ECM should contain less than 50 ng of double-stranded DNA per mg

ECM dry weight, and the residual DNA fragments must be less than 200 bp in length .

In recent years, different protocols have been developed to decellularize human corneal tissue . The

different approaches, methodology details, reagent requirements, and efficiency, as well as limitations, have been broadly

reviewed recently . Ideally, decellularization techniques aim to completely remove cellular and antigenic materials.

However, most protocols inevitably cause tissue disruption and a loss of intrinsic biological cues. Similarly, residues of

decellularization reagents might be retained in the resulting matrix, which could have a negative influence on further

engineering events and/or tissue transplantation. From a manufacturing point of view, simple protocols with fewer steps

and minimal reagent use are desirable. Stringent checks on decellularized tissue architecture, cellular material, and

protein content, as well as any residual reagents, are necessary.
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