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Abstract

BACKGROUND: Since the cornea is responsible for transmitting and focusing light into the eye, injury or pathology

affecting any layer of the cornea can cause a detrimental effect on visual acuity. Aging is also a reason for corneal

degeneration. Depending on the level of the injury, conservative therapies and donor tissue transplantation are the most

common treatments for corneal diseases. Not only is there a lack of donor tissue and risk of infection/rejection, but the

inherent ability of corneal cells and layers to regenerate has led to research in regenerative approaches and treatments.

METHODS: In this review, we first discussed the anatomy of the cornea and the required properties for reconstructing

layers of the cornea. Regenerative approaches are divided into two main categories; using direct cell/growth factor delivery

or using scaffold-based cell delivery. It is expected delivered cells migrate and integrate into the host tissue and restore its

structure and function to restore vision. Growth factor delivery also has shown promising results for corneal surface

regeneration. Scaffold-based approaches are categorized based on the type of scaffold, since it has a significant impact on

the efficiency of regeneration, into the hydrogel and non-hydrogel based scaffolds. Various types of cells, biomaterials, and

techniques are well covered.

RESULTS: The most important characteristics to be considered for biomaterials in corneal regeneration are suitable me-

chanical properties, biocompatibility, biodegradability, and transparency. Moreover, a curved shape structure and spatial

arrangement of the fibrils have been shown to mimic the corneal extracellular matrix for cells and enhance cell differentiation.

CONCLUSION: Tissue engineering and regenerative medicine approaches showed to have promising outcomes for corneal

regeneration. However, besides proper mechanical and optical properties, other factors such as appropriate sterilization

method, storage, shelf life and etc. should be taken into account in order to develop an engineered cornea for clinical trials.
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1 Introduction

The cornea has a complex avascular structure which con-

sists of three main layers (the epithelium, stroma, and

endothelium) (Fig. 1) and three main types of the cells

(epithelial, fibroblasts/keratocytes and endothelial). Stroma

makes up about 90% of the thickness of the cornea. Pro-

teoglycans and collagen type I which are secreted by ker-

atocytes maintain the stromal structure [1]. The healthy

cornea is responsible for the transmission of about 75% of

light to the lens [2] and provides an acute vision that

depends on the collagen fibers and water content of its

structure [1, 3]. Besides, the uninjured cornea can preserve

its transparency provided by self-renewal characteristics of

the corneal epithelial layer [3, 4]. Any damage or disease

results in low visual acuity, which may even lead to corneal

blindness in severe conditions [5]. In 2015, 253 million

people were reported to suffer from visual impairment

worldwide, of which near 15% got blind [6]. Some of the

prevalent corneal diseases are dry eye syndrome, kerato-

conus, stromal dystrophies, endothelial deficiency, stem

cell deficiency, and corneal ulcers [1, 7–9]. Besides

external damages, aging and genetic diseases are other

reasons for corneal disorders [10]. There are many tradi-

tional treatments for healing corneal diseases such as arti-

ficial tears, contact lenses, and donor tissue transplantation

[11, 12]. However, using artificial tears is a temporary

treatment [13], and frequent usage of contact lenses may

evoke inflammatory responses and microbial infection

[14].

Although donor tissue transplantation is the most com-

mon method for the management of severe corneal disor-

ders, it causes rejection in many cases which may require

permanent use of immunosuppression. The shortage of

donor tissue is also another issue [4, 13]. Generally, the

endothelial rejection rate occurs in about 21% of cases

[15]. The rejection rate of corneal transplantation in kera-

toconus is reported to be 14% [15]. Furthermore, about

two-thirds of the surgeries survive for just a decade [4].

So, many scientists are trying to solve these dis-

putable problems by using regenerative medicine [16].

Regenerative medicine should support the rebuilding of

new tissue from the host by providing the appropriate

microenvironment, factors, cells, and/or signals [17, 18].

Different approaches for cell delivery have been used for

corneal regeneration [19–21]. Factors of Extracellular

matrix (ECM) secreted by the delivered or induced healthy

host cells by paracrine signaling are intended to reconstruct

the degenerated tissue [22]. The present review aims to

overview a wide range of research in various approaches of

regenerative medicine to treat corneal disorders.

2 Overview of required properties for corneal
regeneration

Regenerative medicine is one of the recent approaches for

reconstructing various layers of the cornea, starting from

epithelium to stroma, and endothelium layers [23, 24].

Both epithelium and endothelium are considered thin lay-

ers which constituted about 10% and 1% of the corneal

thickness respectively. The epithelium layer consists of

various differentiates states of epithelial cells, but the

endothelium layer has a monolayer cell structure. The

corneal stroma is a thick layer that has a highly arranged

structure [1, 23]. So, based on the native structure of each

layer, flat, two dimensional (2D) and/or three dimensional

(3D) cell delivery techniques have been used to heal the

injured tissue [25, 26]. Some scientists used cell sheets,

especially for treating ocular surface diseases as a 2D cell

Fig. 1 Corneal structure and

regenerative medicine

approaches
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delivery system and eliminated any requirement of bio-

materials [22, 27]. Although 2D scaffolds might provide

suitable mechanical properties and fibril structure for cul-

tured cells for epithelium and endothelium layers, they

cannot mimic the intricate 3D structure of the stromal

tissue [28]. Besides considering suitable mechanical

properties and cell adhesion, proper permeability of the

microenvironment to transfer nutrients and glucose into the

structure is an important issue [4]. Transplantation method

is another important consideration especially for healing

ocular surface disorders; for instance, noninvasive delivery

methods such as limbal stem cell (LSC)/growth factor

injection are preferable to surgery which is known as an

invasive manipulation with the soft corneal surface, and

suturing can also cause inflammatory responses [29]. The

approach of regenerative medicine is changing from inva-

sive to noninvasive procedures for epithelium and

endothelium layer regeneration and from 2D into 3D cell

delivery methods for stromal tissue regeneration [30].

Scaffold characterizations such as stiffness, surface

topology, degradation rate, and cytocompatibility have an

undeniable effect on cell differentiation and growth in

scaffold-based cell delivery methods [31]. Sufficient

mechanical properties mimic the microenvironment of the

host tissue and induce cell differentiation to the desired cell

type [32]. The tensile strength of the cornea is 3.8 MPa

[33], therefore tuning the stiffness of the scaffold by either

polymer/crosslinker concentration or crosslinking time, has

a significant effect on cell differentiation and damaged

tissue reconstruction [28]. Biodegradability of the scaffold

is also a vital aspect of scaffold-based corneal regeneration.

The desirable cell carrier should degrade when transported

cells secrete ECM, so the produced matrix replaces the

biomaterial. It is remarkable that mechanical properties and

degradation are related to one another and can be con-

trolled to heal the damaged tissue properly [34]. Moreover,

the swelling ratio depends on the stiffness and

hydrophilicity of the scaffold and affects the water content

of the material [33]. The water content is related directly to

the hydrophilicity and reversely to the mechanical strength

of the carrier, and it is a vital issue for biocompatibility and

cell growth [31]. The equilibrium water content of cornea

is reported to be 80% [20]. Cytocompatibility of bioma-

terials is also a critical factor because it affects cell–cell

and cell-tissue interactions significantly [32–34].

Cornea transparency is due to the regular distribution of

stromal collagen fibers and their size (diameter range:

48–113 nm) [35]. So, proper surface topology and prop-

erties can enhance cell growth and differentiation

[19, 31, 33] in stromal tissue regeneration.

In this review, various methods of applying regenerative

medicine for corneal repair are discussed and divided into

three main methods of scaffold-free cell or growth factor

delivery, hydrogel, and non-hydrogel based scaffolds.

Naked cell injection is not considered in this review, except

for discussing the impact of rho kinase (ROCK) inhibitors,

because the main focus of this work is highlighting bio-

engineered techniques for corneal regeneration. In this

case, applications of cell sheet [22, 36], ROCK inhibitor

[37–39] and mini tissue delivery [40] are studied in corneal

healing as scaffold-free cell delivery methods. In both

hydrogel and non-hydrogel based scaffolds, biomaterials

should be selected based on their ability to provide

acceptable characteristics for tissue regeneration. They are

divided into two main categories: natural and synthetic

biomaterials; the former consists of two categories,

including protein and polysaccharide-based biomaterials.

Protein-based biomaterials are originated from human

and animal resources such as collagen, amniotic membrane

(AM), and fibrin, while polysaccharide-based biomaterials

are derived from either chitin such as chitosan [21] or algae

and microbial sources such as alginate and dextran [17].

Decellularized tissue is also known as a natural biomaterial

that is obtained by cell removal from the native tissue [33].

Natural biomaterials are popular in corneal regeneration

because of their biocompatibility and proper cell-binding

sites [17, 30, 31]. It has been shown that both natural

biomaterials and decellularized tissues improve cell adhe-

sion, viability, and differentiation [17, 18]. However, poor

mechanical properties and high degradation rate are dis-

advantages of naturally derived biomaterials [17, 30, 33].

Synthetic biomaterials have acceptable mechanical

strength, low degradation rate, and tunable geometry,

which attract scientists’ attention [17, 31]. Nevertheless,

the lack of cell binding sites and inflammatory responses

cause graft rejection [17]. Therefore, many studies have

applied the combination of various biomaterials in order to

regenerate the damaged cornea and some of them preferred

to eliminate the need for any biomaterial for corneal

regeneration.

Hydrogel-based scaffolds include crosslinked polymeric

biomaterials that hold significant amounts of water in their

3D structure [41]. Other types of scaffolds that do not have

hydrogel properties such as electrospun mats, cell delivery

matrices, and films are categorized as non-hydrogel

scaffolds.

2.1 Corneal regeneration by scaffold-free cell

or growth factor delivery

Scaffold-free cell delivery attracts scientists because it

eliminates the need for any additional biomaterial for tissue

regeneration [41, 42]. Since autologous blood derivatives

such as autologous serum (AS) and plasma rich in growth

factors (PRGFs) have noticeable advantages such as

availability, no risk of rejection and biocompatibility, they
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Table 1 Scaffold-free cell and/or growth factor delivery used for corneal regeneration

Delivery substances/delivered

factors

Advantages Disadvantages Cells for in vitro

evaluation

Disease Clinical

status

References

PRP Secretion of various

growth factors and

stimulation of tissue

regeneration

Not

suitable for

severe

corneal

diseases

– Corneal

ulcers

Preclinical [14, 43]

Conjunctival

fibroblasts and

corneal stromal

keratocytes

Ocular

surface

disorders

Basic [12]

Cell sheets Elimination of extra

material for cell delivery

Thin and hard

to be

handled

Corneal epithelial

stem cells

Limbal stem

cell

deficiency

Basic [22]

Oral mucosal

epithelial stem

cells

Limbal stem

cell

deficiency

Preclinical [46]

Corneal endothelial

cells

Corneal

endothelial

cell loss

Basic [47]

Corneal endothelial

cells

Corneal

endothelial

cell loss

Preclinical [40, 48, 49]

Corneal endothelial

cells

Corneal

endothelial

deficiency

Basic [36]

Corneal stromal

stem cells

Corneal

blindness

and corneal

scars

Preclinical [50]

Amniotic membrane and

umbilical cord serum

Secretion of various

growth factors and

stimulation of tissue

regeneration

Not

suitable for

severe

corneal

diseases

– Ocular

chemical

burns

First

clinical

trial

[51]

PRP and hyaluronic acid Dry eye First

clinical

trial

[52]

ROCK inhibitor (Y-27632) Elimination of extra

material for cell delivery

Does not

affect cell

proliferation

– Bullous

keratopathy

First

clinical

trial

[53]

Corneal endothelial

cells

Corneal

endothelial

wound

Basic [37]

Corneal

endothelial

dysfunction

Preclinical [38]

ROCK inhibitors (ripasudil) Elimination of extra

material for cell delivery

Affect

intraocular

pressure

Corneal endothelial

cells

Corneal

endothelial

wound

Preclinical [39]

Conditioned medium from

human uterine cervical stem

cells

Secretion of various

growth factors and

stimulation of tissue

regeneration

Not

suitable for

severe

corneal

diseases

– Dry eye and

corneal

wound

Preclinical [54, 55]

Conditioned medium from

induced pluripotent stem

cells

Corneal endothelial

cells

Corneal

endothelial

wound

Basic [56]

Conditioned medium from

human bone marrow-derived

mesenchymal stem cells

Corneal

endothelial

dysfunction

Basic [45]
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have attracted lots of attention [12, 27]. Blood-derived

proteins also contain various growth factors that promote

tissue healing [43]. Besides blood derivatives, it has been

shown that condition medium (CM) from various sources

of stem cells contains an ample supply of growth factors

that boost tissue regeneration [43, 44]. List of various

scaffold-free cell and growth factor sources used for

treating corneal diseases are summarized in Table 1.

2.1.1 Cell delivery

Scientists try to use cell sheets [57] because it does not

require any biomaterial or suturing process [58]. Since

ECM proteins on the cell sheets are adhesive, they do not

require sutures to remain on the host tissue [59]. Okano

et al. used thermo-sensitive polymer, poly (N-isopropyl

acrylamide) (PIPAAm) to construct epithelial and

endothelial cell sheets [22, 27, 42]. PIPAAm is slightly

hydrophobic at 37 �C, so cells attach to it via cell mem-

brane proteins and spread normally at the physiological

condition. It becomes hydrophilic and protein non-adhesive

at temperatures lower than 32 �C, so cells detach without

any requirement of enzymes like trypsin (Fig. 2). They

reported that 2 mm 9 2 mm biopsy of limbal tissue could

provide epithelial cell sheets for more than 20 patients [60].

The obtained corneal epithelial cell sheet is attached to the

injured tissue without any sutures, and the vision loss is

recovered in a patient who suffered from Saltzman syn-

drome [60]. Therefore, cell sheets can be a promising

method to deliver stem cells to the injured tissue without

using any biomaterial [22, 36, 57]. They also reported

complete ocular surface recovery in the rabbit model suf-

fering from limbal stem cell deficiency (LSCD) and the

regenerated tissue preserved its structure in the long-term

period [46].

The same approach was applied for corneal endothelial

layer recovery, and acceptable cell sheet attachment was

observed. Although the endothelial cell sheet was a

monolayer substrate, it was easily handled during surgical

maneuvers. However, endothelial cells harvested from

older donors have a shorter lifetime and are in short supply

[61], so using cell sheets for corneal endothelial regener-

ation should be considered with other cell sources such as

induced pluripotent stem (iPS) cells [62]. Nevertheless, a

clinically approved method to differentiate these cells into

endothelial cells has to be studied carefully [27]. Using

thermo-responsive PNIPAAm for constructing endothelial

cell sheets also regenerated the damaged endothelial layer

with acceptable transparency in the rabbit model. Even

though the long-term in vivo study is needed, PNIPAAm

showed to be a promising thermo-responsive polymer for

constructing both epithelial and endothelial cell sheets

[49]. Notably, a longer culture period resulted in more

Descemet membrane secretion which improved the cell

sheet resistance to rupture during the surgical procedures

regarding higher mechanical properties [47].

Although using cell sheets overcome disadvantages of

scaffold-based materials, they are thin and hard to be

handled [29]. Using multilayer cell sheets cause necrosis

due to the lack of nutrition or blood supply [63].

Lack of cell source for the human corneal endothelial

cell is the bottleneck in using cell therapy for corneal

endothelial layer reconstruction. Shi et al. isolated

endothelial mini sheets from the rabbit endothelium layer

and injected it into the anterior chamber of the rabbit eye to

investigate corneal endothelium regeneration. Comparing

the results with single cell injection showed that healing of

damaged tissue was three times faster when mini sheets

were transplanted and the functionality of regenerated

endothelium was also reported in those rabbit models,

which might be contributed to their higher adhered cell

density [40]. Studies with endothelial cells need a suit-

able animal model, as rabbits have a proliferative, mitotic

endothelial cell layer that may not replicate the human

corneal endothelium. The effect of ROCK inhibitor,

Y-27632, on corneal endothelium regeneration was studied

Fig. 2 A Schematic of constructing cell sheets using thermo-sensitive polymer. B Corneal healing in a patient with Saltzman syndrome before

and after transplantation of corneal epithelial cell sheets. Adapted from [60] licensed under creative commons license
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in primate preclinical models. Endothelial dysfunction was

developed by removing the endothelial layer from the

Descemet’s membrane. Both monkey corneal endothelial

cells (MCECs) and Human corneal endothelial cells

(HCECs) were injected with and without ROCK inhibitor

into the anterior chamber of monkeys. The rejection was

detected in some of the corneas received HCECs due to the

xeno-transplantation. Hazy corneas were observed in all

cases which were treated without ROCK inhibitor even

after a year. Corneal thickness was thinner in eyes treated

with ROCK inhibitor. Therefore, the ROCK inhibitor

enhanced regeneration efficiency and could be applied for

clinical studies [38]. It was reported that ROCK inhibitor,

Y-27632, might not affect HCEC proliferation; however, it

improved cell adhesion and migration which has made it a

potential regenerative alternative for treating damaged

corneal endothelium [37]. HCECs were injected with a

ROCK inhibitor, Y-27632, into the anterior chamber of 11

patients suffering from bullous keratopathy. The mean

corneal thickness was reported to be 549 lm and visual

acuity was achieved in 9 treated eyes. Intraocular pressure

was maintained within the normal range in all cases even

after 2 years and all the corneas remained transparent

during this time [53]. Besides the Y-27632 ROCK inhi-

bitor, the influence of ripasudil ROCK inhibitor on HCECs

proliferation was studied with 5-ethynyl-20-deoxyuridine

(EdU) and Ki-67 staining after 48 h. It was reported that

ripasudil remarkably improved cell proliferation, so cor-

neal endothelial wound healing was investigated in rabbit

models using topical ripasudil eye drops. The corneal

endothelial wound was created by corneal freezing and

mechanical scraping and wound healing was evaluated in

both models. In the eyes damaged by the first method,

corneal endothelial regeneration was observed after 48 h

and less haze was reported in comparison with non-treated

eyes. Mechanically scrapped corneas treated with ripasudil

eye drops became transparent after 2 weeks without any

reported corneal edema [39].

2.1.2 Growth factor delivery

Growth factors promote cell proliferation, adhesion,

activity, differentiation, and subsequently enhance tissue

regeneration [64, 65]. Because of its rich content of growth

factors, platelet-rich plasma (PRP) can aid wound healing

and repair of injured tissues to regain function (Fig. 3A). In

addition, epidermal growth factor (EGF), fibroblast growth

factor (FGF) and fibronectin have been shown to be

effective on epithelial cells [14] migration and regenera-

tion. Therefore, Tartara et al. treated acute corneal ulcers in

rabbit models by a single PRP drop on the first and third

days of observation. Their approach eliminates invasive

procedures with minimum cost and time [14].

Alio et al. [66] investigated many clinical functions of

the PRP in invasive and non-invasive treatments. PRP

droplets also had a successful clinical outcome for treating

dry eye and post-treating corneal surface after laser ther-

apy. Moreover, solid PRP clot and combination of it with

other biomaterials such as AM and bovine pericardium

membrane had a promising outcome for healing corneal

perforation [66]. It has been shown that PRP and fibrin

membrane are a successful composition for wound closure

in patients with perforated ocular ulcers. In this study, a

coagulated PRP was applied to the injured cornea and

covered by the autologous fibrin membrane. Only 0.3% of

the patients had fibrin membrane residuals beneath the

regenerated tissue and all of them recovered from corneal

perforation. They reported time-consuming preparation of

fibrin and PRP as the only disadvantage of their method

[67]. Orive et al. compared AS and PRGF eye drop for

treating ocular surface disorders. PRGF caused higher cell

proliferation and migration than AS regarding its enriched

content of various growth factors, especially EGF.

Fig. 3 A Schematic of PRP derivation. B Photographs of corneal flap

attachment to the stroma immediately after the lamellar anterior

keratoplasty in rabbit models. C Solidified PRP after 10 min.

D Cornea appearance after 6 h. Adapted with permission from [43].

� 2009 Springer Nature. All rights reserved
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Although PRGF had more amount of vascular endothelial

growth factor (VEGF) than AS, it did not induce any

vascularization which might be due to the high population

of anti-angiogenic proteins in PRGF that prevented the

functioning of VEGF. However, the presence of various

growth factors should be controlled carefully to prevent

any post-surgical side effects [12].

Besides the clinical treatment of PRP, it has been used

as a substitute for suturing since sutures can trigger the

inflammatory immune response and therefore require

immunosuppression. The corneal flap was soaked in PRP

and eventually replaced on the stroma in rabbit models

after anterior lamellar keratoplasty (ALK). The tissue

remained on the corneal surface without any ocular

inflammation and resulted in a clear and transparent cornea

without reported toxic effect (Fig. 3B–D) [43]. Transcu-

taneously injection of the PRP and hyaluronic acid (HA)

was compared with the injection of HA alone into the

lacrimal gland of patients with severe dry eye. It was

suggested that PRP improved patients’ symptoms signifi-

cantly. It was also reported that the tear volume was

increased after the injection of PRP [52]. Acceleration and

improvement of tissue regeneration are caused by growth

factors released from the platelets [67].

In addition to blood derivatives biomaterials, it is

demonstrated that the AM also contains miscellaneous

growth factors, and has anti-vascular/anti-inflammatory

characteristics [68]. Sharma et al. compared conventional

medical therapy with AM transplantation and topical

umbilical cord serum drop, each method was tested on 15

patients with ocular chemical burns individually and con-

trolled for 3 months. Patients who received AM trans-

plantation and umbilical cord serum drops had significant

improvement compared to the patients treated with con-

ventional medicine. Moreover, umbilical cord serum drop

was superior in terms of rapid restoration of visual acuity

and pain reduction caused by prompt re-epithelialization

due to its enriched content of growth factors [51]. Fur-

thermore, topical use of conditioned medium from human

uterine cervical stem cells (CM-hUCES) was shown to

have effective impacts on treating dry eye and corneal

wound in rabbit models. It was observed that tissue inhi-

bitor of metalloproteinase-1 and -2 (TIMP) which were

abundant in CM-hUCESC enhanced regeneration by

increasing corneal epithelial cell proliferation and avoiding

apoptosis [54]. Besides wound healing, CM-hUCESs were

observed to have anti-inflammatory and antibacterial

effects which made it a good candidate for the contact lens

solution to avoid any infection [55]. Growth factor delivery

was also applied for endothelium layer regeneration to

enrich the cell population [69]. The proliferation efficiency

of bovine corneal endothelial cells was improved by using

25% CM from iPSCs instead of corneal endothelial

medium (CEM). The expression of specific markers of

corneal endothelial cells was higher when they were cul-

tured in iPSC-CM in comparison with cells cultured using

CEM [56]. CM from human bone marrow-derived mes-

enchymal stem cells (MSCs) (MSC-CM) also increased

HCECs proliferation rate and gene expression [45].

2.2 Corneal regeneration using scaffold-based tissue

engineering approaches

2.2.1 Corneal regeneration using synthetic biomaterials

Synthetic biomaterials have quick polymerization, tunable

morphology, proper mechanical and degradation proper-

ties, and therefore, they have been used in scaffold fabri-

cation for tissue repair [69–72]. Considering the

disadvantages of natural biomaterials such as poor

mechanical strength, and high degradation rate [31], syn-

thetic polymers appealed scientists for the regeneration of

injured corneal tissue. The engineering approaches applied

to synthetic materials for treating various corneal diseases

are categorized as non-hydrogel and hydrogel-based scaf-

folds. Hydrogels are widely used in tissue regeneration

because of their high water content, three-dimensional

structure, adjustable properties, and ample mass transfer.

Nevertheless, the higher mechanical strength of non-hy-

drogel based scaffolds made them a favorable choice in

regenerative medicine. List of various synthetic biomate-

rials and cell sources used for treating corneal diseases are

summarized in Table 2.

2.2.1.1 Non-hydrogel-based scaffolds The high mechan-

ical strength of non-hydrogel based scaffolds has made

them an attractive option in tissue regeneration. Besides

stiffness and mechanical properties, surface topography is

an important factor that improves cell proliferation,

growth, and differentiation, which can be tuned based on

the structure of the injured tissue. For instance, since

stroma has a nanofibrous structure, the electrospinning

technique is one of the best methods that can mimic the

corneal stromal microenvironment [94] (Fig. 4A). Wagner

et al. compared solvent casting and electrospinning meth-

ods and used poly (ester urethane) urea (PEUU) as a bio-

material to carry human corneal stromal stem cells

(hCSSCs) for corneal repair. HCSSCs cultured on the

aligned nanofibers elongated in the direction of the nano-

fibers while hCSSCs cultured on the random nanofibers

randomly distributed on the scaffolds. Moreover, hCSSCs

cultured on the aligned nanofibers showed similar gene

expression to keratocytes in comparison with those cul-

tured either on the random electrospun nanofibers or

scaffold made by solvent casting [81].
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Table 2 Various synthetic biomaterials and cell sources used for corneal regeneration

Biomaterial Advantages Disadvantages Cells for

in vitro

evaluation

Disease Clinical

status

References

PEG Biocompatible, proper

mechanical properties

Lack of cell

integration

Corneal

endothelial

cells

Loss of corneal

endothelial cells

Preclinical [73]

PEGDA Biocompatible, proper

mechanical properties

Lack of cell

integration

Limbal stem

cells

Corneal wound Basic [74]

PEG ? PAA Biocompatible, proper

mechanical properties

Inducing

inflammatory

responses

– Epithelial defect

and corneal

thinning

Preclinical [75]

PCL Biocompatible, proper

mechanical properties

Low degradation

rate

Limbal

epithelial

cells

Dysfunction or

loss of

epithelial stem

cell

Basic [76]

Limbal

epithelial

cells

Limbal stem cell

deficiency

Basic [77]

Corneal

endothelial

cells

Corneal

endothelial cell

loss

Basic [78]

PCL ? PGS Biocompatible, proper

mechanical properties

Low degradation

rate

– Corneal blindness Basic [79]

PVA Biocompatible, proper

mechanical properties

Low degradation

rate, lack of cell

integration

– Corneal blindness Preclinical [7]

Basic [80]

The poly(ester urethane)

urea (PEUU)

Biocompatible, tunable

physical properties

Low mechanical

properties

Corneal

stromal

stem cells

Corneal

infections

Basic [81]

Corneal

stromal

stem cells

Corneal blindness Basic [82]

PLGA Proper mechanical properties Lack of cell

integration

Limbal stem

cells

Limbal stem cell

deficiency

Basic [83, 84]

Limbal

epithelial

cells

Limbal stem cell

deficiency

Basic [85]

Human

corneal

endothelial

cells

Corneal

endothelial cell

loss

Basic [78]

PMMA Proper mechanical properties Lack of cell

integration

Human

corneal

endothelial

cells

Corneal

endothelial cell

loss

Basic [78]

Poly (3-

hydroxybutyrate-co-3-

hydroxyvalerate)

(PHBV)

Biocompatible, biodegradable Low mechanical

properties

Limbal stem

cells

Limbal stem cell

deficiency

Basic [86]

PLLA Biocompatible, biodegradable Low transparency Keratocytes Ocular surface

diseases

Basic [87]
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It is demonstrated that adding the combination of

fibroblast growth factor-2 (FGF-2) and transforming

growth factor-beta 3 (TGF-b3) to the keratocyte differen-

tiation medium (KDM) induced hCSSCs cultured on highly

aligned PEUU nanofibers to secrete collagen fibrils and

corneal stromal markers. Although utilizing FGF-2 and

TGF-b3 individually, induced hCSSCs to secrete collagen

in one and two directions respectively, the combination of

both growth factors resulted in collagen secretion in

orthogonal orientation. HCSSCs which were cultured with

KDM containing TGF-b3 growth factor, secreted smaller

collagen fibers (37 nm) while the presence of FGF-2 in the

KDM, led to the larger collagen fibers (48 nm). HCSSC-

secreted collagen under treatment with the KDM, which

was supplemented with both growth factors, had the

average fibril width of collagen nanofibers that would be

produced by adding each growth factor individually [82].

Salehi et al. used the combination of poly (glycerol seba-

cate) (PGS) and polycaprolactone (PCL) to produce uni-

directional nanofibers and achieved similar physical

properties of the corneal stromal tissue. However, in vitro

Table 2 continued

Biomaterial Advantages Disadvantages Cells for

in vitro

evaluation

Disease Clinical

status

References

Contact lenses Elimination of extra material

for cell delivery

Initiate corneal

scars

Corneal

epithelial

cells

Corneal surface

disorders

Basic [88]

Limbal

epithelial

cells

Corneal surface

disorders

First

clinical

trial

[89]

Limbal

epithelial

cells

Limbal stem cell

deficiency

First

clinical

trial

[90]

Dental pulp

stem cells

Limbal stem cell

deficiency

Basic [91]

Autologous serum eye

drops and silicone

lenses

Secretion of various growth

factors and stimulation of

tissue regeneration

Not suitable for

severe corneal

diseases

– Persistent

epithelial

defects

First

clinical

trial

[92]

Limbal stem

cells

Limbal stem cell

deficiency

Basic [93]

Fig. 4 A Schematic of electrospinning system. SEM of the electrospun mats made from B PCL, C PLGA and D PMMA. Adapted with

permission from [78]. � 2018 Taylor & Francis. All rights reserved
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assessments are required to investigate the cytocompati-

bility of the PGS/PCL blend [79].

This technique has also been used to produce suit-

able substituted for AM in corneal epithelium regeneration

because of the sheet-like structure of the electrospun

scaffold [76, 95]. Tandon et al. examined electrospun PCL

as a synthetic carrier for limbal epithelial cells. They

achieved nanofibers with a diameter of 132 nm and an

average porosity of 85%. Despite opacity of dry scaffold,

wet PCL showed approximate transparency, which was

less than the wet AM though. Additionally, limbal

epithelial cells had 96% cell viability on PCL nanofibers

[76]. Baradaran et al. also investigated the potential of

electrospun PCL for replacing AM to carry LSCs. Cells

cultured on electrospun scaffold had similar in vitro gene

expression to the cells cultured on AM [77]. Electrospun

poly (3-hydroxybutyrate-co-3-hydroxy valerate) (PHBV)

was shown to improve LSCs’ adhesion and growth.

However, more in vivo experiments are required for clin-

ical approaches [86]. The electrospun PLGA scaffold was

also indicated to support corneal epithelial stem cells as a

replacement of the AM for corneal surface regeneration,

which can avoid presumable infectious diseases [85].

Ortega et al. combined two stereolithography and electro-

spinning approaches to mimic the limbus structure and

produce a proper carrier for LSCs. They applied micro-

stereolithography to produce poly (ethylene glycol)

diacrylate (PEGDA) rings and then spread them on the

collector to electrospun poly (lactic-co-glycolic acid)

(PLGA) rings. LSCs adhered and grew on PLGA rings and

induced epithelization in ex vivo rabbit corneas after a

month [83, 84]. Electrospun mats have also been used for

corneal endothelium regeneration. Fuest et al. compared

electrospun PLC, PLGA and PMMA mats for their effi-

ciency in endothelial cells growth and viability. PMMA

mats were shown to have the largest pore size and resulted

in the highest light transmittance. However, it was reported

to have the lowest cell viability in comparison with the two

other materials. The porosity and cell viability of PCL and

PLGA mats were not reported to have remarkable differ-

ences (Fig. 4B–D). Nevertheless, the flat polygonal shape

of endothelial cells was only observed in cells cultured on

PLGA mats [78].

Contact lenses were reported as a promising and cost-

effective cell delivery substance for ocular surface regen-

eration since they were also used for improving the post-

surgical comfort of the patients who suffered from various

corneal disorders [96]. Girolamo et al. used contact lenses

for LSC delivery in 16 patients who suffered from LSCD.

Improvement in vision was reported within 2.5 years of

observation for fifty percent of the patients [97]. Using

contact lenses to deliver dental pulp stem cells (DPSCs) for

treating LSCD also showed promising results. The DPSCs

expressed epithelial cell markers, cytokeratin (CK) 3 and

12, and prevented conjunctival inflammation in ex vivo

human models. In vivo studies are required to prove the

efficiency of DPSCs for corneal surface regeneration [91].

Furthermore, the material of the contact lens had a sig-

nificant effect on enhancing cell attachment and oxygen

transmission [98]. Deshpande et al. [99] reported acrylic-

acid contact lenses as the most effective substance for

epithelial stem cell delivery. Mihranyan et al. took

advantage of carboxylated cellulose nanowhiskers to

enhance the mechanical properties of polyvinyl alcohol

(PVA) for replacing conventional contact lenses. It was

suggested that this combination could be flexible and have

suitable optical properties [100]; however, constant usage

of the contact lenses can cause corneal scar [101, 102].

2.2.1.2 Hydrogel-based scaffolds Molecular weight and

crosslinking time of the poly (ethylene glycol) PEG-based

hydrogels are tunable based on the required physical

properties [103] Interpenetrating polymer network (IPN)

was developed based on PEG and polyacrylic acid

(PAA(using ultraviolet (UV)-initiated free radical poly-

merization. Collagen type I was covalently bonded with

hydrogel to improve cell adhesion. The bioengineered

scaffold was placed between the stromal bed and laser

in situ keratomileusis (LASIK) flap in rabbit models. A

1.5 mm hole was created on the flap before its adhesion to

check the regenerative properties of the hydrogel. The

PEG/PAA IPN hydrogel induced epithelialization within

2 weeks and no signs of neovascularization or inflamma-

tion were reported. So, surface modification can enhance

scaffold integration with cells [104]. The efficiency of

silicone hydrogel molded as contact lenses (SH) was

investigated to treat LSCD. Patients with persistent

epithelial defects (PEDs) were treated by the combined

application of SH and AS eye drops. The corneal epithe-

lium was recovered after 2 weeks in all the patients without

signs of neovascularization [92]. LSCs cultured on silicone

hydrogel molded as contact lenses in media with 10% AS

also expressed corneal specific markers and reached con-

fluency within 2 weeks [93].

Wan et al. took advantage of the nanostructure of bac-

terial cellulose (BC) to improve the mechanical strength of

their freeze-dried hydrogel for replacing donor corneal

tissue. They showed that an increase in BC concentration

reduced the light transmittance of PVA and blocked UV

entrance into the scaffold. Besides optical properties, 12%

BC content resulted in similar tensile strength to the native

cornea (3.8 MPa). The water content was 67–73% (native

human cornea 78%). Further in vitro and in vivo investi-

gations are required to examine the efficiency of this

scaffold for corneal regeneration [80]. PEG-based hydrogel

film was also studied to regenerate corneal endothelium in
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sheep models. The hydrogel films were inserted into the

anterior chamber of sheep corneas with Descemet’s strip-

ping endothelial keratoplasty (DESK)-like procedure.

Although endothelial cell regeneration was not observed

in vivo, the cells proliferated on the films and reached

100% confluency within a week. The hydrogel films had

higher mechanical strength in comparison with donor

corneal tissue, which was reported to have a positive

impact on endothelial cells proliferation and activity [73].

2.2.2 Corneal regeneration using naturally derived

biomaterials

Besides biodegradability and biocompatibility of natural

biomaterials, their proper cell-binding sites have made

them a favorable option for tissue regeneration. Allogenous

tissue such as AM [51, 105] or different sources of

decellularized tissues [8, 106] have been studied. The

capability of the nanofibrous structure provided by elec-

trospinning is investigated to stimulate corneal epithelium

and stroma microenvironment [78]. Hydrogels provide a

3D structure for cells and stimulate the tissue-like envi-

ronment for them [33]. A list of various natural biomate-

rials, cell sources, and corneal diseases are summarized in

supplementary material Table S1.

2.2.2.1 Non-hydrogel-based scaffolds Due to the devel-

opment of immunosuppressive drugs and lack of autolo-

gous tissue, especially in bilateral eye diseases, allogenous

tissue has become an outstanding alternative for corneal

regeneration [129, 139, 166]. For corneal epithelium

regeneration, Lai et al. investigated the difference between

both physical and biological properties of the AM cross-

linked with glutaraldehyde (GTA) and 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC). Chemical

crosslinking was proposed to improve the degradation rate

of the AM after surgical transplantation. Longer

crosslinking time increased collagen fibrils diameter in AM

modified with both crosslinkers. GTA treated samples had

less limbal epithelial cell viability, especially the ones

modified for longer crosslinking time [140]. In addition to

crosslinking methods, AM preparation procedures have an

undeniable effect on its physical properties [139]. Cannon

and colleagues showed that freeze-dried AM had more

transparency in comparison with freeze-thawed samples for

corneal surface reconstruction. However, the light trans-

mittance of freeze-thawed proximal AM (1.357) was more

similar to the native cornea (1.375) [139]. AM has wide

clinical application because of its transparency, anti-in-

flammatory nature, enrichment in growth factors, and

elasticity, which has an undeniable effect on LSC differ-

entiation [126, 165]. Autologous and allogenous LSC

sources were cultured on AM and transplanted to patients

suffering from LSCD [178]. Even though allogenous LSC

sources resulted in corneal epithelium regeneration [179],

inflammatory immune response and even rejection were

reported, in the long-term observation. So, autologous cell

sources are more desirable [180]. AM was used as a graft

for autologous limbal epithelial cell delivery in patients

with chemical burns, and successful restoration of visual

acuity was observed without the requirement of immuno-

suppression [142, 181].

For healing ocular surface disorders in patients with

bilateral diseases, other sources of autologous epithelial

cells were cultured on the AM, such as oral mucosal

epithelial cells [136] and nasal mucosal epithelial cells

[141]. Despite the beneficial effects of AM, there are some

drawbacks such as infection risk, expensive preparation

procedure, and ethical issues [51]. Galal et al. examined the

potential of the human anterior lens capsule as a carrier for

the ex vivo expansion of LSCs. They reported a 95% cell

viability and complete cell spread on the tissue [8]. As an

alternative treatment for ocular surface disorders, gelatin

matrices were crosslinked using EDC as a chemical

crosslinker. The increment in EDC concentration from

0.5 mM to 15 mM in gelatin matrices was in favor of the

proliferation and adherence of LSCs [168]. Gelatin nano-

fibers were studied in vitro as a carrier for eyelid fat-

derived stem cells for corneal epithelium regeneration.

Stem cells cultured on aligned nanofibers expressed the

corneal epithelial markers and had higher cell viability in

comparison with the stem cells cultured on unaligned

electrospun mats [166].

Silk protein has desirable mechanical, biological, and

optical properties [182], which made it interesting in

treating the corneal epithelial defect. Rosenblatt and

coworkers observed similar corneal epithelial cell mor-

phology and proliferation rate between cells cultured on

AM and silk fibroin matrices. Therefore, they introduced

silk fibroin as a suitable alternative for replacing AM [160].

Keratin film has also been considered for ocular surface

reconstruction because of their stiffness, water insolubility,

flexibility, and available sources [155, 183]. Borrelli et al.

implanted keratin film in rabbit models with corneal wound

and compared the results with models treated by AM

transplantation and investigated the effect of receiving

topical steroids on wound healing. Keratin film implanted

eyes treated with steroids showed more transparency and

less neovascularization [183].

For corneal stroma regeneration, the decellularized

cornea has been widely used since it preserves the

orthogonal structure of the collagen fibrils and can mimic

the mechanical and biological properties of the native

stromal tissue [147]. It has been reported that the decel-

lularization protocol has a crucial rule in the transparency

of the acellular tissue [144]. Detergents are cytotoxic and
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result in degradation and opacity of the treated cornea.

Moreover, freezing methods do not result in complete

decellularization. Incubation of corneal stroma in human

serum for 1 day following 1-h electrophoresis resulted in

complete decellularization and preserved transparency of

the tissue [106]. Cao and Zhang decellularized porcine

cornea by enzymatic and salt treatment. The acellular

cornea had a similar thickness and refractive index to the

native tissue. They compared the regeneration potency of

various transplantation techniques in rabbit models with

stroma defects created by lamellar keratoplasty (LKP).

100 lm of stroma layer was removed and replaced by

either a thick 100 lm acellular tissue and keratocyte cells

drops or five thin acellular tissues between which kerato-

cyte cells drops were added layer-by-layer. Although

regeneration of the defect was detected after the observa-

tion period of 6 months in the rabbits treated by the first

approach, native keratocyte cells did not migrate into the

sheet and could not connect to the tissue. It is suggested

that the layer-by-layer transplantation technique was more

effective in healing stroma defects. However, precise

examination with labeled seeded cells is vital to clarify the

role of native and seeded keratocyte cells in the regener-

ation [147].

Decellularized human corneal stroma cultured on both

sides by autologous adipose-derived adult stem cells

showed acceptable recellularization in patients with severe

keratoconus at 6 months follow up without reported

inflammatory immune response. Although no apparent

differences were observed among patients who receive

decellularized tissue with or without stem cells, it was

suggested that these stem cells might prevent scars in the

long-term period [151]. Yang et al. took advantage of

lenticules extracted during small incision lenticule extrac-

tion (SMILE) procedure for replacing donor corneal stroma

tissue. Human corneal lenticules with a diameter of

6.6 mm and thickness of � 100 um were decellularized by

enzymatic and salt treatment and then adhered together

with fibrin glue. The scaffold was transplanted into rabbit

models by ALK. Re-epithelization occurred within

16 days, and this delay was caused by the lack of the

basement membrane [152].

Decellularized and decalcified fish scales, which are the

rich source of the collagen, were shown to have accept-

able transparency. The acellular fish scale was attained by

detergent and enzymatic extraction process and trans-

planted using three different procedures of ALK, placing it

in an interlamellar corneal pocket (IL), and implanting it

sub-conjunctivally (SC) in rat models. After 3 weeks of

observation, the first group was reported to have mild

opacity and few signs of neovascularization. Some parts of

anterior lamellar were melted in the second group, and the

third group was observed to have local swelling. However,

the inflammation was reported to differ from mild in the

first group to severe in the third group. This assumed to be

due to the inconsistency between the host injured tissue and

fish scale geometry and stiffness [154]. Decellularized

tissue has similar mechanical, optical, and structural

properties, but has a risk of infection and rejection [184].

Therefore, scientists tried other biomaterials for repairing

the cornea. Oyen et al. investigated the composite gelatin

nanofibers and alginate hydrogel scaffold for the develop-

ment of corneal stroma substitute. They improved the

stiffness of alginate hydrogel with crosslinked gelatin

nanofibers and reported acceptable optical and mechanical

properties. However, corneal stromal cell survival and

response to this composite structure should be studied

before considering the developed scaffold for corneal

regeneration [176]. Dry hydrogels, either ‘xerogels’ or

‘aerogels’ are also known as the porous scaffolds and

mainly prepared using the freeze-drying technique [31, 41].

They have high porosity and controllable mechanical

properties. Porosity allows cells and nutritious substances

penetration into the scaffold [31]. Lai and colleagues used

chondroitin sulfate to modify the cellular response to

freeze-dried porous gelatin scaffold for corneal stromal

regeneration. They showed that the scaffold with 0.25%

content of chondroitin sulfate had similar biological and

physical properties to the native cornea [163].

Non-hydrogel based scaffolds were also used to regen-

erate corneal endothelium. HCECs were transplanted into

rabbits’ eyes using decellularized AM as a substrate.

Descemet’s membrane and corneal endothelium were

removed before transplantation. After 1 week of observa-

tion, acceptable cell density and morphology were reported

[105]. Anterior lens capsule also showed high cell viability

and proliferation rate for endothelial cell delivery

[148, 149]. The comparison between Link CellTM collagen

type I bio-membranes and human anterior lens capsules

showed that although both of these substrates were able to

preserve endothelial cell morphology, the former was not

easy to handle for surgical purposes. However, the latter

required the availability of the donor tissue [123]. Amano

et al. decellularized human corneal stroma with a detergent

solution in order to investigate its potential for the HCECs

proliferation. Although acceptable cell viability and

expression of functional pumping factors such as Na?/K?-

ATPase were observed, further in vivo investigation is

required to consider decellularized human corneal stroma

as a substrate for endothelial cell delivery [146]. HCECs

cultured on gelatin sheets expressed functional markers and

had similar morphology as normal HCECs in vivo. Gelatin

sheets were obtained using dehydrothermal crosslinking,

and they had higher mechanical strength and transparency

in comparison with atelocollagen [165].
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Since HA is one of the glycosaminoglycans (GAGs) in

cornea tissue and has ideal properties for cell migration

[185], many groups preferred to use it as their main bio-

material for designing a proper scaffold. Lai characterized

freeze-dried HA with different pre-freezing temperatures

for endothelial cell delivery. They investigated the impact

of high pre-freezing temperature (0 �C) and low pre-

freezing temperature (- 80 �C) on the microstructure of

the scaffold and cellular response. They used both devel-

oped scaffolds for rabbit corneal endothelial cell sheet

delivery to rabbit models. The corneal endothelium was

removed without damaging Descemet’s membrane before

the surgery. Low pre-freezing temperature caused packed

structure, which had a negative effect on cellular activity

and led to neovascularization in treated eyes [186].

2.2.2.2 Hydrogel-based scaffolds 3D structures of

hydrogels alongside their water absorbance and cytocom-

patibility made them a favorable choice for scientists to

reconstruct damaged corneal tissue [31]. Since HA has

been shown to have a positive impact on corneal epithelial

cells migration but not on cell proliferation [187], the

combination of HA, collagen, and gelatin was used to

improve human corneal epithelial cells proliferation. This

combination was transparent when soaked into the glyc-

erol, and it was reported that higher HA concentration led

to higher mechanical strength [174]. A photo-chemical

collagen-based hydrogel was shown to be a good candidate

for LSC delivery. Connon et al. combined both photo-

chemical crosslinkers, and plastic compressed collagen to

improve the mechanical strength of the hydrogel. LSCs

attached to the hydrogel and exhibited a polygonal struc-

ture after 5 days. Cultured LSCs differentiated into the

epithelial cell, which was approved by an epithelial cell

marker, CK14 [121].

In situ forming hydrogels which have all advantages of

hydrogels in addition to the efficient cell or growth factor

encapsulation, minimally invasive transplantation, and

simple formation in the shape of the injury have become

very popular in regenerative medicine approaches

[188, 189]. In situ forming gels for corneal regeneration are

usually liquid at low temperatures and form a gel at bio-

logical temperature. At low temperatures, the polymer

mixture forms a solution due to the disintegration of

polymer chains and a hydrogen bond between the hydro-

philic groups of the polymer and the water molecules. As

the temperature increases, the hydrophobic interactions

improve and break up hydrogen bonds, which lead to

hydrogel formation [190]. A thermo-sensitive solution was

prepared with the combination of gelatin, chitosan, and b-

glycerol phosphate (GP) for eyelid fat-derived stem cell

delivery. After 3 weeks, the expression of CK 3, 18, and 19

was observed in vitro; this indicated the differentiation of

encapsulated stem cells into the epithelial cells. The con-

centrations of gelatin and GP could be controlled due to the

required gelation time [177].

The in situ approach was also employed to regenerate

corneal stoma. Collagen was modified using azide and

dibenzocyclooctyne (DBCO) groups to fabricate a trans-

parent collagen-based hydrogel by strain-promoted alkyne

cycloaddition crosslinking at 37 �C. For biocompatibility

evaluation, the pre-polymer solution was mixed with ker-

atocyte cells and used to fill the wound created by ALK in

ex vivo rabbit corneas. A stratified epithelium was regen-

erated on the top of the scaffold and delivered keratocyte

cells elongated within the hydrogel after 6 days. Further

in vivo investigation is required to evaluate the role of

delivered cells in the regeneration process and study the

impact of host cells migration on the corneal repair [124].

Fibrin gel, which is regenerated from the combination of

fibrinogen and thrombin, can also be formed in situ for

stromal regeneration. Corneal epithelium and a thin layer

of anterior stroma were removed mechanically in mouse

models, and fibrinogen mixed with purified extracellular

vesicles (EVs) or CSSCs was used to cover the wound.

Fibrin gel was then produced by adding thrombin to the

wound bed. Corneal epithelial layer was recovered over the

damaged tissue after 24 h, and corneal scarring was pre-

vented in treated eyes after 2 weeks. It was concluded that

EVs eliminated the requirement of live cells which could

be safer and cheaper for clinical trials [171].

Prefabricated collagen-based hydrogels have been

widely studied as a feasible corneal stromal substitute

[191]. Griffith et al. copolymerized recombinant human

collagen type III (RHCIII) with [poly (N-isopropylacry-

lamide-coacrylic acid-coacryloxysuccinimide)] (TERP])

and TERP5, which has been derived from TERP. Both

hydrogels were optically clear and had higher glucose

diffusion permeability than native stroma. However,

epithelial cells had a higher proliferation rate on collagen-

TERP5 hydrogels than collagen-TERP hydrogels. They

implanted collagen-TERP5 hydrogels into micro pig

models using LKP after removal of host epithelium and

anterior stroma. After a 6-week observation, epithelializa-

tion and stromal regeneration successfully occurred, and all

of the corneas remained transparent [10]. Subsequently,

they crosslinked porcine collagen type I with EDC/N-Hy-

droxysuccinimide (NHS) for corneal substitution to avoid

the synthesis of TERP. The developed hydrogel was mol-

ded to fit corneal curvature and thickness and implanted

into both rabbit and mini pig models for in vivo investi-

gation using deep lamellar keratoplasty (DLKP). The

treatment process occurred over the same period in both

animals. A stratified epithelium was observed after a

month, and stromal cells had migrated from the host tissue

into the implant after 3 months. Six months after surgery,
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the full integration of the implant to the host cornea was

achieved with no reported inflammatory responses

[107, 192]. They compared the optical and mechanical

properties of collagen type I and III crosslinked with EDC/

NHS for replacing the donor corneal tissue. Both scaffolds

had the same refractive index, but the hydrogel composed

of collagen type III had higher light transmission than the

sample composed of collagen type I. Although both

hydrogels had similar mechanical properties, the collagen

type III based sample had a lower degradation rate. So,

they introduced collagen type III as a potential candidate

for donor corneal tissue replacement, whereas 70% of

normal cornea comprises of collagen type I [108, 111].

Both types of hydrogels were implanted into pig models

using DLKP, and post-operative assessment of nerve

regeneration was conducted for a year to compare the

in vivo efficiency of them. Nerve regeneration in pig

models treated by hydrogels was the same as in pig models

treated by donor tissue transplantation. Therefore, nerve

regeneration was independent of the type of collagen, and

both types of hydrogel were proper for neural regeneration

in anterior stroma [120]. To improve the functionality of

the collagen type III based hydrogel, they used phospho-

rylcholine (2-methacryloxy-ethyl phosphorylcholine)

(MPC) in addition to EDC/NHS and crosslinked collagen-

MPC solution with chemical and photoinitiators. Light

transmission of chemically cross-linked RHCIII-MPC was

higher than the normal cornea while photo cross-linked

RHCIII-MPC had close light transmission to the native

corneal tissue; however, the latter had no backscatter. After

implantation of the hydrogels in rabbits’ and mini pigs’

eyes using DLKP, epithelial cells covered all the implants

after 1 week, and stromal cells repopulated the hydrogels

after 9 months. However, collagen-MPC hydrogels showed

hazy marks in both pig and rabbit cases, and the anti-

inflammatory drug was required to resolve neovascular-

ization [112, 125, 129]. UV crosslinked collagen-MPC

hydrogels were implanted in minipig and human models

using ALK. In both cases, corneal epithelium and anterior

stroma were damaged, and the healing process was fol-

lowed up for 2 years. Although transplantation of this

scaffold had acceptable regenerative outcomes in minipig

models, only 50% of human trials were successful, and it

was implied that animal models might be comparable to

patients with non-severe corneal disorders [127]. Follow-

ing their research, collagen type III hydrogels crosslinked

with EDC/NHS were implanted into ten patients’ eyes with

vision loss caused by either keratoconus or corneal scars

using ALK. Stromal cells migrated into the transplanted

hydrogels, and epithelialization was observed in all patients

after 7 months. The morphology of epithelial and stromal

cells was normal, and optical acuity was modified in 40%

of the cases. They represented this hydrogel as a temporary

regeneration of the cornea until a donor corneal tissue or an

implant becomes available [110]. This clinical study was

investigated for 4 years postoperatively. They observed an

acceptable integration of the implants to the host tissue,

and the regenerated tissue had constant geometry after

4 years of observation. Corneal stromal cell migration was

observed even after 4 years, and cell density was higher in

the transplanted hydrogels than in the donor corneal tissue.

So, further development of the EDC/NHS cross-linked

RHCIII could make them a promising candidate for treat-

ing corneal blindness [128]. For the clinical assessment of

EDC crosslinked RHCIII, ten patients of whom nine of

them had advanced keratoconus, and one of them had a

permanent mid stroma scar participated in the clinical trial.

The scaffolds were implanted using ALK, and the healing

process was observed for 2 years after the surgery. Three

overlying sutures were used to hold the implant, which was

reported to delay epithelization and cause haziness, despite

the removal of the sutures after 1 month and a half; opacity

remained in those regions even 2 years after the surgery

[5]. Gelation kinetic of EDC crosslinked RHCIII was hard

to control for large-scale manufacturing, so they tried

another carbodiimide crosslinker, N-cyclohexyl- N0-(2-

morpholinoethyl) carbodiimide method-p-toluenesulfonate

(CMC), which had higher gelation time and it could be

handled in ambient temperature. Physical properties and

in vivo performance of RHCIII crosslinked with CMC and

EDC were compared to introduce the proper combination

for corneal regeneration. Both hydrogels had high

mechanical properties and could be handled easily for

surgical procedures. Full-thickness corneal transplantation

was used to implant the hydrogels into mice models. Both

samples caused acute inflammatory response and rejection

in the mice models. However, CMC crosslinked hydrogels

had acceptable handling properties for implanting the

scaffold, and the process took place in the ambient con-

dition, which made it favorable to scale up the manufac-

turing process [109]. Hydroxypropyl methylcellulose

(HPMC) was also shown to improve the transparency of

collagen gels. Moreover, interlamellar transplantation was

applied to investigate the regenerative properties of the

collagen and HPMC composite in rabbit models. Kerato-

cyte cells repopulated the hydrogels, and the clear cornea

was observed after 6 months [113].

The various combinations of collagen, HA, and chitosan

were studied for bioengineering the cornea. The hydrogel

composed of 20% collagen, 10% chitosan, and 0.5% HA

had reasonable light transmittance and mechanical strength

for corneal regeneration. For in vivo assessment, a stromal

pocket of 0.1 mm thickness and 7 mm diameter was made

with a cataract knife, and different complexes of the

hydrogel were implanted into the created pocket, and the

regeneration process was observed for 5 months.
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Inflammatory responses and neovascularization were dis-

appeared after a month, and the complex which contained

20% collagen, 10% chitosan, and 0.5% HA had the highest

in vivo biocompatibility comparing to the mixtures with the

same chitosan and HA concentration but different collagen

content (0% and 30%) [11].

Addition of collagen type I to hydrazone crosslinked HA

reduced the transparency of the hydrogel but increased its

mechanical strength and biocompatibility. This combina-

tion was used for human adipose stem cells (hASCs)

delivery for repairing damaged corneal stromal tissue in

pig models. The stromal cavity was created in the center of

the cornea, and the hydrogel which contained hASCs was

delivered to the injured tissue. Delivered stem cells were

integrated into the cornea within 7 days, and the repopu-

lation of epithelial cells was reported within this period.

Longer preclinical observations are required to investigate

the efficiency of hASCs delivery for treating corneal stro-

mal defects [134].

Patel et al. studied the optical and mechanical properties

of corneal-shaped molded collagen with three different

crosslinkers, which were UV, Genipine, and EDC, for

corneal stromal replacement. All collagen crosslinking

methods reduced UV light transmission and increased the

visible light transmission while non-cross linked hydrogel

had close optical properties to the normal corneal tissue in

the UV range. EDC and genipine crosslinked collagen had

the highest and the lowest ultimate tensile strength,

respectively [115]. Kochevar et al. utilized a green light

source to crosslink collagen with rose bengal as a pho-

toinitiator for treating keratoconus. Increased young’s

modulus suggested that rose bengal had formed a complex

combination with collagen structure due to the opposite

surface charges. Despite cytotoxicity of rose bengal, it was

demonstrated that applying green light to crosslink the pre-

polymer solution did not have a cytotoxic effect on kera-

tocyte cells [116].

Compressed collagen hydrogels which contained

hCSSCs was reported to suppress scar formation and

improve regeneration of the injured tissue in mouse models

with corneal scars in the anterior stroma. Lower inflam-

matory immune response was detected when fibrin gel was

applied instead of sutures to implant the hydrogel to the

damaged stroma [133].

Bioprinting is a new developing method for mimicking

proper microenvironment for encapsulated cells, especially

for corneal stromal regeneration. In this technique, required

geometry is converted to the biomaterial via computer

[193]. It has been reported that among three common types

of inkjet, extrusion-based and laser-assisted 3D printers,

inkjet, and extrusion-based 3D printers are more efficient

for printing corneal regenerative scaffolds. Inkjet 3D

printers regenerate the designed geometry by deposition of

droplets of the bio-ink. In an extrusion-based 3D printer,

usually, the ink will be forced through a nuzzle to be

printed layer by layer on the considered surface [193]. Wu

and colleagues used the combination of 1% alginate, 10%

gelatin and 0.82 mg/ml collagen for 3D printing structure

of the cornea with human epithelial stem cells using the

extrusion-based system (Fig. 5). They reported good

mechanical and optical properties of the scaffold and

observed CK3 marker after cell culture [173]. Connon et al.

used alginate and collagen as a bio-ink to print corneal

stromal equivalent. In vitro biocompatibility of the 3D

bioprinted keratocyte cells was reported to be 83% after a

week [194]. Campos et al. used the agarose-based pre-

polymer solution as a bioink to polymerize the mixture of

agarose and collagen type I by lowering the temperature.

They used a cell-friendly bioprinter to encapsulate primary

human keratocyte cells within the hydrogel and obtain an

accurate geometry of the native human cornea. Expression

of keratocyte cell markers such as keratocan and lumican

was detected 7 days after the 3D bioprinting process [135].

All the discussed approaches have also been employed

to regenerate corneal endothelium. Two different

crosslinking agents, glutaraldehyde and EDC/NHS, were

compared to improve the physical, chemical, and biologi-

cal properties of HA for recovery of the functional

endothelial layer [157]. Anterior chamber implantation was

applied to evaluate the potential of crosslinked HA disks to

induce an inflammatory immune response in rabbit models.

Six months after the operation, it was noticed that EDC/

NHS cross-linked hydrogels disappeared, and corneas

remained clear. In contrast, GA crosslinked HA disks did

not degrade completely within this period and triggered an

inflammatory immune response, which led to the opacity of

the eyes [195].

Yamagami et al. optimized transparent collagen sheets

for corneal endothelial cell delivery. The hydrogel was

implanted into the anterior chamber of rabbit corneas after

the removal of Descemet’s membrane to estimate the

in vivo regeneration potential. A renewed functional

endothelial layer was observed after a month without a sign

of inflammation [122]. Amano and coworkers manipulated

the porcine collagen by molding, UV irradiation, and vit-

rification in order to achieve suitable geometry, trans-

parency, and stiffness for restoring the corneal endothelial

layer. The modified scaffold was inserted into the anterior

chamber of rabbit corneas through a thin incision and fixed

to the posterior stroma by injecting air bubbles. Four

months post-operative observation showed that the

implanted scaffold maintained corneal transparency with-

out inflammation, and the curvy structure enhanced the

membrane attachment [130].

Although collagen has higher cytocompatibility in

comparison with gelatin, the latter has attracted lots of
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attention due to its lower cost and higher resistance to the

temperature change [196]. It also provokes an inflamma-

tory immune response less than collagen and has a higher

solubility in water-based solvents [197]. Mehta and

coworkers studied the effect of incubation of gelatin

methacrylate (GelMA) at 4 �C before crosslinking with UV

light on its mechanical strength. The pre-cooling procedure

improved the dynamic elastic modulus of the hydrogel five

times higher than the sample prepared without incubation.

Effect of 1 lm micro-patterns and 250 nm nano-patterns

on HCECs morphology and expression of specific markers

was investigated. Normal HCECs morphology was repor-

ted for cells cultured on all hydrogels. However, HCECs

seeded on micro-patterned hydrogel were reported to have

the highest expression of HCECs markers. For in vivo

evaluation, the unpatterned hydrogel was inserted into the

anterior chamber of rabbit models through a peripheral cut.

After a 4-month observation, rabbit corneas remained

transparent, and inflammatory immune response was not

investigated in this period [169]. Endothelial cells’ growth

and activity were boosted in heparin-modified gelatin

hydrogel crosslinked with EDC/NHS by loading basic

fibroblast growth factor (bFGF). The fabricated scaffold

was transparent after crosslinking and transmitted 95% of

the visible light. Slow-release of bFGF from the heparin-

modified substrate was shown to have a significant effect

on cell proliferation and viability in in vitro analysis. The

hydrogel was implanted in the anterior chamber of rabbit

corneas after the removal of the Descemet’s membrane and

endothelial layer. A clear cornea was observed after

3 weeks, and the scaffold was successfully integrated with

the posterior stroma [164].

Liu et al. examined an in situ self-cross-linked hydrogel

produced by the combination of modified chitosan and

alginate for restoring damaged endothelium. Despite bio-

compatibility and cytocompatibility of both biomaterials,

the former has inadequate solubility in benign solvents, and

the latter has a low biodegradation rate. Therefore, they

mixed a derivative of chitosan, hydroxypropyl chitosan,

and oxidized sodium alginate to get a water-soluble com-

posite with a low biodegradation rate. Rabbit corneal

endothelial cells were added to the pre-polymer solution

for further in vivo tests. After removal of the endothelial

layer in rabbit corneas, the solution was injected into the

damaged area, and a self-crosslinked hydrogel was formed

after 5 min. Although a mild inflammation was observed in

the anterior chamber on day 10, the treated corneas

remained clear after a month for 8/12 rabbits without any

apparent signs of neovascularization [175].

Fig. 5 A Top view of bioprinted collagen/gelatin/alginate scaffold.

B, C Porous structure of the finalized scaffold including 3D HCECs/

hydrogel. The overall size images of the 3D constructs, including the

pore size, thread diameter and max pore distance (B: scale bar, 1 mm;

C: scale bar, 200 lm). D Cell viability after printing by live/dead

staining (scale bar, 500 lm). Reprinted from [173] licensed under

creative commons license
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2.2.3 Corneal regeneration using a combination of various

biomaterials

A combination of different biomaterials has become a

popular approach for corneal regeneration since each

biomaterial has various properties, and a combination of

them can overcome unfavorable features of each bioma-

terial. Natural biomaterials have been added to the syn-

thetic biomaterials to increase cytocompatibility and

Table 3 Various combinations of biomaterials and cell sources used for corneal regeneration

Biomaterial Advantages Disadvantages Cells for in vitro

evaluation

Disease Clinical

Status

References

PCL ? alginate ? chitosan Proper

mechanical

properties

Do not mimic the 3D

structure of the native

tissue complicated process

– Corneal

ulceration

Basic [198]

PCL ? collagen Proper

mechanical

properties

Do not mimic the 3D

structure of the native

tissue

Rabbit corneal

cells

Injured

corneal

tissue

Basic [199]

Collagen ? PVA Biocompatible Inducing inflammatory

responses, lack of the

expression of basement

membrane components

Human and

rabbit corneal

epithelial stem

cells

Corneal

disorders

Preclinical [200]

Human

keratocytes

and human

epithelium

Corneal vision

loss

Basic [201]

PEG-

DBA ? collagen ? chitosan

Proper

mechanical

properties

Inducing inflammatory

responses

Human corneal

epithelial cells

Corneal

disorders

Preclinical [202]

PEGDA ? Collagen Biocompatible Inducing inflammatory

responses

Mesenchymal

stem cells

Corneal

blindness

Preclinical [203]

Short collagen-like peptides

(CLPs) ?PEG

Biocompatible High stiffness – Corneal

blindness

Preclinical [204]

Carboxylated nano-cellulose

whiskers (CNC) ? PVA

Biocompatible,

high

transparency

High viscoelasticity – Corneal

degeneration

Basic [100]

AM ? PVA Biocompatible,

biodegradable

Inducing inflammatory

responses

Human and

rabbit corneal

epithelial stem

cells

Corneal

disorders

Preclinical [205]

Chitosan ? PVA Proper

mechanical

properties

Low degradation rate

Do not mimic the 3D

structure of the native

tissue

– Corneal

blindness

and cataract

Basic [206]

Chitosan ? PEG Proper

mechanical

properties

Low degradation rate

Do not mimic the 3D

structure of the native

tissue

– Corneal

endothelial

dysfunction

Basic [207]

PEG ? silk fibroin Proper

mechanical

properties

Low degradation rate, Lack

of the expression of

epithelial cells markers

Limbal stem

cells

limbal stem

cell

deficiency

Preclinical [208]

Silk fibroin ? polyurethane

(PU)

Biocompatible,

biodegradable

Lack of cell integration Conjunctiva

derived

mesenchymal

stem cells

Corneal

blindness

Basic [209]

Compressed collagen ? poly

(lactic-co-glycolide) (PLGA)

Biocompatible,

proper

mechanical

properties

Low transparency Human corneal

epithelial cells

and human

keratocytes

Corneal

ulceration

Basic [210]
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biodegradation rate [31, 57]. A list of combined biomate-

rials and selected cell sources for healing corneal diseases

is presented in Table 3.

2.2.3.1 Non-hydrogel-based scaffolds A silk fibroin

membrane was modified with PEG to improve its

mechanical strength. The mixture of 4%w/v silk fibroin and

40%w/v PEG was molded to get a curvature structure for

LSCs delivery. This mixture gave a transparent, stiff, and

suturable scaffold. A contact lens-based LSC delivery

transplantation procedure was performed on rabbit corneas

with LSCD to investigate the efficiency of in vivo regen-

eration. Despite mild vascularization, the corneal epithelial

thickness was increased after 4 months, which was con-

firmed by a stratified epithelium that covered treated eyes

[208].

Electrospinning the mixture of synthetic and natural

biomaterials has been shown to boost the mechanical

strength of the scaffold without adding a crosslinking

agent. Mortazavi et al. generated hybrid polyurethane

(PU)-silk nanofibers by using the electrospinning technique

for treating corneal epithelial defects. Electrospun PU mats

gave larger nanofibers diameter than electrospun silk mats

and conjunctival-derived mesenchymal stem cells had

better cell growth and migration on them because of the

larger voids between the nanofibers. However, a highly

porous interconnected network was achieved in the hybrid

scaffold which led to the higher expression of epithelial

cell markers [209].

Electrospinning technique has been also utilized to

fabricate a proper stromal substitute. Mi et al. electrospun

the mixture of collagen and PVA to improve the disad-

vantages of each biomaterial. It was observed that

increasing PVA concentration had counter-influence on

light transmittance. As it was expected, aligned nanofibers

showed better optical and mechanical properties. Both

human epithelial and keratocyte cells grew and adhered to

the mats in vitro. The cultured cells elongated into the

direction of the aligned nanofibers and covered the scaffold

surface homogenously [201]. Park et al. designed an

innovative system to electrospun a curved shape radially

aligned 3D scaffold. The mechanical and optical properties

of electrospun collagen and PCL mixture were accept-

able enough to be used as a corneal substitution. They

isolated all three main types of corneal cells (epithelial,

stromal fibroblast, and endothelial cells) and cultured them

on the constructed scaffold to evaluate its biocompatibility

in vitro. Excellent cell growth, adhesion, and proliferation

were observed on their fabricated scaffold [199].

The salt leaching technique was applied to get a

PEGDA-based super porous scaffold as a potential for

replacing donor corneal tissue. Porous PEGDA-based

scaffold was soaked into the mixture of collagen type I and

fibroblast cells to uptake them into the pores. It was

reported that mixing both biomaterials before cell seeding

would reduce cell adhesion. Although the super porous

structure was useful for better cell migration and adhesion,

collagen was essential for high cell viability [203].

2.2.3.2 Hydrogel-based scaffolds Although collagen is

one of the best candidates for corneal regeneration, its poor

water solubility and mechanical strength have always been

challenging [61, 191]. Therefore, the mixture of collagen

with other biomaterials such as chitosan [11], alginate

[194], PEG [202], PCL [199] and etc. can be a better option

for improving scaffold stiffness. Low-temperature-crystal-

lized PVA was shown to be transparent and has high

mechanical strength. However, it is not a cell-friendly

biomaterial, so it was soaked into collagen type I solution

to overcome this problem. Rabbit corneal epithelial stem

cells were cultured on the hybrid scaffold using the air-lift

culturing method for in vivo investigation. The hydrogels

were transplanted as a lamellar graft in rabbit corneas. In

spite of the addition of soluble laminin, the basal cells did

not secrete basement membrane elements such as collagen

type IV and VII after 3 weeks. Although a stratified

epithelium was observed, an inflammatory immune

response had loosened the sutures and detached the

epithelium from the scaffold surface after a few days. They

suggested that crosslinking either a thick layer of collagen

or acellular AM to the fabricated scaffold might improve

cell secretion [200]. After AM immobilization, higher

efficiency of rabbit corneal epithelial stem cell differenti-

ation was reported on the modified substrate. Rabbit cor-

neas were subjected to the same in vivo investigation to

evaluate the regenerative capability of the modified scaf-

fold. Although stratified epithelium was observed after

2 weeks, epithelial defect and inflammation were reported

in transplanted eyes after a month [205].

The combination of PVA and chitosan was declared to

have comparable optical transmittance and swelling ratio to

the native cornea and in vitro evaluation showed 90%

viability of human corneal epithelial cells. Nevertheless,

more in vivo studies are required to investigate the

inflammatory immune response of this mixture [206].

For stromal tissue replacement, aligned electrospun

PLGA mats were sandwiched in between compressed

collagen gels to improve the mechanical properties.

Shengli et al. perforated the surface of electrospun mats

using a laser machine to tune mechanical strength and

transparency. The diameter of the perforated holes (D) and

the distance between them (S) were varied to examine their

effect on physical properties. The hybrid scaffolds with

perforation properties of D = 200, S = 50 um and D =

S = 100 um were reported to have the most transparency

and the highest tensile stress respectively. It was concluded
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that the first one had closer physical properties to the native

cornea. For in vitro evaluation, human keratocytes were

encapsulated in collagen gels and human corneal epithelial

cells were cultured on the surface of the hybrid scaffold.

The cells proliferated on the hybrid structure and protein

expression of specific markers was observed with a week.

However, it was reported that this time period was not

sufficient to get a stratified epithelium [210].

Schubert et al. reinforced alginate hydrogels with

aligned chitosan and PCL nanofibers for corneal wound

healing. Transparency of the hybrid scaffold was shown to

differ with the thickness of the electrospun mat., but the

suturability of the hydrogel was close to the pure alginate.

Further in vitro and in vivo analyses are required before

considering this scaffold for reconstructing corneal wound

[198]. Griffith et al. used a mixture of collagen, chitosan,

and PEGDA, crosslinked with EDC/NHS for Stromal

regeneration. While EDC/NHS provided short bonding

between a carboxylic group of collagen to an amine group

on either collagen or chitosan without interchain associa-

tion, PEG-dibutyraldehyde (DBA) improved scaffold

stiffness with a long-range crosslinking. High mechanical

strength did not have a contradictory effect on glucose and

albumin permeability. This could be related to the presence

of chitosan which has been well known for its biological

permeability. Developed scaffolds were transplanted into

pig corneas using DLKP after removing epithelium and

anterior stroma and followed up post-operatively for a year.

About 60% of implanted eyes had active keratocyte cells

within the scaffolds after 2 months and the mild haze was

disappeared within this time period. The hybrid structure

promoted epithelialization and no signs of acute inflam-

mation were reported even after a year [202].

Short collagen-like peptides (CLPs) were combined

with PEG to improve corneal regeneration. Light trans-

mission and degradation rate of the scaffold were detected

to be higher than the native cornea. ALK was used to

implant the hydrogels into minipig eyes and the trans-

planted corneas were followed up for 12 months. Implan-

ted corneas remained clear and both epithelium and stroma

regenerated successfully [204].

For regenerating corneal endothelium, Qiao et al.

crosslinked flattened and thinned dried chitosan films with

poly (ethylene glycol) diglycidyl ether (PEGDGE) to get

26 lm hydrogel films. The constructed scaffold was highly

transparent and elastic. Although it had slightly lower

ultimate stress and elastic moduli than the native tissue, its

tensile strength was high. The hydrogel films had an

acceptable permeability to glucose and albumin and did not

show any toxic effect on sheep corneal endothelial cells

[207].

3 Conclusion and future challenges

Ocular surface diseases are categorized into mild to very

severe based on their severity. Normally, mild cases are

managed by conservative measures and minor surgeries.

Severe cases are managed by invasive surgeries including

stem cell transplantation and corneal transplantation com-

bined with immunosuppressive and anti-inflammatory

therapies. In very severe cases artificial cornea (kerato-

prosthesis) may be required [211]. Although most of these

approaches result in corneal regeneration, transplant

rejection, incomplete epithelization, lack of the donor tis-

sue, and invasive surgeries have highlighted the benefits of

regenerative medicine for scientists [154¸ 212].

Applying regenerative medicine approaches for corneal

regeneration is divided into different categories: scaffold-

free cell and growth factor delivery, non-hydrogel and

hydrogel-based scaffolds. All approaches aim to heal the

damaged tissue using either host healthy cells or delivered

cells/growth factors. The desired scaffold for corneal

regeneration should be suturable, transparent, biocompati-

ble, biodegradable, and have a proper structure including

the possibility of diffusion of nutrients into a scaffold and

waste out of it, and a dome-shaped structure to make it easy

to suture (Fig. 6).

Since in both growth factor and cell sheet deliveries the

requirement of biomaterials is excluded, they have been

applied for clinical trials. The former is derived from an

autologous blood source, so it prevents the further possi-

bility of rejection or infection [14]. Although it is clinically

used for healing ocular surface diseases, it is not applicable

to severe injuries [211]. Fibrin is another natural bioma-

terial that can be derived from an autologous blood source

[67]. It is used as a substrate for various cell sources [172],

the source of different growth factors [67] and glue that

eliminates suturing [213].

Cell sheets are more useful for epithelial cell delivery

than endothelial cell delivery because of their limited cell

sources [27]. Tissue regeneration using allogenous tissue

such as AM also has become clinical especially for corneal

epithelium regeneration because of its promising results

and it is known as traditional therapy for less severe dis-

eases [211].

Decellularized scaffolds were provided by various

sources such as cadaver or animal cornea [144, 150, 153],

anterior lens capsule [8, 148], and fish scale [154]. These

scaffolds have been used for treating corneal epithelial,

stromal, and endothelial defects because they are suturable,

biocompatible, biodegradable and permeable to biomole-

cules (Fig. 6). However, they get semi-transparent after

decellularization and may induce inflammation and rejec-

tion. As a proper alternative, hydrogel-based scaffolds have
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attracted scientists’ attention for healing injured corneal

tissue especially damaged stroma. It is not only because of

their 3D environment but also because of their high water

content, acceptable nutrients penetration, transparency,

biocompatibility, and biodegradability [31]. Besides the

mentioned properties, surface topography has an undeni-

able effect on cell alignment. It was shown that the human

keratocyte cell proliferation rate was higher on micropat-

terned scaffolds [170]. Molded RGD-functionalized silk

using PDMS was reported to have satisfactory optical and

mechanical properties with cultured hCSSCs on it in

comparison with substrates seeded by human corneal

fibroblasts (hCFs) [158]. HCFs cultured on groove-pat-

terned silk-based scaffold expressed collagen type V and

other corneal stromal markers [159]. It was also shown that

transparency and mechanical properties of stretched com-

pressed collagen were close to the native cornea in com-

parison with not stretched collagen hydrogel. Although

stromal cells (keratocytes) are dendritic shaped in the

native cornea, they shift into spindle-shaped fibroblasts or

polygonal corneal myofibroblast in serum. Despite this

fact, it is observed that they shift to keratocyte cells in

collagen after a week of culture with serum [214]. Cultured

keratocyte cells on groove-patterned silk film also elon-

gated towards the grooves and resulted in orderly aligned

cells in comparison with cells cultured on unpatterned

films. However, the expression of keratocyte cell markers

did not differ between patterned and unpatterned groups. It

is reported that applying a dome-shaped strain on films

improved protein expression levels. As it was expected,

applying dome-shaped strain on patterned films enhanced

the amount of lumican, keratocan, collagen I, and collagen

V significantly. Therefore, both mechanical strength and

surface topography affect cell behavior remarkably [215].

Soft lithography and 3D bioprinting are recent approaches

in corneal regeneration and getting more popular in treating

corneal diseases. In both techniques, the 3D computerized

model is converted to the biomaterial using UV irradiation

or other physical/chemical crosslinking methods [28, 158].

Since collagen is the main constituent of the corneal

stroma, it is the most used biomaterial in stroma regener-

ation. Both collagen types I and III were used for healing

the damaged tissue [9, 60]. Both collagen types improved

corneal stromal cell proliferation and activity so that they

have been used in clinical trials [5, 100]. However, syn-

thetic biomaterials were utilized for corneal regeneration

because of their higher mechanical strength and shape

ability [32]. Despite reported inflammatory immune

responses for PEG in in vivo experiments, it has been

attractive because of its mechanical properties and tunable

features. The combination of synthetic and natural bio-

materials covers the disadvantages of each and improves

their advantages. For instance, collagen was added to PVA

[200, 201], PEG [202], and PCL [199] to improve their

biocompatibility, stromal and epithelial cell adherence,

migration, and proliferation. The mixture of natural bio-

materials such as collagen with chitosan [11], alginate

[173], gelatin [174], and HA [11] are also used for corneal

Fig. 6 Schematic of corneal regeneration. Desired properties for scaffolds for corneal regeneration and various approaches of regenerative

medicine. Acronyms of desired properties for healing injured tissue were mentioned to compare the advantages of each approach
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epithelium and stromal regeneration. The PEG-based

scaffold [73] and the combination of chitosan and alginate

[175] have also been applied for endothelial layer

regeneration.

Besides biomaterials, cell sources are also important for

tissue regeneration. Corneal autologous cell sources are

favorable for unilateral ocular surface diseases which have

also been applied in clinical treatment [211]. In bilateral

ocular surface diseases, either other autologous cell sources

such as oral mucosal epithelium [136] and nasal mucosal

epithelial cell [141] or allogenous cell sources [160] are

used. Mesenchymal stem cells are used both as a cell

source [191, 203] and immunosuppressive for other

allogenous cell sources [203, 216]. It is favorable because

of their various cell sources such as dental pulp [91], bone

marrow [117] and fat [216]. Corneal stromal stem cells,

keratocytes, and mesenchymal stem cells have been studied

for healing damaged stroma [82, 217]. An important goal

of all regenerative medicine approaches is the elimination

of the donor tissue. Hence, using the proper method to

simulate the biomimetic structure of the native tissue, in

addition to choosing the proper biomaterial and cell source,

results in the desired scaffold for healing the injured cornea

layer. Therefore, based on the required properties of the

damaged corneal tissue (Fig. 6), it can be concluded that

either the combination of non-hydrogel and hydrogel-based

scaffolds such as hybrid scaffolds or 3D bioprinted scaf-

folds can mimic microstructure of native cornea more than

other kinds of substrates. The new biomaterial technologies

still need to go through a rigorous quality manufacturing

and regulatory process in order to be taken into the first

clinical testing. Many promising biomaterial technologies

never reach that stage. So, equally important as mechanical

and optical properties, are the regulatory compliance of the

biomaterial, compliant manufacturing process, appropriate

sterilization method, storage, shelf life and etc.
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