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Abstract

Artificial corneas represent a significant breakthrough in addressing global corneal blindness, impacting millions of individuals world-

wide. The scarcity of donor tissue and the complications of immune rejection necessitate the development of synthetic alternatives. This
review examines key innovations in biomaterials, scaffold design, and regenerative medicine that have informed the development of ar-
tificial corneas. Recent studies have demonstrated that polyethylene glycol (PEG)-based hydrogels exhibit 98% light transmittance and
an elastic modulus of 1.5 MPa, whereas collagen scaffolds achieve 85% clinical success with <5% inflammatory response. Graphene
oxide-based nanocomposites have increased mechanical strength by 25%. Therefore, by synthesizing clinical and preclinical evidence,

this article outlines current achievements and unresolved challenges related to scalability, cost, immune compatibility, and regulatory

constraints, providing a roadmap for future translational research in corneal tissue engineering.
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1. Introduction

Over the past 20 years, numerous evaluations have ex-
amined the progress in artificial corneas, typically focusing
on specific components, such as biomaterials, surgical tech-
niques, or preclinical models. Although research has sub-
stantially advanced understanding of particular aspects of
artificial cornea development, studies have been limited in
integrating engineering advances, biological responses, and
translational potential. Thus, this review offers a thorough
synthesis of materials science, biofabrication technologies,
cellular integration, and clinical consequences to address
this knowledge gap. Moreover, this study provides a com-
prehensive overview of the current landscape of artificial
cornea research by integrating recent developments, criti-
cally assessing the associated significance, and identifying
prospective avenues for meaningful advancement.

Corneal blindness is widely recognized as a global
health problem, with an estimated 10 million people af-
fected, representing approximately 5% of all blindness
worldwide [1]. This burden is particularly pronounced in

low- and middle-income countries (LMICs), which face
structural challenges in accessing even basic healthcare ser-
vices and where donor corneas are scarce. Globally, donor
corneas are available to fewer than 1 in 70 patients, with
sub-Saharan Africa and other regions accounting for <5%
of demand [2]. In addition, immune rejection is a ma-
jor complication of corneal transplantation, affecting about
20% of patients even with advanced immunosuppressive
regimens [3]. These limitations highlight the urgent need
for new therapeutic strategies that are applicable and acces-
sible worldwide. Recent advances in the treatment of these
problems have been driven by discoveries in bioengineer-
ing and the development of synthetic corneas.

The pioneering work of Claes H. Dohlman [4], the
“grandfather of synthetic corneas”, laid the foundation for
the field of synthetic corneas. Indeed, this seminal work
by Dohlman has subsequently inspired numerous genera-
tions of researchers worldwide, even though his methods
did not explicitly employ fibroplasia. These efforts have
influenced the subsequent development of current bioengi-
neered corneas and have enabled improvements in the de-
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sign of synthetic corneas and potential surgical strategies.
Subsequent contributions by researchers who have elabo-
rated on the fundamental principles outlined by Dohlman
attest to his influence on the field. These contributions
include, for example, the hydrogels developed by Chir-
ila in Australia, the biochemical investigations of the in
vivo responses of prosthetic devices conducted by Trinkaus-
Randall, and the advances in collagen tensile strength made
by Ruberti and his team at Stanford. Together, these con-
tributions underscore the multidisciplinary and intercon-
nected nature of synthetic cornea development. In par-
ticular, substantial progress has been made over the past
decade through the development of bioengineered scaffolds
that faithfully replicate the structural and functional prop-
erties of native corneal tissue. For instance, hydrogels have
emerged as highly bioactive materials that are amenable to
bioorthogonal chemical modification and have been rapidly
and efficiently therapeutically validated in preclinical mod-
els [5]. Subsequently, these materials (e.g., polyethylene
glycol (PEG)-based hydrogels) exhibit high water content
and optical transparency.

Similarly, collagen-based scaffolds, as in the LiQD
Cornea project, can replicate the distinct layers of the
cornea, thereby conferring the functional characteristics of
those layers, adequate mechanical strength, and excellent
biocompatibility [6]. Additionally, mixed materials con-
taining nanoscale glass or metallic particles have demon-
strated greater strength and resistance to degradation over
time, representing a significant advance in durability and
longevity. These advancements provide promising thera-
peutic options for patients in need, particularly in regions
with limited donor availability [7]. However, even with
these improvements, some issues remain unresolved. In
fact, achieving adequate compatibility with the host im-
mune system remains a significant challenge, as even new-
generation materials can cause swelling or scarring over
time [8]. Another fundamental aspect to be considered
and adequately investigated is the long-term stability and
optical performance of artificial corneas. In addition, the
current scalability and production costs of scaffolds pose
significant barriers to the subsequent widespread clinical
use of these scaffolds. For example, the production of
recombinant collagen scaffolds or nanocomposites entails
highly expensive and complex processes, thereby limiting
the availability of these scaffolds in resource-constrained
settings. Finally, notably, current regulatory frameworks
often lag behind rapid technological advances, significantly
delaying implementation and clinical use. This review crit-
ically examines the current state of artificial cornea devel-
opment, focusing on three key areas: scaffold design, cell
integration, and therapeutic outcomes. In our view, by ad-
dressing ongoing challenges and identifying opportunities
for innovation, artificial corneas could transform current
corneal therapies and expand access to treatment for mil-
lions worldwide.

2. Methodology

In drafting this review, we employed a rigorous
methodology to identify, select, and critically analyze stud-
ies that most significantly contribute to the development
of new techniques for the design and use of artificial
corneas. Peer-reviewed articles on the development of arti-
ficial corneas published between 2002 and 2024 were sys-
tematically identified. When deemed necessary for con-
text, foundational studies and recent breakthroughs outside
of this spectrum were incorporated. A literature search
was conducted in the major academic databases (PubMed,
Google Scholar, and Web of Science) using a systematic
strategy employing Boolean operators (AND, OR, NOT).
For instance, in PubMed, the Boolean combination (‘arti-
ficial corneas’ OR ‘bioengineered corneas’) AND (‘tissue
engineering” OR ‘biomimetic matrix’) was applied to re-
fine the search results. The search strategy included the
following key terms: “artificial corneas”, “bioengineered
corneas”, “tissue engineering”, “biomimetic matrix”’, and
“corneal regeneration”, combined with Boolean operators.

The search was restricted to English-language arti-
cles to ensure accessibility and focused on studies with
high-quality methodologies and globally relevant findings.
Mendeley Reference software was used to manage citations
and organize studies systematically. We also sought high
transparency and reproducibility in the study selection pro-
cess.

We included studies that reported significant advances
in artificial cornea development, particularly those involv-
ing innovative biomaterials, cell integration, and therapeu-
tic outcomes. Specifically, this review covers findings in:

e Materials science: State-of-the-art biomaterials such as
hydrogels, collagen-based scaffolds, and nanocompos-
ites with optical transparency, mechanical stability, and
biocompatibility [9,10].

e Cellular integration: Papers displaying increased cell
binding and growth, plus efficient incorporation of
corneal cells into the fabricated constructs.

e Therapeutic outcomes: Studies that evaluated the safety,
efficacy, and long-term stability of artificial corneal im-
plants.

Both clinical and preclinical studies were assessed for
prospective outcomes. Reviews and meta-analyses were
excluded unless they provided novel insights or directly
aligned with the objectives of this review. Other studies
that focused exclusively on corneal transplants from tradi-
tional donors, addressed single biomaterials, or lacked ad-
equate methodological rigor were excluded. A comprehen-
sive search using the criteria described above identified 856
articles in the selected databases. A total of 174 duplicate
studies were excluded, and 450 articles were screened based
on title and abstract for relevance. Of these, 123 studies
were included after a complete-text analysis. Out of 123
included studies, 52 (42%) focused on biomaterial charac-
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terization, 47 (38%) were preclinical, and 24 (20%) were
clinical trials. To facilitate the analysis of the articles, the
studies we selected were classified by methodological ap-
proach into the following categories, thereby reflecting the
multidisciplinary nature of research on the artificial cornea:

e Experimental studies (42%): These focused on bio-
material characterization and scaffold optimization us-
ing advanced techniques such as electron microscopy,
atomic force microscopy (AFM), and rheological testing
to evaluate mechanical and structural properties.

e Pre-clinical studies (38%): In vitro cell culture and ani-
mal experiments assessing cellular and tissue ingrowth.

e Clinical trials (20%): Phase 1 studies assessed safety,
efficacy, and patient-oriented outcomes, such as the fea-
sibility of collagen-based scaffolds (LiQD Cornea) or
PEG-based hydrogels in human subjects.

We conducted a narrative synthesis to identify recur-
ring themes, key innovations, and research gaps, with par-
ticular attention to outcomes such as corneal transparency,
mechanical strength, immune response, and the ability to
restore vision. Table | (Ref. [7,11-19]) summarizes key
results from selected studies, including the associated ob-
jectives, methodologies, primary outcomes, and limita-
tions. These aspects provide a comprehensive understand-
ing of the current state of artificial corneal development and
clearly highlight areas requiring further research. Quality
assessment was performed to ensure the validity and reli-
ability of the research; we applied standardized quality as-
sessment tools to all included studies, adapting these tools
to the specific methodologies employed, including experi-
mental, preclinical, and clinical studies. To ensure method-
ological rigor and transparency, the included studies were
independently assessed by two researchers. Discrepancies
in study inclusion were reconciled through consensus.

Specifically, for experimental and preclinical studies,
adherence to American Society for Testing and Materials
(ASTM) tandards for biomaterials testing was assessed,
with specific attention to the reproducibility and robustness
of the experimental design [20]. Conversely, clinical trials
were evaluated in accordance with the CONSORT guide-
lines to ensure high methodological rigor, with attention to
parameters such as sample size, randomization, blinding,
control groups, and duration of follow-up [21]. The risk
of bias was mitigated by excluding studies with ambigu-
ous methodology or lacking control groups. Additionally,
inter-reviewer concordance was enhanced by an initial cali-
bration step that utilized a subset of randomly chosen papers
to standardize rating criteria.

Key assessments included:
e Experimental and preclinical studies: Adherence to stan-
dardized protocols (e.g., ASTM standards) and critical

evaluation of parameters such as reproducibility and ro-
bustness of experimental design.
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e Clinical trials: Quality was assessed based on method-
ological rigor, with randomized controlled trials (RCTs)
assigned the highest weight due to the associated robust
design.

Through a rigorous, transparent, and reproducible
methodology, this review presents a reliable synthesis of
current progress in the development of artificial corneas.
Furthermore, including studies across different contexts
(experimental, preclinical, and clinical) provides a balanced
perspective and lays solid foundations for both future re-
search and clinical translation.

3. Material Science

As a fundamental requirement, the design of artificial
corneas for human use requires the ability to replicate key
characteristics of the human cornea, such as transparency,
mechanical strength, and biocompatibility [22]. Recent ad-
vancements in stromal tissue engineering have highlighted
the potential of innovative techniques to mimic the struc-
ture of native corneal tissue. For example, electrospinning
enables the production of aligned collagen nanofibers re-
sembling stromal lamellae, thereby improving biomechan-
ical properties while preserving optical transparency [23].
Scaffolds can be classified by material source as natural ma-
terials derived from biological sources, synthetic materials
designed to possess specific properties, and hybrid materi-
als that combine natural and synthetic components. Recent
advances in this area have mainly focused on three key cat-
egories of scaffolding materials.

3.1 Scaffolds Derived From Natural Materials

Hydrogels are widely used materials for certain char-
acteristics such as viscoelasticity, optical clarity, and the
ability to support cell growth, making hydrogels versatile
for corneal scaffolds [24]. Key hydrogel innovations in-
clude:

e PEG hydrogels exhibit exceptional transparency (98%
light transmission at 550 nm), high mechanical strength
(elastic modulus of 1.5 MPa), and high cell viability
[13]. Hydrogels can be functionalized with bioactive
peptides, thereby improving certain characteristics, such
as epithelial cell adhesion and proliferation, by up to
40% relative to scaffolds not functionalized with bioac-
tive materials [14].

e Hyaluronic acid hydrogels are known for their remark-
able water retention capacity (approximately 1000% of
their dry weight). Meanwhile, hyaluronic acid-based hy-
drogels can accelerate corneal wound healing in certain
preclinical rabbit models, allowing closure of an epithe-
lial defect within 5 days of application [25]. Future stud-
ies should focus primarily on the scalability of these hy-
drogels for human clinical applications.
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Table 1. Summary of key findings from selected studies on artificial cornea development.

Study (reference) Objectives

Methodologies

Primary outcomes Limitations

Ozcelik et al., 2014 [13] Evaluate PEG-based hydrogels for corneal

regeneration

Fernandes-Cunha et al., 2020
[11]; Liu et al., 2008 [14]

Assess safety and regenerative potential of
collagen-based scaffolds

Chietal., 2023 [19]; Yan et al.,
2022 [15]

Improve mechanical performance of
advanced or hybrid biomaterials

Kasravi et al., 2023 [7]; Wilson
etal., 2013 [17]
Gupta et al., 2019 [18]

Evaluate immunogenicity and host
integration of decellularized ECM scaffolds
Explore gene-editing strategies to reduce
transplant immunogenicity
Gomez-Fernandez et al., 2024 Evaluate feasibility and translational

[12]; Xie et al., 2024 [16] potential of 3D bioprinted corneas

In vitro and preclinical assessment of
transparency, mechanical properties, and
endothelial compatibility
Preclinical and early clinical evaluation
of in situ—forming or recombinant
collagen matrices
Material characterization and preclinical

biological testing

Experimental and preclinical studies of
immune response and tissue remodeling
Preclinical studies on
CRISPR-Cas9-mediated modification of
immunogenic targets (HLA pathways)
Preclinical development and regulatory

analysis of bioprinted corneal constructs

High optical transparency, good Swelling behavior and limited

biocompatibility, and support for corneal cell long-term mechanical stability
survival and regeneration
Restoration of corneal structure and High production cost and moderate
transparency with low immunogenicity mechanical strength
Enhanced mechanical strength with Limited long-term in vivo validation
preservation of optical properties and cellular
compatibility
Reduced immunogenicity and improved host Variability in decellularization
cell infiltration compared with cellular matrices  quality and scalability challenges
Potential reduction of immune recognition and Ethical, regulatory, and safety
improved graft compatibility concerns; early experimental stage
High structural fidelity, customizable Limited clinical validation and
architecture, and promising optical challenges in large-scale

performance manufacturing

PEG, polyethylene glycol; ECM, extracellular matrix; HLA, Human Leukocyte Antigen.
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3.2 Synthetic Material Scaffolds

Collagen is a primary structural protein of the corneal
extracellular matrix (ECM) and a fundamental compo-
nent of scaffolds [26]. Recent advances in collagen-based
bioscaffolds include:

e Recombinant human collagen: A multicenter clinical
study involving 200 patients reported an approximately
85% success rate in restoring vision over two years, with
minimal immunogenic reactions (<5% of patients) [ 14].

o MicroRNA-loaded collagen films: miR-133b-
impregnated collagen films have enabled improved
repair and stromal integration of collagen-based
bioscaffolds, thereby increasing stromal cell adhesion
by 30% relative to conventional collagen scaffolds
[12]. However, further confirmation is needed in larger
patient cohorts.

3.3 Hybrid Material Scaffolds

Nanotechnology has revolutionized corneal scaffold
design by enabling the development of composite materi-
als with superior mechanical and optical properties [27]:

e Graphene oxide scaffolds: In one study, these scaffolds
demonstrated good mechanical strength, with approxi-
mately 25% increase, and maintained 90% transparency
for up to 12 months after implantation in preclinical
models [15].

e Silk fibroin nanocomposites: silk fibroin-based scaf-
folds exhibit high resistance to various biomechanical
stresses (up to 1.8 MPa), making these scaffolds ideal
candidates for long-term implantation [28]. Further re-
search should focus more on optimizing the biodegrad-
ability of these materials.

In conclusion, PEG-based hydrogels are constrained
by time-dependent swelling and degradation. Collagen-
based scaffolds, especially recombinant variants, are lauded
for the associated biocompatibility and reduced immuno-
genicity, with clinical trials indicating success rates ex-
ceeding 85%; nonetheless, the associated low mechani-
cal strength and elevated production costs pose obstacles.
Conversely, nanocomposites that include graphene oxide
markedly improve durability and structural integrity; how-
ever, the associated long-term biocompatibility and poten-
tial immune responses remain inadequately investigated.

3.4 Manufacturing Processes

The field of tissue engineering has been revolution-
ized by three-dimensional (3D) bioprinting, which pro-
vides unprecedented precision and scalability for fabricat-
ing biomimetic fabrics [29,30]. Moreover, 3D bioprint-
ing enables the fabrication of accurate, functional anatom-
ical structures by combining specific bioinks with high-
resolution deposition techniques. Thus, 3D bioprinting is
a promising strategy in corneal tissue engineering, as this
tool enables the fabrication of scaffolds with a layered ar-
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chitecture that closely mimics the native stratified structure
of the human cornea [31]. In addition, another important
consideration is the potential for individualized customiza-
tion of scaffolds.

Notably, 3D bioprinting is based on layer-by-layer de-
position of specialized bioinks, thereby enabling the repli-
cation of the complex cellular and extracellular composi-
tion of the natural cornea [32]. Bioprinting enables high-
resolution printing, reaching sub-50 um, thereby allowing
the detailed creation of the different layers of the cornea,
including the epithelium, stroma, and endothelium. Fur-
thermore, by being able to use different bioinks such as hy-
drogels, collagen, and nanocompounds, it is possible to take
advantage of the advantages of each compound, such as op-
tical clarity, mechanical strength, and biocompatibility of
the native corneal tissue, while limiting the disadvantages
of each. Therefore, bioprinting enables the deposition of
different materials with distinct properties to create struc-
tures with specific functions [16].

Despite the high precision and customizability of 3D
bioprinting for scaffold manufacturing, the implementation
of this tool in resource-limited settings is hindered by sub-
stantial equipment costs, the need for technical expertise,
and variability in bioink quality control. These constraints
indicate the need for scalable, cost-effective bioprinting
technologies tailored to diverse healthcare systems.

3.5 Biological Performance Testing

The promising functional success of artificial corneas
depends not only on material properties but also on the as-
sociated ability to integrate seamlessly with host tissues and
support cellular functions. Recent advances in cell integra-
tion include:

e Amphiphilic artificial endothelial layers: Artificial
corneas can be coated with bioactive molecules, such
as fibronectin; these coatings can improve endothelial
cell adhesion by 50% and substantially reduce immune
responses in preclinical studies [33]. These coatings
can also enhance cell viability and reduce inflammation,
making these coatings particularly promising for high-
risk patients.

e Bioactive coatings: Heparin-functionalized surfaces can
reduce inflammatory markers by up to 30%. In addition,
studies in mouse models have shown that surface func-
tionalization with heparin improves stromal cell adhe-
sion [34].

e Dynamic hydrogels: A study conducted in vitro on spe-
cialized hydrogels that adapt to physiological changes
showed a greater capacity to promote stromal cell pro-
liferation by up to 20% than static hydrogels [17].

3.6 Immune Modulation

The long-term success of artificial corneas is highly
dependent on immune regulation. Immune-mediated rejec-
tion remains a major challenge in the integration and use


https://www.imrpress.com

of corneal prostheses. Research has shown that proinflam-
matory cytokines, particularly tumor necrosis factor-alpha
(TNF-«) and interleukin-6 (IL-6), play a critical role in
triggering inflammation that results in immune rejection of
corneal implants. These factors promote macrophage acti-
vation, T-cell infiltration, and fibrosis. An attempt to mit-
igate these immune responses employs biomaterial-based
immunomodulation strategies. Some experimental mod-
els indicate that the superficial functionalization of artifi-
cial corneas with heparin or bioactive molecules, such as
fibronectin, can significantly reduce inflammation by shift-
ing macrophage polarization toward an anti-inflammatory
M2 phenotype. This shift favors a more “immunotolerant”
microenvironment. Further support for immune regulation
strategies comes from preclinical studies using decellular-
ized ECM scaffolds. These strategies can preserve essen-
tial bioactive signals while reducing immunogenic compo-
nents. In particular, the functionalization of these ECM
scaffolds with heparin resulted in a 30% reduction in in-
flammatory marker expression.

To minimize immune rejection of artificial corneas,
innovative strategies have been explored, with promising
results. CRISPR—Cas9 gene editing has proven to be a rev-
olutionary tool that enables improvement of transplant com-
patibility by eliminating the expression of specific HLA
(Human Leukocyte Antigen) class I antigens [35]. HLA
class I antigens play a critical role in presenting peptides
to cytotoxic T lymphocytes, a process central to the im-
mune rejection of transplanted tissues. Therefore, by se-
lectively knocking out the expression of these antigens via
CRISPR—Cas9, the tissue becomes ‘invisible’ to the host
immune system, significantly reducing the risk of rejection.
Moreover, by selectively modifying the genetic compo-
nents responsible for tissue immunogenicity, immune rejec-
tion rates can be dramatically reduced [35]. Gene-editing
approaches based on CRISPR—Cas9 have been proposed
to reduce graft immunogenicity by targeting HLA expres-
sion, although this strategy remains at an early experimen-
tal stage [18]. These results, which are albeit at an early
stage, demonstrate the great potential of gene editing to pro-
duce immunologically inert artificial corneas, thereby evad-
ing host immune detection without the need for systemic
immunosuppression. In parallel, decellularized ECM scaf-
folds have been developed to enhance immune compatibil-
ity further, preserving critical bioactive signals required for
tissue regeneration and integration [19]. Decellularization
techniques enable the removal of immunologically active
cellular components while maintaining the structural and
biochemical integrity of the matrix, which is essential for
corneal regeneration [7].

While CRISPR-Cas9 gene editing provides a highly
targeted approach to reducing immunogenicity by modify-
ing the genetic blueprint, decellularized ECM scaffolds of-
fer a non-genetic solution that preserves the native struc-
tural and biochemical integrity of the tissue. However,

decellularization techniques may still retain residual im-
munogenic components, necessitating further optimization.
Gene editing has shown potential to reduce immunologi-
cal rejection by modifying HLA expression; however, con-
cerns persist about off-target effects, genomic instability,
and the ethical implications of genetic manipulation. Due
to the differing regulatory environments across countries,
careful advancement, informed by rigorous ethical over-
sight and extensive safety data, is essential for the respon-
sible clinical use of gene-edited structures.

Both CRISPR—Cas9 gene editing and decellularized
ECM scaffolds represent significant advances in the devel-
opment of the artificial cornea with ideal features for hu-
man implantation. In fact, these tools have significant, and
perhaps not yet fully understood, potential to overcome the
risk of immune rejection and pave the way for safer, more
effective, and innovative therapeutic solutions.

4. Discussion

The development of artificial corneas represents a sig-
nificant advance in addressing corneal pathologies, offering
innovative solutions that help meet the ever-increasing de-
mand for tissues. The major technological milestones in
synthetic corneal devices over time are summarized in Ta-
ble 2. Numerous advances in biomimetic scaffold design,
cell integration, and the use of innovative materials have
laid the foundation for the development of increasingly less
invasive therapies [36]. Despite numerous advances, sev-
eral challenges remain, particularly regarding the produc-
tion, accessibility, and adoption of these artificial corneas
in everyday clinical practice. This review synthesizes re-
cent advances in artificial cornea development, focusing on
material integration, regeneration techniques, and transla-
tional feasibility. We have sought to identify themes in the
literature, including the confluence of biofabrication, smart
sensing, and modular design, that inform future develop-
ments in the discipline. Technologies such as artificial intel-
ligence (AI)-driven customization and biosensor-integrated
implants have shown promise for improved patient-specific
outcomes; nevertheless, realistic timelines for their clinical
implementation extend until 2030 due to regulatory, infras-
tructural, and training constraints. Likewise, open-source
bioprinting technologies could democratize access; how-
ever, these technologies require rigorous validation before
widespread implementation. Additionally, these advances
should be examined through the lens of translational logis-
tics to improve understanding of the associated potential
and constraints.

As noted above, Claes H. Dohlman played a funda-
mental role in the field of synthetic corneas, and several
contributions stem from this pioneering work. In particu-
lar, the research by Chirila on hydrogels led to the devel-
opment of highly bioactive, structurally adaptive materials
that enable the design of corneal scaffolds. Meanwhile,
in the United States of America (USA), Ruberti and his
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Table 2. Key developments in synthetic corneal devices.

Era Device type/material

Structural advancements

Biological response Surgical approaches

1960s—1980s PMMA
(polymethylmethacrylate)-
based devices.

1990s Hydrophilic polymers. Improved transparency,
higher hydration.
2000s Collagen-based scaffolds. Layered scaffolds mimicking
corneal stromal structure.
2010s Nanocomposites with Enhanced mechanical
metallic or glass fillers. strength and optical clarity.
2020s Bioprinted synthetic corneas. Customizable designs using

hydrogels and recombinant

collagen.

Future directions Smart bioengineered corneas Dynamic structures for drug

with sensors.

sensing.

Basic transparent plastic,

limited flexibility.

delivery and pressure

High rates of rejection due to Standard open-sky

poor biocompatibility. keratoplasty.
Moderate inflammation, Sutured implants with an
occasional fibrosis. improved fit.
Reduced immune rejection, Suture-free implantation
better cell integration. techniques emerge.
Low scarring, improved Minimally invasive surgical
long-term tissue integration. incisions.
Minimal inflammation, better Precision-based
epithelialization. laser-assisted surgery.
Optimized immune Robotic-assisted surgery
compatibility, real-time with real-time imaging.

monitoring.

team at Stanford University provided important character-
istics on the tensile strength and biomechanical properties
of collagen-based scaffolds [37]. Such research has con-
tributed to the development of synthetic corneal constructs
that more closely mimic the mechanical characteristics of
native corneal tissue.

Another important contribution comes from Trinkaus-
Randall, whose research has been instrumental in under-
standing biochemical and cellular responses to prosthetic
materials [38]. Indeed, this work in particular provided in-
sight into immune modulation and long-term implant in-
tegration. This knowledge has significantly improved the
biocompatibility of synthetic corneal implants. Other stud-
ies conducted in France and Switzerland have carefully
examined the integration of scaffolds into the host [39].
Therefore, these studies have enabled improvements in
long-term biocompatibility. Of course, no discussion of
synthetic corneas would be complete without mentioning
the evolution of Boston keratoprosthesis (KPro), originally
developed by Dohlman in the 1960s. This device remains
among the most widely used corneal prostheses worldwide,
with more than 19,000 implants performed to date.

KPro 1 and 2 remain the most widely used syn-
thetic corneal prostheses in the USA. Nonetheless, several
promising alternatives are currently under development.
Challenges in clinical practice have been underscored by
case studies of synthetic corneal use, such as the Boston
KPro. For instance, a recent study assessed the results of
Boston KPro implantation in 120 patients [40]. The study
reported that visual acuity improved in 60% of cases, but
a 40% failure rate was attributed to complications. These
real-world data provide a foundation for enhancing future
designs.

Although Boston KPros have made the treatment of
patients with severe corneal disease possible, these de-
vices are associated with long-term challenges. In par-
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ticular, effects to be considered include the formation of
retroprosthetic membranes, stromal thinning, the develop-
ment of glaucoma, and the risk of rejection due to me-
chanical and immunological factors. To address these lim-
itations, new-generation synthetic corneas have been de-
signed to improve biocompatibility, optimize host integra-
tion, and reduce postoperative complications. These alter-
natives include AlphaCor™ (Australia) and LucidKPro™
(Canada), which are innovative KPros that have demon-
strated strong potential in early clinical trials [41]. Alpha-
Cor™ is a synthetic hydrogel-based keratoprosthesis com-
posed of poly(2-hydroxyethyl methacrylate) (pHEMA), a
material capable of guaranteeing high optical transparency.
This characteristic allows pHEMA to mimic the physical
and refractive properties of native corneal tissue. In addi-
tion, unlike polymethyl methacrylate (PMMA)-based rigid
KPros, AlphaCor™ promotes integration with the corneal
stroma, thereby reducing the risk of extrusion. For instance,
researchers at Pohang University have conducted animal
studies to demonstrate the high optical acuity and biocom-
patibility of 3D-bioprinted corneas [42].

Likewise, the AlphaCor™ device has been enrolled
in human trials in Australia, with promising results for me-
chanical stability and transparency [41]. However, some
long-term studies have reported a risk of stromal necrosis.
Hence, further refinement of material properties and surgi-
cal techniques is needed to improve clinical success. Lu-
cidKPro™ is a device currently under clinical investigation
and represents a new generation of KPro, capable of inte-
grating nano-engineered surface coatings that promote ep-
ithelial adhesion, reduce inflammation, and minimize the
risk of stromal fusion.

In addition to KPros, it is important to retire the LiQD
Cornea project, which represents an innovative biomimetic
approach to scaffolding. This project aims to eliminate
the need for a rigid KPro through an injectable collagen-
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Table 3. Scaffold materials.

Material Elastic modulus (MPa)  Transparency (%) Key characteristics

Natural cornea 0.2-1.5 98 High flexibility, native biomechanical structure.
PEG-based hydrogels 1.0-1.5 95-98 High water retention, optical clarity.
Collagen scaffolds 0.5-1.2 90-95 Biocompatible, mimics stromal structure.
Nanocomposite scaffolds 1.2-2.0 90 Enhanced mechanical strength and durability.

based hydrogel for stromal regeneration. This system com-
prises liquid collagen hydrogel formulations that self-cure
in situ, thereby enabling the creation of a structurally stable
scaffold that integrates with the corneal stroma. Preclini-
cal studies have demonstrated the ability to restore corneal
transparency and excellent biomechanical properties, mak-
ing it a promising alternative for treating certain corneal dis-
orders, such as moderate-to-severe corneal thinning, with-
out requiring a full-thickness transplant [39].

The safety and efficacy of artificial corneas have been
evaluated through clinical trials. For example, phase I/II
trials of corneal LiQD have reported an 85% success rate
in restoring corneal clarity over two years, with less than
5% of patients experiencing deleterious immune responses
[43]. Similarly, a phase III trial of the Boston KPro 1
showed that 60% of patients experienced an increase in
visual acuity. However, retroprosthetic membrane forma-
tion remains one of the most common complications af-
ter Boston keratoprosthesis implantation, with reported in-
cidence rates ranging from approximately 30% to 50% in
large clinical series [40].

The future integration of bioprinting technologies and
advanced materials is anticipated to facilitate the produc-
tion of synthetic corneas that are more cost-effective and
reliable. We expect that by 2030, devices such as the LiQD
Cornea and LucidKPro™ will become viable alternatives to
the Boston KPro, providing superior results and addressing
current market gaps.

A comparative analysis of prominent artificial cornea
designs highlights the individual benefits and drawbacks
of each design. The Boston KPro, while widely used and
clinically validated, is associated with long-term complica-
tions, including the development of a retroprosthetic mem-
brane and glaucoma. Conversely, AlphaCor, a hydrogel
implant, enhances integration with host tissue but poses
a danger of stromal necrosis. Recently, LucidKPro has
demonstrated encouraging preliminary outcomes through
nano-engineered surfaces that reduce inflammation and im-
prove epithelial adhesion, although long-term clinical data
remain scarce. These comparisons highlight the need for
advanced designs that integrate mechanical durability, bio-
compatibility, and long-term stability while mitigating as-
sociated challenges.

In the design of artificial corneas, several components
such as hydrogels, collagen-based structures, and nanocom-
pounds have emerged as fundamental scaffolding materi-

als. The key mechanical and optical properties of the main
scaffold materials compared with native cornea are summa-
rized in Table 3. Each of these components has advantages
and limitations. Hydrogels, especially those based on PEG,
are characterized in particular by high long-lasting trans-
parency (98% light transmission at 550 nm) and mechani-
cal properties that are very similar to native corneal tissue
(elastic modulus of 1.5 MPa) [19]. Furthermore, function-
alizing these hydrogels with bioactive peptides can improve
the subsequent adhesion and proliferation characteristics by
up to 40% [44]. However, a significant limitation of hy-
drogels is the associated tendency to swell and degrade un-
der certain environmental conditions, which poses a chal-
lenge that should be addressed, particularly for long-term
use. Similarly, recombinant collagen scaffolds have excel-
lent biocompatibility and efficacy in use. The success rate
of restoring good vision within two years can be as high as
85% [45].

In addition, recombinant collagen scaffolds exhibit
lower immunogenicity than human donor-derived corneas,
thereby reducing the risk of rejection after transplantation.
Despite these promising results, the current potential use
is substantially constrained by the high production costs of
recombinant collagen, particularly in settings with limited
economic resources or, in any case, for large-scale appli-
cations. Within the large category of collagen-based scaf-
folds, collagen vitrigel membranes (CVMs) faithfully repli-
cate the optical and mechanical properties of the cornea.
Compared with traditional collagen scaffolds, such as re-
combinant collagen or microRNA-impregnated collagen
films, CVMs offer a unique combination of high trans-
parency, ease of surgical handling, and biocompatibility.
For instance, the transparency of CVMs (up to 94%) ex-
ceeds that of currently used membranes, and their tun-
able thickness enables seamless integration with host tis-
sue. Furthermore, preclinical studies have demonstrated
that CVMs can promote corneal endothelial cell prolifer-
ation and partially restore corneal transparency in animal
models [8]. Despite these advantages, CVMs have limita-
tions.

One of the main limitations is the need to standard-
ize production protocols to ensure the reproducibility of de-
sired characteristics. In addition, further studies are needed
to adequately assess the long-term durability of CVMs and
their capacity to prevent complications, such as immune
rejection and fibrosis. Currently, CVMs represent a po-
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tential bridge to more advanced solutions; however, the
adoption of these membranes in clinical practice will de-
pend primarily on future research that addresses these chal-
lenges. Several preclinical studies have validated the poten-
tial use of engineered scaffolds for corneal stromal regen-
eration. Electrospun scaffolds have been shown to ensure
optimal cell proliferation and stromal integration. In addi-
tion, chemically modified hydrogels were tested ex vivo to
enhance nutrient diffusion and cellular interactions, thereby
providing a robust platform for corneal tissue engineering
[46].

Nanocomposites, such as graphene oxide-integrated
structures, are characterized by excellent mechanical
strength and have shown improvements of about 25% in
the strength of the nanocomposites compared to scaffolds
composed of collagen [47]. However, the potential immune
responses that may determine the nanoparticles used have
yet to be investigated at the molecular level. The individ-
ual limitations of each material can be overcome by design-
ing hybrid scaffolds that combine the advantages of these
materials, such as the transparency of hydrogels, the bio-
compatibility of collagen, and the mechanical robustness of
nanocomposites.

These multifunctional scaffolds would help fill exist-
ing gaps, but large-scale production would need to be op-
timized to improve cost-effectiveness and scalability. Fi-
nally, a critical development linking structural and thera-
peutic applications is the integration of engineered scaffolds
with drugs to enable localized and sustained release. The
integration of drug-delivery systems into bioengineered
corneal scaffolds is an emerging approach that provides
dual therapeutic and regenerative functions, addressing
long-standing limitations in traditional corneal treatments.
In particular, hydrogel-based compounds and nanocompos-
ites have proven effective for delivering therapeutic agents
to corneal defects. In preclinical models, hydrogels laden
with anti-inflammatory agents substantially reduced post-
operative inflammation and accelerated epithelial healing
[19]. These results emphasize the therapeutic potential of
integrating regenerative scaffolds with drug delivery. For
example, studies of hydrogel-based compounds enriched
with platelet-rich plasma (PRP) reported faster closure of
epithelial lesions in rabbit models than in untreated controls
[48].

These tests suggest an important potential for acceler-
ating corneal wound healing. Conversely, the incorporation
of drugs or growth factors allows all subsequent actions to
be conducted selectively. In particular, the sustained re-
lease of growth factors, such as fibroblast growth factor
(FGF) or vascular endothelial growth factor (VEGF), is sec-
ondary to the gradual degradation of the scaffold matrix,
which, in turn, is driven by the enzymatic activity present
in the corneal microenvironment. The use of this re-release
system guarantees a localized therapeutic effect that allows
for minimizing systemic exposure to these drugs [49].
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One of the most important advantages of these systems
is their ability to maintain desired concentrations for ex-
tended periods. For example, in vitro PEG-based hydrogels
have been designed to release anti-inflammatory agents,
such as dexamethasone, for up to 72 hours, thereby reduc-
ing the need for frequent applications [50]. However, ap-
plying these promising approaches in vivo in clinical prac-
tice, achieving programmed, highly controlled release ki-
netics, remains particularly difficult due to variations in en-
zyme activity and local environmental factors that signif-
icantly alter the rate of scaffold degradation. In addition,
compatibility between the scaffold material and the drug is
critical; certain therapeutic agents may lose stability upon
incorporation into specific polymer matrices, thereby re-
ducing efficacy [51].

From a clinical perspective, drug-scaffold systems
could be transformative for the treatment of many chronic
corneal diseases, such as keratitis, in which prolonged
therapy is often necessary to prevent recurrences or fi-
brosis [52]. Similarly, incorporating antibiotics into scaf-
folds could provide a therapeutic strategy to combat various
corneal infections and promote corneal regeneration. Some
preclinical studies have yielded promising data [53]. Mean-
while, it has been noted that silk fibroin scaffolds loaded
with antibiotics inhibit bacterial growth for up to seven days
and support the proliferation and alignment of stromal cells,
thereby promoting optimal repair [54]. However, obstacles
remain in the scalability and reproducibility of these sys-
tems.

Despite unresolved challenges, the prospect of inte-
grating active drugs into scaffolds represents an important
step forward in individualized medicine. This type of ap-
proach would, on the one hand, enable localized therapy
and, on the other, improve compliance and outcomes.

4.1 Future Directions

The development of hybrid scaffolds that integrate
the complementary properties of different biomaterials re-
mains a promising direction. Functionalized nanocompos-
ites and bioactive coatings have the potential to further
improve cell integration, mechanical strength, and optical
transparency, thereby addressing some of the limitations of
current approaches [55]. Innovations and the use of 3D bio-
printing and automated synthesis techniques would signif-
icantly reduce the cost of producing artificial corneas and
improve scalability [16]. In addition, open-source bioprint-
ing platforms have demonstrated the ability to produce cus-
tomized implants while reducing costs relative to conven-
tional methods [56].

Another tool that could be used in the future is the
development of Al-based algorithms trained on specific
corneal image datasets. These tools would enable the de-
sign of customizable bioscaffolds alongside the potential to
build scaffolds that adapt to the corneal anatomy of each
individual, thereby enabling tailored solutions for the pa-
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tient. Moreover, the use of Al-based imaging technologies
during surgery could help improve the surgical accuracy of
their placement by providing real-time integration analysis.

4.2 Ethical Considerations

The ethical implementation of artificial corneal tech-
nologies necessitates adherence to the principles of au-
tonomy, beneficence, non-maleficence, and justice. Pa-
tient autonomy must be maintained through transparent, in-
formed, and culturally attuned consent procedures, espe-
cially in clinical trials involving genetically engineered en-
tities or innovative implants [57]. The notion of fairness un-
derscores the necessity of rectifying inequalities in access
to advanced technological solutions between affluent and
resource-constrained regions. Moreover, responsible inno-
vation necessitates open regulatory discussions that con-
sider global viewpoints, particularly those of marginalized
groups. These ethical frameworks are crucial for ensur-
ing equitable and safe clinical translation of next-generation
corneal replacements [58].

5. Conclusions

This study offers a thorough synthesis of current
progress in artificial cornea production, using concepts
from biomaterials science, regenerative medicine, immuno-
logical engineering, and translational strategies. While
prior work has examined individual elements, our approach
integrates multiple developments to provide a comprehen-
sive view of current capabilities and future challenges. By
recognizing constraints in scalability, immunological re-
sponses, ethical implications, and regulatory preparedness,
this review offers a framework for the responsible advance-
ment of the field. Despite their promising regenerative po-
tential, numerous innovations remain in the early stages of
validation, and realistic forecasts must account for both sci-
entific promise and systemic obstacles to implementation.
Ongoing interdisciplinary collaboration and ethical over-
sight will be essential to realizing the full potential of ar-
tificial corneal implants.

The field of artificial cornea development has made
remarkable progress, ushering in a transformative era in
the treatment of corneal pathologies. This review high-
lights several current fundamental innovations, including
PEG-based hydrogels with good optical clarity, recombi-
nant collagen scaffolds that have been shown to restore vi-
sion, and nanocomposites with high mechanical strength
and biodegradation resistance. Unlike previous reviews,
this work summarizes key advances in artificial cornea de-
velopment and proposes strategies to address current lim-
itations. Challenges such as immune compatibility, high
production costs, and scalability remain critical barriers to
the widespread adoption of artificial corneas, necessitat-
ing targeted strategies to overcome them. Some emerging
technologies, such as 3D bioprinting and smart biosensor-
enabled implants, offer promising avenues to overcome
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many of the limitations of current production methods. For
example, the use of bioprinted corneas would reduce pro-
duction costs by up to 40% while maintaining 95% optical
clarity.

Nevertheless, significant challenges remain. To pre-
vent these innovations from being stifled, robust guidelines
for the production of artificial corneas and strict regula-
tory frameworks are needed to support the development of
numerous, ever-increasing innovations. Even ethical con-
siderations, and in particular those concerning CRISPR—
Cas9 and nanocomposites, require transparent and glob-
ally shareable decision-making processes. Future artifi-
cial corneas are poised to redefine the treatment of corneal
pathologies by the end of the next decade. Indeed, by
2030, 3D bioprinting will have the potential to enable on-
demand fabrication of corneas tailored to the pathology of
the individual patient, thereby drastically reducing the cur-
rent dependence on donor tissue. Meanwhile, by 2035,
biosensor-enabled implants could become a clinical real-
ity, enabling numerous real-time measurements, such as in-
traocular pressure and immune responses, to help minimize
postoperative complications. Owing to ongoing innovation
and global collaboration, artificial corneas have the poten-
tial to revolutionize ophthalmology in the near future.
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