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Abstract
The stroma is one of the 5 layers of the cornea that comprises more than 90% of the corneal thickness, and 
is  the most important layer for the transparency of cornea and refractive function critical for vision. Any 
significant damage to  this layer may lead to corneal blindness. Corneal blindness refers to  loss of vision 
or  blindness caused by  corneal diseases or  damage, which is  the  4th most common cause of  blindness 
worldwide. Different approaches are used to  treat these patients. Severe corneal damage is  tradition-
ally treated by transplantation of a donor cornea or implantation of an artificial cornea. Other alternative 
approaches, such as cell/stem cell therapy, drug/gene delivery and tissue engineering, are currently prom-
ising in  the regeneration of damaged cornea. The aim of  tissue engineering is  to  functionally repair and 
regenerate damaged cornea using scaffolds with or without cells and growth factors. Among the different 
types of scaffolds, polymer-based scaffolds have shown great potential for corneal stromal regeneration. 
In this paper, the most recent findings of corneal stromal tissue engineering are reviewed.
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Introduction
The outer layer of the eye consists of sclera and cornea. 

The cornea plays an essential role in the ocular light path-
way and consists of 5 distinct layers (from outside to inside): 
the epithelium, Bowman’s membrane, stroma, Descemet’s 
membrane, and endothelium. Injuries leading to scarring 
and diseases such as keratoconus (cornea progressive thin-
ning) and bullous keratopathy (an endothelial dysfunction 
which causes formations of  small vesicles in  the cornea) 
can cause blindness and visual impairment due to corneal 
damage.1 Corneal blindness is a widespread problem that 
is the 4th cause of blindness in the world, with more than 
10  million people having bilateral blindness, while only 
about 185,000 corneal transplants are performed annually 
worldwide.2,3 Treatment of corneal blindness imposes con-
siderable economic pressure on  the  medical system and 
patients. The management of the pathological conditions 
seems to be an important issue in reducing the economic 
pressure and improving patients’ quality of life.4,5

Corneal transplantation is still the most frequent type 
of transplant in the world, which can improve the visual 
function in case of severe corneal damage. Transplanted 
allograft tissue poses the  risk of  stimulus-immune re-
sponses that may cause transplant rejection; there 
is also a possibility of transmitting certain diseases from 
the grafted tissue.6 In addition, transplantation of an or-
gan or a tissue may be a process with numerous cultural, 
ethical and legal barriers.7 To address these issues, many 
scientists have tried to replace the cornea with a variety 
of alternative solutions (Fig. 1).

Corneal replacements include 2 categories: keratopros-
thesis and tissue-engineered structures. Keratoprosthe-
sis or corneal prosthesis is a surgical alternative to donor 
transplantation. Various commercially available corneal 
prostheses, such as Boston KPro and osteo-odonto-kerato-
prosthesis (OOKP), are used clinically with a different rate 
of success.8 Although the material and design of the pros-
theses vary, poly(methyl methacrylate) (PMMA) is  con-
sidered as a basic primary material.9 Retinal detachment, 
calcification, glaucoma, corneal melting, prosthesis extru-

sion, and some other complications are reported as a re-
sult of using these keratoprostheses.10

Researchers have also developed cell-/stem cell-based 
methods to  overcome the  limitations of  previous ap-
proaches. Cell therapy methods are used to  regenerate 
the endothelium and epithelium layers, but rarely for stro-
mal regeneration. Due to  the  limitations of  the  current 
methods, alternative regenerative approaches are required. 
In corneal tissue engineering, different engineered struc-
tures are used to  form corneal substitutes. Biomaterials 
used for corneal regeneration should have several critical 
features: high transparency, biocompatibility and moisture 
conservation.11 Suitable mechanical properties are essen-
tial factors of the cornea to protect its structure, morphol-
ogy and normal functionality.12

In this review, we focus on the most recent available cor-
neal stroma replacement approaches. While the  corneal 
endothelium and the  ocular surface have been a  subject 
of interest in corneal investigations for several years, stro-
mal regeneration has recently become the subject of equal-
ly studied research. This is  because this layer is  probably 
the  most challenging of  all 3 layers to  repair, regenerate 
or  replace. The  complex structure of  the  stroma makes 
it very difficult to be engineered, and therefore a wide range 
of approaches (including polymer-based scaffolds) are be-
ing investigated in order to find an optimal stromal replace-
ment. This paper provides a review of recent polymer-based 
scaffolds used for corneal stromal tissue engineering.

Anatomy and histology 
of the cornea

The  cornea is  a  transparent connective tissue with no 
blood vessels that provides an optical interface. It protects 
the  eye from infections and provides good mechanical 
support. The human cornea is 12–13 mm in diameter and 
0.5 mm in thickness at its center.13 The 3 distinct cellular 
layers, including corneal epithelium (external layer), stroma 
and endothelium (internal layer), are separated by 2 acel-
lular interfaces. Bowman’s layer is between the  stratified 

Fig. 1. Therapeutic strategies for corneal replacement/regeneration
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epithelium and the  stromal layer. Descemet’s membrane 
is the basal lamina of endothelium that separates it from 
the stromal layer. The cornea tissue is rich in collagen and 
contains a  leucine-rich proteoglycan-like keratan sulfate. 
The corneal epithelium is a 4–6-layered non-keratinized 
stratified squamous tissue with 40–50 µm thickness, which 
is highly innervated.14,15 Tear film, which covers the out-
side of the epithelium, provides a smooth surface that can 
help light refraction. Moreover, it  is  anti-bacterial and 
necessary for the  proliferation, repair and maintenance 
of epithelial homeostasis.16 Bowman’s membrane is a con-
densed layer of collagen 15 µm in thickness located pos-
terior to the epithelium. It is also known as anterior lim-
iting lamina. Bowman’s membrane is one of  the barriers 
regulating the  transfer of  molecules. Approximately 90% 
of the thickness of the cornea is attributed to the stromal 
layer, which consists of aligned collagen fibers (lamellae), 
and there are different collage types, such as collagens type 
I, V, XIV, XII, and VI.17 Decorin, lumican and keratocan 

are small leucine-rich proteoglycans that regulate hydra-
tion of  the cornea and are also required for its transpar-
ency.13,18 The  woven collagen bundles between adjacent 
lamellae provide mechanical strength needed to  with-
stand shear stress by transferring stress between lamellae. 
In the embryonic period, keratocytes migrate from neural 
crest to  the  corneal stroma and locate between lamellae 
to  produce the  matrix components.19 A  thick type VIII 
collagen-rich basement membrane is  located posterior 
to the stroma named Descemet’s membrane. The corneal 
endothelium layer anchors this membrane. The endothe-
lium removes water from the stroma to maintain corneal 
transparency.20,21 The main functions of the cornea are de-
termined as protection, transparency and maintaining op-
tical properties. The stroma is a dense, non-vascularized 
tissue that contains organized collagen fibrils to  protect 
tissue from tensile strength and shear stress (Fig. 2). Colla-
gen fibers and endothelium function provide the transpar-
ency of the cornea, which determines optical properties.22

Fig. 2. The structure of cornea indicating that it is composed of 3 cellular layers separated by Descemet’s membrane and Bowman’s layer. The histology 
and molecular structures of the cornea are shown to help illustrate different interactions between the corneal tissue components. The anterior third 
of the corneal stroma is a lamellar interwoven fabric composed of unidirectionally fibril-reinforced lamellae. The posterior two-thirds of this tissue is a non-
woven, unidirectionally fibril-reinforced lamellae. This highly specialized structure brings strength and stiffness for corneal tissue. The unidirectional 
orientation of collagen fibrils in each lamella is critical, because this unique arrangement prevents fibril undulation and also maintains the mechanical 
properties of the cornea. Reprinted with permission from Elsevier22
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Tissue transplantation
One of  the  current clinical approaches is  to  replace 

the full-thickness tissue through transplantation of a cor-
nea during penetrating keratoplasty. These corneas are 
obtained from cadaveric donors. All 5 layers, including 
the epithelium (as the corneal surface), Bowman’s mem-
brane, stroma, Descemet’s membrane, and endothelium, 
would be replaced after penetrating keratoplasty. Some 
remarkable changes in  the  functioning and morphology 
of  the  corneal surface were observed after this surgery. 
For example, after penetrating keratoplasty, the metabo-
lism of  the epithelial cells decreased in  terms of oxygen 
absorption compared to the healthy eye.23,24

Anterior lamellar keratoplasty and deep anterior lamel-
lar keratoplasty are also available transplantation tech-
niques. In these surgeries, the host corneal endothelium 
and Descemet’s membrane are left untouched. In the deep 
anterior lamellar keratoplasty, the  corneal surface and 
the whole stroma are replaced, but in the anterior lamel-
lar keratoplasty, a part of the patient’s stroma is left intact. 
Both of these techniques are considered partial replace-
ments of corneal tissue. The advantages of these methods 
compared to  penetrating keratoplasty are that they are 
less invasive and also reduce endothelial damage, which 
prevents transplant rejection.25,26

Posterior lamellar keratoplasty is another technique to re-
place the corneal endothelium, Descemet’s membrane and 
posterior part of the stroma.27 Transplantation of the cor-
neal endothelium was first described by Melles et al.28 They 
called this technique posterior lamellar keratoplasty. This 
technique was then improved by Terry and Ousley, who re-
named it deep lamellar endothelial keratoplasty. This sur-
gery required manual lamellar dissections within the deep 
corneal stroma of  both the  donor and the  recipient cor-
neas.29 The next significant modification of posterior lamel-
lar keratoplasty was Descemet’s stripping endothelial kera-
toplasty. In this procedure, instead of performing a lamellar 
dissection, the patient’s Descemet’s membrane is peeled off 
using specially designed strippers.30 Compared with deep 
lamellar endothelial keratoplasty, Descemet’s stripping en-
dothelial keratoplasty is  easier to  perform, and stripping 

the Descemet’s membrane leaves a very smooth recipient 
interface onto which the donor can be applied. This may 
lead to better visual results, but has also been implicated 
as a cause of early postoperative donor dislocations.27

Although all of these surgical techniques provide good 
chances for patients, there is still a significant limitation 
in the number of donors.

Artificial corneas
As  the  number of  donors decreases, artificial alter-

natives need to  be developed. Pellier de Quengsy used 
a bio-inert glass as a substitute of cornea for the first time 
in 1789.31 In 1953, Stone and Herbert showed that PMMA 
constructs were well-maintained in the eyes of rabbits for 
24 months.32 Artificial PMMA-based keratoprostheses are 
now commercially available and used in  clinical setting. 
A keratoprosthesis consists of 2 main parts: a cylindrically 
shaped optical part (core part) and a  surrounding skirt 
(haptic part) which ensures tight connection to the ocular 
tissue. The  keratoprosthesis should preferably be manu-
factured through mechanical shaping from one piece 
of polymer for long-term tight connection between the op-
tic and haptic parts. The polymer should be hydrophobic 
to avoid interaction with eye medications and dimension-
al changes. The polymer should also be flexible to allow 
the skirt to follow the movement of the surrounding tissue 
and prevent local stress. Moreover, the polymer must be 
transparent and immunologically safe to be used in human 
eyes. Therefore, the consortium focuses on the evaluation 
of various acrylic polymers with a glass transition temper-
ature around 10°C. This allows mechanical shaping at low 
temperature and flexibility at  the temperature of  the hu-
man eye.10,33 Different materials are used as optic and hap-
tic parts to produce various keratoprostheses (Table 1).

Boston KPro is likely to be the most well-known kerato-
prosthesis made of PMMA as  the optic part and titanium 
as the haptic part.34 Another example of the use of PMMA-
based artificial corneas is  in  OOKP, which uses a  piece 
of tooth as a supporting structure. Many complications such 
as glaucoma, retinal detachment, prosthesis extrusion, calci-

Table 1. Haptic and optic parts of different keratoprostheses40–46

Keratoprosthesis Type Haptic part Optic part Reference

Boston KPro Hard KPro titanium PMMA 40

OOKP Hard KPro a piece of tooth PMMA 41

Miro®Cornea Hard KPro hydrophobic acrylic polymer hydrophobic acrylic polymer 42

KeraKlear® Hard KPro hydrophilic acrylic polymer hydrophilic acrylic polymer 42

Fyodorov–Zuev KPro Hard KPro titanium PMMA 43

MICOF Hard KPro titanium PMMA 44

AlphaCor Soft KPro poly(2-hydroxyethyl methacrylate) poly(2-hydroxyethyl methacrylate) 45

Legeais BioKPro-III Soft KPro polytetrafluoroethylene polyvinylpyrrolidone-coated polydimethylsiloxane 46

PMMA – poly(methyl methacrylate).
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fication, and corneal melting have been reported after em-
ploying artificial corneas.35,36 Many of  these complications 
arise from the hydrophobic nature of the rigid materials used 
in  these constructs. Hydrogel-based skirt prostheses were 
used in patients with a history of corneal transplant rejec-
tion.37 Fyodorov–Zuev KPro, KeraKlear® and Miro®Cornea 
are other examples of keratoprostheses which are not widely 
used in clinics. Fyodorov–Zuev KPro is made of PMMA and 
titanium, and its properties are similar to the Boston KPro. 
Fyodorov–Zuev KPro is a common keratoprosthesis for cor-
nea transplantation in Russia and China. KeraKlear® repre-
sents a flexible structure developed in the USA. Miro®Cornea 
has been developed in Germany. One of the main complica-
tions of the recent prostheses is the formation of retro-pros-
thetic membrane after transplantation.38,39

Biopolymer-based scaffolds for 
corneal stromal tissue engineering

The shortage of donors and insufficient application po-
tential of the keratoprostheses have led to numerous re-
search studies investigating the production of tissue-en-
gineered epithelial, stromal and endothelial replacements. 
Corneal stromal regeneration is a challenge for scientists 
because it has a  complicated structure, and also unique 
optical transparency and mechanical strength. Corneal 
stromal regeneration is one of the critical targets for re-
searchers, because creating functional stroma is  very 
important in the treatment of corneal dysfunctions, and 
obtaining a prosthesis with satisfying mechanical, chemi-
cal and morphological properties alike is one of the most 
challenging issues in corneal stroma tissue engineering.47 
Nowadays, using biopolymer-based scaffolds is  a prom-
ising approach that has attracted much attention from 
research teams and is focused on regenerative strategies 
using different biomaterials in combination with various 
cell types. Biocompatibility, transparency and strength 
are considered to be the most important factors for cor-
neal scaffolds. In addition, scaffold-based approaches are 
focused on the fabrication of constructs that could mimic 
the microenvironment of the native tissue to support cell 
adhesion, migration, proliferation, and differentiation.48

The researchers have used synthetic polymers as a sub-
strate for engineering corneal stroma because they have 
adjustable mechanical properties.49,50 Moreover, some 
of these scaffolds have the capacity of inducing the differ-
entiation of  human stromal stem cells into keratinocyte 
lineage. For example, poly(ester urethane) has been used 
as a scaffold in combination with stromal stem cells in or-
der to differentiate these cells to the keratinocyte lineage. 
Despite the  differentiation of  the  stem cells, there were 
some weaknesses in  the  optical properties of  the  scaf-
fold.51 Synthetic and natural biopolymers could be blended 
to improve the biological and optical properties.48 For ex-
ample, Ozcelik et al. showed that hydrogel films composed 

of collagen type I, chitosan, poly(L- and D-lactic acid), and 
poly(ethylene glycol) present excellent biological, optical 
and mechanical properties compared with synthetic mate-
rials alone.52 Collagen type I, as a natural biopolymer, has 
many advantages such as  encapsulating living cells, espe-
cially in the natural human cornea. This biopolymer is one 
of  the  components of  stroma, so using this biopolymer 
as a component of corneal scaffolds could play an impor-
tant role in  corneal stromal regeneration.53 Collagen type 
I hydrogels have some weaknesses in mechanical properties 
that could be partially eliminated by  chemical cross-link-
ers.54–56 For aligning the arrangement of fibroblasts (similar 
to the arrangement of the stromal cells), it is possible to pro-
duce aligned nanofibers of  type I collagen using the elec-
trospinning method, although this reduces transparency.57

Silk fibroin has been widely used for a variety of tissue en-
gineering and biomedical applications. Due to the biocom-
patibility and transparency of silk protein, silk fibroin-based 
scaffolds are also utilized for corneal stromal tissue engineer-
ing.58 Silk films with well-developed topography, chemical 
surface modification, degradation rate, and porosity could 
provide excellent optical, mechanical and biological proper-
ties.59,60 Such optimized silk films seeded with suitable cell 
types can provide a high potential to be used as a functional 
corneal tissue equivalent in clinical approaches. Lawrence 
et al. fabricated silk thin films to replicate corneal stromal 
tissue architecture.61 The  films were surface-patterned 
to induce cell alignment. To improve nutrients diffusion and 
to  enhance cell interactions, micropores were introduced 
into the  thin films. Proliferation of  corneal fibroblast and 
expression of corneal extracellular matrix (ECM) on the silk 
films demonstrated the biocompability of these films. Their 
optical and mechanical properties were also appropriate 
to support the corneal stromal functions.

A strategy to improve the biocompatibility of scaffolds 
is to coat or modify their surfaces.62,63 In this regard, Ma 
et al. fabricated PMMA hydrogels surface-modified with 
amines and then coated with ECM proteins such as col-
lagen  I and  IV, fibronectin, and laminin. The  hydrogels 
were then surgically implanted into bovine corneas. 
The results demonstrated that specific surface modifica-
tions promote biocompatibility of the hydrogels.64 In an-
other study, Gil et al. prepared arginine-glycine-aspartate 
(RGD)-coupled silk lamellar systems and studied the be-
havior of  human corneal fibroblasts (HCF) in  the  pres-
ence of this system.65 They produced RGD-coupled, po-
rous, patterned, transparent, and mechanically robust silk 
films. The  effect of  RGD-coupling on  the  proliferation, 
orientation, gene expression of HCF, and ECM organiza-
tion was assessed. The results indicated that RGD surface 
modification improved proliferation, cell attachment, 
alignment, and expression of type I and V collagens, and 
also increased the expression of biglycan and decorin pro-
teoglycans. They claimed that this system could mimic 
the structure of corneal stromal tissue and give a useful 
strategy to achieve an engineered human cornea.
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The number of studies on corneal stromal regeneration 
has increased over the last decades. Table 2 contains re-
cent approaches regarding corneal stromal regeneration, 
applying different biopolymer-based scaffolds.

Conclusions  
and future perspectives

Various approaches have been developed to  replace 
or  regenerate corneas. Each of  the  described methods 
has had important contributions to  the  rapidly evolving 
field of  corneal stromal tissue engineering. The  stroma 

is  an  important layer in  the  cornea, and its reconstruc-
tion in patients with corneal blindness means a huge im-
provement in their quality of life and also the possibility 
to restore their sight. While the ideal stromal replacement 
has not been established yet, there have been important 
efforts in the direction of a fully functional and biocompat-
ible stromal transplant. Current corneal blindness treat-
ment options, due to  stromal opacities, remain limited 
to penetrating keratoplasty, anterior lamellar keratoplasty, 
deep anterior lamellar keratoplasty, and artificial cornea. 
The shortage of cornea donors and side effects of artificial 
corneas bring limitations to  these methods. Therefore, 
novel approaches are needed to  overcome these limita-

Table 2. Polymer-based scaffolds for corneal stromal regeneration 

Polymer-based scaffold Cross-linker Cell type Clinical status Reference

Gelatin/chondroitin sulfate porous 
scaffold

carbodiimide rabbit corneal keratocytes in vitro 66

Poly(ε-caprolactone)/silk fibroin 
electrospun scaffold

- human stromal keratocyte cells in vitro 67

Poly(ε-caprolactone) electrospun 
membrane 

glutaraldehyde human corneal stromal cells in vitro 68

Gelatin/chondroitin sulfate EDC/NHS rabbit corneal keratocyte in vitro 69

Poly(ε-caprolactone)-poly (ethylene 
glycol)/GelMA hydrogel

– limbal stromal stem cells in vitro/in vivo (rat) 70

Silk film – human corneal stromal stem cells 
and dorsal root ganglion neurons

in vitro 71

Porous silk film – stromal cells in vitro/in vivo (multipocket 
corneal stromal rabbit models)

72

Multilayered silk films – human corneal epithelial and 
stromal stem cells

in vitro 73

Compressed collagen transglutaminase corneal stromal cells in vitro/in vivo (female New 
Zealand rabbits)

74

Polyglycolic acid (PGA) fibers – rabbit corneal stromal cell in vitro/in vivo (female rabbit) 75

Multi-layered silk film – human corneal stromal stem cells in vitro 76

Poly(ester urethane) urea fibrous 
substrate

– human corneal stromal stem cells in vitro 51

Gelatin/ascorbic acid cryogels cryogelation technique rabbit keratocyte in vitro/in vivo (alkali burn-
induced animal model)

77

Aligned poly(ester urethane) urea 
substrate

– corneal stromal stem cells and 
human corneal fibroblasts

in vitro 78

Aligned polycaprolactone nanofibers – adult dental pulp cells in vitro/in vivo (mouse) 79

Keratocyte spheroids fabricated 
on chitosan coatings

– rabbit stromal cells in vitro/in vivo (rabbit corneal 
stromal defect model)

80

Collagen type I gel bio-orthogonal strain-
promoted azide–alkyne 

cycloaddition

keratocytes in vitro 81

Fibrin and fibrin-agarose scaffold – – in vitro 82

Magnetically aligned collagen fibrils transglutaminase keratocytes in vitro 83

Silk fibroin/chitosan scaffold – primary rabbit corneal epithelial 
cells and corneal stromal cells

in vitro/in vivo (New Zealand 
white rabbits)

84

Collagen/poly 
(N-isopropylacrylamide) membrane

– epithelial corneal cells in vitro/in vivo (rabbit) 85

Methacrylated gelatin UV human keratocytes in vitro 86

EDC – N-ethyl-N′-(3-(dimethylamino)propyl)carbodiimide; NHS – N-hydroxysuccinimide.
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tions. Although some research has confirmed the  effec-
tiveness of  cell-/stem cell-based strategies to  regenerate 
corneal stroma, their inadequate regenerative potential 
encourages researchers to use scaffolds as the supporting 
structures. Significant progress has been made in recent 
years in  corneal tissue engineering regarding regenerat-
ing damaged corneal stroma or replacing it using natural 
and/or synthetic biopolymers. Future studies should focus 
on  combining different methods to  achieve transparent 
and well-maintained stromal replacements that will be 
able to  not only host stromal cells, but also re-establish 
stromal functionality to restore vision.
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