Journal of
INTERNATIONAL
MEDICAL RESEARCH

Review

Journal of International Medical Research
2023, Vol. 51(7) 1-18

Application of biomaterials © The Author(s) 2023
Article reuse guidelines:

an d n an ote C h n o I ogy i n sagepub.com/journals-permissions

DOI: 10.1177/0300060523 1 190473

corneal tissue engineering fournalssagepub.com/homelmr
S Sage

Mohammad Soleimani'**

Zohreh Ebrahimi'*, Kosar Sadat Ebrahimi?,
Negin Farhadian?, Mohsen Shahlaei?,

Kasra Cheragpour' ®, Hamed Ghasemi',
Sajad Moradi®, Arthur Y. Changz, Sina Sharifi’,
Seyed Mahbod Baharnoori'’? and

Ali R. Djalilian®

Abstract

Corneal diseases are among the most common causes of blindness worldwide. Regardless of the
etiology, corneal opacity- or globe integrity-threatening conditions may necessitate corneal
replacement procedures. Several procedure types are currently available to address these
issues, based on the complexity and extent of injury. Corneal allograft or keratoplasty is consid-
ered to be first-line treatment in many cases. However, a significant proportion of the world’s
population are reported to have no access to this option due to limitations in donor preparation.
Thus, providing an appropriate, safe, and efficient synthetic implant (e.g., artificial cornea) may
revolutionize this field. Nanotechnology, with its potential applications, has garnered a lot of
recent attention in this area, however, there is seemingly a long way to go. This narrative review
provides a brief overview of the therapeutic interventions for corneal pathologies, followed by a
summary of current biomaterials used in corneal regeneration and a discussion of the nano-
technologies that can aid in the production of superior implants.
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Introduction

The advent of nanotechnology in the mid-
1900s represented the start of a new scientific
frontier. Many different nanostructures have
been utilized across various fields of science,
including applications in medical diagnostics
and therapeutics.! Nanomaterials (e.g.,
materials possessing, at a minimum, one
external dimension measuring 1-100nm)
can have completely different physicochem-
ical features compared with the same mate-
rials in their bulk state, which may be
harnessed to produce new, advanced tools.>
For example, the unique optical, electrical,
and magnetic properties of inorganic nano-
materials, such as quantum dots, metallic
nanoparticles, and magnetite nanocrystals,
have enabled the development of nano-
biosensors.” Similarly, intelligent drug deliv-
ery systems have been made possible by the
structural and conformational changes of
organic nanomaterials.® In regenerative
medicine and the development of prostheses,
nanomaterials and nanofabrication techni-
ques have unique roles in the production
process, surface modification, and bio-
activation.’

One of the major applications of medical
nanotechnology is in corneal therapy. Ocular
injuries and diseases can severely impact on a
patient’s quality of life. According to the
World Health Organization, corneal diseases
are the fifth-leading cause of blindness world-
wide. Their etiologies encompass many infec-
tious and inflammatory disorders,® including
microbial keratitis,® '* autoimmune disorders
with ocular surface involvement,'''® genetic
defects,'” ! chemical and thermal injuries,20

donor,

Keratoplasty, Corneal transplantation,

ocular inflammation,?' and surgical compli-

cations,”*** any of which may result in cor-
neal scarring and, potentially, functional
blindness.”* Despite current advances in med-
ical treatment, severe corneal infections, inju-
ries, or systemic diseases often lead to corneal
perforation, which may progress to vision
loss and often requires surgical reconstruc-
tion. Several procedure types are available
for corneal repair, depending on the complex-
ity and extent of the corneal injury and the
clinical status of other ocular structures.
Keratoplasty, also known as corneal trans-
plantation, refers to any surgical method in
which a complete or partial cornea from a
human donor is grafted onto the patient’s
eye. It is the primary, first-line intervention
for repairing a damaged cornea. Yet,
although corneal transplants have become a
mainstay therapy, there is a severe global
shortage of donor corneal tissue.”> According
to a global survey conducted in 2016, about
53% of the world’s population do not have
access to corneal transplantation, with only
one cornea available for every 70 needed.*
Some patients are poor candidates for ker-
atoplasty, often due to the nature of the
ocular pathologies or the onset of severe com-
plications, such as multiple prior graft rejec-
tions.>” If a keratoplasty is not possible or
feasible, an artificial cornea (e.g., keratopros-
thesis) may be considered. Keratoprosthesis
refers to replacing a damaged cornea with a
synthetic implant.”® Given the frequency and
severity of its associated complications, kera-
toprosthesis has historically been the last
resort therapy for patients who are poor can-
didates for keratoplasty, who have had
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multiple prior graft rejections, or who have
poor visual acuity (20/400 or worse) due to
severe corneal opacification.® More recently,
however, keratoprostheses have begun to be
used as the first-line treatment for patients
with a high likelihood of graft failures, such
as bilateral limbal stem cell deficiency,
neurotrophic keratitis, or severe corneal neo-
vascularization, with better outcomes as a
result.”’** This narrative review provides a
brief overview on currently available artificial
corneas and their drawbacks, followed by a
summary of current biomaterials used in cor-
neal regeneration, and a discussion of the
nanotechnologies that might aid in the pro-
duction of superior implants.

Common keratoprostheses and
their drawbacks

Most artificial corneas consist of two distinct
parts: the optic at the center of the prosthesis,
responsible for transmitting light, and the
skirt around the periphery to affix the pros-
thesis to the rest of the eye. Accordingly, high
transparency is the main priority of the optic
material, while high bioactivity is desired for
the skirt material, as it must interact well with

the native cells and tissues to integrate
properly.

There are several commercially available
artificial corneas, including Boston kerato-
prosthesis types I and II, osteo-odonto-
keratoprosthesis, and many others, which
are detailed elsewhere.>* Boston type I, the
most common corneal prosthesis world-
wide, comprises an optical stem and skirt
that is first made of polymethyl methacry-
late (PMMA) and then titanium.*®> Despite
being an artificial implant, however, the
Boston  keratoprosthesis  still  requires
donor corneal tissue as a carrier for the
prosthesis, and thus, is subject to the same
limits of donor availability as traditional
keratoplasties (Figure 1).

Among the complications of Boston ker-
atoprostheses, a retroprosthetic membrane
is by far the most common, occurring in
18-55% of cases.”® Retroprosthetic mem-
branes form due to keratocyte migration
from the intersection of the transplanted
cornea towards the prosthesis, through the
aqueous humor. These displaced kerato-
cytes can opacify the artificial cornea and
obstruct the flow of nutrients, resulting in
corneal melt,”” chronic hypotonia, and

Figure I. Representative images from a patient with severely compromised ocular surface due to chemical
burn, showing: (a) the cornea and ocular surface prior to surgery; and (b) the cornea and ocular surface after

Boston keratoprosthesis surgery.
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retinal detachment.*®** Correction via Nd:
YAG laser, pars plana membranectomy, or
surgical replacement of the entire prosthesis
may be necessary.*’ Other complications
include corneal melt caused by autoimmune
disorders or chemical injuries,*' ** progres-
sive glaucom21,45’46 infection,*”*® and other
vitreoretinal segment complications, such
as choroidal or retinal detachment.**->

Regarding osteo-odonto-keratoprostheses,
up to 50% of complications involve the
buccal membrane, including overgrowth of
the buccal mucosa on the optic, exposure of
the lamina, and mucosal ulceration.”!
Physical removal of overgrown mucosa
may be required, although mitomycin C
may be used in milder cases.’> Mucosal
ulcerations due to dry eye, ischemia, and
infection must be treated immediately to pre-
vent an internal infection and erosion of the
lamina. Small ulcers can be treated with
antibiotic-containing lubricants, while larger
ulcers may require surgical methods such as
free patch grafts, mucosal rotation, bucket
handle flaps, and tarsal pedicles.® Even the
Pintucci prosthesis, a newer device based on
the osteo-odonto-keratoprosthesis that uti-
lizes Dacron (polyethylene terephthalate)
instead of a natural lamina, remains suscepti-
ble to membrane mucosal necrosis.>*
Glaucoma,™ vitreous hemorrhage, choroidal
detachment,*® endophthalmitis,”” and anatom-
ic device failure,® are the other known
complications related to osteo-odonto-
keratoprostheses.

As seen, the major challenge with kera-
toprostheses is modulating the bioactivity
of its two parts: high bioactivity in the
skirt but low bioactivity in the optic. Most
of the complications discussed above
involve biomembrane formation on the
optic or structural failure of the skirt
membrane. Other keratoprostheses, such as
the Korea Seoul-Type, Fyodorov-Zuev,
AlphaCor, and KeraKlear have various com-
plications, but retroprosthetic membrane

formation or structural perforation remains
chief among them.**

Material considerations for
corneal scaffolds

To mitigate the lack of supply, many
attempts have been made to bioengineer a
viable corneal implant as an alternative to
donor tissues for corneal grafting,’* with
the aim of generating specific layers of the
cornea in vitro using biocompatible materi-
als that would then be surgically grafted
onto the patient’s eye. These corneal scaf-
folds might either replace the donor corneal
tissue in a keratoplasty or serve as the skirt
material of a keratoprosthesis.

A viable cornea must be both mechani-
cally robust and fully transparent. As the
outermost barrier of the eye, the cornea
shields the inner ocular structures from
the external environment. The strength of
the cornea stems from the stroma, which
accounts for 90% of the corneal thickness
and comprises approximately 300 criss-
crossing layers of collagen.®' Other layers
consist of collagen, elastin, fibronectin,
laminin, and proteoglycans, all organized
in distinct patterns and varying densities,
which give rise to additional mechanical
properties.®> Some of these layers are
deposited as an extracellular matrix by ker-
atocytes, which are differentiated mesen-
chymal cells that can proliferate and
migrate within the stroma.®>®> At the
same time, the cornea is also the most pow-
erful light-focusing visual element, account-
ing for 80% of the eye’s refractive power, or
about three times the focusing power of the
lens.®® The cornea’s transparency is main-
tained through the dense packing of
proteins in a proteoglycan-rich matrix,
allowing 80% of visible light to pass
through without obstruction.®” The limbus
region maintains the cornea’s transparency
by preventing neovascularization and
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ensuring immune privilege. The limbus
forms a boundary between the corneal epi-
thelium and the conjunctiva, and its stem
cells are essential for repairing the epithelial
layer. As a result, the main factors threat-
ening corneal transparency are inflammato-
ry reactions, vascularized areas, and limbal
stem cell deficiency.®®

Beyond mechanical and optical proper-
ties, the structural organization of the scaf-
fold material plays a key role. A scaffold’s
topography has been revealed to influence
cellular behavior, including migration, pro-
liferation, and phenotypic differentia-
tion.® 7! Scaffold curvature, for example,
has been shown to affect the orientation
and phenotypic expression of epithelial
cells.”” Importantly, it should be noted
that this structure-bioactivity relationship
is bidirectional, as the cells can exert vari-
ous modulative effects on the polymeric
matrix, possibly remodeling it to be differ-
ent from the native corneal infrastructure.
Therefore, consideration of the cells’ ability
to assemble and degrade the specific poly-
mers of the scaffold material is also
essential.

Thus, there are five primary considera-
tions related to scaffold materials. First,
they must have sufficient mechanical
strength to maintain stability against the
internal ocular pressure and eyelid squeez-
ing.”® Second, the optical properties of the
engineered scaffolds must be similar to the
native cornea.”* Third, the structural
arrangement of the scaffold material and
its interaction with the cells should be care-
fully considered. Fourth, the scaffold mate-
rial must be permeable to nutrients and air
to ensure cell viability.” Finally, as with
any bioengineered implant, basic require-
ments, such as safety and biocompatibility,
must be met.

To date, the identification of a biocom-
patible material that fully satisfies all
requirements has been exceedingly chal-
lenging. Various natural and synthetic

materials have been investigated in search
of an optimal combination of mechanical,
optical, and biological properties. Several
candidates have been identified for use in
corneal regeneration, as discussed below.

Amniotic membrane

Amniotic membranes, obtained from
human placentae after Caesarean sections,
are commonly used specifically in corneal
epithelial regeneration. Amniotic mem-
branes are conducive to treating epithelial
defects due to their biocompatibility and
anti-inflammatory properties. To improve
the mechanical properties and durability
of amniotic membranes for storage, the
membranes are reinforced with nanofibers
and processed by freeze-drying.”® However,
its disadvantages include inaccessibility,
structural  variations across different
donors, rapid degradation, and difficulties

related to preparation and storage.””™®
Synthetic polymers
Several synthetic polymers, such as

PMMA, ultra-high molecular weight poly-
ethylene (UHMWPE), and polyether ether
ketone (PEEK), have been used successfully
in bioimplants, however, they remain limited
by poor bioactivity. For example, the clinical
outcomes of Boston keratoprostheses remain
limited by poor adhesion between the
PMMA stem and donor tissues. Multiple
research groups have attempted surface func-
tionalization of the polymers in response to
this shortcoming. In their 2010 study, Pino
et al.” treated films of UHMWPE and
PEEK with concentrated sodium hydroxide
and simulated body fluid, which produced
an apatite layer around the polymers with
an organic ion profile portending good bio-
compatibility. In 2019, Sharifi et al.®
reported chemically modifying the surface of
PMMA by removing methyl groups and
adding L-DOPA. Without affecting the
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transparency and mechanical properties, the
biocompatibility of this new material was
enhanced dramatically, with increased cell
proliferation and migration compared with
pure PMMA for both human corneal fibro-
blasts (HCF) and human corneal epithelial
cells (HCEp). Research efforts remain ongo-
ing to augment the bioactivity of the poly-
mers for improved adhesion to native ocular
tissue.

Hydrogels

Hydrogels are crosslinked matrices of
heavy-chain polymers. Their many hydro-
philic groups enable rapid and effective
water retention, which facilitates the main-
tenance of cells and culture media.
Hydrogels can be dried and processed into
nanofilms for long-term storage and rehy-
drated immediately before implantation.®!
Hydrogels can be manufactured using syn-
thetic and naturally-derived materials, and
they have been used extensively in tissue
engineering studies. It should be mentioned
that hydrogels are limited by their relatively
short shelf-life.*

Collagen. Type I collagen is the most abun-
dant molecule in the native cornea. Its abil-
ity to support the growth and proliferation
of epithelial, stromal, and endothelial cells
is already well-established.®® Despite its
advantages, the use of collagen remains a
challenge due to its poor mechanical prop-
erties and differences in fibril arrangements
compared with native cornea. Collagen
scaffolds have low mechanical strength
due to the lower density of fibrils in the
polymer matrix. However, this can be
somewhat overcome by the addition of
crosslinking agents, such as glutaraldehyde,
1-ethyl-3-(3-dimethyl aminopropyl) carbo-
diimide hydrochloride (EDC).** or less
cytotoxic agents, such as genipin®> or ribo-
flavin.”* Additionally, collagen harvested
from different parts of different animals

can have different structural arrangements
that affect the resulting scaffold.*® More
recent efforts have thus pivoted toward
using recombinant type I and type III
human collagen.®’

Alginate. Alginate, a naturally occurring
substance extracted from brown algae, is a
polymer consisting of b-d-mannuronic and
a-1-guluronic acid monomers. Alginate has
poor bioactivity and cell adhesion, howev-
er, this can be mitigated by incorporating
other biomaterials, such as gelatin.®®

Chitosan. Chitosan is the deacetylated deriv-
ative of natural chitin commonly found in
the exterior shell of arthropods. It cannot
be used to manufacture scaffolds on its own
due to poor mechanical properties, howev-
er, it has the unique property of being pos-
itively charged. Thus, chitosan has been
extensively used as a crosslinking agent
for many scaffolds, as most biopolymers
are composed of negatively charged
molecules.®*%°

Silk fibroin. A° more promising candidate is
silk fibroin, which has garnered much inter-
est due to its biocompatibility, mechanical
strength, and versatility to form a variety of
nanostructures.”’ As it can be easily har-
vested in large quantities at a low cost
from the cocoons of Bombyx mori, many
corneal regeneration scaffolds in recent
years have been made from this material.”?
To improve their structural integrity, cell
adhesion/proliferation and cell migration,
fibroin-based scaffolds are commonly
blended with several other biomaterials,
including  arginyl-glycyl-aspartic  acid
(RGD) peptide,”® poly-D-lysine (PDL),**
aloe vera,”® f-carotene,’® lysophosphatidic
acid,”” chitosan, and collagen.gg’99 Various
matrices obtained from silk fibroin are used
to design scaffolds for the regeneration of
corneal epithelial, stromal, and endothelial
cells.'®
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Despite the individual limitations of
these materials, they become much more
feasible as scaffold candidates when
strengthened by crosslinking and formed
into hydrogels. An alginate hydrogel rein-
forced with gelatin nanofibers has been
shown to have more than a five-fold
increase in tensile strength, without corre-
sponding changes in transparency, and a
further ten-fold increase in elasticity after
crosslinking with EDC.'*" A nanopatterned
gelatin methacrylate (GelMA) hydrogel
augmented by sequential crosslinking was
found to have an eight-fold rise in mechanical
strength, and facilitate the growth and
implantation of human corneal endothelial
cells to a greater extent, compared with stan-
dard GelMA.'> A synthetic, collagen-like
peptide hydrogel embedded with a fine fibro-
nectin network was shown to be transparent,
biocompatible, noncytotoxic with good bio-
activity, and more than a hundred-fold resis-
tant to microbial contamination compared
with amniotic membranes.'*?

One of the most common challenges
facing corneal regeneration scaffolds is the
phenotypic transformation of keratocytes
into fibroblasts. In 2020, Kong et al.'™
reported a GelMA /microfiber composite
hydrogel that could maintain the keratocyte
phenotype in stromal regeneration thera-
pies. Upon further analysis, fiber spacing
was found to modulate many of its mechan-
ical properties, as it is directly proportional
to transparency and swelling index and
inversely related to compressibility, tensile
strength, and elongation module.'*

Despite the versatility and popularity of
hydrogels, their mechanical properties cur-
rently remain inadequate for corneal appli-
cations. To address this, Parke-Houben
et al.'® described the construction of an
interpenetrating polymer network of hydro-
gels from poly ethylene glycol and poly
acrylic acid. Once their surfaces were func-
tionalized with extracellular proteins,
scaffolds produced by these composite

hydrogels exhibited the ability to support cor-
neal fibroblasts.'”> More recently, Sharifi
et al.'” developed a gelatin glycidyl methac-
rylate (G-GMA) hydrogel interspersed with
graphene-coated spherical micropores that
exhibited superior mechanical properties
while maintaining biocompatibility and cellu-
lar support.'® Both improved hydrogels
show promise as corneal scaffolds or carriers
for Boston keratoprostheses.

Nanomaterials for corneal tissue
engineering

While the materials surveyed above demon-
strate potential for use in corneal tissue
engineering, each has significant draw-
backs, such as poor mechanical strength,
differences in molecular organization, inac-
cessibility, and poor bioactivity. As dis-
cussed below and summarized in Figure 2,
nanomaterials may enhance existing mate-
rials by addressing these shortcomings,
resulting in potentially superior corneal
scaffolds and keratoprosthesis skirts.

Hydroxyapatite

Hydroxyapatite and its derivatives are the
major components of human bone and
teeth. It is a suitable candidate for tissue
engineering applications due to its excellent
biocompatibility and its ability to integrate
with soft tissues. Hydroxyapatite is widely
used as a reinforcing agent for bioactive
nanocomposites of different natural and
synthetic polymers, such as collagen, poly-
vinyl alcohol (PVA), keratin, chitosan,
hyaluronic acid, and polyethylene algi-
nate.'”” Rees et al.'® reported excellent
interaction and integration of hydroxyapa-
tite nano-minerals with glycosaminoglycan
and their core protein of intracellular
matrix. Shi et al.'” showed that a nano-
coating of hydroxyapatite on silicon
rubber improved its biocompatibility,
which may be related to elongation factor
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Figure 2. Overview of nanomaterials used in corneal keratoprosthesis.

I-beta (EF1f)/y-actin adjusted cytoskeletal
rearrangement.

Research groups have experimented with
hydroxyapatite in the production of artifi-
cial corneas. An early sample comprised an
optic made of PVA and a skirt made of
hydroxyapatite-incorporated PVA, which
showed good bio-integration into the eye
of a rabbit model.''® Due to the addition
of hydroxyapatite, the resultant skirt was
more porous, facilitating the growth and
migration of stromal fibroblasts toward
the prosthesis, as well as nutrient transport
and connection to host tissues.'' A more
recent study showed that nano-
hydroxyapatite fixed onto a PMMA cylin-
der via dip-coating had a substantial effect
on the construct’s biocompatibility and bio-
integration rate in a rabbit model.''" The
nano-coated transplant was shown to
exhibit significantly milder apoptotic and
inflammatory responses than PMMA
alone, resulting in superior stability and
safety. By comparison, bare PMMA exhib-
ited the formation of new loose structures
similar to those observed in bone tissues in
response to non-bioactive materials.'"!

Zhou et al.''? designed a porous, PVA/
silk fibroin hydrogel matrix crosslinked by
genipin and with hydroxyapatite nanopar-
ticles interspersed throughout. The genipin
strengthened and stabilized the hydrogel
in a dose-dependent manner, and the
hydroxyapatite helped improve its bioactiv-
ity. Testing against human corneal fibro-
blasts showed minimal cytotoxicity, with
viable proliferating cells well-adhered to
the scaffold.

Among the physicochemical and mor-
phological properties of hydroxyapatite
nanoparticles, the dispersant ratio and
aggregation rate when coated on the base
material have been shown to have the great-
est impact on the construct’s biocompatibil-
ity and bioactivity. A study into the effect
of different parameters of size, shape,
aggregation rate, and hydroxyapatite/dis-
persant ratio on the biological activity of
an artificial cornea made of poly 2-hydrox-
yethyl methacrylate (PHEMA) decorated
with hydroxyapatite, showed that a lower
aggregation rate was associated with
higher bioactivity and cell growth when
the ratio of hydroxyapatite/dispersant
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was 1.25.'" Aside from its advantages,
hydroxyapatite has poor mechanical strength.

Graphene oxide

Graphene oxide (GO) and other graphene-
family nanomaterials have drawn signifi-
cant interest in recent years for their
potential applications in regenerative medi-
cine and tissue engineering. Similar to
hydrogels, GO is hydrophilic, but it also
has excellent mechanical strength, adheres
well to cells, and is structurally versatile.''*
Indeed, GO has been shown to create a
valuable structure for regulating stem cell
behavior, differentiation, and proliferation.
Despite the successful synthesis of GO
materials, the process produces a significant
amount of toxic and hazardous gases,
including nitrogen dioxide and chlorine
dioxide, which can cause explosions.''

Sintered nanocomposites of titanium
dioxide (TiO,) reinforced by different GO
structures have been tested. In 2019, Li
et al.'' reported incorporating GO nano-
particles and liquid crystalline GO, in both
the natural and reduced state, into TiO,
matrices. These nanocomposites with GO
in the reduced state were safer and more
biocompatible than pure TiO,. In vitro bio-
compatibility assays verified that these
nanocomposites have no cytotoxicity or
apoptotic effects and that stromal fibro-
blasts can attach well to the constructs. In
vivo implantation into the eyes of a rabbit
model has also shown favorable results,
including decreased inflammation, edema,
and neovascularization.'"

Accordingly, GO nanoparticles may
enhance biocompatibility of the skirt mate-
rial. When GO nanoparticles were incorpo-
rated into PHEMA during polymerization
via a one-pot synthesis, the final material
exhibited good bioactivity, growth, and
attachment of fibroblasts on its surface, in
addition to greater mechanical strength
than pure PHEMA . ''¢

Zinc sulfide

Unlike the skirt, the ideal optic would have
low bioactivity to avoid biomembrane for-
mation on the inner prosthesis-eye interface,
which is a common challenge for commercial
keratoprostheses. As a result, current kera-
toprostheses require the application of addi-
tional repellent materials on the optic.

Early studies have shown zinc sulfide
(ZnS) nanoparticles to be particularly help-
ful in limiting biomembrane formation and
fine-tuning the refractive index, which can
be adjusted to match the value of a native
cornea. Zhang et al.''” designed a ZnS-
incorporated PHEMA /polyacrylic acid
(PAA) hydrogel nanocomposite with a
refractive index of 1.65 and 1.49 in its dry
and hydrated states, respectively, for use as
the optic part of an artificial cornea.
Although the material was shown to be
cytotoxic, it is not in direct contact with
corneal cells, and this toxicity effect can
be advantageous in preventing biomem-
brane formation. Later, a hydrogel based
on polyvinyl pyrrolidone (PVP) and N,
N-dimethyl acrylamide (DMAA) contain-
ing ZnS nanoparticles was developed by
the same research group.''® This ZnS/
PVP/DMAA hydrogel exhibited good
transparency, even in high quantities of
ZnS, and it had a variable refractive index
of 1.58-1.70 in the dry state and 1.38-1.46
in the hydrated state, which is suitable for
corneal applications. Additionally, this
hydrogel showed good biocompatibility in
vivo, evidenced by successful transplants
into rabbit eyes.''® In both hydrogel proto-
types, no cell-protein adhesion on the con-
struct was observed.

Nanofabrication methods for
corneal tissue engineering
Beyond material properties, fiber alignment

and topography are also important consid-
erations. In this regard, nanofabrication
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techniques may be helpful, by controlling
the specific order and arrangement of the
biomaterials during the scaffold construc-
tion process. Electrospun nanofibers and
3D-bioprinted scaffolds have demonstrated
potential in corneal tissue regeneration
applications.' 120

Electrospinning

Electrospinning involves the application of
a high electric voltage between the polymer
syringe nozzle and the collector, and the
electrospun nanofibers’ size, shape, layer-
ing, and organization can be customized
as desired. Its main drawback is the need
for advanced devices and proficiency with
the technique.'?!

One interesting variable is the alignment
of the electrospun fibers. In a study into the
behavior of epithelial and stromal cells on
random or aligned gelatin nanofibers, ker-
atocytes predominated on aligned struc-
tures whereas more epithelial cells were
found on random-patterned structures.”?
In a 2018 study by Aslan et al.,'** the prop-
erties of a hydrothermally crosslinked col-
lagen foam, reinforced by either random or
aligned poly-1-lactic acid (PLLA) nanofib-
ers, were compared with a decellularized
corneal scaffold as the control. Compared
with a pure collagen foam, the electrospun
PLLA nanofibers decreased the scaffold’s
transparency from 90% to 80% and
decreased the degradation rate from 20%
to 0.9% within 28 days. Through these
studies, randomly patterned fibers were
found to be more effective at activating
cells than uniformly aligned ones, while
the cells on aligned scaffolds were found
to be more phenotypically homogeneous.
It is possible, therefore, to control the dif-
ferentiation, proliferation, and growth of
each type of corneal cell based on the phys-
ical structure of the scaffolds.””

A micro-stereolithography system was
used to manufacture a polyethylene glycol

diacrylate ring, whose surface was covered
by poly lactic-co-glycolic acid nanofibers
via electrospinning. Designed to address
limbal stem cell deficiency, this engineered
construct could facilitate the attachment,
growth, and proliferation of epithelial and
limbal stem cells.'?® Electrospun polycapro-
lactone scaffolds demonstrated sufficient
light transmission. Corneal scaffolds made
of aligned PVA/collagen composite nano-
fibers that were electrospun and seeded
with keratocytes and corneal epithelial
cells exhibited good adherence and orderly
growth.'**

3D-bioprinting

To date, the most precise scaffold produc-
tion method is 3D bioprinting, whereby
biomaterials and cells are systematically
layered as specified. It should be mentioned
that classic 3D printing techniques, such as
stereolithography, selective laser sintering,
inkjet printing and fused deposition model-
ing, mainly print objects on a micro-scale.
Nevertheless, two-photon polymerization-
based 3D printing, which utilizes near-
infrared femtosecond laser, can produce
objects at nanoscale resolution. Scaffolds
produced by 3D bioprinting are highly cus-
tomizable and reproducible, and the pro-
cess can be easily automated. However,
the opacity of current 3D-bioprinted scaf-
folds remains a significant limitation of this
method.'?

Three-dimensional-bioprinted  collagen
and recombinant human laminin matrices
have been trialed as scaffolds for epithelial
limbal stem cells and human adipose tissue-
derived stem cells to regenerate epithelial
and stromal tissues, respectively. These
scaffolds supported cell types in morpholo-
gy and expression of type I collagen. In vivo
studies also demonstrated good biointegrity
and facilitated cell migration from the scaf-
fold to the host cornea in a porcine
model.'%¢
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Another example of a 3D-bioprinted
scaffold was produced from decellularized
human corneas, which have almost identi-
cal transparency and composition to native
corneas. Human turbinate-derived mesen-
chymal stem cells (h"TMSCs) have been
shown to differentiate into keratocytes in
the scaffold without any cytotoxicity. In
vivo studies have also found no adverse
effects on host tissues associated with the
implantation of this scaffold.'”” A similar
study used collagen containing encapsulat-
ed corneal keratocytes as bio-ink for 3D
bioprinting a corneal scaffold, which exhib-
ited high cell viability at 7 days post-
printing.'*®

Nanotechnology for gene
delivery

Gene therapy, delivering suitable therapeu-
tic genetic materials along with rational reg-
ulatory elements into the desired cells to fix
or replace defective genetic materials, is a
promising option for treating a variety of
acquired and inherited corneal disorders.
Traditionally, viral vectors have been used
to transfer genes into tissues of interest,
however, nanotechnology-based gene deliv-
ery systems have been shown to offer a wide
range of possibilities for gene delivery to the
eye. Compared with viral vectors, non-viral
vectors offer greater flexibility in customis-
ing a system for the purpose of targeting or
enhancing the in vivo circulation time.'?’
Nanoparticles are a commonly used type
of nanomaterial for gene delivery that
may be made from various materials, such
as lipids, polymers, or metals. Lipid-based
nanoparticles, such as liposomes or lipid
nanoparticles, are particularly well-suited
for gene delivery due to their biocompati-
bility and ability to fuse with cell mem-
branes.  Polymer-based  nanoparticles,
including polymeric micelles or dendrimers,
offer advantages that include tunable size,

stability, and controlled release of genetic
material."** The use of nanomaterials for
gene delivery in corneal tissue engineering
offers several advantages. First, nanomate-
rials can protect the genetic material from
degradation by enzymes and enhance its
stability, thus improving its efficacy.
Secondly, nanomaterials can enhance cellu-
lar uptake of the genetic material, increas-
ing its bioavailability and reducing the
required dosage. Moreover, the surface
modifications of nanomaterials may pro-
vide targeted delivery to specific corneal
cells or tissues, minimizing off-target effects
and improving therapeutic outcomes.
However, there are also challenges and con-
siderations associated with the use of nano-
materials for gene delivery in corneal tissue
engineering.'*! These include the need to
optimize the nanomaterial properties to
achieve efficient gene delivery, ensuring
long-term safety and biocompatibility, and
addressing potential immunogenic responses
or toxicity concerns. Additionally, the regu-
latory and clinical translation aspects need
to be carefully addressed to ensure the safe
and effective use of these technologies in
human patients. In summary, the use of
nanomaterials for gene delivery in corneal
tissue engineering holds promise for devel-
oping innovative therapies to treat corneal
diseases and injuries. Nanomaterials offer
unique properties that may enhance gene
delivery efficiency, protect genetic material,
and provide targeted delivery. Ongoing
research in this field aims to further optimize
nanomaterial design and delivery techniques
to advance the field of corneal tissue engi-
neering and improve patient outcomes.'*

Conclusion

Regenerative medicine is a rapidly evolving
novel concept for the substitution of lost
tissues, such as the cornea, however, current
cell-based therapies in this field are imma-
ture, containing several challenges and
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defects. Appropriate biomaterials should
address multiple points, including cell adhe-
sion, proliferation, and differentiation,
maintaining the desired cellular phenotype,
proper signaling, and biochemical proper-
ties. Hence, the application of nanomedi-
cine/bioengineering in regeneration of the
cornea is a promising option to solve these
problems. Different types of nanoscaffolds
have been introduced, which can successful-
ly facilitate oxygen and nutrient transport,
cellular waste removal, and promote
cellular attachment, proliferation and dif-
ferentiation. Notably, these products are
modifiable to mimic the natural structure
of the cornea. The cornea is susceptible to
various pathophysiological disorders. With
keratoplasties and current artificial corneas
limited by the availability of donor tissues,
the importance of viable synthetic implants
is growing. Several currently available
nanomaterials and nanofabrication meth-
ods have been introduced to produce bio-
engineered artificial corneas. Although
specific disadvantages remain, this technol-
ogy may overcome the limitations of tradi-
tional corneal donors. There is still a long
way to go, but further research will eluci-
date the grey areas of current knowledge.
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