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Abstract

There is emergent need for /n vitro models which are physiologically correct, easy to reproduce,
and mimic characteristic functionalities of desired tissue, organ, or diseases state for ophthalmic
drug screening, as well as disease modeling. To date, a variety of /n vitro models have been
developed for the applications ranging from 2D cell culture-based monolayers, multilayer, or
co-culture models, to 3-dimensional (3D) organoids, 3D printed and organ on chip systems.
Each model has its own pros and cons. While simple models are easier to create, and faster

to reproduce, they lack recapitulation of the complex framework, functionalities, and properties
of tissues or their subunits. Recent advancements in technologies and integration with tissue
engineering and involvement of microfluidic systems have offered novel platforms which can
better mimic the /n vivo microenvironment, thus possessing potential in transformation of
ophthalmic drug development. In this review we summarize existing /in vitro ocular models while
discussing applicability, drawbacks associated with them, and possible future applications.
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l. INTRODUCTION

The human eyeball is a complex organ having specialized compartments with distinct
functions and physiology. It has an anterior segment and a posterior segment. The anterior
cavity/segment extends from cornea to lens, comprising conjunctiva, iris, aqueous humor,
and ciliary body, and the posterior segment/cavity extends from back portion of lens to the
retina (Fig. 1a).1 There are various ocular barriers in the anterior and posterior cavities of
human eye which control and regulate transport of fluids solutes, as well as administered
drugs/formulations. Anterior static barriers (tight junctions present in corneal epithelial
layers), dynamic barriers (drainage, induced lacrimation, tear film, conjunctival blood, and
blinking) and metabolic enzymes (esterases, ketone reductases, peptidases, and CYP-450)2
are involved in preventing topically administered therapeutics from reaching the site of
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action, which leads to reduced bioavailability. Additionally, the posterior segment impedes
drug delivery by efflux pumps (present on the membranes of retinal cells), static barriers
such as sclera, blood capillary endothelial cells, retinal pigment epithelium (RPE), and other
barriers which are dynamic (i.e., blood and lymph circulation).3

In 1940, the FDA approved /n vivo Draize eye testing for acute ocular toxicity studies. In
the Draize test, 0.1 mL/0.1 g solid examination substance was applied on one eye (cornea
and conjunctival sac) of conscious New Zealand rabbit (at least 6 rabbits/test) for about 72
h while the other untreated eye served as control. The animals were observed for degree

of irritation on the cornea, conjunctiva, and iris. This allowed the classification of the
chemicals into categories ranging from nonirritant to highly irritant.* However, owing to
structural, physiological, and biochemical differences in the anatomy of the human and
rabbit eyes, various differences in sensitivity to irritants were observed. Corneas of humans
are thicker, have higher tear production, higher blinking rate, as well as ocular surface
sensitivity in comparison to rabbits.5 Further, rabbits have a nictitating membrane and larger
conjunctival sacs assisting the elimination of administered drugs from the surface of eye.
Therefore, various modifications were made to the draize testing method.® Besides rabbits,
several other animals such as monkeys, rats, mouse, and zebra fish have also been used
while developing ocular disease models, understanding molecular mechanisms, and testing
formulations.”~10 Nevertheless, in recent years, ethical, business related such as time and
cost, scientific concerns (i.e., reproducibility) and legal issues associated with animals have
demanded alternative /n vitro protocols. Recently, to reduce the experimental usage of live
animals, ex vivo organotypic models were developed. Ex vivo studies involving ocular
tissues isolated from various animals such as bovine, porcine, rabbits, and chicken have
been reported in the literature.11-14 These models involved the use of enucleated eyes while
the isolated organ maintained its biochemical and physiological functions. These models
generally combine the quantitative measurements of permeability of test substances across
the cornea with histological analysis.* However, in vitro models were always warranted as
they offered advantages of being cost effective, reproducible, and easy to design. In this
article we discuss the existing /n vitro ocular models designed for ocular disease modeling,
drug development, and delivery purposes.

. MORPHOLOGY OF HUMAN EYE

A. Cornea

The avascular and transparent cornea is the outermost part of eyeball and protects intraocular
tissues by serving as barrier to chemical and mechanical insults. It is comprised of 6

layers (corneal epithelium, Bowman’s layer, stroma, Dua’s layer, Descemet layer, and
endothelium) as shown in Fig. 1b, with an average horizontal diameter, vertical diameter and
radius of curvature of 11.5 mm, 10.5 mm, and 7.7 mm, respectively.315 Corneal epithelium
is the outermost layer beneath which lies a tough acellular collagen layer, Bowman’s layer.
The stroma comprises of 90% of corneal thickness and provides strength and transparency
to the cornea due to specific arrangement of its 200-250 collagenous lamellag, crystalline
expressing keratocytes and proteoglycans throughout the corneal surface.1® The innermost
layer of the cornea is comprised of polygonal and flattened cells known as endothelium. It
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is separated from stroma by two layers: Type VI collagen-rich pre-Descemet layer/Dua’s
layer and 5-15 pum thick Descemet’s membrane. The endothelium plays a crucial role in
protecting the cornea from swelling, as well as maintaining regular arrangement of collagen
matrix by extracting water from the stroma.>

B. Sclera and Conjunctiva

C. Retina

The sclera is a tough, poorly vascularized, fibrous, and white exterior coating of the eye. It is
about 670 = 80 um thick, protective in nature and acts as a noncorneal route of absorption of
drug molecules.1” The conjunctiva is the thin clear membrane, with average thickness of 195
+ 32 um, covering front and inner surface of the eye and the eyelids.1® The primary function
of conjunctiva is to keep the front surface of eye and inner surface of eyelids lubricated

and moistened. It also serves as protective barrier and helps in adherence of tear film. It is
permeable to many drugs, has many blood vessels, and plays an important role in noncorneal
absorption of large, hydrophilic drug molecules (poorly absorbed by corneal route).1®

The retina is about 250 um thick, innermost layer of the eye, and surrounds the vitreous
region. Retina receives light focused by the lens, converts it to neuronal signals, and sends
signals for visual recognition to the brain. It is comprised of photoreceptors (rods, cones),
neurons (bipolar, ganglion, amacrine, horizontal cells) and interplexiform neurons (Fig.
1c).20 Light sensitive photoreceptor cells (rods and cones) perform phototransduction to
transform light photons into a neuronal signal. This signal is then transferred to bipolar cells
and to ganglion cells via synapse, and finally transmitted from the eye to the brain. Other
retinal cells (e.g., horizontal cells, amacrine cells) are accountable for lateral interactions,
modification integration, and transmission of signal from photoreceptors towards ganglion
cells.1 There are 3 layers in blood—retinal barrier (BRB): the retinal pigmental epithelium
(RPE) with its tight junctions, Bruch’s membrane (BM) in the middle, and the innermost
layer of vascular endothelia (retinal capillary endothelium).20-22 The RPE controls the
diffusion of drugs, transport of nutrients as well as solutes, from the choroid towards the
retina. It is also responsible for phagocytosis of retinal waste, produced along with support
to photoreceptors. The BRB has a very crucial role maintaining homeostasis of retina.23

lll. IN VITRO CORNEA MODELS

Transcorneal absorption is the major route for absorption during topical application. Corneal
epithelium acts as arate limiting barrier causing about 60% of total trans-epithelial electrical
resistance (TEER).3 Hence, corneal models are widely applicable in permeation studies,
absorption studies, and ocular toxicity assays of various drugs. Cell lines are very important
in vitro systems having wide application in medical research, with a in preclinical studies,
cancer research,24-26 formulation testing,2’-39 permeation studies,3! and drug discovery.
Several cell culture-based corneal models involving monolayers of corneal epithelial cells,
multilayers (stratified epithelium), co-cultures (epithelial cells and stromal cells), corneal
tissues, and three-dimensional (3D) corneal equivalents have been reported.3
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A. Corneal Epithelial Models

1. Cell-Based Models—Primary cultures of human corneal epithelial cells (HCE) have
been used to investigate cytotoxicity of commonly used preservatives (e.g., benzalkonium
chloride, chlorobutanol in ophthalmic formulations).32 Tripathi et al. studied effects of
hydrogen peroxide exposure on HCE cells.33:34 Scott et al. discussed the potential of
epithelial models in identifying non-irritating substances from mild irritants.3> Han et al.
used HCE cells suspended in cross-linked fibrin/fibrinogen gel to create bioengineered
ocular surface for potential transplantation/replacement tissue.36 Ramesh et al. discussed
various steps that brought expansion of epithelial stem cells obtained from limbal

biopsy and their transplantation into diseased cornea for corneal surface reconstruction.3’
Various researchers have used an HCE cell-based model for evaluating various types

of ophthalmic formulations. Hakkarainen et al. demonstrated acute cytotoxic effects of
excipients like benzalkonium chloride (BAK), polysorbate 80 (PS80), and macrogolglycerol
hydroxystearate (MGHS40) and various marketed ocular formulations (containing BAK,
PS80, and MGHS40) on transformed HCE cells and established that HCE cells could
efficiently serve as a model to investigate cytotoxicity of pharmaceuticals. They observed no
acute cytotoxicity by formulations containing excipients like MGSH40 and PS80 however,
concentration and time dependent toxicity in BAK preserved formulations.38 Chuanlong

et al., developed cyclosporin A nanomicelles and performed /n vitro toxicity and uptake
studies, and investigated the mechanism of internalization of nanoparticles in the HCE
cells.39 Scheurer et al. used corneal limbal epithelial cells and human conjunctival cells
(HCJC) to investigate the toxicity of various buffers used in ophthalmic formulations.40
They incubated cells with various concentrations of borate, citrate, phosphate, and tris-HCL
buffers for different durations. They observed that HCJE cells were more sensitive to higher
concentrations of buffers as compared to HCE. However, they observed time-dependent
decreases in viability of both the cell types on exposure to higher concentration of
buffers.40 Ragaranjan et al. used transformed human HCE (HCE-T) models to determine
the protective effects of artificial tear formulations on metabolic activities of cells after
exposure to desiccation. During their studies they exposed cells to the formulations for

30 minutes, followed by desiccation for 5 minutes at 37°C and 45% relative humidity.
They then observed cellular metabolic activities of the cells before and after desiccation
stress and evaluated desiccation protection potential of the eye drop formulations.*! Bucolo
et al. exposed rabbit corneal epithelial cells to 1 mM H,05 to induce oxidative stress
followed by treatment with taurine and sodium hyaluronate to determine osmoprotective
and antioxidant effects of taurine.*2 While monolayer cultures offered advantages of faster
testing, they did not completely model the corneal epithelium. Hoffman et al. demonstrated
importance of selecting suitable model while performing toxicity studies. They observed
false positive endpoints in their /n vitro studies while using HCE-T cells monolayer
cultures. On evaluating same formulations during /n vivo studies and multilayered cultures
of transformed HCE cells, no adverse effects on cell proliferation and viability were
observed.?3 Stratified epithelium was developed by growing human corneal limbal cells

on acellular amniotic membrane (AM) by air lifting techniques which promoted barrier
functions by reducing intercellular spaces in superficial cells.** Nagai et al. tested corneal
toxicity of dexamethasone nano-dispersions on (HCE-T) cells.*® Primary cell line-based
models were easy to develop with applications ranging from permeability, transport studies
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to toxicity, biology as well as drug/gene delivery studies. However, there were limitations
such as low availability of cornea donors and inability to represent the whole corneal
barriers.

2. Corneal Equivalents—Various researchers have developed corneal equivalents for
drug screening (permeation/efficacy). Alaminos et al. developed a complete biological
substitute for rabbit cornea by tissue engineering. They seeded endothelial cells on the

base of porous inserts followed by culturing keratocytes entrapped in fibrin, agarose-based
gel, and corneal epithelial cells on the scaffold. They observed stratification in epithelial
layer (air lifting technique), proliferation in stromal keratocytes and pattern in endothelial
layer.46 Xiaodong et al. used Y1GSR-modified dendrimers as cross linkers in collagen

gels to promote adhesion and proliferation of HCE in tissue engineering.*’ Another
successful attempt to reconstruct complete cornea was performed by Griffith et al.*8 They
created a complete corneal equivalent using immortalized HCE, human stromal and human
endothelial cells. The tissue matrix comprised of collagen-chondroitin sulfate cross-linked
using glutaraldehyde (0.02-0.04%). The corneal equivalent was created by sandwiching
stromal cells (mixed with the substrate) between layers of epithelial cells at top and
endothelial at the bottom. The corneal equivalents were observed to be comparable to
human corneas in physical (morphology, transparency) and physiological functions (marker
and gene expression, ion and fluid transport). Reichl et al. engineered organotypic corneal
equivalent consisting all the 3 layers and demonstrated its applicability as /n vitro model
for prediction of drug absorption/permeability through human corneas. Corneal constructs
were created on collagen- coated polycarbonate filters by seeding immortalized endothelial
cells. Corneal fibroblasts were then casted on confluent endothelial layer, followed by
seeding of epithelial cells on the top. The culture were maintained for 3 weeks and were
tested for trans-corneal permeation of pilocarpine, befunolol, and hydrocortisone4950 and
data were compared to porcine eye (excised porcine cornea, porcine cornea construct).
Similarly, several other researchers designed corneal equivalents using human,®! bovine,32:53
rabbit>* or porcine cells® and demonstrated their potential in corneal wound healing,>®
transplantation, and drug screening.®’ The ability to reconstruct stratified multilayered
epithelium embarked the usage of corneal equivalents as interesting tools in drug permeation
and toxicology studies. Apparently, these multilayered, multicellular /n vitro models could
not account for various factors such as tear turn over, blinking rate, tear film, and aqueous
humor, thus lacking the complexity of the native organ.

There are various commercially available human corneal equivalents. EpiOcular from
MatTek used human epidermal keratocytes (source: neonatal human foreskin) cultured

on polycarbonate membrane. This model is widely used as substitute to Draize test in
testing for irritants in ocular drug development.58:59 Similarly, other corneal equivalents
models were developed (Clonetics by Lonza and Skinethic HCE by Episkin). Skinethic
HCE was /n vitro testing model based on transformed human corneal keratinocytes and
was obtained by culturing cells on inert polycarbonate filter in an air-liquid interface. This
model was structurally and morphologically similar to human corneal tissue, possessed
stratified epithelium, was validated for solid and liquid chemicals testing by various
laboratories.®% A Clonetics model was also functional for assessing corneal penetration,
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transepithelial permeability, and hydrolysis studies of various ocular drugs.6! Furthermore,
MatTek developed another /n vitro organotypic model called EpiCorneal which was based
on primary human corneal epithelial cells. The model had highly differentiated multilayered
epithelium containing tight junctions possessing barrier properties comparable to that of
native human cornea. The model had applicability in testing permeability and safety of
various pharmaceutical drugs.52 Although these 7 vitro cell-based models are less complex,
have applicability in permeation and toxicity evaluation, they have shortcomings (e.g.,
variability in permeation data depending upon the species used and lack of arrangement for
hormonal, neural and immune influences, as well as factors like tear fluid, blinking and
aqueous humor) leading to need for more realistic models.

B. Retinal Models

1. Retinal Epithelium Models—\Various animal-based primary retinal epithelial cell
models have been reported.53-66 However, these models are associated with species-related
variations, hence use of human retinal epithelium models was encouraged. Cultures of
human retinal pigmental epithelial (RPE) cells have been developed to study bi-direction
transport of glutathione,%” uptake of N5-methyltetrahydrofolate,58 and transport of lactate
and protons.® /n vitro cultures of RPE have also been investigated to determine

transport of verapamil. It was reported that organic cations (e.g., quindine, quinacrine, and
pyrilamine) reduce uptake, while cationic drugs like diltiazem, propranolol, and timolol
inhibit uptake of verapamil.” To overcome the limited supply of human donor eye cells,
various immortalized/secondary cell lines with epithelial characterization, fast differentiation
properties, and barrier functions were established and utilized by various researchers.’1-74
Hellinen et al. generated pigmented retinal cell model by re-pigmenting human ARPE-19
cell lines (regular non-pigmented continuosly growing cell lines).”® They incubated
melanosomes from porcine RPE with ARPE-19, leading to internalization of melanosomes.
Melanosome uptake of various drugs was analyzed. They observed lowered uptake in
diclofenac and methotrexate (low melanin-binders) and higher uptake in chloroquin and
propranolol (high melanin-binders). It was reported that pigmentation models have potential
to study different retinal conditions, toxicology, and drug development.”® Bennis et al.
established human stem cell-derived RPE cell models (hESC-RPE) and reported that
hESC-RPE possess RPE specific morphology, molecular characterization, and expression
of pathways (leading to stabilized epithelial morphology) while lacking expression for
photoreceptor cells and protection from oxidative stress.”® Researchers used ARPE-19

cell lines during /n vitro studies to evaluate effects of vascular endothelial growth

factors (VEGF) inhibitor based formulations (e.g., thermo-reversible gel of Sunitinib
nanoparticles)’’ and poly(lactic co-glycolic acid)-based nanoparticles of Axitinib38 for age-
related macular degeneration (AMD). Cell-based assays such as cytotoxicity, scratch assay,
and cell uptake were used to evaluate safety and efficacy of sunitinib nanoparticles-based
gels. Hellinen et al. investigated permeability of various drugs (having lipophilicities/logD7 4
values varying from —5.1 to 1.92 across monolayers of several RPE immortalized cell lines
such as ARPE19, ARPE19mel (re-pigmented ARPE19), and LEPI (derived from ARPE-19);
primary cell lines (hfRPE) and hESC-RPE cells. They observed comparable resistance to
drug efflux in hESC-RPE, LEPI cells, and bovine RPE-choroid, thus considered these cell
lines models as helpful tools in ocular drug development.”8 Spencer et al. co-cultured
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human RPE cells with endothelial cells for 4 weeks to observe the interactions between
these two cell types responsible for maintaining homeostasis. They observed that co-culture
enhanced phagocytic activity of RPE cells, expression of anti-angiogenic receptors,s and
growth factors in both types of cells.” Cai et al. designed co-culture model of RPE and
human Bruch’s membrane to demonstrate the crosstalk between them and understand effects
of structural changes in the matrix on attachment, proliferation behavior of RPE cells.80 As
RPE constitutes outer BRB, it controls the transport of nutrients across the choroid; hence
Palanisamy et al.,8! established co-culture models of RPE/Buch’s membrane and choroid
layers. They investigated effects of VEGF and anti-VEGF bevacizumab on the models,

thus demonstrating the potential of such models in identifying and screening of various
small molecules for drug delivery and toxicity analysis.8! RPE models have been applicable
in various toxicity studies, drug screening, permeability studies, and disease modeling.
Associated limitations were restricted supply of primary donors, changes in morphology,
characteristics of cells under variable isolation protocols, and culture conditions which affect
their barrier functions.82

2. Retinal Endothelial Models—In some severe conditions such as AMD, chronic
retinal diseases, and diabetic retinopathy, breakdown of inner BRB occurs, leading to edema
and vision loss. Hence, various retinal capillary endothelial (RCE) models were developed
to understand the mechanistic pathway of diseases and factors affecting permeability of
therapeutic molecules across retinal endothelium. Gillies et al. cultured primary bovine RCE
cells on coated (fibronectin, laminin and collagen V) polycarbonate filters and compared
permeability of 3H-inulin by retinal cells vs. bovine aortic endothelial cells and bovine
fibroblasts.83 In another study, they used bovine RCE monolayer model to determine

how glucose level influences the permeability.84 Tretiach et al. developed a co-culture
model of Mdller cells and bovine RCE to understand interactions between these two cell
types.8% Hayato et al. designed /n vitro model with Miller (TR-MULD5) cell lines and
immortalized rat RCE cells (TR-iBRB2). They reported that Muller cells play role in retinal
angiogenesis as they modulated various genes in TR-iBRB2 functioning, for example,
anti-angiogenic (plasminogen activator inhibitor1-PAI-1) induction and downregulation

of pro-angiogenic (inhibitor of DNA binding 2-1d2).86 Shen et al. investigated apparent
permeability coefficient of various drugs across TR-iBRB cells maintained on membranes
coated with fibronectin. They also observed expression of P-glycoprotein and glucose
transporter GLUT1 on TR-iBRB2 cells.8” Apparently for deeper understanding of barrier
characteristics of RCE cells, establishment of co-culture models and in vitro — in vivo
correlations were needed for application of cell-based model in high-throughput screening
of the drug candidates. Churm et al. established a triple culture model to elucidate the
mechanism of diseases because monoculture or dual cultures lacked the true representation
of microenvironment of the native tissue.88 They grew RCE cells (HRMVEC/ACBRI181)
RPE cells (ARPE-19) and Midiller glial cells for 5 days and observed that upregulation

of PEDF and downregulation of VEGF due to increase in expression of tight junction
protein (TJP1). REC cells are microvascular cells with retina barrier specific properties

and preferred over macrovascular cells originating from umbilical vein and arterial tissues
in assessing screening as well as permeability potential of drugs. In BRB, REC are

major physical barrier but other cells such as pericytes, glial cells have significant role
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in maintenance of BRB hence for better understanding of BRB physiology and functions,
co-culture models involving different types of retinal cells would be warranted.

C. Stem Cells Based Models

1. Stem Cell-Based Corneal Model—Pluripotent stem cells can be derived from
human somatic cells, can proliferate indefinitely (while maintained in undifferentiated
state), or differentiate into several cell types.8? Hence, they are considered suitable for
transplantation and corneal disease modeling. According to their differentiation potential,
stem cells have been categorized into embryonic stem cells (ESCs) or human induced
pluripotent stem cells (hiPSCs), although both ESCs and mesenchymal stem cells (MSCs)
are able to maintaini undifferentiated and differentiated states depending upon the specific
conditions provided to them. However, ESC and MSC are not widely used due to

various challenges (e.g., ethical debates, heterogeneity, limited source, immune rejection).%0
On the other hand, hiPSCs have self-renewing and differentiation capabilities like ESC

and can be differentiated from patients’ cells as well. This further gives advantage to
overcome immune rejection and ethical issues.®? Various studies described generation of
mini-corneal 3D organoids from hiPSCs. These 3D organoids, which ranged from 1 to 7
mm diameter in size, recapitulate the early developmental events /in7 vitro and reproduce
morphological, anatomical, and phenotypic features similar to human corneas.2 Foster

et al. developed corneal organoids from hiPSCs through several differentiation rounds

and observed that the organoid model had 3 distinct layers; epithelium, stroma, and
endothelium, expressing characteristics markers of each layer along with extracellular
matrix collagen fibrils of stromal layer (Fig. 2).9% Such corneal organoid models hold
potential as tools for investigating development and pathophysiology of various corneal
conditions.?3 Susaimanickam et al. generated complex 3D models recapitulating eyeball-like
structures in 15 week periods comprising both primordias (retinal and corneal), adnexal
tissues (like ciliary margin zone), and eyelid-like outer covering.9* These organoids offered
promising platform for translational research and regenerative applications. In another study
Joseph et al. developed a model of keratoconus (KC) with hiPSCs differentiated from
fibroblasts (obtained from both normal and KC human corneal stroma cells). They observed
KC-derived hiPSC have stunted growth and proliferation. They also proposed that inhibition
of survival signals could be instrumental for the decreased cell survival and apoptosis of
KC-specific keratocytes.%> Aberdam et al. differentiated limbal epithelial cells from hiPSCs
(LiPSCs), which could be used as an alternative for toxicity studies like limbal epithelial
stem cells.%6 Stem cell-based models are physiological and reproducible alternatives which
could efficiently alleviate the animal use in therapeutic testing prior to clinical trials.
However, they cannot completely mimic the /n vivo environment in terms of interactions
between immune cells and corneal cells.

2. Stem Cell-Based Retinal Models—As there are various differences in the
morphology, organization, developmental stages, and distribution and functions of proteins
in retina of different species, human model systems representing retina are warranted.

Stem cells of any source (endogenous or exogenous) started offering great confidence in
disease modeling, translation research, and tissue replacement tissue development and drug
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screening potential. Retinal cells derived from hiPSC also been utilized for drug screening
purposes.

Meyer et al. demonstrated protocols to differentiate retinal progenitor cells from hiPSCs and
then isolated optic vesicles to study human retinal development, neuroretinal cell genesis,
and analyzed pharmacologic and genetic interventions to treat a functional defect in patient
(retinal degenerative disease) derived hiPSC-RPE cultures.®” In other studies, researchers
used 4-hydroxytamoxifen (4-OHT) to induce photoreceptor degeneration/photoreceptor cell
death in mouse retinal explants (hiPSC-derived 3D retinal organoids).?8 They also measured
degeneration-related attributes via a live-cell imaging system. Additionally they performed
quantitative analysis of ophthalmic supplements (100 uM vitamin E, 0.2 uM astaxanthin, 20
UM anthocyanidin, 0.4 uM lutein) in attenuating light-induced photoreceptor degeneration
demonstrating potential of 7 vitro stem cell-based model for drug screening purposes.%8
The cells from the outer retina have been derived and characterized regularly from hiPSC,
hence, successfully used for screening drugs for various degenerative diseases.%7:99-103
Moreover, when hiPSC were derived from patients of particular disease type they possess
abilities to recapitulate that disease in terms of phenotype and other morphological features.
Hence many researchers performed studies on developing therapeutic approaches for various
retinal diseases using patient-derived hiPSC.104-106 |n AMD commonly affected cells are
photoreceptors (undergoing loss) and RPE (becoming dysfunctional) cells which leads to
loss of vision. Patient-derived RPE have been demonstrated to mimic various characteristic
features of AMD such as flaws in response to oxidative stress, increased expression

of inflammatory markers, and have been used as platform for screening potential drugs
candidates for cure.107-110 Compounds such as nicotinamide was shown to alleviate RPE
deterioration by downregulating drusen proteins, inflammatory factors, whereas enhancing
expression of various chromatin-modifying genes, nucleosomes, and ribosome.119 Chang
et al. isolated T cells from AMD patients and reprogrammed them to hiPSC cells. They
then induced hiPSC to RPE cells (AMD-RPE), investigated AMD pathogenesis and used
cells for /n vitro drug testing. They evaluated effectiveness of curcumin in reducing ROS
production. They also observed that curcumin also inhibited H,O-induced cell death.111
Ferrar et al. differentiated hiPSCs derived RPE cells and grew them in 96- and 384-well
plates. Using multiplex assays, they demonstrated expression of specific characteristics
genes relevant to stem cells, hiPSC derived RPE and primary RPE cells at 2 different
stages. They correlated data of high-throughput assays with RT-PCR measurements and
confirmed that assays provided basis to screen several compounds targeting several retinal
degenerative diseases, RPE functions, and disease pathways.112 Likewise, retinal cells (i.e.,
photoreceptors derived from PSCs) could exhibit characteristics retinitis pigmentosa (RP9)
features by showing upregulated expression of various markers of apoptosis, oxidative
stress, and lipid oxidation, and were used for testing drugs with potential to alleviate

the disease progression.100.113-115 jin et al. developed hiPSC from RP9 patients and
differentiated them into retinal rod photoreceptors. They also observed that patient-derived
rod cells exhibited RP9 phenotype, expressing stress markers, causing their degeneration.
They observed variable responses to antioxidants (e.g. a-tocopherol exposure in patient-
derived photoreceptors and normal photoreceptors). They demonstrated that patient-derived
hiPSCs hold potential in personalized medicine and screening of therapeutics.116
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As various differentiation protocols helped in gaining insight to phenotypes and morphology
of the outer retina cells, latest refinements in differentiation strategies were also warranted
to understand differentiation of cell of inner retina cells, especially retinal ganglionic

cells (RGC).117-120 Degeneration of RGC results in vision loss as RGC are crucial for
transmission of information from retina to the brain. Thus differentiation of RGCs from
PSCs of optic neuropathies patients withhold potential in allowing drug screening and
developing personalized treatments in retinal disorders.117:120 Cheng et al. obtained hiPSC
from patient diagnosed with optic atrophy and differentiated them to RGC. Enhanced
apoptosis and less differentiation potential were observed in the patient-derived hiPSC. They
demonstrated that addition of B-estrogen or noggin promoted differentiation potential of
hiPSC in the presence of neural induction medium and suggested that role of apoptosis in
pathogenesis disease. Hence, they established proof of concept that hiPSC have potential to
recapitulate degenerative processes associated with inner retinal diseases to some extent and
can facilitate drug screening studies oriented towards the rescue of RGC deterioration.120
Although a large number of these studies were successful in establishing the capability of
differentiated retinal cells (derived from hiPSC) in screening the target molecules bearing
neuroprotective effects, these strategies had few drawbacks, for example, long protocols for
differentiation, lack of 3D organization, absence of effects of cell-cell interaction. Retinal
organoids on the other hand can differentiate in an approach that better recapitulates the
functioning, structural design, and spatial arrangement and microenvironment of the retina.

Itro et al. developed 3D retinal organoids using mouse hiPSC and were successful in
inducing cell death by treatment with 4-hydroxytamoxifen (4-OHT); which was comparable
to degeneration observed in retinal explants from mouse. They demonstrated applicability
of retinal organoids in drug screening to explain the protective mechanism by various
supplements on photoreceptor degeneration induced by 4-OHT.%8 There are various
challenges in analysis of 3D models due to their heterogeneity, lack of specific inherent
geometric arrangement, and presence of various cell types as compared to 2D arrangements
which have homogeneous composition facilitating easy access to entire population during
experimental data assessment. Thus, analysis of experimental variables is more challenging
in 3D models due to accommaodation for various depths/thickness, penetration of dyes or
lasers, resolution, imaging, variable diffusion kinetics of drug molecules.}21122 \ergara

et al. developed retina organoids and established a platform which involved use of

a fluorescence microplate reader allowing 3D (xyz dimensions) detection as well as
wavelength selection. They optimized various parameters for sensitivity, detection of signals
coming from fluorescent reporter, evaluated performance and validated automated reporter
quantification (ARQ) technology for practical applications in high-throughput screening.12!
Most of the studies involving stem cells were able to regenerate properties of one or other
type of retinal neurons or their arbitrary mixture but they lacked physiological characters
such as synaptic connectivity between different neurons, layering, and functional rods

and cons. The use of stem cells in the corneal and retinal research helped in gaining
advancements in understanding diseases. However, the protocols for differentiation of stem
cells to retinal lineages are lengthy; more improvements are needed to obtain sustainable
platforms better mimicking human ocular tissues.
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D. 3D In Vitro Models

1. 3D In Vitro Cornea Models—3D in vitro models have been widely explored for
drug testing, permeability studies, translational research, and tissue engineering due to their
superiority over conventional 2D systems in terms of recapitulating the microenvironment

of native tissues; better representation of cell—cell as well cell-matrix interactions and

higher stability.123 Postnikoff et al. cultured HCE on a curved Millicell-HA membrane and
designed a 3-5 layered stratified, curved 3D epithelial model. They demonstrated that a
quantitative model was sensitive for cytotoxicity and biocompatible for testing of contact
lenses and potential in better understanding of interactions between cells and material
used.124 Fligor et al. developed hiPSC-based retina ganglionic organoids and observed self-
organization of RGC in the organoids and identified factors affecting neuritis outgrowths
(Fig. 3).125 It was reported that RGCs derived from organoids expressed diverse phenotypes
and mimicked the RGC in developmental and degeneration pathways. McLelland et al.
derived retinal organoids sheets from hiPSC and successfully transplanted them to rat
models of retinal degeneration. They evaluated that transplanted sheets were able to
integrated into host cells, differentiated into retinal layers and improved the visual function
in the rat model.126 This study demonstrated therapeutic potential of 3D retina organoids.
Shokoomand et al. developed 3D co-culture model of RPE (hRPE) along with primate
choroidal endothelial cells (RF-6A) in polycaprolactone (PCL)-gelatin based electrospun
scaffold. They observed that porous ultrastructure of PCL-gelatin scaffolds supported
attachment, differentiation, proliferation as well as migration of both types of cells. They
implied that 3D co-culture model would be useful in understanding interaction between cells
and pathway involved in AMD.127 Lu et al., developed a complex 3D model for the ocular
surface studies.128 This model contained both conjunctival epithelial cells and lacrimal gland
cell spheroids for recapitulating aqueous and mucin layers present in the tear film. They also
induced the inflammation to study dry eye pathogenesis and see the response of co-culture to
the therapeutics for comparison with monoculture conditions.128

3D printing is a method that involves production of 3D objects using any material ranging
from synthetic to organic including digital data. It is also known as additive manufacturing
as it deals with deposition of several layers of material until the desired structure is obtained.
3D printing technology has growing applications ranging from tissue engineering,12% cancer
research,130-132 pharmaceuticals,133 and medical.134 Wu et al. used extrusion-based 3D
bioprinting platform to print HCE in collagen, alginate and gelatin-based hydrogel to be
cross-linked using calcium chloride. They reported high viability and increased expression
of cytokeratin 3 by tuning and controlling degradation of hydrogel by altering molar

ratio of sodium alginate/sodium citrate. Their studies demonstrated application of 3D
printing in tissue regeneration/engineering. Gibney et al. reported 3D printing using thin
films of collagen formed by recombinant collagen type I11 (RHCIII). They printed both
corneal keratocytes and MSC in RHCIII printed scaffolds and observed better proliferation
and alignment in MSCs.13% A team of Spanish researchers were working on designing

and printing cornea where need for transparency was supposed to be addressed by

printing parallel collagen fibers by pre-determining specific distances between them.136
Isaacson et al. 3D printed an artificial cornea using FRESH method with the help of
extrusion-based printer. They printed stem cells in alginate, collagen-based hydrogel and
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allowed them to differentiate into stromal cells. The printed corneas were designed to

match patient’s corneal specifications in terms of geometry, thickness. and shape.137

A biotech company, Precisebio, reported about development and transplantation of 3D
printed corneal graft in animals successfully. They claimed of using 4D technology for
printing instead of 3D and referred 4th dimension as time needed for building connections
among bioprinted cells and fibers (https://www.precise-bio.com/bio-tech-firm-develops-3d-
printed-replacement-cornea-for-human-eyes/). Pandoram Technologies a banglore (India)
based biotechnology firm mentioned about 3D bioprinting liquid corneas with potential

for wound healing. The researchers were planning to conduct clinical trials in 2020 (https://
www.docwirenews.com/future-of-medicine/3d-printing-cornea-tissue-to-combat-blindness/).
In another study, researchers mentioned about 3D printing corneal stromal scaffolds for

high throughput screening.138 This report established proof of concept for the rapid
fabrication of corneal stromal equivalents. They printed transparent, smooth HCK cells
bearing cornea with optimum curvature (Fig. 4). This study broadened the scope 3D printing
as toll to design organized tissues on large scale for screening purposes.138 Hyeonji et al.
bioengineered a transparent corneal stroma using 3D cell printing technology. They printed
stromal analogues recapitulating the native corneal structure by introducing shear stress to
bioink comprised of decellularized extracellular matrix (ECM). They controlled the shear
stress by varying the nozzle size and thus manipulated the arrangement of printed collagen
fibers exhibiting tissue like specificity and structural organization. Further, during /in vivo
studies they also observed that collagen fibrils remodeled along the printing path lattice
pattern created by collagen fibrils after 4 weeks.139 Recently, researchers in Japan developed
a 3D cornea-on-a-chip model which was claimed to substitute rabbits in ocular drug testing.
This device was capable of testing 4 different samples simultaneously while maintaining
same conditions. The sample section comprised of upper and one lower channel, which
were separated by a clear, porous polyester membrane. Corneal cells were seeded in the
upper channel (on top of the membrane). Cells take 7 days to grow and eventually form a
barrier. To mimic blinking of eyelid and tears, movement of fluid was accommodated in 2
channels (https://www.drugtargetreview.com/news/58364/cornea-on-a-chip-could-allow-for-
more-accurate-ophthalmic-drug-testing/). Phan et al. developed a 3D model to accommodate
for tear break up, tear deposition and blinking mechanism to study the effect of these factors
on drug delivery.140 In their model, the eyelids were 3D printed and PVA made flexible
membrane (secured by teeth). They compared the water content and wetting ability of the
materials with the bovine tissues (cornea and sclera). In the model, artificial tear solution
generated with the help of microfluidic pump was delivered to eyelids. During every blink,
the eyelid were made to flex and slide across the eyeball, ensuring that the 2 surfaces

in contact and spreading uniform tear film. The model could be used for high-throughput
screening studies by connecting about four units together (Fig. 5).140 3D printing of corneal
tissues offers various advantages as compared to other tissues due to cellular homogeneity,
avascular nature, and low metabolism of cornea. Also, use of stem cells in 3D printed
matrix majorly comprising of collagen mimics the human cornea. However, for designing
3D printed /n vitro model with drug screening applications incorporation of various factors
such as epithelial barrier, thickness of the layers, curvature of the cornea, blinking, tear fluid,
tear flow is desired all together in one model.
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2. 3D Printed Retinal Models—Human retina being complex neural tissue is
comprised of more than 50 cell types, making it difficult to target specific population of
cells during treatment of retinal diseases. In such scenario bio-printing of various types

of retinal cells holds potential as a great tool in research, drug development, and disease
modeling. A research team led by Dr Erin Lavik was awarded by National Eye Institute
(NEI) for proposing a retina model. They proposed the use of a type of screen printing to
print layers retinal neurons derived from adult neural progenitor for high-throughput assays
(https://3dprint.com/189603/3d-printed-retinal-model/).

Shi et al. performed 3D bio-printing of RPE cells with photoreceptors (PR) using alginate,
pluronic based hybrid gel to create a retinal model.241 First, they printed ARPE cells on
polycaprolactone ultrathin membranes and allowed them to grow for 2 weeks. Thereafter
they printed Y79 (PR equivalent cells) cells laden in gel in distinctive patterns on the
ARPE cells layers (Fig. 6).141 They investigated bioprinted cells for morphology, viability,
and quality, and observed high quality and viability in the printed scaffolds. Their hybrid
3D bioprinting advancement offered potential for cell-cell complex interactions to support
further research. RGCs are generally lost during injuries and are incapable to regenerate.
Various studies have been performed using 3D bioprintng technology to represent RGC
layer of retina by depositing RGC in orderly manner. Lorber et al. attempted to print

RGC along with glial cells using inkjet printing techniques.142 They observed that cells
could withstand the vibration force occurring due to piezoelectric printing and did not lose
viability during printing. They also demonstrated that glial cells maintained their growth
promoting properties even after printing and increased growth of RGC neurons.42 Kadnor
et al. demonstrated combined use of electrospinning along with thermal inkjet-based 3D
printing for precise orientation of RGCs on the scaffold.

Dendritic cells were aligned with radial scaffolds. They demonstrate that cell survival,
electrophysiology, and growth of neuritis were maintained during polylactic acid-based
electrospun-guided 3D printing approach.143 Both these studies showed successful printing
of RGC cells using different 3D printing technologies. Wang et al. attempted to recapitulate
the microenvironment of retina by functionally modifying hyaluronic acid (HA) in order

to obtain hydrogel with compressive modulus similar to that of retina. They synthesized
methacrylated HA with different degree of cross-linking. After encapsulating RPE cells
and retinal progenitor cells (RPC) in the hydrogels, they showed 3D bioprinting of

bilayer constructs. They observed that co-culture with RPE cells enhanced maturation and
development in PRs and more than 70% viability in the cells printed in high-methacrylated
hyaluronic acid (HMHA-GM) containing polymerizable hydrogel.144 Through this study
they established the potential of 3D printing technology in designing co-culture systems

to mimic complex environment of native retina. So far, researchers have demonstrated
successful printing of ganglionic cell along with glial cells42 and RPE cells with
photoreceptors44 while maintaining their viability and functions. However, investigations
are needed to determine if other retinal cells e.g. mueller, horizontal, amacrine and bipolar
cells can also be effectively printed avoiding functional and viability loss. Other challenge
would be to mimic the precise spatial arrangement existing in this complex tissue. Besides,
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to recapitulate the functional retina accurate printing must be conjugated with high densities
of cells would be needed.

In the past, Kadnor et al. could achieve density of 30 cell/mm? while average density of cell
in human retina is about 2100 cells/mm?.143.145 Additionally, a steadfast high-throughput
printing platform, containing multi-head printing tools would be desirable while maintaining
cell viability during the process of 3D printing. Besides, microfluidics systems would be
needed to mimic vasculature supply nutrition and oxygen to growing cells and to facilitate
their long-term survival. Glaucoma is one of the causes for blindness and involved elevated
increased intraocular pressure (I0OP) and degeneration of RGCs.146 More understanding was
warranted to explain how elevated 10P led to degeneration of RGC. Various researchers
developed glaucoma models to study the effect of IOP on the degeneration of RGC. Wu

et al., studied how increase in hydrostatic pressure leads to changes to RGC axon, cell

body area dendrites, and total neurite length. In their tunable platform, the hydrostatic
pressure could be changed by altering the height of a liquid reservoir connected to a 3D
printed adapter. The model facilitated monitoring of RGC under varying pressures. They
observed that pressure variations significantly changed the neurite length, axon length,

and dendritic branching.146 The model was useful in drug screening because it facilitated
understanding biophysical mechanism involved in glaucoma. Torrejon et al. designed an /n
vitro 3D model of human trabercular network (HTM) to better understand pathology of
steroid-induced glaucoma, as well as physiology of outflow. Steroids induced a fibrotic state
mimicking HTM during glaucoma, and outflow was regulated. The disease model mimicked
characteristics of glaucomatous HTM physiology and outflow resistance. The model also
responded to intraocular pressure reducing agent (e.g., ROCK Inhibitor). The bioengineered
perfusion platform for physiological and pathological studies was related to regulation of
outflow and screening of new therapeutic agents.14’

Undoubtedly, 3D printed retinal models offer insights to the underlying mechanisms of
posterior eye diseases, together with their potential in drug screening and validations.
However, the major challenge in printing retinal models is precise printing of retinal cells

at high densities, proper spatial arrangement, and their connection to each other synaptically
while establishing various horizontal and vertical connections that would make retina
functional and capable of transmission of visual information. Lastly, 3D printed complex
tissues like retina will need a stringent approval process by regulatory authorities to ensure
applicability and functionality.

E. Organ on Chip Models

Microphysiological systems (MPS) are commonly called organ-on-a-chip tools as designed
by researchers. MPS are /in vitro platforms which are integrative, microfabricated, and are
designed to simulate functional units of human organs.148 MPS have several advantages

as they accommaodate for flow, pressure, cell-cell interactions, and cell-tissue interplays.
Puleo et al. designed the first microfluidic device which contained collagen vitrigel

(CV) as substrate for microtissue patches of cornea. They demonstrated applications of
microfluidic device by measuring the permeability of fluorescein across a range of corneal
tissue structures while varying growth conditions, chemical exposures, and CV etching
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levels.149 Seo et al. modeled blinking by incorporating a hydrogel- based eyelid to mimic
spontaneous eye blinking. They emphasized that their realistic system could be a platform
for preclinical drug screening, demonstrated its application as a dry eye disease model

and evaluated therapeutic potential of lubricin.10 Mattern et al. developed a novel system
called Dynamic Micro Tissue Engineering System using HCE-T cells.151.152 They measured
trans-epithelial resistance (TEER) by positioning electrodes within the arrangement and
also microfluidic device to offer applicability of model in drug screening. This helped

in noninvasive real-time monitoring of the system. Inert polycarbonate was used instead

of polydimethysiloxane (PDMS) to ensure exposure of 2—-3 layered corneal epithelium to

a fluid flow. They injected BAK in the system to compare the model with static test
methods.152 They observed that the incorporated flow recapitulated the in vivo kinetics
better than static models. For applicability of such model in preclinical studies where small
volumes are available, downsizing of the compartments would be important. Bennet et al.
developed another cornea chip model by using immortalized HCE cells.153 They seeded 5
monolayers of epithelial cells to create a structure mimicking layered composition of the
corneal epithelium. The model attempted to recapitulate microenvironment of the eye by
accommodating for tear flow and blinking. Tear flow and blinking rate play a crucial role
in influencing residence time of the drug. They compared static flow, continuous flow, and
pulsating flow. Pulsating flow is an attempt to imitate the eye blinking rate. The authors
analyzed drug mass transport and investigated the corneal permeation using different ocular
drug formulations: suspension (Pred Forte) and liquid eye drops (Zaditor). In ophthalmic
chip development, besides regeneration of corneal tissues, efforts were made to re-create
retinal tissue as well. During transplantation there are various challenges ranging from
migration of transplanted cells, maturation of precursor cells to final integration with the
native cells.154 In such situations real-time observations are critical, hence models must be
transparent and optically accessible. Such critical attributes of transparency and accessibility
are not viable with animal models, creating a dire need for organ on chip models for
retina. Su et al. fabricated a microfluidic chip—retinal synaptic regeneration (Retinal SR)
chip to explore the mechanism of regeneration of retinal synapse.1>® The Retinal SR-chip
involved seeding of murine precursor cells into microchambers linked by several arrays of
microchannels. They observed emergence of axons from one population of cells towards
other. Their automated method helped in analysis and even enumeration of synaptic
connections, monitoring electrophysiological activity of retina. To validate functionality of
chip they used variable concentrations of glycine and monitored its effect on SR.

They also quantified synaptic connections and assessed their kinetics (during SR) using an
image-based analytical method. This microfluidic SR chip was a device for high-throughput
investigation of retinal SR and screening precursor cells during transplantation (Fig. 7).1%5
Mishra et al. studied retinal cell migratory functions and behaviors of both mouse, human
retinas using microfluidic chip called pRetina chip. They coupled computer simulations with
experimental validations and monitored cell migration using real-time imaging systems.1%6
Their human retina model had 3 compartments linked to each other with micro channels.
The arc-shaped chamber in the center served as imitation of retinal geometry and seeding of
progenitor cells, while 2 chambers at top and bottom were reservoirs. Through these chips
the authors attempted to establish model which can help in monitoring migration behaviors
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of the cells and thus facilitate development of cell therapies. In another chip model by
Dodson et al., there were 12 channels to facilitate delivery of drugs or signaling molecules.
Moreover, device had some suctions channels enabling flattening of retinal explants that
aided in imaging and localized analysis of slices of tissues as well.157 They also exposed
explants to lipopolysacchrides (LPS) to recapitulate inflammation microenvironment and
establish applicability of model towards disease modeling and drug screening. Chip systems
have been developed to understand the patho-physiological changes and cellular mechanism
of AMD. Kaji et al. made easy co-culture chip designs, which consisted of ARPE-19

cells (seeded on upper side) co-cultured with human umbilical vein endothelial cells
(HUVECS) cells (seeded on bottom side) in 2 separate channels with a porous membrane in
between. They investigated VEGF concentrations on the apical channel in addition to basal
sides while maintaining low and high glucose containing medias and observed that tissue
possessed properties similar to native tissues.1>® Complex model platform were designed

to study angiogenesis and effects of VEGF inhibitors. Chung et al. grew an ARPE-19

cell line (representing RPE monolayer) with HUVEC cells (forming blood vessel network)
embedded in fibrin gel.159 They also created RPE and choroid layers gap by injecting

fibrin gel (central channel) and supported angiogenesis by filling fibroblast in (in lateral
channels) (Fig. 8). They observed regression of blood vessels on injecting anti-VEGF
bevacizumab.1%9 In another study Nafian developed a glaucomaon-a-chip (GOC) model

to investigate the effect of high pressure and neuroprotective agents on viability of RGCs.
Based on simulations generated from physical parameters they developed a chip with 3
layers, culture wells, and interconnecting microchannels. ECM air plasma modification and
membrane coatings were perfomed on the bottom surface of the wells. The authors isolated
and purified RGCs isolated from postnatal Wistar rats for the studies. Further, they studied
the effect of brain-derived-neurotrophic factor (BDNF) and BDNF mimetic agent RNYK on
the RGCs under normal pressure and elevated pressure condition for 2 days. They observed
about 2-fold reduction in the RGC death rate in presence of BDNF and RNYK.160 This
model was instrumental in preliminary screening of specific pathways and cell types for
studying damage involved in glaucoma These MPS/organ on chip (OoC) models show
great potential in recapitulating structural complexity, functionality, and microenvironment
of specific sections more accurately as compared to conventional /n vitro models. They were
also capable of overcoming limitations of conventional models such as lack of interactions,
interspecies variability, transparency, and optical accessibility, and thus were more predictive
and appropriate. Nonetheless, more advancement is needed. OoC models so far developed
have narrow focus on either a particular aspect of ocular tissue or a specific part such as
retina, cornea, or choroid. Thus, models with broader applicability, comprehensive coverage,
and holistic recapitulation by focusing on complex integrity, multi-cellularity, vasculature
within the ocular tissue are still needed.

IV. CONCLUSION

Today researchers and pharmaceutical companies are moving towards /n vitro models,
not only due to legislation preferences for adherence to 3Rs (replacement, reduction,

and refinement) for animal use, but also in search of more relevant, cheaper, less time
consuming, and humane methods of disease studies and product testing. Progress has
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been made in developing /n vitro models involving human cells, tissues, organoids, 3D
printing, and MPS technology for disease modeling and drug development in the field

of ophthalmology. Complex models involving use of stem cells, 3D printing, and OoC
approaches hold potential in mimicking complexity of this organ while offering opportunity
to simultaneously create diseased background (by use patient-derived cells) and optimum
microenvironment for cellular growth and interactions. As a result, various physiological
relevant models have been investigated for anterior (cornea, trabecular mesh) and posterior
compartment (retina) of the eye. However, most of the models focus on a particular tissue
and not the whole organ. In fact, many ocular diseases being complex are not restricted to
just one tissue, they affect various tissues. Hence, to deal with the pressing need of better
therapeutic agents and more realistic models, an integrative approach would be desired.
Therefore, fusion of interdisciplinary approaches and different technologies like stem cells,
microfabrication, 3D printing, biomaterial science while developing OoC models would be
able to bring advancements and translations in ocular disease modeling and drug discovery.

ABBREVIATIONS:
3D 3-dimensional
4-OHT 4-hydroxytamoxifen
AM amniotic membrane
ARQ automated reporter quantification
BAK benzalkonium chloride
BDNF brain-derived-neurotrophic factor
BM Bruch’s membrane
BRB blood retinal barrier
Ccv collagen vitrigel
ECM extracellular matrix
ESC embryonic stem cells
GOC glaucoma-on-a-chip
HA hyaluronic acid
HCE human cultures of epithelial cells
HCJC human conjunctival cells
hESC-RPE human stem cell-derived RPE
hiPSC human induced pluripotent stem cells
HMHA-GM high-methacrylated hyaluronic acid

Crit Rev Ther Drug Carrfer Syst. Author manuscript; available in PMC 2021 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kutlehria and Singh Page 18
HTM human trabecular meshwork
HUVEC human umbilical vein endothelial cells
KC keratoconus
LiPSC limbal epithelial cells from iPSCs
LPS lipopolysaccharide
MGSH40 macrogolglycerol hydroxystearate
MPS microphysiological systems
NEI National Eye Institute
PCL polycaprolactone
PS80 polysorbate 80
RCE retinal capillary endothelium
retinal SR retinal synaptic regeneration
RGC retinal ganglionic cells
RHCIII recombinant collagen type 11l
RPC retinal progenitor cells
RPE retinal pigmental epithelium
TEER trans-epithelial electrical resistance
TJP tight junction protein
VEGF vascular endothelial growth factors
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FIG. 1.
Schematic diagram of the human eye showing its anatomy. (a) Whole eye showing anterior

and posterior segments (reprinted from Chuang et al. with permission from Yale Journal of
Biology and Medicine, copyright 2017). (b) Cornea with 6 layers. (c) Distribution of various
types of cells in retina and blood retinal barrier (Figure reproduced from White et al. under a
Creative Commons license).
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FIG. 2:
Gross morphology of corneal organoids. Bright field observations showing gross

morphology of corneal organoids obtained from hiPSCs after 3 months in culture. (a)
Organoids appeared translucent with a dense center. (b, d) Organoids had clear center. (c)
Organoids had clear center and pigmented end. Scale bar 200 um (Figure reproduced from
Foster et al. under a Creative Commons license).
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RECOVERIN

FIG. 3:
Retinal organoids with different ganglionic cell layers. (a) Brightfield images displaying

stratified morphology of early retinal organoids. (b) Differentiation day 30: almost all
cells within retinal organoids expressed the retinal progenitor marker CHX10. (c, d)
Differentiation day 70 days, BRN3-positive cells resided in basal layers while Recoverin-
positive photoreceptors occupied more apical layers. Scale bars equal 500 um for (a) and
100 pm for (b, c, d). Scale bar in b applies to (c, d) (Figure reproduced from Fligor et al.
under a Creative Commons license).
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FIG. 4:
3D printed cornea model. (a) Corneal stroma model designed in Autodesk fusion 360. (b)

3D printed cornea after cross-linking placed in the media (reprinted from Kutlehria et al.
with permission from John Wiley and Sons, copyright 2020).
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FIG.5:
Blink model (a) Fully assembled blink model; 1. eyeball, 2. eyelids, 3. lower eyelids, 4.

tubing attached to a microfluidic pump, and 5. acrylic chambers. (b) Eyelid in the closed
position. (c) For high throughput testing-blink model can be connected with 4 eyelids
(Figure reproduced from Phan et al. under a Creative Commons license).
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FIG. 6:
3D printed retinal equivalents with 2 distinct Y79 cell-seeding density. (a) High average cell

density at the center (HC). (b) High average cell density at the periphery (HP); *central
area, **periphery; scale bar: 10 mm (Figure reproduced from Shi et al. under a Creative
Commons license).
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FIG.7:
Microfluidic chip design and retinal synapse principal function. (a) Design of retinal synapse

regeneration (RSR) chip to mimic retinal structure. The RSR-Chip consists of two chambers
connected by 100 microchannels. Two populations of retinal cells are seeded in the two
chambers and form synaptic connections in the microchannels. (b) Image of microchannels
in RSR-Chip. Scale bar, 200 um (Figure reproduced from Su et al. under a Creative
Commons license).
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FIG. 8:
Microfluidic eye-on-a-chip model-3D RPE-choroid. (a) Schematic of RPE—choroid complex

in the neural retina of the eye. (b) Design showing microfluidic device mimicking the RPE-
choroid system /n vitro. (¢) Optimization of the device design by testing gap channels with
various widths (reprinted from Chung et al. with permission from John Wiley and Sons,
copyright 2017).
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