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Improved Ocular Tissue Models and Eye-On-A-Chip
Technologies Will Facilitate Ophthalmic Drug Development

Charles B. Wright,1 Steven M. Becker,1 Lucie A. Low,2 Danilo A. Tagle,2 and Paul A. Sieving1

Abstract

In this study, we describe efforts by the National Eye Institute (NEI) and National Center for Advancing
Translational Science (NCATS) to catalyze advances in 3-dimensional (3-D) ocular organoid and micro-
physiological systems (MPS). We reviewed the recent literature regarding ocular organoids and tissue
chips. Animal models, 2-dimensional cell culture models, and postmortem human tissue samples provide
the vision research community with insights critical to understanding pathophysiology and therapeutic
development. The advent of induced pluripotent stem cell technologies provide researchers with enticing
new approaches and tools that augment study in more traditional models to provide the scientific community
with insights that have previously been impossible to obtain. Efforts by the National Institutes of Health
(NIH) have already accelerated the pace of scientific discovery, and recent advances in ocular organoid and
MPS modeling approaches have opened new avenues of investigation. In addition to more closely reca-
pitulating the morphologies and physiological responses of in vivo human tissue, key breakthroughs have
been made in the past year to resolve long-standing scientific questions regarding tissue development,
molecular signaling, and pathophysiological mechanisms that promise to provide advances critical to
therapeutic development and patient care. 3-D tissue culture modeling and MPS offer platforms for future
high-throughput testing of therapeutic candidates and studies of gene interactions to improve models of
complex genetic diseases with no well-defined etiology, such as age-related macular degeneration and
Fuchs’ dystrophy.
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Introduction

The mission of the National Eye Institute (NEI) at the
U.S. National Institutes of Health (NIH) is to support

research that helps prevent and treat eye diseases and other
disorders of vision. NEI-supported research has advanced
our knowledge of how visual system functions in both
health and disease. Typically the tools employed by re-
searchers studying development or disease have included
animal models, fetal tissue, immortalized cell lines, or ex-
plants from cadaveric eyes. Recently the use of human stem
cell-derived ocular tissue has enabled investigators to probe
development and disease in new ways. Organoid technolo-
gies and microphysiological systems (MPS) enable scien-
tific questions to be addressed that have been difficult, if not
impossible, to study in vivo. Despite being a relatively new
approach to modeling development and disease, advances in
ocular organoids for the past year provide a preview of the

kinds of scientific insights the vision research community
can expect from these improved ocular tissue models.

Recent Advances

Significant advances have recently been made in both the
culture conditions and experimental methodologies for gen-
erating and studying retina and cornea organoids. The number
of publications citing retina organoids has grown significantly
in the past 5 years. (Fig. 1). The NEI has sought to capitalize
on this emerging technology and launched its 3-dimensional
(3-D) Retina Organoid Ideation Challenge in 2017 with a
follow-on prize competition referred to as the 3-D Retina
Organoid Challenge 2020 that launched in early 2018 (3-D
ROC 2020; https://nei.nih.gov/3droc). The competition re-
quires participants to develop methods to improve organoid
differentiation, scalability, and reproducibility in addition to
present data that demonstrate their organoids could serve as
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novel platforms for disease modeling or drug screening.1

Although these are ambitious objectives, the vision research
community is poised to rise to the challenge.

When retina organoids were first described, the morpho-
logical similarity to developing human retina was striking.2,3

In addition, the time course of expression of developmental
markers and mature cell type markers closely mirrored the
development of retinal tissue in vivo.4–7 This demonstrates
that the vision research field now has a powerful tool to aid in
the understanding of how retina tissue develops and matures.

However, producing organoids that reliably respond to
light remains an elusive goal. For unknown reasons, retina
organoids cultured by different groups gain light sensitivity
only *15% of the time.6,8,9 A recent study optimized cul-
ture conditions to produce more mature light-sensitive tissue
in a scalable manner by optimizing both cell seeding density
and culture nutrient condition.6 When organoids were cul-
tured individually in 96-well plates, these showed a marked
increase in the percentage of organoids that exhibited light
sensitivity by electrophysiological testing; retina organoids
cultured in large groups in 6-well plates were sensitive to
light *25% of the time, but *37% of organoids cultured
individually were light sensitive.5 These increases in light
sensitivity correlated with increased expression of MITF, a
factor important in differentiation of the retinal pigmented
epithelium (RPE); TFAP-2a, a factor closely linked to ret-
inal development; and MATH5 and RBPMS, both of which
are critical for retinal ganglion cell differentiation.10–14 Also
associated with increased expression of these gene markers
was an increased incidence of spontaneously generated RPE
in individual organoid cultures.12 These results suggest ef-
forts to increase scalability may help to create systems for
large-scale drug screening and also improve differentiation
protocols and reproducibility of retina organoids, possibly
by improving the relative amount of nutrients available to
organoids when they are individually cultured.12

In addition to optimizing cell seeding and nutrient con-
ditions, other groups have used organoids to further dissect

cell signaling and cellular processes critical to differentia-
tion in health and disease. Cone cell health and cone opsin
expression in the retina has long been understood to be
heavily influenced by thyroid hormone, but its exact role has
been unclear until recently.15 A group using retina organoids
derived from human-induced pluripotent stem cells (iPSCs)
recently determined thyroid hormone acts as a critical
temporal switch in the differentiation of S-cones from M/L-
cones.16 These retina organoids showed evidence of high
concordance of gene expression when compared with hu-
man retina, suggesting these organoids could serve as
valuable models for dissecting cell signaling events in de-
velopment.16 Indeed, the findings in organoid cultures were
found to be relevant to vision health in premature infants
with low T3 and T4 hormone because these infants also
exhibited deficits in color vision.16

Study focusing on retinitis pigmentosa 11 (RP11) patients
with PRPF31 mutations demonstrated the utility of orga-
noids in dissecting human disease.17 Mutations in ubiqui-
tously expressed genes are expected to give rise to
syndromic disease, but in some patients with inherited ret-
inal degeneration, the disease phenotype is restricted solely
to the eye.18 Such is the case in patients with mutations in
PRPF31, a gene coding for a factor critical for spliceosome
function.19 mRNA splicing requires proper spliceosome
function in every living cell, but RP11 patients only suffer
from retinal degeneration.18 RPE derived from RP11 pa-
tients show defects in RPE polarity and increased expression
of angiogenic modulators PEDF and VEGF, decreased
transepithelial resistance, and impaired rod outer segment
phagocytosis, and retina organoids derived from these cells
show impaired cilia morphogenesis.17 These findings have
not been previously associated with RP11 in human patients,
and animal models for the disease have struggled to com-
pletely recapitulate key features of the disease.20,21 Perhaps
more importantly, retina organoids derived from these pa-
tients allowed investigators to discover that the PRPF31
mutation affected a splice variant of the factor incorporated
into spliceosomes in a retina-specific manner, finally pro-
viding the vision research community an explanation for the
nonsyndromic phenotype exhibited by RP11 patients.17

Moreover, the PRPF31 mutation was amenable to gene re-
pair and phenotypic rescue with CRISPR-Cas9 technology,
suggesting organoids derived from patients are not only
useful investigative tools for basic biology but also for
preliminary testing of therapeutics.17 These studies provide
critical proofs of concept for basic and clinical researchers
and provide the foundation upon which future advances in
organoid technologies can be made.

Recent advances in ocular organoids have gone beyond
the neural retina and RPE. Two independent groups have
pioneered organoid technology to develop miniature corneas
that capture the morphology of the developing tissue.22,23

Current efforts coax iPSCs to an anterior neural commit-
ment using Matrigel� scaffolds, retinoic acid exposure, and
inhibition of Wnt and Notch signaling pathways, but the low
efficiency of producing cornea organoids using this meth-
odology suggests that much more refinement of the differ-
entiation protocol is needed.22 Nevertheless, these cornea
organoids recapitulate the structures of the human cornea in
that they are semitransparent, produce corneal epithelium,
have stroma characterized by organized collagen fibrils,
contain a basement reminiscent of Descemet’s membrane,

FIG. 1. Retinal organoid publications by year. The number
of publications featuring or using retina organoids as an ex-
perimental tool each year from 2014 through September 2018
is shown. Publications were identified using ‘‘retinal orga-
noid,’’ ‘‘retinal sheet,’’ ‘‘retinal neurosphere,’’ ‘‘retinal spher-
oid,’’ and ‘‘optic vesicle-like’’ as search terms in PubMed on
Sept. 20, 2018. Unique publications were identified by PMID,
and redundant search results were excluded from consideration.
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and have a corneal endothelium.23 The identification of these
cell types by morphological analysis is corroborated by gene
expression analyses; corneal epithelium from these organoids
expresses KRT3 and KRT14; corneal endothelium expresses
COL8A1, F11R, and S100A4; and both epithelium and en-
dothelium show low expression of the cornea precursor mar-
ker KRT12.23 In addition, stromal keratocyte markers CD34
and KERA are readily detectable in the stroma of these or-
ganoids.23 These advances raise the intriguing possibility that
cornea organoids could be used for the study of human dis-
eases with unclear etiology, such as Fuchs’ dystrophy or for
the production of corneal cells that could be used for cell
therapy approaches to corneal disease.22,23

Corneal tissue chip platforms that could be used for pre-
clinical evaluations of therapeutic drugs are also in devel-
opment.24 Dr. Dan Huh is working on an eye-on-a-chip that
mimics blinking by incorporating a hydrogel ‘‘eyelid.’’25 As
the human cornea has collagen-rich acellular layers that are
also avascular, it is amenable to bioengineering approaches
using cornea organoids and cornea tissue chips. This may
impact the way ophthalmic drugs are developed and tested in
the future. Collectively, these advances show that although
ocular organoid and tissue chip technology are still evolving,
the contributions they make to vision research are promising.

Addressing Organoid Challenges
with a Prize Competition

The NEI 3-D ROC 2020 aims to catalyze innovation in retina
organoids to surmount challenges facing organoid technology
in general (Table 1). Many of the proposals received in the first
phase of the competition sought to improve retinal organoid
morphology and reproducibility using approaches that uti-
lized microfluidic technology, advanced bioreactor design, and
various bioengineering techniques (short descriptions of the
ideation proposals can be found at https://nei.nih.gov/ideation-
winner). In December 2018, a team led by Wei Liu, PhD, from
the Albert Einstein College of Medicine was recognized in the
first submission round of the challenge for their demonstration
of cone-enriched retina organoids that had gene expression
profiles similar to those found in the human macula.

Organoids derived from PSCs have been shown to reca-
pitulate the genesis of various tissues with similar devel-
opmental timing. This means that human retina organoids
need >200 days in culture before photoreceptors emerge and
begin to have functional light responses. This long and in-

tensive culturing time is one of the barriers to widespread
adoption of retina organoids. Retina neurons derived from
PSCs, even if light responsive, may be different than pri-
mary cells in other ways not yet appreciated. Such differ-
ences may be related to an epigenetic signature different
than adult tissue.34

Inherent in a 3-D retina culture is the necessity to dif-
ferentiate and maintain multiple cell types. The retina is
composed of various cell types that require different local-
ized signaling to form properly oriented laminated layers.
Signaling pathways that control the development of various
cell types are being elucidated, but integration of that
knowledge to coax organoids to generate and maintain all
the various cell types in the appropriate proportions and
positions is lacking. Further complicating matters is the fact
that some growth factors and cytokines that contribute to the
maturation or differentiation of 1 cell type antagonizes the
development and viability of another cell type. Improved
universal media formulations, combined with nanotechnol-
ogy that controls the release of growth factors and cytokines,
may enable the complexity of the retina to be faithfully re-
capitulated. Another limitation of current organoids that may
hinder differentiation and maturation is the lack of a vas-
culature to circulate nutrients and discard waste products.
Although some groups are looking to add choroid to retinal
organoids, others are looking to integrate microfluidics and
scaffolds to allow for greater nutrient exchange.

Once the biology has been optimized as a drug develop-
ment tool, drug companies would want the ability to screen
compounds with high throughput. This means that new
technologies with improved bioreactor design are critical for
the mass production of organoids.30,31 For disease modeling
things get more complicated when the etiology is unknown or
the genetic and environmental contributions are complex or
multifactorial. The lack of recapitulation of the microenvi-
ronment in terms of the extracellular matrix, immune cells,
and vasculature, may limit the extent to which certain dis-
eases can be modeled. Efforts to combine organoid and tissue
chip technologies are ongoing and the merger of such tech-
nologies promises to reduce the time, cost, and use of animals
required for new ocular therapies.35

Catalyzing Tissue Chip Technology

Ultimately, to be used for drug screening, both the orga-
noid and tissue chip fields need to overcome the challenges of

Table 1. A Summary of the General Challenges to Organoid Development and Some Potential Solutions

and Examples to Address Them

Organoid challenges Potential solutions Examples

Reduce maturation time and
improve differentiation

Use of nanotechnology and direct
reprogramming;26 use of scaffolds;27

addition of glial cells

Human pluripotent stem cell-derived
astrocytes enhance maturation of retinal
ganglion cells28

Minimize variability Use of scaffolds and bioreactors;
quantitative technologies
for analysis11,29

Bioreactors using mouse retina organoids;30

brain organoids from miniaturized
multiwell spinning bioreactor (SpinO)31

Increase tissue fidelity Add microfluidics or vasculature Microfluidic bioprinting with human
umbilical vein endothelial cells32

Enable scalability Increased automation Generation of storable retinal organoids from
human-induced pluripotent stem cells
in xeno-free and feeder-free conditions33
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reproducibility and validation. These barriers are not trivial
and will require efforts from both biological and technical
fields to address. The obstacles cut across a broad spectrum
that range from cell sourcing and maturity issues to platform
design using appropriate materials and fit-for-purpose cell
scaffolds.36,37 As a starting point, the NIH has guidelines for
cell authenticity (see ‘‘https://grants.nih.gov/grants/guide/
notice-files/NOT-OD-17-068.html’’ Authentication of Key
Biological and/or Chemical Resources’’) and for NIH-fun-
ded human stem cell research (https://stemcells.nih.gov/
policy/2009-guidelines.htm).

The National Center for Advancing Translational Sciences
(NCATS) at the U.S. NIH has supported a number of efforts
to catalyze the tissue-on-a-chip field and to spur the validation
and commercialization efforts of the technology. Beginning
in 2011, and alongside a sister program from the Defense
Advanced Research Projects Agency (DARPA), NCATS has
led multiple initiatives to develop and demonstrate the use of
tissue-on-chip platforms, and has helped fund the creation of
tissue chips for drug screening and toxicity testing, and more
recently has funded researchers to create disease models on a
chip for drug efficacy testing. The NIH and DARPA pro-
grams have facilitated progress from a number of angles. The
DARPA program, focused on linking at least 10 organ sys-
tems into a ‘‘body on a chip,’’ focused heavily on technical
issues such as the integration of multiple microfluidic biore-
actors that could maintain sterile cell culture and survival for
the course of 1 month. The NIH programs focused more on
the biological fidelity of the platforms, with critical factors
such as the use of renewable cell sources, that is, primary
cells and stem cells in lieu of cell lines, modeling of the
in vivo cytoarchitecture, and exposure to appropriate biome-
chanical forces and environments being of high importance.

One way that NIH has helped address the challenges
facing the organoid and tissue chip field is by involving
end-user stakeholders at the outset, encouraging input and
feedback from regulatory and pharmaceutical industry
representatives. As a result, the U.S. Food and Drug Ad-
ministration (FDA) has been an active participant in United
States government-funded organoid and tissue chip devel-
opment since the joint NIH-FDA initiative (https://common
fund.nih.gov/regulatoryscience) on Advancing Regulatory
Science program in 2010, which aimed to fund science that
would accelerate the development and use of new tools, stan-
dards, and approaches to efficiently develop medical products
and to more effectively evaluate medical product safety, effi-
cacy, and quality. Among the awards made under this initiative
was an early tissue chip project termed a ‘‘heart-lung micro-
machine’’ from the Wyss Institute. In addition, NCATS began
an initiative in 2016 to create ‘‘Tissue Chip Testing Centers’’
(TCTCs), which were charged with onboarding multiple dif-
ferent platforms from laboratories around the United States and
reproducing the findings in their independent laboratories, with
both the FDA and the IQ Consortium as key advisors as to the
most relevant assays and informative compounds that would
validate each system. The IQ Consortium, which comprises
membership from pharmaceutical and biotechnology indus-
tries, aims to advance innovative solutions to biomedical
problems. They initially created an MPS working group that
advised and consulted with the NCATS Tissue Chip Testing
Centers. This working group has now been transformed into an
Affiliate group, reflecting the growing interest from pharma-
ceutical industry tissue chip end-users.38

There are other institutes leveraging the progress of the
NCATS tissue-on-a-chip efforts. To stimulate basic research
to develop next-generation human cell-derived MPS that
more closely recapitulates the cornea, lens, retina, RPE,
and/or elements of the central visual pathway, the NEI has
joined 4 other institutes to support a funding opportunity
announcement for ‘‘Engineering Next-Generation Human
Nervous System Microphysiological Systems’’ (https://
grants.nih.gov/grants/guide/pa-files/PAR-16-398.html).

NEI is interested in research that develops natural and/or
synthetic substrates/scaffolds that promote the growth and
differentiation of physiologically relevant tissue or utilizes
microfluidic devices (eye-on-chip) derived from stem cells that
model physiological functions of the visual system. In addition,
ocular tissue platforms that model microenvironments or in-
tegrate complex functional features such as circuit structure,
function, and connectivity in the visual system are also needed.

Conclusions

Retinal cell lines and explant cultures have been used in
vision research to probe normal and diseased physiology. For 2-
dimensional cell culture, the interactions and influences of other
supportive cell types has been tried with coculture methods, but
the ability to recapitulate developmental cues at the appropriate
time with the needed 3-D positional information is limited and
approximate at best. Organoid and tissue chip technologies have
already improved our understanding of developmental pro-
cesses that are difficult to study in vivo. The ability to genetically
dissect different signaling pathways that may arise in different
cell types provides a system to explore questions with living
human tissue that were previously not possible. The insights
derived from comparing how normal eyes progress to disease
conditions should enable the discovery of new drug targets and
enhance in silico disease modeling. Once biotech and drug
companies adopt and integrate these technologies, the pace of
drug discovery and disease therapies for ocular conditions
should accelerate further. By generating genetically diverse
panels of ocular organoids or tissue chips, toxicology and effi-
cacy profiles of ophthalmic drugs in different populations may
be able to be predicted. Such panels would help herald in an era
of precision medicine, where blinding diseases are first modeled
in a dish or tissue chip and then screened for novel ocular
therapies that can be translated back to patients.
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