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Abstract

Background: Corneal endothelial dysfunction continues to be a primary indication for
corneal transplantation globally. Due to ongoing constraints in donor tissue availability
and graft durability, artificial graft technologies are increasingly recognized as viable al-
ternatives, particularly for eyes unsuitable for conventional allogeneic transplantation.
Aim: This article examines the contemporary state of artificial corneal endothelial grafts,
emphasizing technological advancements, incorporation into surgical procedures, and their
developing function in meeting the unfulfilled requirements of endothelial keratoplasty.
Methods: A comprehensive synthesis of recent preclinical and clinical literature was per-
formed, concentrating on scaffold-based constructs, cell-seeded and acellular methodolo-
gies, biomaterial characteristics, and innovative surgical delivery techniques. The review
highlights translational pathways and contrasts the initial outcomes of artificial and donor-
derived endothelial grafts. Results: Advancements in regenerative biomaterials and cell
culture systems have resulted in the development of functional endothelial substitutes.
Engineered grafts, comprising decellularized stromal carriers, synthetic polymer matrices,
and human cell-laden constructs, have demonstrated promising biocompatibility and func-
tional results in preliminary trials. The integration of these constructs into methods akin to
Descemet membrane endothelial keratoplasty (DMEK) has improved clinical viability, di-
minished immunologic risk, and shown potential for visual recovery. Conclusions: Artificial
endothelial grafts signify a revolutionary advancement in corneal surgery, addressing donor
shortages and expanding the applications of endothelial keratoplasty. Although additional
clinical validation and regulatory processes are required, existing evidence indicates that
these technologies may soon transform treatment protocols for corneal endothelial disease.

Keywords: artificial cornea; endothelial keratoplasty; tissue engineering; biomimetic
scaffolds; corneal endothelial dysfunction
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1. Introduction
Corneal endothelial dysfunction, encompassing disorders such as Fuchs’ endothelial

corneal dystrophy (FECD) and pseudophakic bullous keratopathy, constitutes a significant
cause of visual impairment and blindness globally [1,2]. Corneal disease has been described
as the fifth leading cause of global blindness, affecting more than 10 million people [2]. The
corneal endothelium is a non-proliferative monolayer of hexagonal cells that preserves
corneal transparency via an essential pump-and-barrier mechanism. The corneal endothe-
lium does not regenerate, unlike the epithelium. When the endothelial layer fails, stromal
edema develops, resulting in a loss of corneal clarity and severe visual deterioration. For
decades, the definitive treatment has been corneal transplantation, with full-thickness
penetrating keratoplasty (PK) being the standard technique since the first successful case in
1905 [3]. Over the past two decades, partial-thickness lamellar transplantation techniques
have been introduced that are less invasive and have led to more rapid visual recovery.

Endothelial keratoplasty, such as Descemet stripping automated endothelial kerato-
plasty (DSAEK) and Descemet membrane endothelial keratoplasty (DMEK), is now the
mainstay of surgical treatment for primary corneal endothelial dysfunction [4]. These two
techniques differ by the amount of donor tissue grafted; DMEK is an anatomical replace-
ment of the Descemet membrane and endothelium, whereas DSAEK includes an additional
layer of posterior donor stroma. DSAEK was rapidly adopted following the introduction
of the technique by Melles due to the visual and safety benefits it offers in comparison
with PK [5,6]. DMEK was first described in 2006 by Melles and was adopted due to its
better visual outcomes compared to DSAEK and a lower rate of immunological rejection [7].
However, DMEK surgery is technically more challenging with a learning curve associated
with higher rates of primary graft failure and rebubbling [8,9]. The number of DMEK grafts
performed has steadily increased as more surgeons have been trained and the availability
of pre-peeled and pre-loaded DMEK tissue has become more widespread [10].

There is a greater risk of graft failure in more complex eyes, such as those requiring
repeat grafting. The limitations of PK in these eyes have encouraged alternatives to be
developed, such as the Boston type 1 keratoprosthesis (Boston KPro, Massachusetts Eye
and Ear Infirmary, Boston, Massachusetts). Over 20,000 KPro devices have been implanted
since their introduction in the 1960s [11]. Visual rehabilitation is complex even with a clear
graft, with topical antibiotic medication and bandage contact lens use to maintain the ocular
surface and management of secondary glaucoma. Current commercially available devices
demonstrate significant complications with longer follow-up durations [12–14]; hence,
artificial corneas are often utilized as a last resort option for end-stage corneal disease,
following multiple failed conventional grafts.

These keratoplasty procedures still rely on the availability of healthy human donor
corneas, a resource that is critically limited globally. The worldwide demand for donor
tissue significantly exceeds the supply, with half of the world lacking access to donor corneal
tissue [15]. This shortage is exacerbated in developing countries that have a higher burden
of corneal blindness but without the infrastructure to support a corneal transplantation
programme. There are only a few countries that can export donor corneas significantly (US,
Sri Lanka, Italy), with others not able to meet their domestic demand [16]. Conditions that
result in limbal stem cell deficiency, such as chemical injuries and autoimmune diseases,
may not be suitable for PK or the Boston KPro, which still require carrier donor tissue.

In response to this significant clinical challenge, there has been ongoing interest in
developing fully synthetic devices, with or without the addition of corneal endothelial cells,
to enhance graft availability and reduce the complication profile. These novel methods
utilize advancements in tissue engineering, biomaterials, and cell culture techniques to
provide functional alternatives to donor tissue. These grafts encompass bioengineered
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constructions, wherein human corneal endothelial cells are grown and then deposited
onto ultra-thin biocompatible scaffolds, as well as acellular matrices and synthetic polymer
films intended to facilitate host cell integration or serve as functional replacements. The
primary objective is to provide a conveniently accessible, standardized, and immunolog-
ically compatible alternative that can be included in contemporary minimally invasive
surgical procedures.

This review aims to provide a comprehensive overview of these cutting-edge tech-
nologies, synthesizing the findings from pivotal preclinical and clinical studies to evaluate
their design, surgical applications, and transformative potential in redefining the standard
of care for corneal endothelial disease.

2. Literature Search Strategy
This study was designed as a narrative review to summarize and critically evaluate

the existing evidence on bioengineered methods for corneal endothelium restoration. A
thorough literature search was conducted utilizing PubMed, MEDLINE, Scopus, and Web
of Science to discover pertinent preclinical and clinical studies in the field. The search
method utilized combinations of terms such as artificial cornea, corneal endothelial dys-
function, endothelial keratoplasty, tissue engineering, corneal endothelial cells, biomimetic
scaffolds, and decellularized corneal matrix. Where applicable, Medical Subject Headings
(MeSH) and Boolean operators were utilized to expand the breadth and enhance retrieval
sensitivity. The search was unrestricted by publication year to encompass both the evolu-
tion of previous experimental techniques and the latest translational research, with the last
update occurring in July 2025. To maintain evaluative consistency, only papers published
in English were included.

The article selection method adhered to the criteria of transparency and reproducibility
as advocated for narrative reviews. All collected titles and abstracts were meticulously
examined, and studies considered pertinent were obtained in their entirety. The selection
concentrated on articles detailing the design, manufacture, and evaluation of artificial
corneal endothelium grafts, including both cellular and acellular structures, biomaterial
scaffolds, and polymeric alternatives. Special emphasis was placed on research document-
ing translational viability, including in vitro characterization of endothelial cell functionality,
ex vivo assessments in human or animal corneas, and in vivo evaluations in preclinical
or clinical environments. Reports restricted to conjectural comments or solely theoretical
modeling were excluded.

The literature examination was performed separately by two reviewers, with discrep-
ancies in interpretation reconciled through consensus. No explicit risk of bias instrument
was utilized; nonetheless, methodological attributes including sample size, repeatability,
control conditions, and translational potential were included in the evidence synthesis.
The merits and weaknesses of each study were evaluated alongside their experimental
outcomes. This investigation aimed to deliver an integrated and descriptive perspective
instead of a pooled quantitative analysis; thus, the data were synthesized thematically.
Evidence was categorized into domains that mirrored the natural evolution of the field,
commencing with the advancement of culture techniques for corneal endothelial cells,
succeeded by delivery strategies, the fabrication of scaffolds and biomaterials, and ulti-
mately the preliminary clinical applications of artificial endothelial grafts. In each topic,
the discourse on results highlighted both scientific advancement and the methodological
limitations that may affect the interpretation of findings. This methodology facilitated a
critical and thorough account of the translation of experimental research into early clin-
ical practice, simultaneously highlighting the existing gaps that must be addressed for
general acceptance.
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3. Techniques for Sourcing and Culturing Corneal Endothelial Cells
The first protocol for human corneal endothelial cell (hCEC) expansion in vitro was

reported in 1965 [17]. Several steps are necessary for culture and expansion: donor tissue
selection, removal of the donor endothelium and DM, isolation of the hCECs by enzymatic
or non-enzymatic digestion, seeding the cell suspension with culture media and growth
factors, and expansion on substrates mimicking the in vivo environment [18]. Primary
CECs are commonly derived from cadaveric donor corneas, and stem cells (adipose tissue,
umbilical cord blood, bone marrow), embryonic stem cells, and hCEC precursors [19–23].
DM with endothelium is peeled from the cadaveric donor, and separation of the hCECs
from the DM is achieved by tissue digestion. Enzymatic digestion requires collagenase,
dispase, and trypsin, whereas ethylenediaminetetraacetic acid (EDTA) is used in non-
enzymatic digestion to dissociate cell junctions [24,25]. The cellular morphology of the
CECs must be maintained during culture, as intracellular pathways can be activated,
leading to the CECs transitioning to a fibroblast-like phenotype (epithelial–mesenchymal
transition; EMT) and a loss of function [26–28]. Numerous culture media options have been
tested for the expansion of CECs. Dual media utilizes one medium with abundant growth
factors to encourage CEC proliferation and another medium supplemented with serum,
but without growth factors, to avoid EMT [29,30]. Optimized culture media typically
contain growth factors such as basic fibroblast growth factor (bFGF), epidermal growth
factor (EGF), transforming growth factor-beta (TGF-β), fetal bovine or human serum
albumin, extracellular matrix (ECM) components, antibiotics, antimycotics, osmolarity, and
pH controls.

The addition of Rho-associated protein kinase (ROCK) inhibitors affects cell migration,
adhesion, and cytoskeleton organization, enhancing cell–cell adhesion and promoting
proliferation [31]. Improving the confluency and polarity of CECs by increasing the seeding
density during culture also reduces the risk of EMT [26]. Advances in culture techniques
include perfusion-based systems that ensure a continuous supply of nutrients and con-
current waste disposal, as well as three-dimensional (3D) systems that are more similar to
the in vivo CEC environment [32]. The CECs can be grown on tissue culture plates, but
reports have suggested that coating the plates yields better results [25,33,34]. Common
coating choices include collagen, albumin, and fibronectin, which are often admixed with
collagen [33–35]. These proteins interact with integrin receptors on CECs, promoting cell
adhesion and survival [36–40]. Mechanical stimulation, such as substrate stiffness and
fluid shear stress, can promote more uniform CEC alignment and proliferation, thereby
mimicking the natural corneal tissue architecture necessary for transparency [41–45].

A primary obstacle to the production of clinical-grade corneal endothelial cells (CECs)
has been the propensity of cultured cells to undergo endothelial-to-mesenchymal transition
(EndMT; referred to as epithelial–mesenchymal transition, EMT, in the CEC literature),
resulting in the adoption of fibroblast-like morphology, cytoskeletal reorganization, and
the loss of junctional integrity and pump function markers [26]. EndMT/EMT has been
linked to inadequate biochemical and biophysical signals in vitro, characterized by ex-
cessive mitogen exposure, TGF-β signaling, low seeding density, and non-physiological
substrate stiffness. These factors result in polygonal loss, polymegathism/pleomorphism,
decreased ZO-1 continuity, and reduced Na+/K+-ATPase expression [26]. Simultaneously,
age-dependent replicative constraints and stress-induced senescence have restricted expan-
sion potential; cells from younger donors have enhanced proliferative capacity, while those
from older donors demonstrate diminished cycling and a tendency toward senescent phe-
notypes [28]. EndMT/EMT and senescence are critical failure modes that must be managed
in any manufacturing practice (GMP) aligned process designed for clinical transplantation.
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A dual-media strategy has been employed to diminish EndMT/EMT while attaining
scale, wherein CECs are alternated between a proliferation-permissive medium (abundant
in growth factors) and a stabilization medium (serum-supplemented but reduced or devoid
of growth factors) to restore a quiescent, barrier-competent phenotype prior to harvest [29].
This cycle has facilitated expansion during the development phase and subsequently mit-
igated EndMT/EMT danger during stabilization, resulting in enhanced maintenance of
hexagonal shape and junctional protein expression [29]. In addition to media cycling, GSK3
inhibition has become a method to promote expansion while preserving chromosomal
stability and endothelial identity; pharmacological GSK3 blockade has augmented the pro-
liferation of human corneal endothelial cells (CECs) and produced cultures with a normal
karyotype and functional characteristics indicative of pump-barrier competence [46]. The
integration of media-stage modulation (dual-media) and pathway-targeted small-molecule
control (GSK3 inhibition) provides a logical framework to alleviate EndMT/EMT and senes-
cence issues, thereby enhancing the viability of generating standardized, transplant-grade
CEC sheets or suspensions [29,47].

It is crucial to recognize that numerous studies detailing endothelial cell expansion
are constrained by restricted sample quantities and short-term culture validation. External
validation of protocols among independent laboratories remains limited, and reporting
standards exhibit significant variability. Common risks include spectrum bias, poor man-
agement of class imbalance in cell morphology, and insufficient information regarding
missing data, with just a minority of studies offering calibration or repeatability measures.
These constraints indicate that although early culture techniques seem promising, their
applicability to standard clinical environments should be approached with caution.

4. Methods of Administration for Corneal Endothelial Cell Therapy
Cell injection therapy and cell sheet transplantation are two methods for delivering

CEC to the recipient cornea. Injection therapy consists of injecting CECs that have been
cultured, sometimes with a ROCK inhibitor, directly into the anterior chamber without
a carrier scaffold. The first human study describing this technique was conducted by
Kinoshita et al. in 11 patients with bullous keratopathy [48]. Prone positioning was
required for several hours after injection to encourage CEC adhesion to the posterior
cornea [49]. Normal corneal endothelial function and clarity were restored in 10 out of
11 eyes with a mean endothelial cell density of 1257 cells/mm2 (601–2067 cells/mm2) at
5-year follow-up [48]. Cadaveric donor corneas unsuitable for conventional keratoplasty
can be used for in vitro CEC expansion. Parikumar et al. reported visual improvement in
three bullous keratopathy patients when using CEC cultured from discarded donor corneas
with nanocomposite gel sheets to enhance cell adhesion [50].

These initial small-scale studies have shown promising results; however, safety re-
mains a consideration. Given that the injected CECs are not secured to a scaffold, the fate
of unattached CECs is unknown. There is a potential risk that the unattached CECs can
reach the trabecular meshwork and the systemic circulation, causing tumour formation [51].
To mitigate these risks, research has been undertaken to develop functional scaffolds that
imitate the ECM of the native DM to encourage cellular regeneration [52]. These engineered
scaffolds serve as templates, providing adhesion, migration, and proliferation support for
cells. DM is formed of collagen IV-VIII, laminin, and fibronectin, as well as other ECM
components, and supports CEC growth and function [32,53]. Alterations of the DM are a
cause of common endothelial diseases such as FECD [18]. Therefore, replicating the DM’s
properties is desirable to optimize the delivery of CECs [53,54].

Notwithstanding promising first clinical findings, methodological shortcomings are
apparent. Numerous studies have involved minimal patient cohorts lacking control groups,
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and long-term follow-up is constrained. In numerous instances, safety evaluations regard-
ing the disposition of non-adherent cells or the potential for intraocular problems have not
been methodically quantified. There is a deficiency in external validation of results across
several sites, and spectrum bias may occur due to the selective selection of patients with
reasonably intact ocular anatomy. These restrictions limit the robustness of conclusions
regarding the dependability and scalability of delivery strategies at this juncture.

5. Composition and Fabrication of Scaffolds for Endothelial Replacement

Different types of materials have been utilized for scaffold engineering in corneal
regeneration therapy. These include natural materials such as chitosan, hyaluronic acid,
alginate, cellulose, collagen, gelatin, and silk [52–55]. Polycaprolactone (PCL), polyvinyl
alcohol (PVA), and polyethylene glycol (PEG) are some of the synthetic biopolymers
available. It is crucial to match cell needs with the optimal scaffold materials, as cells
can exhibit differences in function among different materials [56]. Hydrophilic materials
(collagen, gelatin, chitosan, and PEG) will encourage attachment to the posterior corneal
surface, which is essential for graft survival [57]. It is common to combine natural and
synthetic materials, thereby overcoming the limitations of individual materials.

Chitosan and collagen can mimic the ECM and reduce inflammation and infection
risk, whereas PCL and PEG are excellent for mechanical strength. Chitosan-PCL material
combines chitosan nanoparticles that improve cellular attachment with the addition of
PCL, which can enhance chitosan’s molecular properties [56]. The transparency of the
composite chitosan-PCL material is related to lower PCL content. Rabbit CECs have
demonstrated good attachment and proliferation on a composite material made of gelatin,
chondroitin sulfate, and hydroxyethyl chitosan [58,59]. Incorporating chitosan improves
the elasticity and durability of the composite material, and further studies can focus on
decreasing the membrane thickness. The feasibility of CEC transplantation using these
artificial membranes has been demonstrated using sheep eyes. Ocelli et al. created a 50 µm
thick chitosan-PEG hydrogel film that had high permeability, optical transmission, and
allowed cultured sheep CECs to be transplanted in ex vivo trials [60].

It has been shown that transplanted decellularized donor DM after descemetorhexis
encourages CEC migration by acting as a natural scaffold [61,62]. The porcine cornea has
a similar function and biology to the human cornea and exists in greater abundance [63].
Porcine stroma and decellularized DM have been used for keratoplasty in several stud-
ies [63–65]. Biomaterials used to fabricate scaffold membranes include human and animal
corneal DM and placental amniotic membrane [55,66]. DM properties, such as biomechan-
ics, need to be preserved during the decellularization process [67–70]. The decellularized
membranes require testing to assess their tensile strength (resistance to rupture and de-
formation) and evaluate light transmission and transparency with spectrophotometric
analysis. Decellularized membranes will have reduced immunogenicity, thereby encour-
aging better biocompatibility and facilitating surgical manipulation during keratoplasty.
The limitations of this option include reliance on donor cornea supply, variability in donor
membrane compositions, risks of contamination and infection, and loss of growth fac-
tors, cytokines, and proteins during the decellularization process, which are important for
corneal health [69,71]. Establishing a standardized decellularization protocol for human
corneas that removes all cellular materials and maintains membrane integrity is necessary
for this scaffold fabrication technique to become more mainstream [71].

Three-dimensional (3D) fabrication has been explored with bioprinting to create cus-
tom products using layer-by-layer generation from computer-aided design (CAD) models.
Most studies have utilized 3D bioprinting to replicate corneal epithelium and stroma. The
anatomical and mechanical features of DM, such as its thickness, are challenging to replicate
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using current 3D bioprinting technology. Material customization is necessary to replicate
human tissue characteristics that are suitable for different 3D bioprinting techniques [72,73].
The first attempt at 3D bioprinting hCECs utilized extrusion-based techniques to deposit
hCECs within a gelatin-based bioink onto a decellularized amniotic membrane in an animal
model [74]. The hCECs were transfected with ribonuclease 5 to enhance their survival ca-
pacity and increase proliferation [74]. Grönroos et al. bioprinted CECs derived from human
pluripotent stem cells contained in a covalently crosslinked hyaluronic acid bioink [75]. The
structures expressed phenotypic markers, including Na+/K+ ATPase [75]. To date, there
have been no clinical trials with 3D printed endothelial constructs. Synthetic scaffold-like
implants are already commercially available and have shown early efficacy in the treatment
of corneal endothelial dysfunction.

The variety of scaffold materials and manufacturing techniques demonstrates the
inventive potential of the sector, yet presents obstacles for standardization and compari-
son. Research frequently employs varying objectives for biocompatibility and mechanical
evaluation, complicating cross-study comparisons. A multitude of research remain in the
preclinical stage, with inconsistent reporting of light transmission, tensile strength, and
immunogenicity. Moreover, reproducibility is constrained by limited sample sizes and
variability in decellularization methods, which lack standard validation. Consequently,
whereas scaffolds exhibit significant conceptual and experimental promise, their clinical rel-
evance necessitates careful interpretation until more consistent approaches are developed.
An overview of notable preclinical and clinical studies on cell-based and scaffold-supported
endothelial therapies is included in Table 1.

The examined studies collectively demonstrate significant advancements in bioengi-
neering techniques for corneal endothelium replacement, although they also exhibit per-
sistent methodological shortcomings that must be acknowledged when evaluating the
findings. The majority of investigations are limited in scope and often lack external vali-
dation, resulting in uncertainty regarding reproducibility among laboratories and clinical
settings. The reporting of critical characteristics, including patient selection, follow-up
duration, and management of incomplete data, is frequently variable, and standardized
outcome measures are rarely utilized. Furthermore, the prevalence of case reports, pilot
studies, and short-term experimental models indicates that long-term safety and durability
have not been fully explored. These limitations highlight the necessity for careful interpre-
tation of the existing data and stress the importance of standardizing study design and
reporting to facilitate more dependable comparisons and future meta-analyses.
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Table 1. Summary of representative cell-based and scaffold-supported therapies for corneal endothelial disease (excluding EndoArt).

Modality Study (Year) Design Model/
Population N (Eyes) Scaffold/

Carrier
Key Procedural

Details Follow-Up Main Efficacy
Outcomes

Safety/Adverse
Events Key Limitations

Cell injection
therapy (hCEC +
ROCK inhibitor)

Kinoshita et al.
(2018) [48]

Prospective,
single-arm

clinical study

Human, bullous
keratopathy 11 None (cell

suspension)

Intracameral
injection of

cultured hCECs
with ROCK

inhibitor;
prolonged prone

positioning

5 years

Restoration of
clarity in

10/11 eyes;
mean ECD ≈

1257 cells/mm2

(range 601–2067)

No major safety
signal reported

by authors

Small cohort; no
control;

specialized postop
positioning;

generalizability
uncertain.

Cell
injection—prone

time optimization

Mimura et al.
(2007) [49] Preclinical Rabbit model — None

Evaluated
necessary prone

time after cell
delivery

Acute

Identified
posture-

dependent
adhesion
dynamics

Preclinical only

Translational
parameters

extrapolated to
humans.

Cell sheet on
nanocomposite gel

Parikumar et al.
(2024) [50]

Clinical case
series

Human, post-PK
bullous

keratopathy
3 Nanocomposite

gel sheet

Transplantation of
cultured hCECs
expanded from

discarded corneas
on gel sheets

16-year
follow-up
reported

Sustained
corneal stability

and visual
improvement

reported

Long duration
single-center;

device/material
specifics unique

Very small sample;
selection bias;

lacks standardized
endpoints.

Allogeneic
Descemet’s
membrane
scaffold to

promote host CEC
monolayer

Bhogal et al.
(2017) [61]

Experimental
(ex vivo/in vivo

translational)

Post-
descemetorhexis

models
—

Donor
Descemet’s
membrane

DM
transplantation as

“soil” to guide
endothelial
monolayer
restoration

Short- to
mid-term

Enhanced
monolayer

formation and
functional
restoration

signals

Immunologic
and variability

concerns
inherent to

biologic scaffold

Non-standardized
models; clinical

evidence pending.

Decellularized
stroma/DM
(porcine or
human) as

ultrathin substrate
for endothelial

sheets

Du & Wu
(2011) [55];
Zhang et al.
(2022) [63]

Preclinical
Porcine/human
tissues; animal
implantation

—

Decellularized
full-thickness

porcine matrix;
ultrathin

acellular porcine
stroma

Scaffold
fabrication, opti-
cal/mechanical
testing; seeding

with hCEC

Short-term

High
transparency;

good
permeability;

supported CEC
adhe-

sion/proliferation

Potential
residual

immunogenicity
if decellulariza-
tion incomplete

Heterogeneous
protocols; no

clinical trials yet.
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Table 1. Cont.

Modality Study (Year) Design Model/
Population N (Eyes) Scaffold/

Carrier
Key Procedural

Details Follow-Up Main Efficacy
Outcomes

Safety/Adverse
Events Key Limitations

Synthetic/biohybrid
thin films (e.g.,
chitosan-PEG;
chitosan/PCL;
gelatin-based
composites)

Ozcelik et al.
(2013) [58];
Tayebi et al.
(2021) [52]

Preclinical Ex vivo/animal —

Chitosan-PEG
hydrogel;

chitosan/PCL;
gelatin–

chondroitin
sulfate–

hydroxyethyl
chitosan

Fabrication of
ultrathin

transparent films;
CEC seeding; ex
vivo transplant

feasibility

Short-term

High optical
transmission;

adequate
permeability; CEC

attachment and
proliferation

demonstrated

Material-
specific risks;
mechanical
handling vs.

DM; regulatory
path unknown

Mostly
bench/ex vivo;
limited in vivo

duration.

Bioprinted
endothelial
constructs

(hPSC-derived or
hCEC-based)

Kim et al.
(2018) [74];

Grönroos et al.
(2024) [75]

Preclinical Animal/ex vivo;
in vitro —

Decellularized
amniotic

membrane or
HA-based

bioink

Extrusion
bioprinting of

endothelial layers;
RNASE5

overexpression to
enhance survival;

hydrazone-
crosslinked HA
for hPSC-CEC

bioprinting

Short-term

Expression of
endothelial

markers (e.g.,
Na+/K+-ATPase);
viability and sheet

formation

No clinical
translation yet;

bioink
standardization

pending

Early-stage
feasibility;

durability and
function in vivo
not established.

Induced
pluripotent stem

cell–derived CECs

Ng et al.
(2023) [41]

Preclinical
review and

experimental
reports

In vitro — Various

Differentiation
protocols for
iPSC-to-CEC;

delivery concepts

—

Phenotypic and
functional

characteristics
reported

Genetic/epigenetic
stability;

scalability

Heterogeneous
methods;

clinical trials
lacking.

ECM-mimetic sub-
strates/coatings to

stabilize
phenotype and

reduce EMT

Peh et al.
(2015) [29];
Koo et al.

(2014) [37]

Preclinical In vitro hCEC
culture —

Collagen,
fibronectin,

poly-ε-lysine
hydrogels; mi-

cro/nanotopography

Dual-media
propagation; ECM

coatings;
topography-

guided culture

—

Improved
proliferation with

preserved
morphology;

reduced EMT risk

Culture-to-clinic
translation
untested

Surrogate
outcomes; lacks

clinical
endpoints.

Abbreviations: hCEC, human corneal endothelial cell; ECD, endothelial cell density; DM, Descemet’s membrane; EMT, endothelial-to-mesenchymal transition (epithelial–mesenchymal
transition usage varies in literature); PK, penetrating keratoplasty; ROCK, Rho-associated protein kinase; HA, hyaluronic acid.
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6. Artificial Therapeutic Options for Corneal Endothelial Disease
Surgical Feasibility, Graft Survival, Postoperative Complications

The EndoArt (EyeYon Medical, Ness Ziona, Israel) exemplifies an advanced proto-
type of bioengineered endothelial substitutes, although it must be considered within a
broader framework of advancements, including cell-based therapies, scaffold-assisted
transplantation, and hybrid approaches.

EndoArt is a 50 µm 6.5 mm disc made from a copolymer of hydroxyethyl methacrylate
and methyl methacrylate, has been developed to treat corneal endothelial dysfunction. It
has recently received breakthrough designation by the FDA (Food and Drug Administra-
tion) in the US. The mechanism of action is as a barrier to excess fluid hydration in the
posterior stroma in eyes with endothelial failure. Diseases causing chronic corneal edema,
such as pseudophakic bullous keratopathy or previously failed conventional grafts, are
suitable candidates. The EndoArt is suitable for eyes with a history of repeated failed grafts,
uveitis, glaucoma drainage devices, or those with unstable anterior chambers (Figure 1), as
it has been shown that conventional grafts in these eyes exhibit reduced graft survival over
time [76–78]. The surgical technique is similar to that of endothelial keratoplasty, with a
Descemetorhexis performed to remove the host Descemet’s membrane and endothelium.
The EndoArt has an “F” mark to aid in correct orientation within the anterior chamber.
Anchoring sutures are used to secure the EndoArt, as cases had high detachment and
rebubbling rates; these are removed at 3–6 months postoperatively [79,80]. A bandage
contact lens (BCL) placed at the end of surgery is used to enhance ocular surface healing.

  

Figure 1. The EndoArt was implanted in an eye with a glaucoma drainage device (left) and an
anterior chamber lens with anchoring sutures in situ (right).

A multicentre clinical trial involving 52 patients was recently completed, and the
results will be scrutinized for any deviation from real-world cases in the literature [81]. The
first case was described in 2021 [82], and a summary of published studies with outcomes is
summarized in Table 1. Long-term graft survival for DSAEK and DMEK is comparable in
reported studies, with the majority of cases exceeding 90% in non-complex eyes [83–87]. In
eyes at high risk of graft rejection and failure, such as redrafts, glaucoma drainage devices,
silicone tamponade, and anterior chamber intraocular lenses, the graft survival rate of
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conventional endothelial keratoplasty is significantly lower [77,78,88]. It remains to be
seen whether the EndoArt or similar implants in the future can match the long-term graft
survival of conventional endothelial keratoplasty.

There have been no reports of a lack of biocompatibility, anterior chamber inflam-
mation, vascularization, or corneal melt [89]. There have been a few cases reported with
continual corneal stromal thinning up to 17 months after surgery [89,90]. Secondary raised
intraocular pressure has not been a major postoperative feature following EndoArt im-
plantation. There was one reported case of endophthalmitis 7 months following EndoArt
implantation, but a causal link was not identified [91]. Explantation was reported in 6 eyes
out of 24 by Daphna et al., due to persistent detachment after rebubbling when desceme-
torhexis was not undertaken (n = 5), and due to intraocular lens dislocation and inability
to form an adequate air bubble [92]. The major complication is the higher rate of graft
detachment and the need for rebubbling (Table 2).

Reported rates of rebubbling range from 0–100%; however, this could be due to a
combination of the surgeon learning curve, lack of centration (Figure 2) and the reduced
flexibility of the device compared with DMEK tissue, and its ability to conform to the
rapidly changing profiles in the posterior stroma [93]. There have been two reported cases
of spontaneous reattachment without the need for rebubbling [94]. Anchoring sutures can
be used to secure the EndoArt (Figure 1) and do not affect the survival of the graft, even
though there are no endothelial cells attached to the device. Further studies examining
the use of and optimal number and configuration of anchoring sutures, along with their
removal schedule, are needed to promote EndoArt adhesion.

Figure 2. It is essential to centralise the placement of the EndoArt implant as eccentric placement can
result in partial or complete detachment.

Besides EndoArt, other novel artificial constructs for endothelial replacement have re-
cently been created. Fang et al. (2024) described the fabrication of a transparent amphiphilic
artificial corneal endothelium layer made from hydroxyethyl methacrylate and ethylene gly-
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col dimethylacrylate, featuring a hydrophilic surface coated with polyvinylpyrrolidone [95].
In a rabbit model of bullous keratopathy, this flexible and biocompatible membrane exhib-
ited robust adherence to the posterior corneal surface during gas tamponade, maintenance
of normal corneal architecture, and low inflammation for a period of 100 days. This
method emphasizes the promise of non-cellular, donor-independent endothelial substitutes
as feasible alternatives to traditional grafts, expanding the range of artificial therapeutic
possibilities being explored.

While EndoArt has demonstrated promising preliminary outcomes, its existing ev-
idence base is equivalent in scale and maturity to that of other modalities, such as cell
injection therapy and scaffold-supported endothelial replacement. Table 1 presents a com-
parative analysis that highlights the necessity for direct trials and extended follow-up to
ascertain the relative advantages of each technique. Clinical data for artificial endothelium
implants, such as the EndoArt, primarily originate from case reports or short series. The
durations of follow-up are inconsistent, and the incidence of postoperative complications,
especially detachment and rebubbling, varies significantly across research. A multitude of
published studoes exhibit a deficiency in standardized outcome reporting, complicating
the comparison of visual acuity and corneal thickness among cohorts. Spectrum bias may
exist, as these implants are frequently tested on highly selected patients with intricate
ocular histories, which may not represent the wider candidate population. Collectively,
these characteristics indicate that the observed success of surgical feasibility and graft
survival should be regarded as preliminary evidence of feasibility rather than conclusive
confirmation of long-term clinical dependability.
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Table 2. Summary of published studies reporting EndoArt outcomes.

Study Study Type Number of
Eyes

Pre-op CCT
(µm)

Percentage
Reduction of CCT

Visual Acuity
Improved

Final Visual
Acuity (LogMAR)

Indication for
Surgery Co-Morbidities Postop Complications

Auffarth et al.,
2021 [82] Case report 2 745 ± 22 34% n/a n/a Failed DMEK Case 1: treated

endophthalmitis Rebubbling rate 100%

Abusayf et al.,
2023 [96] Case report 1 911 24% Yes 0.7 PBK

Glaucoma,
previous

vitrectomy
No

Kobayashi et al.,
2024 [79] Case report 1 845 37% Yes 2 Failed DMEK Epiretinal

membrane Rebubbling

Wiedemann et al.,
2024 [97] Case series 3 719 ± 145 18% Yes 1.1 ± 0.6 GDD, failed

DMEK Glaucoma

Raised IOP (n = 1)
CMO (n = 1)

Subepithelial corneal
opacity (n = 1)

Rebubbling rate 33%

Romano et al.,
2024 [80] Case report 2 887 ± 268 30% Yes Case 1: 0.30

Case 2: 1.70
Failed DSAEK and

PK No

Fontana et al.,
2025 [98] Case series 7 805 ± 131 28% Yes 0.95 ± 0.28 Failed DMEK,

DSEK, GDD Glaucoma Rebubbling rate 57%

Daphna et al.,
2025 [92] Clinical Trial 24 759 ± 116 19% Yes 1.34 ± 0.57 Failed DMEK,

DSEK, DSO

Glaucoma, pars
plana vitrectomy,
macular disease

Explantation rate 25%
Rebubble rate 2.9 ± 2.0
procedures per patient

Abbreviations: PBK, pseudophakic bullous keratopathy; GDD, glaucoma drainage device; PK, penetrating keratoplasty; DSAEK, Descemet stripping automated endothelial keratoplasty;
DMEK, Descemet membrane endothelial keratoplasty; DSO, Descemet stripping only; LogMAR, logarithm of the minimum angle of resolution; IOP, intraocular pressure; CMO, cystoid
macular oedema; CCT, central corneal thickness; n/a, not applicable or data not provided.
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7. Limitations of Current Evidence and Future Directions
7.1. Methodological Limitations of Current Evidence

The advancement of bioengineered endothelial grafts signifies a notable scientific
progress; nonetheless, the existing evidence remains constrained in both scope and rigor.
Numerous studies depend on limited cohorts, frequently comprising fewer than twelve
patients or experimental eyes, so constraining the robustness of the results that can be
derived. Single-center studies predominate in the literature, and results have seldom been
replicated in independent environments. Furthermore, the majority of papers include
only short- to mid-term follow-up, so hindering an evaluation of long-term safety and
durability. In the absence of standardized comparison arms or matched control groups, it is
challenging to differentiate genuine therapeutic effects from enhancements that may arise
from case selection or surgical proficiency.

The absence of standardized reporting protocols among studies is equally significant.
Crucial methodological specifics, including patient selection criteria, graft preparation pro-
cesses, and outcome definitions, are frequently inadequately detailed, hence constraining
the reproducibility of results. Factors such as absent data, outcome calibration, and adverse
event reporting are inconsistently managed, and this variability hinders the synthesis of
evidence across many publications. Collectively, these constraints emphasize the neces-
sity for prudent interpretation of the existing literature and reinforce the significance of
establishing standardization for forthcoming research in this domain.

7.2. Regulatory and Translational Considerations

The use of artificial endothelial grafts in normal practice will rely on stringent regula-
tory control and the standardization of manufacturing protocols, alongside scientific and
surgical advancements. Currently, there is no globally recognized protocol for the preclini-
cal validation of bioengineered corneal structures. Research utilizes diverse biomaterials,
culture conditions, and implantation techniques; nevertheless, safety evaluations are not
conducted based on uniform criteria. This diversity presents issues for regulatory organi-
zations responsible for assessing new devices and may postpone clinical implementation.
Consistently validating biocompatibility, mechanical integrity, and optical performance
will be essential for establishing the credibility of these technologies.

A crucial factor is the scalability of production and distribution. Laboratory approaches
that exhibit success on a small scale may not be easily applicable to large-scale production
under good manufacturing practice (GMP) standards. Variations in scaffold composition,
cellular origins, and surgical delivery techniques must be considered within a regulatory
framework that guarantees reproducibility, safety, and quality assurance. Establishing
explicit translational paths that encompass preclinical testing, early-phase clinical trials,
and regulatory approval processes will be imperative. Only through this collaborative
endeavor will artificial endothelium grafts advance from promising experimental structures
to safe and effective therapeutic alternatives in routine ophthalmic treatment.

7.3. Future Research Directions

Future research in this domain must tackle the methodological and translational defi-
ciencies that presently hinder broad implementation. Extensive, multicenter clinical trials
with prolonged follow-up durations are necessary to yield dependable data on transplant
longevity, endothelial cell density, and long-term safety. Comparative studies that directly
juxtapose bioengineered structures with traditional donor-derived grafts are essential, since
they provide objective result benchmarking and assess whether artificial substitutes may
genuinely equal or exceed the performance of human tissue. Standardization of study
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design, with explicit definitions of objectives and consistent reporting of problems, will be
crucial for facilitating meaningful comparisons across various investigations.

Concurrent initiatives should concentrate on enhancing the fundamental biology
and material science principles of these constructions. Improvements in scaffold com-
position, particularly through the creation of biomimetic materials that more accurately
emulate the natural Descemet’s membrane, may enhance cell adherence and functional-
ity. Improvements in culture methodologies, like the incorporation of perfusion systems
or three-dimensional culture conditions, may augment the stability of enlarged corneal
endothelial cells. Mitigating variability in decellularization and bioprinting methods is
essential for guaranteeing reproducibility. Through the amalgamation of stringent clini-
cal trials and ongoing advancements in biomaterials and cell biology, next research will
bridge the divide between experimental potential and clinical applicability, facilitating the
dependable incorporation of bioengineered endothelium grafts into corneal surgery.

This narrative review is limited by the constraints of its non-systematic approach.
Notwithstanding the comprehensive examination of many databases and the incorpora-
tion of the most relevant studies, there remains a likelihood that some publications were
neglected. The variety of study designs, ranging from preclinical laboratory research to
tiny pilot clinical series, hindered direct outcome comparisons and the use of stringent
risk of bias assessments. Furthermore, much of the available information consists of case
reports or limited studies with short follow-up durations, which restricts the ability to draw
solid conclusions about long-term safety and efficacy. These limitations must be recognized
when evaluating the findings presented in this review.

8. Conclusions
The compilation of studies demonstrates progress in producing clinically viable ar-

tificial corneal endothelial grafts. Advancements in biomaterial science have resulted in
the development of ultra-thin, transparent scaffolds that effectively replicate the original
Descemet’s membrane. Preclinical investigations consistently reveal that these biomimetic
scaffolds support robust adhesion, proliferation, and maintenance of the unique polygonal
morphology and high cell density of cultivated human CECs.

Cell-based techniques have shown great promise, with numerous studies reporting
the successful generation of functional endothelial cell layers from both primary human
coronary endothelial cells (hCECs) and cultured cell lines. The principal problem persists
in the restricted proliferative ability of mature hCECs; however, methodologies utilizing
Rho-associated kinase (ROCK) inhibitors have markedly enhanced cell expansion in vitro.
Early-phase clinical trials testing these bioengineered grafts have indicated favorable
outcomes. In specific patient groups exhibiting endothelial dysfunction, the implantation
of these constructions resulted in notable corneal transparency, an enhancement in visual
acuity, and stable endothelial cell counts over the first follow-up intervals.

The clinical translation of these grafts has been substantially simplified by their com-
patibility with existing minimally invasive surgical procedures. Most artificial grafts are
designed for distribution via small self-sealing wounds utilizing injectors similar to those
employed in DMEK. This method minimizes surgical trauma, reduces the likelihood of
postoperative problems, including excessive astigmatism, and accelerates visual recovery.
The integration with current surgical workflows not only enhances the safety profile but
also reduces the learning curve for surgeons, thereby driving wider clinical adoption.

Author Contributions: L.F. did the research, provided the draft, wrote the paper, and provided the
final approval of the version of the article; A.V.P., S.M., N.K., R.F., F.D., D.T., C.G. and M.M. assisted
in the research and writing of the manuscript, assisted in the writing and editing of the manuscript;
M.Z. assisted in the design of the study, writing, outline, final approval of the version of the article to



Bioengineering 2025, 12, 1064 16 of 20

be published and completed the English and scientific editing. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Pascolini, D.; Mariotti, S.P. Global estimates of visual impairment: 2010. Br. J. Ophthalmol. 2012, 96, 614–618. [CrossRef] [PubMed]
2. Wang, E.Y.; Kong, X.; Wolle, M.; Gasquet, N.; Ssekasanvu, J.; Mariotti, S.P.; Bourne, R.; Taylor, H.; Resnikoff, S.; West, S. Global

Trends in Blindness and Vision Impairment Resulting from Corneal Opacity 1984–2020: A Meta-analysis. Ophthalmology 2023,
130, 863–871. [CrossRef] [PubMed]

3. Zirm, E.K. Eine erfolgreiche totale Keratoplastik (A successful total keratoplasty) 1906. Refract. Corneal Surg. 1989, 5, 258–261.
[CrossRef] [PubMed]

4. Stuart, A.J.; Romano, V.; Virgili, G.; Shortt, A.J. Descemet’s membrane endothelial keratoplasty (DMEK) versus Descemet’s
stripping automated endothelial keratoplasty (DSAEK) for corneal endothelial failure. Cochrane Database Syst. Rev. 2018, 6,
CD012097. [CrossRef] [PubMed]

5. Melles, G.R.; Eggink, F.A.; Lander, F.; Pels, E.; Rietveld, F.J.; Beekhuis, W.H.; Binder, P.S. A surgical technique for posterior lamellar
keratoplasty. Cornea 1998, 17, 618–626. [CrossRef] [PubMed]

6. Melles, G.R.; Wijdh, R.H.; Nieuwendaal, C.P. A technique to excise the descemet membrane from a recipient cornea (desceme-
torhexis). Cornea 2004, 23, 286–288. [CrossRef] [PubMed]

7. Melles, G.R.; Ong, T.S.; Ververs, B.; van der Wees, J. Descemet membrane endothelial keratoplasty (DMEK). Cornea 2006, 25,
987–990. [CrossRef] [PubMed]

8. Koo, E.H.; Pineda, R.; Afshari, N.; Eghrari, A. Learning Descemet Membrane Endothelial Keratoplasty: A Survey of U.S.
Corneal Surgeons. Cornea 2020, 39, 590–593. [CrossRef] [PubMed]

9. Fu, L.; Hollick, E.J. Rebubbling and graft detachment in Descemet membrane endothelial keratoplasty using a standardised
protocol. Eye 2023, 37, 2494–2498. [CrossRef] [PubMed]

10. Ruzza, A.; Grassetto, A.; Favaro, E.; Baruzzo, M.; Romano, V.; Ponzin, D.; Ferrari, S.; Parekh, M. Preloaded DMEK with endo-in
technique: Standardising and minimising the learning curve over 5 years using 599 corneal tissues. Eur. J. Ophthalmol. 2024, 34,
1071–1078. [CrossRef] [PubMed]

11. Dohlman, C. The Boston Keratoprosthesis-The First 50 Years: Some Reminiscences. Annu. Rev. Vis. Sci. 2022, 8, 1–32. [CrossRef]
[PubMed]

12. Ahmad, S.; Klawe, J.; Utine, C.A.; Srikumaran, D.; Jimenez, J.; Akpek, E. Survival of penetrating keratoplasty: A claims-based
longitudinal analysis. Can. J. Ophthalmol. 2021, 56, 12–16. [CrossRef]

13. Kanu, L.N.; Niparugs, M.; Nonpassopon, M.; Karas, F.I.; de la Cruz, J.M.; Cortina, M.S. Predictive factors of Boston Type I
Keratoprosthesis outcomes: A long-term analysis. Ocul. Surf. 2020, 18, 613–619. [CrossRef]

14. De Wit-Carter, G.; Hernández-Chavarría, C.; Navarro-Naranjo, P.I.; Manzanillo-Rosario, C.; Navarro-Saucedo, R.; García-Albisua,
A.M.; Hernandez-Quintela, E.; Cabrera-Martínez, E.; Ordoñez-Ranz, G.; Sanchez-Huerta, V. Boston Keratoprosthesis type 1
(KPro) without contact lens wearing in end-stage corneal disease: The APEC experience. Eur. J. Ophthalmol. 2024, 34, 1063–1070.
[CrossRef] [PubMed]

15. Thuret, G.; Courrier, E.; Poinard, S.; Gain, P.; Baud’Huin, M.; Martinache, I.; Cursiefen, C.; Maier, P.; Hjortdal, J.; Sanchez Ibanez,
J.; et al. One threat, different answers: The impact of COVID-19 pandemic on cornea donation and donor selection across Europe.
Br. J. Ophthalmol. 2022, 106, 312–318. [CrossRef] [PubMed]

16. Anitha, V.; Tandon, R.; Shah, S.G.; Radhakrishnan, N.; Singh, S.; Murugesan, V.; Patwardhan, V.; Ravindran, M. Corneal blindness
and eye banking: Current strategies and best practices. Indian J. Ophthalmol. 2023, 71, 3142–3148. [CrossRef] [PubMed]

17. Singh, S.; Chaurasia, S. Recent and Evolving Therapies in the Management of Endothelial Diseases. Semin. Ophthalmol. 2023, 38,
207–215. [CrossRef] [PubMed]

18. Spinozzi, D.; Miron, A.; Bruinsma, M.; Dapena, I.; Kocaba, V.; Jager, M.J.; Melles, G.R.J.; Ni Dhubhghaill, S.; Oellerich, S. New
developments in corneal endothelial cell replacement. Acta Ophthalmol. 2021, 99, 712–729. [CrossRef] [PubMed]

https://doi.org/10.1136/bjophthalmol-2011-300539
https://www.ncbi.nlm.nih.gov/pubmed/22133988
https://doi.org/10.1016/j.ophtha.2023.03.012
https://www.ncbi.nlm.nih.gov/pubmed/36963570
https://doi.org/10.3928/1081-597X-19890701-12
https://www.ncbi.nlm.nih.gov/pubmed/2488816
https://doi.org/10.1002/14651858.CD012097.pub2
https://www.ncbi.nlm.nih.gov/pubmed/29940078
https://doi.org/10.1097/00003226-199811000-00010
https://www.ncbi.nlm.nih.gov/pubmed/9820943
https://doi.org/10.1097/00003226-200404000-00011
https://www.ncbi.nlm.nih.gov/pubmed/15084862
https://doi.org/10.1097/01.ico.0000248385.16896.34
https://www.ncbi.nlm.nih.gov/pubmed/17102683
https://doi.org/10.1097/ICO.0000000000002203
https://www.ncbi.nlm.nih.gov/pubmed/31724984
https://doi.org/10.1038/s41433-022-02362-2
https://www.ncbi.nlm.nih.gov/pubmed/36522529
https://doi.org/10.1177/11206721231217127
https://www.ncbi.nlm.nih.gov/pubmed/38099841
https://doi.org/10.1146/annurev-vision-100820-021253
https://www.ncbi.nlm.nih.gov/pubmed/35834821
https://doi.org/10.1016/j.jcjo.2020.07.019
https://doi.org/10.1016/j.jtos.2020.07.012
https://doi.org/10.1177/11206721231214076
https://www.ncbi.nlm.nih.gov/pubmed/38099653
https://doi.org/10.1136/bjophthalmol-2020-317938
https://www.ncbi.nlm.nih.gov/pubmed/33243832
https://doi.org/10.4103/ijo.ijo_1942_23
https://www.ncbi.nlm.nih.gov/pubmed/37602600
https://doi.org/10.1080/08820538.2022.2152717
https://www.ncbi.nlm.nih.gov/pubmed/36582139
https://doi.org/10.1111/aos.14722
https://www.ncbi.nlm.nih.gov/pubmed/33369235


Bioengineering 2025, 12, 1064 17 of 20

19. Navaratnam, J.; Utheim, T.P.; Rajasekhar, V.K.; Shahdadfar, A. Substrates for Expansion of Corneal Endothelial Cells towards
Bioengineering of Human Corneal Endothelium. J. Funct. Biomater. 2015, 6, 917–945. [CrossRef]

20. Shao, C.; Fu, Y.; Lu, W.; Fan, X. Bone marrow-derived endothelial progenitor cells: A promising therapeutic alternative for corneal
endothelial dysfunction. Cells Tissues Organs 2011, 193, 253–263. [CrossRef] [PubMed]

21. Joyce, N.C.; Harris, D.L.; Markov, V.; Zhang, Z.; Saitta, B. Potential of human umbilical cord blood mesenchymal stem cells to
heal damaged corneal endothelium. Mol. Vis. 2012, 18, 547–564. [PubMed]

22. Dai, Y.; Guo, Y.; Wang, C.; Liu, Q.; Yang, Y.; Li, S.; Guo, X.; Lian, R.; Yu, R.; Liu, H.; et al. Non-genetic direct reprogramming and
biomimetic platforms in a preliminary study for adipose-derived stem cells into corneal endothelia-like cells. PLoS ONE 2014, 9,
e109856. [CrossRef] [PubMed]

23. Zhang, K.; Pang, K.; Wu, X. Isolation and transplantation of corneal endothelial cell-like cells derived from in-vitro-differentiated
human embryonic stem cells. Stem Cells Dev. 2014, 23, 1340–1354. [CrossRef] [PubMed]

24. Zavala, J.; López Jaime, G.R.; Rodríguez Barrientos, C.A.; Valdez-Garcia, J. Corneal endothelium: Developmental strategies for
regeneration. Eye 2013, 27, 579–588. [CrossRef]

25. Chen, K.H.; Azar, D.; Joyce, N.C. Transplantation of adult human corneal endothelium ex vivo: A morphologic study. Cornea
2001, 20, 731–737. [CrossRef] [PubMed]

26. Roy, O.; Leclerc, V.B.; Bourget, J.M.; Thériault, M.; Proulx, S. Understanding the process of corneal endothelial morphological
change in vitro. Investig. Ophthalmol. Vis. Sci. 2015, 56, 1228–1237. [CrossRef] [PubMed]

27. Engelmann, K.; Friedl, P. Optimization of culture conditions for human corneal endothelial cells. Vitr. Cell Dev. Biol. 1989, 25,
1065–1072. [CrossRef] [PubMed]

28. Zhu, C.; Joyce, N.C. Proliferative response of corneal endothelial cells from young and older donors. Investig. Ophthalmol. Vis. Sci.
2004, 45, 1743–1751. [CrossRef] [PubMed]

29. Peh, G.S.; Chng, Z.; Ang, H.P.; Cheng, T.Y.; Adnan, K.; Seah, X.Y.; George, B.L.; Toh, K.P.; Tan, D.T.; Yam, G.H.; et al. Propagation
of human corneal endothelial cells: A novel dual media approach. Cell Transplant. 2015, 24, 287–304. [CrossRef]

30. Spinozzi, D.; Miron, A.; Bruinsma, M.; Lie, J.T.; Dapena, I.; Oellerich, S.; Melles, G.R.J. Improving the success rate of human
corneal endothelial cell cultures from single donor corneas with stabilization medium. Cell Tissue Bank. 2018, 19, 9–17. [CrossRef]
[PubMed]

31. Riento, K.; Ridley, A.J. Rocks: Multifunctional kinases in cell behaviour. Nat. Rev. Mol. Cell Biol. 2003, 4, 446–456. [CrossRef]
[PubMed]

32. Zwingelberg, S.B.; Karabiyik, G.; Gehle, P.; von Brandenstein, M.; Eibichova, S.; Lotz, C.; Groeber-Becker, F.; Kampik, D.;
Jurkunas, U.; Geerling, G.; et al. Advancements in bioengineering for descemet membrane endothelial keratoplasty (DMEK).
NPJ Regen. Med. 2025, 10, 10. [CrossRef] [PubMed]

33. Choi, J.S.; Williams, J.K.; Greven, M.; Walter, K.A.; Laber, P.W.; Khang, G.; Soker, S. Bioengineering endothelialized neo-corneas
using donor-derived corneal endothelial cells and decellularized corneal stroma. Biomaterials 2010, 31, 6738–6745. [CrossRef]
[PubMed]

34. Lu, X.; Chen, D.; Liu, Z.; Li, C.; Liu, Y.; Zhou, J.; Wan, P.; Mou, Y.G.; Wang, Z. Enhanced survival in vitro of human corneal
endothelial cells using mouse embryonic stem cell conditioned medium. Mol. Vis. 2010, 16, 611–622. [CrossRef] [PubMed]

35. Choi, J.S.; Kim, E.Y.; Kim, M.J.; Khan, F.A.; Giegengack, M.; D’Agostino, R., Jr.; Criswell, T.; Khang, G.; Soker, S. Factors affecting
successful isolation of human corneal endothelial cells for clinical use. Cell Transplant. 2014, 23, 845–854. [CrossRef] [PubMed]

36. Soh, W.W.M.; Zhu, J.; Song, X.; Jain, D.; Yim, E.K.F.; Li, J. Detachment of bovine corneal endothelial cell sheets by cooling-induced
surface hydration of poly(R)-3-hydroxybutyrate-based thermoresponsive copolymer coating. J. Mater. Chem. B 2022, 10, 8407–8418.
[CrossRef] [PubMed]

37. Koo, S.; Muhammad, R.; Peh, G.S.; Mehta, J.S.; Yim, E.K. Micro- and nanotopography with extracellular matrix coating modulate
human corneal endothelial cell behavior. Acta Biomater. 2014, 10, 1975–1984. [CrossRef] [PubMed]

38. Kassumeh, S.A.; Wertheimer, C.M.; von Studnitz, A.; Hillenmayer, A.; Priglinger, C.; Wolf, A.; Mayer, W.J.; Teupser, D.; Holdt,
L.M.; Priglinger, S.G.; et al. Poly(lactic-co-glycolic) Acid as a Slow-Release Drug-Carrying Matrix for Methotrexate Coated onto
Intraocular Lenses to Conquer Posterior Capsule Opacification. Curr. Eye Res. 2018, 43, 702–708. [CrossRef] [PubMed]

39. Kennedy, S.; Lace, R.; Carserides, C.; Gallagher, A.G.; Wellings, D.A.; Williams, R.L.; Levis, H.J. Poly-ε-lysine based hydrogels as
synthetic substrates for the expansion of corneal endothelial cells for transplantation. J. Mater. Sci. Mater. Med. 2019, 30, 102.
[CrossRef] [PubMed]

40. Ross, M.; Amaral, N.; Taiyab, A.; Sheardown, H. Delivery of Cells to the Cornea Using Synthetic Biomaterials. Cornea 2022, 41,
1325–1336. [CrossRef] [PubMed]

41. Ng, X.Y.; Peh, G.S.L.; Yam, G.H.; Tay, H.G.; Mehta, J.S. Corneal Endothelial-like Cells Derived from Induced Pluripotent Stem
Cells for Cell Therapy. Int. J. Mol. Sci. 2023, 24, 12433. [CrossRef] [PubMed]

42. Gomes, P.; Srinivas, S.P.; Van Driessche, W.; Vereecke, J.; Himpens, B. ATP release through connexin hemichannels in corneal
endothelial cells. Investig. Ophthalmol. Vis. Sci. 2005, 46, 1208–1218. [CrossRef] [PubMed]

https://doi.org/10.3390/jfb6030917
https://doi.org/10.1159/000319797
https://www.ncbi.nlm.nih.gov/pubmed/20962503
https://www.ncbi.nlm.nih.gov/pubmed/22419848
https://doi.org/10.1371/journal.pone.0109856
https://www.ncbi.nlm.nih.gov/pubmed/25333522
https://doi.org/10.1089/scd.2013.0510
https://www.ncbi.nlm.nih.gov/pubmed/24499373
https://doi.org/10.1038/eye.2013.15
https://doi.org/10.1097/00003226-200110000-00012
https://www.ncbi.nlm.nih.gov/pubmed/11588426
https://doi.org/10.1167/iovs.14-16166
https://www.ncbi.nlm.nih.gov/pubmed/25698769
https://doi.org/10.1007/BF02624143
https://www.ncbi.nlm.nih.gov/pubmed/2592302
https://doi.org/10.1167/iovs.03-0814
https://www.ncbi.nlm.nih.gov/pubmed/15161835
https://doi.org/10.3727/096368913x675719
https://doi.org/10.1007/s10561-017-9665-y
https://www.ncbi.nlm.nih.gov/pubmed/29043524
https://doi.org/10.1038/nrm1128
https://www.ncbi.nlm.nih.gov/pubmed/12778124
https://doi.org/10.1038/s41536-025-00396-0
https://www.ncbi.nlm.nih.gov/pubmed/39952985
https://doi.org/10.1016/j.biomaterials.2010.05.020
https://www.ncbi.nlm.nih.gov/pubmed/20541797
https://doi.org/10.1167/2.7.611
https://www.ncbi.nlm.nih.gov/pubmed/20383337
https://doi.org/10.3727/096368913X664559
https://www.ncbi.nlm.nih.gov/pubmed/23461892
https://doi.org/10.1039/D2TB01926D
https://www.ncbi.nlm.nih.gov/pubmed/36250253
https://doi.org/10.1016/j.actbio.2014.01.015
https://www.ncbi.nlm.nih.gov/pubmed/24456758
https://doi.org/10.1080/02713683.2018.1437455
https://www.ncbi.nlm.nih.gov/pubmed/29451997
https://doi.org/10.1007/s10856-019-6303-1
https://www.ncbi.nlm.nih.gov/pubmed/31485761
https://doi.org/10.1097/ICO.0000000000003094
https://www.ncbi.nlm.nih.gov/pubmed/36107852
https://doi.org/10.3390/ijms241512433
https://www.ncbi.nlm.nih.gov/pubmed/37569804
https://doi.org/10.1167/iovs.04-1181
https://www.ncbi.nlm.nih.gov/pubmed/15790881


Bioengineering 2025, 12, 1064 18 of 20

43. Zhu, Q.; Zhu, Y.; Tighe, S.; Liu, Y.; Hu, M. Engineering of Human Corneal Endothelial Cells In Vitro. Int. J. Med. Sci. 2019, 16,
507–512. [CrossRef] [PubMed]

44. Duan, S.; Li, Y.; Zhang, Y.; Zhu, X.; Mei, Y.; Xu, D.; Huang, G. The Response of Corneal Endothelial Cells to Shear Stress in an In
Vitro Flow Model. J. Ophthalmol. 2021, 2021, 9217866. [CrossRef]

45. Weant, J.; Eveleth, D.D.; Subramaniam, A.; Jenkins-Eveleth, J.; Blaber, M.; Li, L.; Ornitz, D.M.; Alimardanov, A.; Broadt, T.; Dong,
H.; et al. Regenerative responses of rabbit corneal endothelial cells to stimulation by fibroblast growth factor 1 (FGF1) derivatives,
TTHX1001 and TTHX1114. Growth Factors 2021, 39, 14–27. [CrossRef]

46. Maurizi, E.; Merra, A.; Macaluso, C.; Schiroli, D.; Pellegrini, G. GSK-3 inhibition reverts mesenchymal transition in primary
human corneal endothelial cells. Eur. J. Cell Biol. 2023, 102, 151302. [CrossRef]

47. Zhu, Q.; Wu, R.; Gao, J.; Guo, J.; Xu, D.; Xu, W.; Liu, Z.; Zhou, Y.; Yu, H. Glycogen synthase kinase 3 inhibition promotes expansion
of human corneal endothelial cells with normal karyotype and functional properties. Exp. Eye Res. 2023, 225, 109418. [CrossRef]
[PubMed]

48. Kinoshita, S.; Koizumi, N.; Ueno, M.; Okumura, N.; Imai, K.; Tanaka, H.; Yamamoto, Y.; Nakamura, T.; Inatomi, T.; Bush, J.; et al.
Injection of Cultured Cells with a ROCK Inhibitor for Bullous Keratopathy. N. Engl. J. Med. 2018, 378, 995–1003. [CrossRef]
[PubMed]

49. Mimura, T.; Yamagami, S.; Usui, T.; Seiichi Honda, N.; Amano, S. Necessary prone position time for human corneal endothelial
precursor transplantation in a rabbit endothelial deficiency model. Curr. Eye Res. 2007, 32, 617–623. [CrossRef]

50. Parikumar, P.; Haraguchi, K.; Senthilkumar, R.; Abraham, S.J. Human corneal endothelial cell transplantation with nanocomposite
gel sheet preserves corneal stability in post-corneal transplant bullous keratopathy: A 16-year follow-up. Am. J. Stem Cells 2024,
13, 162–168. [CrossRef]

51. Khalili, M.; Asadi, M.; Kahroba, H.; Soleyman, M.R.; Andre, H.; Alizadeh, E. Corneal endothelium tissue engineering: An
evolution of signaling molecules, cells, and scaffolds toward 3D bioprinting and cell sheets. J. Cell Physiol. 2020, 236, 3275–3303.
[CrossRef] [PubMed]

52. Tayebi, T.; Baradaran-Rafii, A.; Hajifathali, A.; Rahimpour, A.; Zali, H.; Shaabani, A.; Niknejad, H. Biofabrication of chi-
tosan/chitosan nanoparticles/polycaprolactone transparent membrane for corneal endothelial tissue engineering. Sci. Rep. 2021,
11, 7060. [CrossRef] [PubMed]

53. Petrela, R.B.; Patel, S.P. The soil and the seed: The relationship between Descemet’s membrane and the corneal endothelium.
Exp. Eye Res. 2023, 227, 109376. [CrossRef] [PubMed]

54. Hernández, J.; Santos, N.; Ahumada, M. Advances in 3D Bioprinting for Corneal Regeneration. Gels 2025, 11, 422. [CrossRef]
55. Du, L.; Wu, X. Development and characterization of a full-thickness acellular porcine cornea matrix for tissue engineering.

Artif. Organs 2011, 35, 691–705. [CrossRef] [PubMed]
56. Chi, M.; Yuan, B.; Xie, Z.; Hong, J. The Innovative Biomaterials and Technologies for Developing Corneal Endothelium Tissue

Engineering Scaffolds: A Review and Prospect. Bioengineering 2023, 10, 1284. [CrossRef]
57. Guarnieri, A.; Triunfo, M.; Scieuzo, C.; Ianniciello, D.; Tafi, E.; Hahn, T.; Zibek, S.; Salvia, R.; De Bonis, A.; Falabella, P.

Antimicrobial properties of chitosan from different developmental stages of the bioconverter insect Hermetia illucens. Sci. Rep.
2022, 12, 8084. [CrossRef] [PubMed]

58. Ozcelik, B.; Brown, K.D.; Blencowe, A.; Daniell, M.; Stevens, G.W.; Qiao, G.G. Ultrathin chitosan-poly(ethylene glycol) hydrogel
films for corneal tissue engineering. Acta Biomater. 2013, 9, 6594–6605. [CrossRef] [PubMed]

59. Biazar, E.; Baradaran-Rafii, A.; Heidari-keshel, S.; Tavakolifard, S. Oriented nanofibrous silk as a natural scaffold for ocular
epithelial regeneration. J. Biomater. Sci. Polym. Ed. 2015, 26, 1139–1151. [CrossRef] [PubMed]

60. Stoppato, M.; Stevens, H.Y.; Carletti, E.; Migliaresi, C.; Motta, A.; Guldberg, R.E. Effects of silk fibroin fiber incorporation on
mechanical properties, endothelial cell colonization and vascularization of PDLLA scaffolds. Biomaterials 2013, 34, 4573–4581.
[CrossRef]

61. Bhogal, M.; Lwin, C.N.; Seah, X.Y.; Peh, G.; Mehta, J.S. Allogeneic Descemet’s Membrane Transplantation Enhances Corneal
Endothelial Monolayer Formation and Restores Functional Integrity Following Descemet’s Stripping. Investig. Ophthalmol. Vis.
Sci. 2017, 58, 4249–4260. [CrossRef] [PubMed]

62. Català, P.; Thuret, G.; Skottman, H.; Mehta, J.S.; Parekh, M.; Ní Dhubhghaill, S.; Collin, R.W.J.; Nuijts, R.M.M.A.; Ferrari, S.;
LaPointe, V.L.S.; et al. Approaches for corneal endothelium regenerative medicine. Prog. Retin. Eye Res. 2022, 87, 100987.
[CrossRef] [PubMed]

63. Zhang, Y.; Hu, Z.; Qu, J.; Xie, H.; Zhao, J.; Fan, T.; Liu, X.; Zhang, M. Tissue-Engineered Corneal Endothelial Sheets Using
Ultrathin Acellular Porcine Corneal Stroma Substrates for Endothelial Keratoplasty. ACS Biomater. Sci. Eng. 2022, 8, 1301–1311.
[CrossRef] [PubMed]

64. Lu, Z.; Lin, H.; Li, J.; Feng, Y. Deciphering the molecular symphony: Unraveling endothelial-to-mesenchymal transition in corneal
endothelial cells. Exp. Eye Res. 2024, 240, 109795. [CrossRef] [PubMed]

https://doi.org/10.7150/ijms.30759
https://www.ncbi.nlm.nih.gov/pubmed/31171901
https://doi.org/10.1155/2021/9217866
https://doi.org/10.1080/08977194.2021.2012468
https://doi.org/10.1016/j.ejcb.2023.151302
https://doi.org/10.1016/j.exer.2023.109418
https://www.ncbi.nlm.nih.gov/pubmed/36724936
https://doi.org/10.1056/NEJMoa1712770
https://www.ncbi.nlm.nih.gov/pubmed/29539291
https://doi.org/10.1080/02713680701530589
https://doi.org/10.62347/cbyh7014
https://doi.org/10.1002/jcp.30085
https://www.ncbi.nlm.nih.gov/pubmed/33090510
https://doi.org/10.1038/s41598-021-86340-w
https://www.ncbi.nlm.nih.gov/pubmed/33782482
https://doi.org/10.1016/j.exer.2022.109376
https://www.ncbi.nlm.nih.gov/pubmed/36592681
https://doi.org/10.3390/gels11060422
https://doi.org/10.1111/j.1525-1594.2010.01174.x
https://www.ncbi.nlm.nih.gov/pubmed/21501189
https://doi.org/10.3390/bioengineering10111284
https://doi.org/10.1038/s41598-022-12150-3
https://www.ncbi.nlm.nih.gov/pubmed/35577828
https://doi.org/10.1016/j.actbio.2013.01.020
https://www.ncbi.nlm.nih.gov/pubmed/23376126
https://doi.org/10.1080/09205063.2015.1078930
https://www.ncbi.nlm.nih.gov/pubmed/26324020
https://doi.org/10.1016/j.biomaterials.2013.02.009
https://doi.org/10.1167/iovs.17-22106
https://www.ncbi.nlm.nih.gov/pubmed/28850636
https://doi.org/10.1016/j.preteyeres.2021.100987
https://www.ncbi.nlm.nih.gov/pubmed/34237411
https://doi.org/10.1021/acsbiomaterials.2c00039
https://www.ncbi.nlm.nih.gov/pubmed/35229601
https://doi.org/10.1016/j.exer.2024.109795
https://www.ncbi.nlm.nih.gov/pubmed/38253308


Bioengineering 2025, 12, 1064 19 of 20

65. Tsai, M.C.; Daniels, J.T. The impact of biomechanics on corneal endothelium tissue engineering. Exp. Eye Res. 2021, 209, 108690.
[CrossRef]

66. Suamte, L.; Tirkey, A.; Barman, J.; Babu, P.J. Various manufacturing methods and ideal properties of scaffolds for tissue engineering
applications. Smart Mater. Manuf. 2023, 1, 100011. [CrossRef]

67. Fernández-Pérez, J.; Ahearne, M. The impact of decellularization methods on extracellular matrix derived hydrogels. Sci. Rep.
2019, 9, 14933. [CrossRef] [PubMed]

68. Dong, M.; Zhao, L.; Wang, F.; Hu, X.; Li, H.; Liu, T.; Zhou, Q.; Shi, W. Rapid porcine corneal decellularisation through the use of
sodium N-lauroyl glutamate and supernuclease. J. Tissue Eng. 2019, 10, 2041731419875876. [CrossRef] [PubMed]

69. Wilson, S.L.; Sidney, L.E.; Dunphy, S.E.; Dua, H.S.; Hopkinson, A. Corneal Decellularization: A Method of Recycling Unsuitable
Donor Tissue for Clinical Translation? Curr. Eye Res. 2016, 41, 769–782. [CrossRef] [PubMed]

70. Alio del Barrio, J.L.; Chiesa, M.; Garagorri, N.; Garcia-Urquia, N.; Fernandez-Delgado, J.; Bataille, L.; Rodriguez, A.; Arnalich-
Montiel, F.; Zarnowski, T.; Álvarez de Toledo, J.P.; et al. Acellular human corneal matrix sheets seeded with human adipose-
derived mesenchymal stem cells integrate functionally in an experimental animal model. Exp. Eye Res. 2015, 132, 91–100.
[CrossRef]

71. Luo, X.; He, X.; Zhao, H.; Ma, J.; Tao, J.; Zhao, S.; Yan, Y.; Li, Y.; Zhu, S. Research Progress of Polymer Biomaterials as Scaffolds for
Corneal Endothelium Tissue Engineering. Nanomaterials 2023, 13, 1976. [CrossRef] [PubMed]

72. McKay, T.B.; Hutcheon, A.E.K.; Guo, X.; Zieske, J.D.; Karamichos, D. Modeling the cornea in 3-dimensions: Current and future
perspectives. Exp. Eye Res. 2020, 197, 108127. [CrossRef] [PubMed]

73. Isaacson, A.; Swioklo, S.; Connon, C.J. 3D bioprinting of a corneal stroma equivalent. Exp. Eye Res. 2018, 173, 188–193. [CrossRef]
74. Kim, K.W.; Lee, S.J.; Park, S.H.; Kim, J.C. Ex Vivo Functionality of 3D Bioprinted Corneal Endothelium Engineered with

Ribonuclease 5-Overexpressing Human Corneal Endothelial Cells. Adv. Healthc. Mater. 2018, 7, e1800398. [CrossRef] [PubMed]
75. Grönroos, P.; Mörö, A.; Puistola, P.; Hopia, K.; Huuskonen, M.; Viheriälä, T.; Ilmarinen, T.; Skottman, H. Bioprinting of human

pluripotent stem cell derived corneal endothelial cells with hydrazone crosslinked hyaluronic acid bioink. Stem Cell Res. Ther.
2024, 15, 81. [CrossRef]

76. Fu, L.; Hollick, E.J. Long-term Outcomes of Descemet Stripping Endothelial Keratoplasty: Ten-Year Graft Survival and Endothelial
Cell Loss. Am. J. Ophthalmol. 2022, 234, 215–222. [CrossRef] [PubMed]

77. Snyder, A.J.; Bauer, A.J.; Straiko, M.D.; Terry, M.A.; Chen, J. Long-term Outcomes of Descemet Stripping Automated Endothelial
Keratoplasty Versus Descemet Membrane Endothelial Keratoplasty Under a Failed Penetrating Keratoplasty Graft. Cornea 2025.
[CrossRef]

78. Alshaker, S.; Mimouni, M.; Batawi, H.; Cohen, E.; Trinh, T.; Santaella, G.; Chan, C.C.; Slomovic, A.R.; Rootman, D.S.; Sorkin, N.
Four-Year Survival Comparison of Endothelial Keratoplasty Techniques in Patients with Previous Glaucoma Surgery. Cornea
2021, 40, 1282–1289. [CrossRef] [PubMed]

79. Kobayashi, A.; Hayashi, T.; Igarashi, A.; Shimizu, T.; Yokogawa, H.; Yuda, K.; Bachmann, B.; Yamagami, S.; Sugiyama, K. Busin
Glide-Assisted Pull-Through Insertion of Artificial Corneal Endothelium (EndoArt). Int. Med. Case Rep. J. 2024, 17, 795–800.
[CrossRef] [PubMed]

80. Romano, D.; Ventura, M.; Vaccaro, S.; Forbice, E.; Hau, S.; Semeraro, F.; Romano, V. Corneal Artificial Endothelial Layer (EndoArt):
Literature Review and Our Experience. J. Clin. Med. 2024, 13, 6520. [CrossRef]

81. Eye-Yon Medical. EndoArt® Implantation in Subjects with Chronic Corneal Edema, Clinicaltrials.Gov. 2024. Available online:
https://clinicaltrials.gov/study/NCT05139771 (accessed on 25 July 2025).

82. Auffarth, G.U.; Son, H.S.; Koch, M.; Weindler, J.; Merz, P.; Daphna, O.; Marcovich, A.L.; Augustin, V.A. Implantation of an
Artificial Endothelial Layer for Treatment of Chronic Corneal Edema. Cornea 2021, 40, 1633–1638. [CrossRef] [PubMed]

83. Woo, J.H.; Ang, M.; Htoon, H.M.; Tan, D. Descemet membrane endothelial keratoplasty versus Descemet stripping automated
endothelial keratoplasty and penetrating keratoplasty. Am. J. Ophthalmol. 2019, 207, 288–303. [CrossRef] [PubMed]

84. Rose-Nussbaumer, J.; Lin, C.C.; Austin, A.; Liu, Z.; Clover, J.; McLeod, S.D.; Porco, T.C.; Lietman, T.M.; Dresner, S.M.; Benetz,
B.A.; et al. Descemet Endothelial Thickness Comparison Trial: Two-Year Results from a Randomized Trial Comparing Ultrathin
Descemet Stripping Automated Endothelial Keratoplasty with Descemet Membrane Endothelial Keratoplasty. Ophthalmology
2020, 128, 1238–1240. [CrossRef] [PubMed]

85. Price, D.A.; Kelley, M.; Price, F.W., Jr.; Price, M.O. Five-year graft survival of Descemet membrane endothelial keratoplasty (EK)
versus Descemet stripping EK and the effect of donor sex matching. Ophthalmology 2018, 125, 1508–1514. [CrossRef] [PubMed]
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