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Abstract: Medical conditions such as trachoma, keratoconus and Fuchs endothelial dystrophy
can damage the cornea, leading to visual deterioration and blindness and necessitating a cornea
transplant. Due to the shortage of donor corneas, hydrogels have been investigated as potential
corneal replacements. A key factor that influences the physical and biochemical properties of
these hydrogels is how they are crosslinked. In this paper, an overview is provided of different
crosslinking techniques and crosslinking chemical additives that have been applied to hydrogels for
the purposes of corneal tissue engineering, drug delivery or corneal repair. Factors that influence the
success of a crosslinker are considered that include material composition, dosage, fabrication method,
immunogenicity and toxicity. Different crosslinking techniques that have been used to develop
injectable hydrogels for corneal regeneration are summarized. The limitations and future prospects
of crosslinking strategies for use in corneal tissue engineering are discussed. It is demonstrated that
the choice of crosslinking technique has a significant influence on the biocompatibility, mechanical
properties and chemical structure of hydrogels that may be suitable for corneal tissue engineering
and regenerative applications.

Keywords: cornea; hydrogel; keratoplasty; scaffold; tissue engineering; collagen

1. Introduction

The cornea is the outermost transparent layer of the anterior eye consisting of five dis-
tinct layers: Epithelium, Bowman’s layer, Stroma, Descemets membrane and Endothelium.
Damage to any of these layers can result in a loss of vision. More than 10 million people
worldwide suffer from corneal related blindness due to disease or injury [1]. Corneal
blindness can result from infection, inflammation, trauma, dystrophies and degenera-
tive medical conditions. Partial or full corneal transplantation (keratoplasty) is often the
only viable treatment to regain vision. However, some of the problems associated with
keratoplasties include immunological rejection (around 18%) [2] and donor shortages [3,4].

An alternative to traditional keratoplasty is to develop an artificial cornea or kerato-
prosthesis. This approach has the advantage of overcoming the donor supply problems
associated with keratoplasties. However, current keratoprostheses have a number of
limitations including an increased risk of glaucoma, inflammation and abnormal tissue
growth [5]. Amniotic membrane (AM) obtained from the inner wall of the fetal placenta has
been used for ocular surface reconstruction [6,7]. The AM promotes re-epithelialization of
the corneal surface, reduces inflammation and inhibits vascularization [8]. However, using
AM to reconstruct the ocular surface has drawbacks, including reduced transparency [9],
poor mechanical strength [10] and varying tissue quality between donors [11].

To overcome these problems, tissue engineering approaches have been under inves-
tigation to fabricate whole corneas or specific layers of the cornea that are suitable for
transplantation. These may be generated using decellularized xenogenic tissues [12–15] or
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natural or synthetic polymers [16–19], as a scaffold to support cells in a three-dimensional
construct. To engineer a functional corneal equivalent, constructs should ideally mimic
the native cornea, both structurally and functionally. Tissue engineered corneas need to
exhibit three functional characteristics: protection, light transmission, and refraction [20].
To fulfill these characteristics, constructs should support the development of a functional
corneal epithelium by supporting proliferation and migration of cells from the limbus.
This newly formed epithelium should protect the intra-ocular contents from pathogenic
invasion. The mechanical stiffness and strength of the constructs should be equivalent to
the native cornea. Ideally, the constructs should mimic the nanoscale fibrillar structure
of the corneal stroma to achieve a high degree of transparency (>90%). To prevent the
formation of an optical haze, the construct’s swelling ratio should be similar to the native
cornea. Engineered corneal equivalents should also have a high water content to allow
nutrient diffusion through the tissue, enhance cell survival and replicate the cornea’s
viscoelastic characteristics.

Hydrogels are water-swollen polymers that have been under investigation as scaffolds
to engineer corneal tissue for many reasons including their high water content, biocom-
patibility, transparency and permeability (Figure 1). While many hydrogels tend not to
be suturable, some can adhere directly to tissue when gelation occurs in vivo, avoiding
the need for sutures [21]. Hydrogels can also be used to deliver drugs to the eye to sup-
port tissue regeneration and inhibit inflammation. They offer many advantages over
colloidal [22,23] and polymeric [24] drug delivery systems including a high water content
that assists in preserving the activity of bio-pharmaceuticals such as peptides, proteins
or nucleic acids [25,26]. Temperature-responsive and in situ chemically crosslinked hy-
drogels can be administered by minimally invasive methods [27–29]. While hydrogels
have been shown to support the formation of the functional epithelium [30], many have
poor mechanical strength and rigidity compared to native corneas [31], they can undergo
rapid degradation in vivo and they often lack signaling molecules normally resident in the
extracellular matrix that are necessary to control cell behavior.
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Figure 1. Schematic representation of desirable properties that hydrogels should possess for corneal
tissue engineering.

To assist in improving the mechanical and degradation characteristics of hydrogels,
the application of exogenous small molecules, i.e., crosslinkers [28] has been investigated.
Crosslinking agents have been introduced to functionally modify the mechanical, biological
and degradation properties of various biomaterials depending on their compositional and
structural features [32]. It is important to select a suitable crosslinker for specific tissue
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applications that allows the possibility to tune the hydrogels micro/macro-structure and
physico-chemical, biological and mechanical properties.

While many different types of crosslinkers have been investigated for controlling
the properties of hydrogels for corneal tissue engineering and regeneration, these have
not been previously compared in any detail. Here, we report on the recent investigations
involving the functional modification of hydrogels using different crosslinking reagents.
This paper reviews different crosslinking approaches that have been employed to fabricate
several standard and innovative hydrogels for corneal regeneration. The basic mechanisms
of each crosslinking method are described and examples are used to illustrate each of the
approaches. Several studies are highlighted that have undertaken comparative analyses of
different crosslinking reagents. The development of injectable hydrogels and the impact
of different crosslinking initiators on the characteristics of hydrogels are discussed. The
benefits, limitations and future prospects of these crosslinkers used for corneal regeneration
are outlined.

2. Crosslinking in Hydrogel Fabrication for Corneal Regeneration

Recently, there has been much progress in fabricating mechanically stable biomimetic
scaffolds and hydrogels by incorporating different crosslinking mechanisms. Crosslinking
is an important parameter in the fabrication of hydrogels that can result in enhanced
biomechanical properties by developing inter-molecular network linkages. Among the
different major functional groups (hydroxyl, methyl, carbonyl, carboxyl, amino, phosphate,
and sulfhydryl) of a polymer chain, any two functional groups can couple covalently or
non-covalently through crosslinking. These types of bonds (especially covalent bonding)
regulate the protein activity, stability and complex structural assembly within fabricated
biomaterials [29]. Ideally, crosslinking agents should be capable of improving mechanical
strength and stiffness, must be non-toxic, enhance enzymatic resistance, effectively influ-
ence cross-talk between cells and material, and retain shape memory [33]. The specific
chemical and structural properties of a hydrogel have a significant impact on the crosslink-
ing mechanism. These crosslinking mechanisms can be classified into two groups: physical
involving non-covalent bonding or chemical involving covalent bonding (Figure 2A). For
hydrogels, physical crosslinking is accompanied by chemical crosslinking since physical
crosslinking alone would be insufficient to maintain the integrity of the hydrogel. Specific
examples of crosslinking techniques are shown (Figure 2B).
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Figure 2. Representation showing (A) the effect of physical and chemical crosslinking on the type of bonds formed and
(B) several examples of different crosslinking techniques.

2.1. Dehydrothermal Treatment (DHT)

During DHT, the hydrogel is exposed to an elevated temperature under vacuum.
Intermolecular crosslinking is initiated via esterification or amide formation when water
molecules are evacuated at a high temperature [34]. Carboxyl and amine groups situated
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in adjacent proximity of protein backbone become covalently coupled. One advantage
of this mechanism is that it results in sterilization of the materials, hence, removing the
need for further sterilization steps later in the process as well as reducing the potential
immunogenic response to the material after implantation [35,36].

An ophthalmic drug delivery system was developed using biodegradable cationized
gelatin hydrogels loaded with an epidermal growth factor [37]. These hydrogels were
fabricated by air-drying and DHT crosslinking. Corneal epithelial defects in rabbits were
created to study the potential of this hydrogel for wound repair. A controlled release
of epidermal growth factor was reported from hydrogels that led to accelerated wound
healing. In a separate comparative study, DHT crosslinked gelatin hydrogel sheets and
atelocollagen sheets with human corneal endothelial cells were compared, where gelatin
hydrogels displayed better transparency, permeability and elasticity [38]. ZO-1 bonding
between cells and Na+/K+-ATPase indicated that the crosslinked gelatin supported the for-
mation of a functional endothelium. In another study, collagen scaffolds were crosslinked
using either UV irradiation or DHT [39]. Both treatments led to increased tensile strength
but also the fragmentation of the collagen molecules structure. There was no significant
difference between the two mechanisms. German et al. demonstrated that they could
engineer a cornea by culturing human epithelial cells on DHT crosslinked collagen hydro-
gels containing fibroblasts [40]. A promising result was reported with the formation of
4–5 layers of regenerated corneal epithelium as well as basement membrane components
after 3 days of culture. While DHT does not induce any potential toxic effects, controlling
the degree of the crosslinking remains a challenge to be addressed [41].

2.2. Ultra-Violet (UV) Irradiation

UV mediated crosslinking is an easy, robust and non-toxic procedure when two charac-
teristic phenomena take place simultaneously: crosslinking and UV-induced denaturation.
The combination of these two phenomena improves the mechanical properties and degra-
dation resistance of collagen based scaffolds [42]. Protein molecules can be covalently
coupled via UV light with aromatic residues such as tyrosine and phenylalanine. UV light
also creates covalent bonds between polypeptide chains, important cell recognition sites
situated in the proteins backbone, without involving the acidic and basic side chains [43].

UV crosslinking has been used to modify collagen based biomaterials and tissues. For
example, the Young’s modulus of collagen-based hydrogels has been shown to significantly
increase after UV mediated crosslinking between riboflavin and collagen without hindering
the growth of human corneal fibroblasts [44,45]. The final modulus of the hydrogel was
dependent on the UV exposure time. UV crosslinking also enhances enzymatic resistance
in collagen hydrogels [46]. Incorporation of glucose into the hydrogel can help to lower
collagen fragmentation during the UV crosslinking process [47]. Therefore, this technique
could potentially be used for in vitro stabilization of collagen hydrogels [48]. UV crosslink-
ing is also a promising technique to treat degenerative diseases such as keratoconus that
directly affects the corneal stroma. In this process, photosensitive riboflavin is crosslinked
with corneal collagen through UV irradiation [49].

In addition to collagen, silk fibroin has also been crosslinked via UV irradiation.
A highly transparent silk fibroin-based hydrogel has been developed using photo-crosslinking
between riboflavin and silk fibroin. This hydrogel was examined for corneal reshaping
through photo-lithography to provide visual acuity. Excellent adherence between the hy-
drogel and ocular surface makes this approach very promising for corneal regeneration [50].
Silk fibroin based matrices also positively influence corneal stromal cell behavior when the
riboflavin content and UV exposure are optimized. Riboflavin crosslinked silk fibroin matri-
ces supported cellular adhesion, proliferation, ECM formation, and keratocyte-associated
gene expression [51].

An injectable, photocurable and biocompatible gelatin-based thiol-acrylate hydro-
gel with tunable mechanical properties has been used for corneal regeneration in rabbit
model [52]. This hydrogel supported epithelial wound coverage in less than three days.
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The study also demonstrated the non-toxic effect of UV irradiation on the cornea as well
as the posterior segment of the eye [52]. Semi-synthetic gelatin methacrylate (GelMA)
is a popular biomaterial in tissue engineering due to its adjustable physical properties,
biocompatibility and ability to be used in 3D bioprinting. In the presence of a photoinitiator,
GelMA hydrogels can be easily fabricated through free radical polymerization. To generate
GelMA hydrogels suitable for corneal endothelium formation and transplantation, physical
networks were formed in the solution prior to UV crosslinking by incubating a pre-polymer
solution at 4 ◦C for 1 h [53]. The hydrogels displayed excellent in vitro biocompatibility
with corneal endothelial cells and had favorable biodegradation kinetics and high cellular
viability in a rabbit model following transplantation.

In addition to natural polymer-based hydrogels, UV crosslinking can be used to pro-
duce stable hydrogels from synthetic polymers. Transparent, UV crosslinked polyethylene
glycol (PEG)-diacrylate and PEG-diacrylamide hydrogels have been successfully manufac-
tured and tested as corneal replacements in rabbit studies [54]. Although PEG-diacrylate
hydrogels resulted in corneal inflammation and ulceration that led to corneal haze, PEG-
diacrylamide hydrogels showed more promise. UV crosslinked PEG-diacrylamide hy-
drogels did not show any inflammation up to 6 months after implantation and appeared
healthy and transparent. UV mediated photo-crosslinking is only effective for transparent
and thin scaffolds that allow the light to penetrate the structure. For this reason, this
crosslinking technique is generally acceptable and has fewer limitations for its applications
with a comparatively thin tissue like the cornea.

2.3. Crosslinking Using Chemical Additives

Crosslinking using chemical additives accelerates the modification of the polymeric
backbone and leads to a higher degree of crosslinking. For this reason, these crosslinkers
are widely accepted for tissue engineering and regenerative medicine applications. The
most commonly used crosslinking additives are glutaraldehyde (GA), 1,4-butanediol di
glycidyl ether (BDDGE), genipin and 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC). Examples of hydrogels crosslinked using chemical additives and
that have been used for corneal regeneration are shown in Table 1.

2.3.1. Glutaraldehyde (GA)

Bi-functional crosslinking agent, GA induces covalent linkages between the aldehyde
groups of GA with the amine groups of lysine or hydroxylysine residues of the polypeptide
chains. This mechanism contributes to increased degradation resistivity of the protein
molecules. GA is one of the most commonly used crosslinking agents due to its fast reaction
time, firm stabilization, low cost and easy availability [55]. The main limitation of using
GA is its cytotoxicity and the immune response it elicits in the body [56]. Unbound free
aldehyde groups are mainly responsible for the toxic effect of GA crosslinked scaffolds.
Vigorous washing of the crosslinked scaffold using glycine solution helps to eliminate
unbound aldehyde groups reducing the scaffold’s toxicity. Several studies that have used
GA crosslinked hydrogels for corneal regeneration [41,57–67] are summarized in Table 1.
These studies show that researchers are trying to obtain a stable crosslinker by varying the
concentration of GA. However, due to the toxicity of GA, alternative chemical agents had
to be explored.

2.3.2. 1,4-Butanediol Diglycidyl Ether (BDDGE)

The application of BDDGE as a crosslinking agent is limited in the field of corneal
tissue engineering (Table 1). BDDGE is more commonly used to efficiently stabilize collagen
dermal filler [68]. The crosslinking reactivity of BDDGE with a biopolymer depends
on environmental conditions such as pH and temperature. Through hydroxyl group
linkage, BDDGE is also able to covalently bond with the macromolecular substrate. The
crosslinking mechanism depends on the reactivity of the epoxide groups situated on the
ends of the molecules. In alkaline conditions, amine groups can open up the epoxide



Pharmaceutics 2021, 13, 319 6 of 23

ring, forming strong ether bonds and secondary amide bonding [68]. One example of a
BDDGE crosslinked hydrogels that have been used as a bioactive corneal stromal substitute
are hydroxypropyl chitosan–gelatin-chondroitin sulfate hydrogels. These hydrogels were
highly transparent, retained a high water content, were permeable and showed good
biocompatibility [69]. In another study, Koh et al. reported that BDDGE cross-linking
of collagen hydrogels resulted in a slow gelation time [70]. The bi-functional BDDGE
cross-linking exhibited through secondary amine bond formation via epoxide ring opening
by amine groups of collagens under basic pH conditions. This phenomenon facilitates
slower gelation and enables drug molecule encapsulation within the collagen matrix for
therapeutic application.

2.3.3. Genipin

Genipin is a green colored chemical derived from gardenia fruits that enables protein
macromolecules to be easily crosslinked via intra- and inter-molecular linkages. This
crosslinking mechanism undergoes the following two steps. First, a nucleophilic substi-
tution takes place at C3 carbon atom of genipin. This leads to the immediate formation
of an intermediate aldehyde group. Next, a heterocyclic compound is formed due to the
reaction between the aldehyde group and secondary amine. Subsequently, the substitution
of ester groups takes place on the protein backbone via secondary amide bridging and leads
to nucleophilic substitution [71]. Consequently, a heterocyclic compound (bluish-green
in color) is formed due to the reaction between genipin and protein amine groups via
oxygen-radical-induced polymerization [72].

Genipin is widely used for tissue engineering applications due to its low toxicity
and negligible immunogenicity [73]. Genipin’s cytotoxicity appears to be highly dose
dependent but time independent. To eliminate the toxic effect and undesired immunogenic
reaction, a 0.5 mM concentration of genipin is recommended for most tissue engineering
application [74]. Further dose optimization may still be required for specific applications.
Table 1, elaborates on the studies that use genipin crosslinking in developing hydrogels for
corneal tissue engineering [75–77].

2.3.4. Ethyl-3-[3-dimethylaminopropyl] Carbodiimide Hydrochloride (EDC) and
N-hydroxy-succinimide (NHS)

EDC, a zero-length crosslinking agent, commonly conjugates carboxyl or phosphate
groups to primary amines through a covalent linkage. EDC forms an active O-urea that sub-
sequently couples with the amino groups through an amide bridging [78]. As a result, a wa-
ter soluble sub-product, iso-urea, is formed that can be easily eliminated by washing. This
crosslinking mechanism is significantly pH dependent and the reactivity is higher with im-
proved efficiency in an acidic environment (in presence of 2-(N-morpholino)ethanesulfonic
acid (MES) buffer solution) compared to alkaline environments [79]. Conjugation of water
soluble NHS, or its analog sulfo-NHS, in EDC enhances the efficiency of the crosslinking
reaction as well as its stability. NHS esters are formed due to direct coupling between
EDC/NHS and carboxyls. These NHS esters are more stable than the O-acyl-isourea inter-
mediates and positively assist in proficient coupling of primary amines at physiological
pH [80]. When using EDC for crosslinking, unreacted free groups of EDC do not remain
in the material. This consequently means that the final product is not affected by EDC
toxicity [81]. EDC mediated crosslinking generally utilizes cell reactive carboxylate an-
ions (on glutamate or aspartate residues) or primary amino groups (on lysine residues),
which are the major cell binding motif sites of many biomaterials for forming hydrogels,
such as collagen or silk fibroin. As a result, there is a shortage of available cell binding
motif sites after crosslinking [82]. To address this issue, more investigation is required
to optimize the concentration of EDC for fabricating hydrogels with improved cellular
reactivity, without altering surface chemistry or biomechanics. A significant improvement
in mechanical integrity and stability along with cellular biocompatibility has been recorded
for collagen-based scaffolds when the concentration of EDC was significantly reduced [83].
The standard concentration (100%) of carbodiimide is 11.5 mg/ml and was diluted pro-
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gressively down to 0.1%. This reduction resulted in an almost 4-fold increment in the
amount of free amine groups without altering the mechanics or stability in water of the
resultant scaffolds. This 10-fold reduction in carbodiimide crosslinking demonstrated in
near native-like cell attachment to collagen scaffolds.

From analyzing Table 1 it is found that EDC/NHS has been commonly used as a
crosslinker for developing hydrogels for corneal regeneration [41,59,84–90]. There are
considerable variations in the concentration of EDC/ NHS used in the reported articles.
Almost all reported articles (8 out of 10) performed in vivo evaluations of EDC/NHS
crosslinked hydrogels supported by in vitro studies using corneal specific cells.

2.4. Other Approaches

Several alternative crosslinking chemicals and approaches have been evaluated to
improve the mechanical properties and stability of hydrogels for corneal tissue engineer-
ing [85,86,91–101] (Table 1). These hydrogels are made using a variety of biomaterials.
For example, several studies have used novel crosslinkers on collagen hydrogels. Genera-
tion 2 polypropylenimine octaamine dendrimers have successfully crosslinked collagen
hydrogels with high degree of transparency and good mechanical properties for corneal
regeneration [91]. The biocompatibility of these hydrogels, in respect of cellular adhesion
and proliferation, was evaluated with human corneal epithelial cells and the crosslinker
showed no toxicity [91].

Table 1. Complete details of the different crosslinkers used in corneal regeneration to synthesize corneal hydrogels identified
in this review.

Paper Biomaterial Crosslinkers Fabrication Method Cell Study In Vivo Study

Glutaraldehyde (GA)

[57] Gelatin 10% GA at 4 ◦C for 14 h Lyophilization - Pigmented
rabbits

[58] Collagen I +
chondroitin sulphate

GA conc. (0.02, 0.04, 0.06
and 0.08%)

Air-lifted and
maintained at

air-liquid interfaces

Keratocytes ±
corneal epithelial

and endothelial cells
-

[67]
Collagen +

poly(ethylene oxide
dialdehyde)

GA
Air drying and argon

plasma surface
modification

Human epithelial
cells -

[59] Hyaluronic acid 100 mM GA at 25 ◦C for
2 days

Solution casting and
air-drying

Corneal endothelial
cells -

[60] Hyaluronic acid 100 mM GA at 25 ◦C for
2 days

Solution casting and
air-drying - New Zealand

white rabbits

[41] Gelatin 50 mM GA at 25 ◦C for
80 min

Solution casting and
air-drying

Rat iris pigment
epithelial cells

New Zealand
white rabbits

[61] Collagen, copolymers
of collagen and TERP

0.22% GA at room
temperature for 7 days Air drying -

Adult
laboratory

beagles

[62] Amniotic membrane 0.1% GA and hyperdried Far infrared rays and
microwaves - Three eyes of

three patients

[63] Hyaluronic acid +
itaconic acid + PEGDE GA under acidic pH Air drying Human corneal

epithelial cell line
New Zealand
white rabbits

[64] Amniotic membrane
(AM)

0.05 mmol GA per mg
AM Air drying Limbal epithelial

cells -

[65] Canine AM +
atelocollagen 0.1% GA Air drying Canine corneal

epithelial cells -

[66] Carboxymethyl
chitosan + poloxamer 1% GA for 1 h at 50 ◦C Air drying Human corneal

epithelial cells -
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Table 1. Cont.

Paper Biomaterial Crosslinkers Fabrication Method Cell Study In Vivo Study

1,4-Butanediol diglycidyl ether (BDDGE)

[69] Chitosan + gelatin +
chondroitin sulfate 0.5% BDDGE Lyophilization Human and rabbit

keratocytes -

[70] Porcine collagen type I BDDGE at pH 11 Air drying
Human corneal

epithelial and rodent
DRG cell

-

Genipin (GP)

[75] Chitosan + collagen,
cellulose or elastin GP (40 µL) Air drying Human corneal

epithelial cells -

[76] Chitosan 0.5–5.0 mM GP Lyophilization Human corneal
epithelial cells -

[77] Carboxymethyl
chitosan + poloxamer 02–0.8% GP Lyophilization -

New Zealand
rabbits

(ex vivo)

Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) & N-hydroxy-succinimide (NHS)

[87] Amniotic membranes
(AM)

0–0.25 mmol EDC per
mg AM EDC:NHS
molar ratios = 5:1

Immersion Limbal epithelial
cells

New Zealand
white rabbits

[41] Gelatin 50 mM EDC Solution casting and
air-drying

Rat iris pigment
epithelial cells

New Zealand
white rabbits

[88] Hyaluronic acid 10 mM EDC at 25 ◦C for
2 days Lyophilization Corneal endothelia New Zealand

white rabbits

[89] Hyaluronic acid 10 mM EDC Lyophilization Corneal endothelia New Zealand
white rabbits

[90] Collagen I + gelatin
(Col/Gel)

EDC:NHS:(Col/Gel) =
1:1:12 for 4 h Lyophilization

Human
mesenchymal stem

cells
-

Other crosslinkers

[91] Type I collagen
Generation 2

polypropyleneimine
octaamine dendrimers

Chemical crosslinking Human corneal
epithelial cells -

[92,93] PEG and PAAc double
network hydrogel

50% acrylic acid
1% v/v with respect to

hydroxyl-2-methyl
propiophenone and

triethylene glycol
dimethacrylate

Two-step sequential
network formation

technique

Primary corneal
epithelial and
fibroblast cells

New Zealand
Red rabbits

[94] Collagen coupled
PEG/PAAc

1% triethylene glycol
dimethacrylate for 24 h

at room temperature

UV- free radical
polymerization

Rabbit corneal cell
line

New Zealand
Red rabbits

[85] PEG-stabilized
collagen + chitosan

Hybrid cross-linking
system comprising of a

long-range bi-functional
cross-linker

Chemical crosslinking
Human corneal

epithelial cells, and
DRG

Yucatan
porcine cornea

and rat
subcutaneous

[86] Collagen–
phosphorylcholine

PEG diacrylate initiated
by ammonium

persulphate or 0.5%
Irgacure 2959

Photopolymerization
Human corneal

epithelial cell line
and DRG

Mini-pigs and
New Zealand
white rabbits
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Table 1. Cont.

Paper Biomaterial Crosslinkers Fabrication Method Cell Study In Vivo Study

[95]
Neoglycopolymer—

recombinant collagen
III

Carbohydrate-
functionalized
norbornenes

Tandem ring-open
metathesis

polymerization
hydrogenation

Human corneal
epithelial cells -

[96] Hydroxypropyl
chitosan (HPCTS)

Sodium alginate
dialdehyde (20 mg/mL)

mixed equal volume
with HPCTS

Self-cross-linking
process of chitosan

and oxidized alginate

Corneal endothelial
cells

New Zealand
rabbits

[97] Collagen
I-Immobilized PEG

1% Triethylene glycol
dimethacrylate and

poly(2-hydroxyethyl
methacrylate)

UV-initiated free
radical polymerization

Human
corneal epithelial

cells
-

[98] Chitosan + PEG
Diepoxy-

PEG:cystamine (4:1
molar ratio)

Casting and chemical
crosslinking for 24 h at

25 ◦C

Sheep endothelial
cell

Ovine eyes
(ex vivo)

[99] Poly(2-hydroxyethyl
methacrylate)

N, N′-methylenebis 0.5%
acrylamide

Polymerization and
molding processes

Rabbit corneal
stromal cells

New Zealand
rabbits

[100] Levofloxacin loaded
glycol chitosan

4-arm polyethylene
glycol with aldehyde

end groups (4-arm
PEG-CHO)

Chemical crosslinking L-929 cells -

[101] GelCORE bioadhesive
hydrogels

Photocrosslinking with
visible light (450 to

550 nm)

Lyophilization,
chemical and

photo-crosslinking

Corneal fibroblast
cells

New Zealand
white
rabbits

New crosslinkers have also been used to crosslink collagen with other biomaterials. A
hybrid cross-linking system was developed using a long-range bi-functional cross-linker
PEG-dibutyraldehyde (PEG-DBA) and short-range amide-type cross-linkers (EDC and
NHS) to crosslink collagen–chitosan composite hydrogels [85]. The hydrogels exhibited
excellent optical clarity (superior to human eye bank corneas), suturability, permeability
to albumin and glucose, and significantly higher mechanical strength and elasticity, an in-
crease of 100% and 20%, respectively, when compared to its non-hybrid counterpart. These
hydrogels showed excellent biocompatibility both in vitro, using dorsal root ganglia (DRG)
and human corneal epithelial cells, and in vivo using rat subcutaneous and pig cornea
implants. The hydrogels supported host–graft integration with successful regeneration of
corneal stroma, nerve and epithelium after 12 months implantation in pigs.

A bio-interactive collagen-phospholipid corneal substitute was developed from inter-
penetrating polymeric networks, utilizing EDC/NHS crosslinked porcine atelocollagen,
and PEG-diacrylate crosslinked 2-methacryloyloxyethyl phosphorylcholine (MPC) [86].
Fabricated hydrogels showed increased mechanical strength along with enhanced stability
against collagenase and UV degradation and improved in vitro biocompatibility with
DRG and human corneal epithelial cells. A 12 months in vivo study of hydrogels into
mini pig demonstrated regeneration ability of corneal stroma, epithelium, tear film and
sensory nerves.

Chitosan and chitosan composites are also commonly used biomaterials for corneal
tissue engineering. In addition to using standard crosslinking chemicals like GA, several
different approaches have been explored to crosslinking chitosan. For example, an in situ
formed biodegradable hydrogel was fabricated involving the water-soluble derivative of
chitosan, hydroxypropyl chitosan, and sodium alginate dialdehyde for corneal endothelial
regeneration [96]. Periodate oxidized alginate rapidly cross-links hydroxypropyl chitosan
due to the formation of Schiff’s base between the available amino groups and aldehyde.
The fabricated hydrogels were biocompatible with corneal endothelial cells, biodegradable



Pharmaceutics 2021, 13, 319 10 of 23

and were evaluated as a potential scaffolds for in vivo endothelium regeneration in New
Zealand rabbits.

A new post crosslinking mechanism via epoxy–amine chemistry was introduced
to fabricate ultrathin (thickness in hydrated condition 50µm) chitosan–PEG hydrogel
for corneal tissue regeneration [98]. The resultant hydrogel showed desirable optical
transparency, biodegradability, comparable mechanical property with cornea to support
a suitable mechano-responsive environment for corneal endothelial cell and supported
adhesion and proliferation of sheep’s corneal endothelial cells. Ex vivo trials on ovine
eyes showed that the hydrogels exhibited excellent properties for physical manipulation
and implantation, which made them a potential scaffold for minimally invasive surgical
procedures, such as Descemet’s Stripping Endothelial Keratoplasty (DSEK).

Porous chitosan hydrogel sheets were developed and evaluated as a potential oph-
thalmic delivery substrate for levofloxacin [100]. Hydrogel sheets were fabricated sponta-
neously under mild conditions when a 4-arm polyethylene glycol crosslinker was mixed
with aldehyde end groups (4-arm PEGCHO) and glycol chitosan (GC) at various ratios.
Upon decreasing the concentration of 4-arm PEGCHO and GC, the swelling ratio of fabri-
cated hydrogels was increased. Biocompatibility assays reported that the hydrogels were
non-toxic and exhibited an excellent cytocompatibility with L929 cells.

In addition to collagen and chitosan, there has also been considerable interest in the
development of PEG based hydrogels for corneal engineering. A two-step sequential
network formation approach was employed to fabricate interpenetrating hydrogels by
using poly(2-hydroxyethyl methacrylate) and triethylene glycol dimethacrylate (1% v/v)
as a crosslinker inside collagen immobilized PEG hydrogels [97]. Fabricated hydrogels
were non-toxic and supported adhesion and proliferation of corneal epithelial cells.

UV-initiated free radical polymerization, using a two-step sequential network for-
mation technique was used to fabricate PEG/poly(acrylic acid) (PEG/PAA) hydrogels
for corneal tissue engineering [92]. Both in vitro (using primary corneal epithelial and
fibroblast cells) [92] and preliminary in vivo (New Zealand Red rabbits) [93] studies were
carried out to assess the biocompatibility of the fabricated hydrogel. A similar UV-initiated
free radical polymerization and crosslinking network technique was used to fabricate
collagen-coupled PEG/PAA hydrogels that support corneal epithelial wound healing [94].
The bioactive surface of the hydrogels showed promising results for epithelial wound
closure. In vivo results conducted on rabbits demonstrated that the implanted hydrogel
supported the migration of corneal epithelial cells, although the morphology and migration
rate of cells were different from normal.

A mechanically and structurally efficient artificial cornea using poly(2-hydroxyethyl
methacrylate) was fabricated involving a T-style design of a keratoprosthetics [99]. N,N′-
methylenebis (acrylamide) (0.5 %) was used as a crosslinker. The porous skirt was altered
with hyaluronic acid and cationized gelatin, and the bottom of the optical column was
coated with poly(ethylene glycol). In vitro (rabbit corneal stromal cells) and in vivo (New
Zealand rabbits) analysis demonstrated that the artificial cornea was a potential corneal
substitute and could be suitable for patients with corneal opacity and massive limbal stem
cell deficiency.

A saturated neoglycopolymer was developed by tandem ring opening metathesis
polymerization-hydrogenation of carbohydrate-functionalized norbornenes and examined
as a promising crosslinking agent for corneal tissue engineering [95]. The resultant neo-
glycopolymer hydrogels were superior with respect to stability, enzymatic resistivity and
permeability, compared to clinically tested control materials (recombinant human collagen
type III (RHC III) crosslinked using EDC/NHS) as well as demonstrating biocompatibility
in vitro with human corneal epithelial cells.

Recently a transparent, highly biocompatible, cost-effective, bio-adhesive hydrogel,
using gelatin methacryloyl (GelMA) prepolymer with∼80% methacryloyl functionalization
degree (GelCORE) were fabricated utilizing photo-crosslinking with visible light (450 to
550 nm) for 60 seconds [101]. The physical properties of fabricated hydrogel can be finely
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adjusted by altering the photo crosslinking time and concentration of pre-polymer. In
situ photo-polymerization of GelCORE improved the adhesion between the hydrogel and
tissue. In vitro and in vivo (rabbit model) evaluation demonstrated that the bio-adhesive
hydrogel is highly biocompatible with corneal fibroblast, efficiently enclosing stromal
defects in rabbit and promoting stromal regeneration and re-epithelialization.

2.5. Comparative Studies

A number of studies have compared different crosslinking reagents (Table 2) and their
effectiveness at modifying physical properties, chemical structure, mechanical characteris-
tics and biological effects [41,59,60,91,102,103].

Table 2. Works identified in this review focusing on the comparison of different crosslinkers used to develop corneal hydrogels.

Paper Biomaterial Crosslinkers & Concentration Results

[91] Type I collagen

Generation 2 polypropyleneimine
octaamine dendrimers:

EDC: molar ratio 1:1
GA: 0.02%.

Dendrimer-crosslinked gel had no cellular
toxicity and higher glucose permeability than
natural human cornea and more transparent

than GA/EDC crosslinked gels

[59] Hyaluronic acid (HA) EDC:100 mM
GA:100 mM

EDC-HA was more transparent, smoother
surface, faster degradation and lower toxicity

than GA-HA

[60] Hyaluronic acid (HA) EDC:100 mM
GA:100 mM

EDC-HA gel had no adverse
inflammatory reaction

GA-HA gel induced significant inflammatory
cell infiltration and foreign body

reaction observed

[41] Gelatin EDC:50 mM
GA:50 mM

EDC-gelatin was biocompatible without
causing toxicity

GA-gelatin showed significant
inflammatory reaction

[102] Chitosan 10 mM GA
10 mM Genipin (GP)

GP crosslinked implants were more
biocompatible without providing significant

intraocular inflammation

[103] Recombinant human
atelocollagen type III

EDC: 0.3 ME (Molar equivalent)
CMC: 2.0 ME.

CMC crosslinked samples had comparable
properties to EDC crosslinked hydrogels

In one study, collagen solutions (2–4%) were crosslinked with EDC, GA or polypropy-
leneimine-octa-amine dendrimers [91]. The multi-functional dendrimers were introduced
after the activation of the carboxylic acid groups of glutamic and aspartic acid residues
in collagen. The dendrimer crosslinked collagen hydrogels exhibited significantly higher
optical transparency than EDC and GA crosslinked hydrogels as well as higher glucose
permeability compared to human corneas. Adhesion and proliferation of human corneal
epithelial cells were supported by dendrimer crosslinked collagen hydrogels without
inducing cellular toxicity.

The crosslinking kinetics and properties of recombinant human atelocollagen type
III hydrogels were examined using two different crosslinking agents: (i) sterically bulky
carbodiimide, N-cyclohexyl-N′-(2-morpholinethyl) carbodiimide metho-p-toluenesulfonate
(CMC) and (ii) EDC [103]. The major advantage of CMC crosslinking was that it supported
crosslinking at room temperature (25 ◦C), while EDC crosslinking process was too fast to
control at room temperature. Therefore, it is required to be executed at lower temperatures.
CMC crosslinked hydrogels were significantly stiffer and exhibited higher collagenase
resistivity compared to EDC crosslinked hydrogels. Comparable biocompatibility, in vitro
(human corneal epithelial and endothelial cells, DRGs from chick embryos) and in vivo
(mouse model), was demonstrated for both crosslinked hydrogels [103].
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Another comparative analysis was conducted between EDC and GA to identify the
more appropriate crosslinker for hyaluronic acid (HA) hydrogels. These hydrogels were
developed as cell delivery vehicles for corneal endothelial cell therapy [59]. Water uptake
capacity and enzymatic degradability were significantly decreased for HA hydrogels
crosslinked with GA. EDC crosslinked HA hydrogels had a faster degradation rate and
smoother surfaces. Lower cytotoxicity for the corneal endothelial cell was also recorded for
EDC crosslinked HA hydrogels compared with GA crosslinked HA hydrogels. This study
identified EDC as a better option for HA crosslinking. Comparative in vivo evaluation
in rabbits for 24 weeks was also carried out to examine the ocular biocompatibility of
the HA hydrogels crosslinked with EDC and GA [60]. EDC crosslinked HA hydrogels
supported better ocular biocompatibility than GA crosslinked HA hydrogels. No significant
inflammatory cell infiltration or foreign body reaction was observed after implantation
for non-cross-linked or EDC cross-linked HA hydrogels, whereas adverse inflammatory
reaction was quite prominent for GA crosslinked HA hydrogel.

Similar comparative studies between EDC and GA were carried out using gelatin [41].
In vitro analysis using primary rat iris pigment epithelial cells demonstrated that the
cells cultured on EDC crosslinked gelatin hydrogels showed lower lactate dehydrogenase
activity, cytotoxicity, and interleukin-1β and tumor necrosis factor-α levels compared to
cells cultured on GA cross-linked gelatin hydrogels. In vivo analysis in rabbit model also
reported better biocompatibility, less toxicity and fewer adverse effects for EDC cross-linked
gelatin hydrogels compared to GA.

In vivo ocular biocompatibility of genipin and GA crosslinked chitosan hydrogel were
compared in rabbits [102]. Genipin crosslinked implanted hydrogels showed no signs
of ocular inflammation in the anterior chamber of the eye, enhanced the preservation of
corneal endothelial cell density as well as supported better anti-inflammatory activities,
when compared with non crosslinked and GA-crosslinked chitosan hydrogels.

3. Crosslinking Strategies for Injectable Hydrogel

Injectable hydrogels are hydrogels that form after injection into the body and have
been used for drug delivery, tissue defects repair and as cell delivery vehicles [104]. In
the eye, injectable hydrogels have been examined as a substitute for vitreous humor and
more recently, for corneal defect repair [104]. Figure 3 represents such an idealized future
situation where hydrogel precursors, loaded with stem cells and bioactive molecules, can
be injected and form a hydrogel with desirable characteristics in vivo. The composition and
quantity of bioactive molecules could be easily varied depending on the clinical require-
ments and could even be made patient specific. Injectable hydrogels demonstrate more
potential than pre-formed hydrogels for the delivery of a therapeutic payload [105–107].
The most important properties that affect swelling, drug release rate and oxygen permeabil-
ity of the hydrogels are the molecular weight of a polymer between two crosslink points
and the mesh size. The gelation, crosslinking and the application of injectable hydrogels
for corneal regeneration will be discussed here.

3.1. Gelation and Formulation

Injectable hydrogels are composed of synthetic or naturally derived hydrophilic
polymers that are able to crosslink in situ following a variety of mechanisms [108]. The
Food and Drug Administration, USA (FDA) has approved several synthetic polymers
including polyvinyl alcohol (PVA), PEG, PAA, poly(N-isoproylacrylamine) (PNIPAAm)
and Pluronic F-127. These polymers are able to crosslink hydrophilic co-polymers or homo-
polymers and effectively develop block co-polymers with other polymers [104]. Several
naturally derived polymers such as polysaccharides (alginate, chitosan, hyaluronic acid
and dextran) and proteins (collagen and gelatin) have also been used to develop injectable
hydrogels for ophthalmic applications [104]. These hydrogels use covalent crosslinking,
the Diels–Alder reaction, enzyme reactions to effect in situ Michael addition, Schiff base
formation and click chemistry to form stable hydrogels [104]. Crosslinking of injectable
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hydrogels is often initiated by altering physico-chemical parameters such as temperature,
pH, ionic strength, the glucose concentration or mechanical stress. These physico-chemical
parameters induce phase separation and structural alteration of polymer chains to develop
a crosslinked network [109]. Stimuli responsive polymers such as thermo-responsive PEG,
PNIPAAm and Pluronic F-127 or pH-responsive polyacrylic acid (PAAc) and chitosan, can
be easily formed by crosslinking an injected hydrogel network [104].
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3.2. The Injectable Hydrogels in Treatment

In situ forming hydrogels are an efficient way to repair corneal wounds and defects
by delivering drugs and cells to the damaged region of the cornea [110]. To examine
the effectiveness of induced pluripotent stem cells (iPSCs) in bioengineered cornea for
corneal regeneration, a thermo-responsive injectable amphiphatic carboxymethylhexanoyl
chitosan (CHC) nanoscale hydrogel was synthesized [111]. This hydrogel supported
increased cell viability and gene expression associated with stem cells. In vivo experiments
involved administrating the injectable iPSCs laden CHC hydrogel in a defect site of the rat
cornea. CHC hydrogels improved regeneration of damaged cornea by down regulating
oxidative stress that led to the restoration of the corneal epithelial thickness. Therefore,
CHC hydrogels are a potential scaffold for stem cell delivery to improve corneal wound
healing [111].

A PEG based injectable hydrogel was developed by incorporating Tyr-Arg-Gly-AspSer
(YRGDS) peptides [112]. Keratocytes encapsulated in these hydrogels maintained their
viability over 4 weeks and displayed genetic and morphological characteristics associated
with healthy, functional keratocytes. However, further advancement in the development
of PEG based hydrogels as a cell based therapeutic approach for keratoconus treatment is
required as it failed to restore the keratocyte phenotype completely.
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A novel LiQD cornea has recently been developed as an alternative to donated corneas
for transplantation [113]. This cell-free hydrogel liquid was synthesized using short
collagen-like peptides combined with PEG and blended with fibrinogen. In vitro and
in vivo analysis demonstrated that this self-assembled LiQD cornea is biocompatible, non-
toxic and significantly reduced the risk of immune rejection associated with xenogeneic
materials. LiQD cornea is also capable of undergoing rapid in situ gelation and may serve
as a potential material for corneal regeneration.

An in situ, rapidly formed, PEG-based doxycycline laden transparent hydrogel was
successfully fabricated through thiol reactions and was examined for corneal wound
healing applications [114]. This hydrogel exhibited a prolonged release of doxycycline
(up to 7 days) and was able to resist the structural deformation under shearing force.
Remarkably, a decline in the production of matrix metalloproteinase-9 (MMP-9) was shown
through immunofluorescence and histology analysis. This result supported better corneal
healing for these hydrogels. Thus, PEG-based homo-polymers and co-polymers are an
attractive choice for corneal repair.

An injectable hydrogel utilizing the thermo-responsive co-polymer of poly(lactic-co-
glycolic acid) (PLGA) and PEG was synthesized through sol-gel transition at temperatures
ranging between 5 and 60 ◦C [115]. In vitro biocompatibility tests showed that these
hydrogels supported proliferation and migration of epithelial cells. In vivo (rabbit model)
results of implanted hydrogels demonstrated that keratocytes retain a natural morphology
appearance and there was desirable healing of corneal wounds [115].

There is limited availability of FDA approved injectable hydrogels for commercial use
and they have only been used to prompt the healing process post ocular surgery. Ongoing
investigations are aiming to use injectable hydrogels as a delivery vehicle of drugs and cells
for corneal regeneration. They are also trying to overcome the complications associated
with stem cell research. It may take several years before injectable hydrogels are clinically
available as a delivery vehicle of cells and drugs for corneal repair and regeneration.

4. Impact of Crosslinkers on Hydrogel Characteristics

The type and duration of crosslinking affects the physical properties and biological
compatibility of many hydrogels. For example, an increase in crosslinking will increase
degradation resistance for most hydrogels. Similarly, hydrogel formation may often need
to take place with cells and/or proteins present, thus necessitating the crosslinking process
to be cytocompatibility. Thus, it is desirable to control the crosslinking process. An
overview of the effect of different crosslinking actions on hydrogel properties is shown
below (Figure 4).

4.1. Mechanical Characteristics

The mechanical characteristics of hydrogels are dependent on the type and magnitude
of crosslinking that has been applied to them. In general, the use of chemical crosslinking
reagents results in stable hydrogels with better mechanical properties while other meth-
ods such as photo-crosslinking can provide better cytocompatibility since no additional
chemical agents are required. The mechanical properties of hydrogels are often described
as viscoelastic, where they exhibit both viscous and elastic characteristics [116,117]. This
results in time dependent deformation behaviors such as creep, relaxation and time de-
pendent recovery. The viscoelastic characteristics of hydrogels tend to be dependent on
the degree and density of crosslinking. Alternatively, many studies describe the behavior
of hydrogels as being elastic with similar properties to rubber. The correct description of
the hydrogel mechanical characteristics depends on the material composition and type
of crosslinking. The crosslinks that improve mechanical strength also increase viscosity,
reduces solubility and reduce glass transition temperature (Tg).
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At the macro-scale, the mechanical properties of hydrogels affect their stability,
strength and stiffness while at the micro-scale mechanical properties can affect how the
hydrogels interact with cells and affect cell signaling, proliferation, migration, and differ-
entiation [118,119]. Hydrogel stiffness can be adjusted by tuning the crosslinker density,
crosslinking time and the type of precursors used [120].

Both UV and DHT initiated crosslinking have been shown to improve the tensile
strength of collagen based hydrogels although they led to fragmentation of the collagens
basic structure [39,44]. Another limitation with photo-crosslinking is the inability of light
to penetrate deep into a material, although this is less of a problem for thin, transparent
hydrogels [54]. Photo-crosslinking can be used to finely control mechanical properties of
hydrogels by adjusting the time of exposure and light intensity [101].

2 polypropylenimine octaamine dendrimers have been shown to produce transparent
collagen hydrogels with good mechanical properties [91]. Interestingly, a hybrid approach
of using a long-range bi-functional crosslinker (PEG-DBA) and short-range amide-type
crosslinkers (EDC and NHS) was able to produce a collagen-chitosan hydrogel that was
transparent, had good mechanical properties and could be sutured [85].

4.2. Degradation and Structural Properties

Chemical crosslinking produces covalently bonded hydrogels. These covalent bonds
between the polymeric chains can be broken down by photo-catalytic cleaving, ester or
enzymatic hydrolysis [121]. To provide adequate support as a scaffold, the hydrogels
should degrade at a rate that matches new tissue formation so there is no loss of strength
or function. To do this, chemical crosslinking parameters can be tailored as required by
varying crosslinking time, crosslinker concentration and precursors [122]. Interestingly,
degradation, which is a chemical process, alters the physical surroundings of cells and in
turn can affect how those cells behave [123].

Hydrogel mesh size impacts solute transmission through the structure [124]. Particles
that are larger than the effective pore size in the mesh will thus be excluded. A hydrogel
with an asymmetric mesh size can provide bio-separation, that is a high solute flux, as well
as selective cell capture and encapsulation [125]. Mesh size can also affect the hydrogel
degradation rate. Hydrogels with a high crosslinking density, generally achievable through
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the use of chemical crosslinkers, reduces mesh size and slows down degradation [126].
The reduced mesh size also slows down the transport of larger molecules, like enzymes,
thus limiting access of the enzymes to degradation sites [121]. However, the reduction of
molecular diffusion due to smaller mesh size can pose a problem for nutrients transfer,
which may be required for the survival of encapsulated cells.

Aimetti et al. [127] developed a hydrogel that degrades via surface erosion. A human
neutrophil elastase (HNE) sensitive peptide was used as a crosslinker in PEG hydrogels,
via thiol–ene photopolymerization. The high crosslinking density resulted in a reduced
mesh structure, limiting HNE diffusion into the hydrogel. Thus, degradation gradually
occurred via surface erosion and through this process, a protein entrapped physically in
the hydrogel was released.

To mimic natural, soft tissues and their multi-scale, hierarchical structure, an ideal
hydrogel for tissue engineering would need to be anisotropic and have a highly ordered
architecture [128]. Hydrogel structural hierarchy is an important consideration in designing
innovative hydrogels [129]. While physical methods such as plastic compress [130,131]
and magnetic fields [132,133] can be used to organize the structure of some hydrogels,
controlled crosslinking procedures may be adopted to develop hydrogels with specific
architectures. For example, interpenetrating polymer network hydrogels, allow hydrogels
to be formed that contains a desirable structural hierarchy by varying the ratio of the
different polymers [134].

In addition to affecting the hydrogels mechanical characteristics, UV initiated crosslink-
ing can also improve the degradation resistance of collagen hydrogels to different en-
zymes [46]. UV crosslinking of GelMA hydrogels has been shown to reduce the rate
of degradation [53]. Crosslinking gelatin using DHT has also been able to achieve con-
trolled release of hydrogel embedded bioactive molecules [37]. Use of GA also increases
degradation resistance of gelatin [55]. Similarly, combined use of EDC and NHS pro-
duced crosslinked atelocollagen hydrogels that were stable against collagenase and UV
degradation [86].

4.3. Toxicity and Biocompatibility

Crosslinkers have an important role in modulating chemical and mechanical features
of hydrogels so that they lead to a desirable cell response [135]. Changes in the hydrogel
properties after crosslinking can affect the behavior and activity of cells in contact with
the material. Ideally, a crosslinker must be able to improve mechanical properties while
maintaining the biocompatibility of the scaffold and without generating any toxic bi-
product [136].

UV crosslinking is not only able to produce a biocompatible hydrogel with no toxic
residuals [53], but UV irradiation has also been safely used on the cornea and posterior
segment of the eye [52]. However, the wavelength and intensity of UV light need to be
considered as over-exposure to UV or too low a wavelength can result in apoptosis.

In spite of its toxicity, GA is one of the mostly used crosslinkers that has been studied
by many research groups for tissue engineering application [137]. Many studies reported
that GA leaching undergoes simultaneously with scaffold degradation and results in
cytotoxicity. Hence, GA residues can be harmful to the cells over long periods [138]. In
contrast, genipin is less cytotoxic and still maintains a strong crosslinking ability. Safety
issues regarding the use of genipin are still a concern as cellular behavior has been shown to
vary significantly after crosslinking depending on the cell type [102]. Genipin can promote
the differentiation of neurite cells and accelerate dose dependent neurite outgrowth [139].
However, immediate apoptosis was demonstrated with liver and dermal cells after genipin
crosslinking. The concentration of genipin should be optimized for tissue specific studies
using different cell types [135].

An alternative to GA and genipin crosslinking, EDC/NHS efficiently crosslinks amino
acid based biomaterials with favorable cellular performance [90]. EDC/NHS results in
fewer crosslinks compared to GA but it does not present itself in the final product, thus
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reducing the potential for toxicity [135,140]. However, EDC/NHS crosslinking occupies
integrin binding sites in the same carboxylic chain of biopolymers, which are pivotal
for integrin-mediated cell interactions [80]. Therefore, there is a requirement to try to
conserve the active cell binding sites during crosslinking without altering the chemistry of
biomaterial. The use of EDC-NHS creates stable and mechanically strong hydrogels with
collagen [83]. An EDC concentration of 0.1% for collagen is recommended to maintain
biocompatibility while still improving strength. When applied to hyaluronic acid hydrogels
EDC led to lower cytotoxicity but faster degradation and a reduced water uptake compared
to GA [59].

5. Challenges and Future Perspective

There are several challenges that need to be addressed before crosslinked hydro-
gels and scaffolds are more commonly used on patients for corneal tissue engineering.
Sterilization of the biomaterials can cause some difficulties since most natural and syn-
thetic polymers undergo degradation during radiation, heat or chemical sterilization
processes [141]. These issues are made worse when bioactive molecules, proteins and
drugs are incorporated into the polymer matrix [142]. In addition, some hydrogel polymers
have a specific shelf life after which there is a reduced ability to form crosslinks. Chemical
crosslinking agents support the fabrication of hydrogels with well-defined characteristics
that may hinder the availability and stability of biopharmaceuticals. Physical crosslinking
may be better at conserving the stability of incorporated biopharmaceuticals, but it is more
difficult to control the release of drugs and the degradation kinetics of these hydrogels.

Optimization of crosslinking is required to successfully control the release of drugs or
bioactive molecules from hydrogels. For drugs that are chemically bound to the hydrogel,
these can be released via degradation. However, controlling the degradation kinetics
after encapsulating drug molecules is challenging. The degradation rate of drug loaded
hydrogels and their drug release profiles may vary from patient to patient depending on
many factors including age, sex and health of the patients [141]. Rapid degradation of the
hydrogel may accelerate the release of drugs, while inhibiting degradation may lead to
incomplete drug release.

Another challenge is how best to control the spatial distribution of cells throughout a
hydrogel. One approach to doing this is to employ 3D bioprinting to engineer constructs
with a high degree of precision. Most hydrogels used for 3D bioprinting (called bioinks)
utilize UVA light to generate crosslinks and form a stable hydrogel. This technology has the
potential to assist clinicians and researchers to produce innovative constructs to address
corneal donor shortages. In addition, 3D bioprinting could be used to incorporate drugs or
biological reagents into the hydrogels. Recently a number of groups have started exploring
the application of 3D bioprinting for corneal tissue engineering [143–146].

6. Conclusions

This review has explored different crosslinking mechanisms that are used to fabri-
cate hydrogels for corneal regeneration. While there is not one ideal crosslinker with all
the desirable properties for fabricating hydrogels for corneal regeneration, many of the
crosslinking techniques described here are beneficial in controlling the mechanical behavior
of hydrogels without adversely affecting their biocompatibility. Overall, variations in the
type of hydrogel material selected and the crosslinking dosage significantly affect the prop-
erties of the resultant scaffold. Detailed studies that focus on the optimization of crosslinker
concentration, cytocompatibility and biocompatibility are necessary to understand the
advantages and limitations of each crosslinking approach.
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