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Organoids are adept at preserving the inherent complexity of a given cellular environment
and when integrated with engineered micro-physiological systems (MPS) present distinct
advantages for simulating a precisely controlled geometrical, physical, and biochemical
micro-environment. This then allows for real-time monitoring of cell-cell interactions. As a
result, the two aforementioned technologies hold significant promise and potential in
studying ocular physiology and diseases by replicating specific eye tissue microstructures
in vitro. This miniaturized review begins with defining the science behind organoids/MPS
and subsequently introducing methods for generating organoids and engineering MPS.
Furthermore, we will discuss the current state of organoids and MPS models in retina,
cornea surrogates, and other ocular tissue, in regards to physiological/disease conditions.
Finally, future prospective on organoid/MPS will be covered here. Organoids and MPS
technologies closely recapture the in vivo microenvironment and thusly will continue to
provide new understandings in organ functions and novel approaches to
drug development.

Keywords: organoid, microphysiological system, ocular, organ-on-a-chip, 3D tissue constructs

INTRODUCTION

Organoid and microphysiological system are two emerging techniques to recapitulate the key organ
features. Most of the current conventional cell culture systems, for example, Transwells are
considered as oversimplified in vitro models, and thus are not appropriate platforms to study
organ functions. Organoids, which are miniaturized organs with a three-dimensional structure and
multiple cell layers, have advantages over two-dimensional models by maintaining organ anatomic
microstructure and basic organ functions (Lancaster and Knoblich, 2014). Organoids are either
generated from primary tissue cells, embryonic stem cells, or induced pluripotent stem cells (iPSCs).
They possess the capability of self-assembly, self-renewal, and differentiation, ranging in size from
micrometer to millimeter scale, with the potential to address the limitations of conventional cell
culture system, such as random configuration (Liu et al., 2019).

Microphysiological system (MPS), also known as organ-on-a-chip technology, is an integrative,
microfabricated platform designed to recapitulate functional units of human organs in vitro (Huh
et al., 2011). Conventional 3D models, where cells are growing within the extracellular matrix
(ECM), fail to reflect critical aspects of human organs, including cell-tissue interface and physical

Frontiers in Pharmacology | www.frontiersin.org 1

April 2020 | Volume 11 | Article 407


https://www.frontiersin.org/articles/10.3389/fphar.2020.00407/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.00407/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.00407/full
https://loop.frontiersin.org/people/860026
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:cmwang@um.edu.mo
https://doi.org/10.3389/fphar.2020.00407
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.00407
https://www.frontiersin.org/journals/pharmacology
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.00407&domain=pdf&date_stamp=2020-04-03

Bai and Wang

Ocular Organoids and Microphysiological Systems Review

and biochemical stimuli, such as flow and pressure. MPS
provides essential advantages in this regard. First, fluid is
restrained in micro-scale channels, enabling close contact
between different cell types (e.g., between epithelium and
vascular endothelium) to capture the dynamic cell-cell interplay.
Next, microenvironment cues, including spatiotemporal gradients
of chemicals and mechanical strain that are critical to mimic the
organ functions, can be examined in a single microfluidic setup. In
addition, vasculature-on-a-chip enables emulating pulsatile blood
luminal flow and interstitial flow, the key determinants of tissue
functions (Kim et al., 2017); and these vascular modules are
embedded in interconnected multiple tissue units for blood
supply. Lastly, in MPS, the optical transparency of microfluidic
devices allows for real-time monitoring. Optical tracking of cell
migration and cell-cell interaction presents an indispensable tool for
analyzing tissue functions, such as monitoring the dynamic process
of tissue development, repair, and regeneration (Tkachenko et al,
2009). Table 1 compares organoids and MPS in their definition,
functions, and applications. These two techniques are conceptually
different, yet complimentary toward the same goal of recapitulation
organ functions in vitro (Park et al., 2019).

The technical advancement on microfluidics, 3D printing,
tissue engineering materials, and microfabrication has paved the
way for the development of novel MPS. This easy-to-use
platform can be replicated in standard biological labs for
development and tissue regeneration study, and enable clinical
researchers to optimize drug treatment. In addition, there is

growing recognition in industrial partners that this technique is
suitable for pre-clinic drug screening and toxicology evaluation.
The benefits of this 3D miniaturized assays include reducing
animal test, evaluating targeted drug delivery and accelerating
drug development process.

Eye diseases like macular degeneration, glaucoma, and
cataracts are not self-healing and can cause severe visual
impairment. Common retinal disorders, including age-related
macular degeneration (AMD), retinitis pigmentosa, and diabetic
retinopathy (Zhang et al., 2015), affect millions of people world-
wide. Meanwhile, ocular surface diseases remain another
therapeutic challenge for vision restoration. It is crucial to
investigate the pathogenesis of ocular diseases and to develop
novel drugs. Considerable progress has been achieved on
developing physiological and pathological ocular models,
aiming to recapitulate key aspects in the ocular development
and diseases. Despite that organoids and MPS models in major
organs has been developed, such as liver (Wu et al., 2019), heart
(Nugraha et al., 2019), brain (Qian et al., 2019), and pathological
phenotypes like cancer (Niu et al., 2014; Tu et al., 2014; Bai et al.,
2015a; Adriani et al., 2016) and Alzheimer’s disease (Gonzalez
et al.,, 2018), remarkable achievement has been made to study
ocular organoids and MPS. Although these techniques are still
simplified methods, they have shown the potential to capture key
features of basic ocular tissues like cornea, retina, and lens
(Figure 1A). In this review, we will discuss the methods to
generate organoids and MPS in ophthalmic research and focus

TABLE 1 | Comparison of organoids and microphysiological systems (MPS) on their definition, functions, and applications.

Organoids

&

Microphysiological systems

Structure 3D in vitro,
e Self-organized functional organotypic units
Size um-mm

Easy-to-culture Moderate

* Timely activation of cell-fate specification signaling

pathways
Culture time Moderate

* Weeks
Co-culture ability Yes
Reproducibility Moderate

e | ack of understanding and guide of their

differentiation
High-throughput Low
Microenvironment Absent

¢ Oversimplified models in absent of flow, physical

and chemical cues
Highly possible
Moderate

Vasculature and blood perfusion
In vivo-like function

® Recapitulating basic organ functions

Genetic manipulation Applicable

Su?
) | \
[ -
3D in vitro

* Microfabricated cell culture device recapitulating organ
functional units

um-mm

Easy-moderate

® Explicit structuring patterning—e.g., bioprinting, bio
lithography

Short-moderate

® Days to weeks

Yes

e Limited cell types in device

Yes

e Appropriate culture conditions and microfabrication

Moderate-low

Present

e Complex models replicating organ functions, e.g., muscle
contractions, blood flow

Highly possible

High

* Emulating complex organ functions

Applicable

® Inherited key genetic features from iPSCs

Application to personalized medicine and  Yes
drug screening

Yes
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marker, indicated polarized RPE, adapted from (Achberger et al., 2019).

FIGURE 1 | Ocular organoids and microphysiological systems (MPS). (A) Structure of eye, cornea, and retina. Retina structure was adapted from (Fu et al., 2019).
(B) Schematic representation on the stepwise generation of organoids. (C) Differentiation of human iPSCs into retinal and corneal organoids. Distinct circular to oval-
shaped eye field primordial (EFP) encompassed a centrally located p63* Recoverin® neuroretinal (NR) cup (asterisks), adapted from (Susaimanickam et al., 2017).
(D) a. Schematic representation of photolithography for polydimethylsiloxane (PDMS)-based microfluidic device fabrication and essential components in a standard
MPS model. b.c.d.e.f. An representative example of merging organoid and MPS technology in a human retina-on-a-chip platform: b.c.d. microfluidic platform
enabling co-culture of human induced pluripotent stem cell (hiPSC)-derived retinal pigment epithelium (RPE) and ROs (retinal organoids) in a defined physiological
structure (the top layer has compartments for the ROs and RPE, and the bottom layer with a channel for a vasculature); e.f. electron microscopic image of polarized
RPE cells. RPE cells display apical microvilii (top row) and a basal membrane (bottom row), and immunohistochemical staining for ezrin (green), an apical microvilli

on the most promising models, including retinal, corneal, and
other ocular tissue models. We also acknowledge the future
prospective of these novel technologies and benefits on
drug discovery.

Generating Organoids and Engineering
Micro-Physiological Systems

Organoids are generated from either primary cells or progenitor
cells isolated from biopsy, or pluripotent stem cells (PSCs)
(Figure 1B). With sequential differentiation steps, the cells
would be capable to retain the intrinsic developmental features
of an organ. The most commonly used cells are iPSCs. These cells
are PSCs that can be generated directly from adult cells with four
reprogramming factors Oct3/4, Sox2, Klf4, and c-Myc
(Takahashi and Yamanaka, 2006). The advantage of iPSCs is
their high potential to differentiate into all major tissues, cell
lineages, and high degree of biomimicry. A review has
summarized organoid generation methods and discussed a
promising approach of “human on a dish”(McCauley and
Wells, 2017). Briefly, iPSCs were differentiated and self-
assembled to generate organotypic constructs with extrinsic
signals, including growth factors, extracellular matrix, and
culture media. The 3D cellular structures could recapitulate the
developmental features after 2 weeks and could be maintained in
culture for months.

Technical advances in organoid fabrication provide hope for
generating more complex MPS prototypes. MPS assembles the
microphysical and chemical microenvironment. Successful
fabrication of MPS requires two major techniques:
microfluidics which precisely control a small amount of fluid
to mimic interstitial flow in the organs; and microfabrication
which assembles the essential 3D compartments and
microchannel networks for organoids/cells to grow. Previous
microfabrication method used silicon until soft lithography of
polydimethylsiloxane (PDMS) replica became the most
dominant method for organ-on-a-chip applications (Figure
1D). This is because of its easy fabrication, outstanding optical
transparency and minimum cytotoxicity (Huh et al, 2011;
Ghaemmaghami et al., 2012). A detailed review article has
discussed PDMS for organ-on-a-chip applications (Sia and
Whitesides, 2003). More recently, 3D bioprinting has been
widely applied to the fabrication of organ microstructures. This
technology has streamlined the fabrication process of
microfluidic compartments to one single step (Ho et al., 2015).
3D bioprinting is capable of integrating multiple cells, matrix
components, and growth factors, allowing for cells to assemble
along more exact layer-by-layer printed microstructures. Typical

3D bioprinting methods involve micro-extrusion, inkjet, and
laser-assisted printing (Yi et al., 2017), while micro-extrusion is
the most common method for microfluidic chips fabrication.
Another benefit of 3D bioprinting is that the printing ink can
consist of any natural or synthetic biocompatible material
(depending on the requirement of the design).

Retina Models

The retina is the innermost layer of the eye with a complex light-
sensing structure. A good review has described the anatomy and
function of retina by Hoon et al. (2014) (Figure 1A, right).
Approaches have emerged for developing retinal organoids and
MPS. One of the most well-known ocular organoid models is the
self-organizing optic-cup (Eiraku et al., 2011) differentiated from
mouse embryonic stem cell.

Modeling retinal organoids and MPS is challenging because
the retina has one of the most complex and fine structures in the
body with a high variety of cell types. Therefore, only partial
aspects of its functions are capable to be recapitulated in a single
model. Thus far, efforts have been made to develop two
perspectives of retinal structure. First, the neurosensory
structure including photoreceptor cells, ganglion cells, and
optic nerve; second, the dynamics of choriocapillaris and
retinal pigment epithelium (RPE) interactions and blood-retina
barrier (BRB) functions. Several promising studies have
demonstrated the development of retinal neuronal organoids
and MPS, from mouse stem cells (Eiraku et al., 2011) to human
stem cells (Nakano et al., 2012), from generating photoreceptors
(Zhong et al., 2014) to retinal ganglion cells (Ohlemacher et al.,
2016). Retinal organoids have, to this point, been developed by
isolating human photoreceptor precursors and self-assembling of
layers of differentiated photoreceptors (Chen et al., 2016;
Lakowski et al., 2018), or from human iPSCs (Zhong et al.,
2014). Most of the retinal neuronal cells have limited capacity for
regeneration where iPSCs cells have the capability to differentiate
into functional retinal neuronal cells. By using retinal organoids,
precursor cells, and their microenvironment, the retinal MPS
models are emerging to recapitulate parts of retinal functions. A
microfluidic chip to study synaptic regeneration has been
developed (Su et al,, 2015). In the study, retinal precursor cells
were isolated and cultured in a microfluidic chip with multiple
arrays of microchannels to restore the retinal neuronal synapse.
Another study utilized multi-passage mouse retinal progenitor
cells, leading to the development of a [Retina chip (Mishra et al.,
2015). By coupling computer simulations and experimental
validations, chemical concentration gradients are monitored
with real-time imaging on cell migration.
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Next, to emulate retinal vasculature/RPE interactions and
BRB functions, MPS has the advantage of retaining the
vasculature structure and co-culturing with RPE cells. An early
model consisted of a simple co-culture chip with human RPE cell
line ARPE-19 and human umbilical vein endothelial cells
(HUVEC) (Kaji et al,, 2014), and was followed up by a choroid
chip with an artificial Bruch’s membrane (Chen et al., 2017). In
recent times, an angiogenesis model is established with
perfusable blood vessel networks, enabling the observation of
pathological retinal angiogenesis (Chung et al., 2018). Another
study has featured a BRB model using microfluidic system and
evaluate the integrity of the epithelial and endothelial barrier
function (Yeste et al., 2017). To date, new processes are emerging
that seek to combine organoids and MPS to generate complex
multi-layer retinal vasculature and RPE models (Figure 1D).
One novel MPS, in particular, is being developed by integrating
more than seven human iPSCs-derived retinal cell types
(Achberger et al., 2019). This allows for the formation of outer
segment-like structures and the establishment of in vivo-like
physiological processes such as outer segment phagocytosis and
calcium dynamics.

Remarkably, besides physiological models, some retinal
organoid models have been shown to have an impact on
investigating disease mechanisms. A 3D retina organoid has
been established for studying X-linked retinitis pigmentosa
(Megaw et al, 2017) and another organoid model has been
recreated to study glaucoma using patient-derived samples
(Ohlemacher et al.,, 2016). In addition, an AMD model has
been employed to mimic chronic and acute mechanical stress
on RPE cells during different stages of AMD (Farjood and
Vargis, 2018). However, there is still only a limited number of
retinal organoids and MPS models that are present.

Cornea Models

Compared to the retina, the corneal structure is less complicated.
There are critical design principles to generate functional corneal
organoids. These principles involve: semitransparency, structural
retaining corneal epithelium, stroma (organized collagen fibrils),
Bowman’s membrane/Descemet’s membrane, and endothelium
(Figure 1A, left). Limbal stem cells/progenitor cells which reside
in the peripheral of cornea, are the major source of corneal cell
regenerations and tissue repair. iPSCs become an important
alternative source of corneal cells. It is the first generation of
corneal epithelial cells from iPSCs which are derived from dermal
fibroblasts and the corneal limbal epithelium was reported in
2012 (Hayashi et al,, 2012). A number of contemporary studies
describe a novel method to generate three-dimensional corneal
organoids from human iPSCs (Foster et al., 2017; Susaimanickam
et al, 2017) (Figure 1C). These mini-corneal organoids, that
ranging in size from one to seven millimeters in diameter,
reproduce the early developmental events in vitro and duplicate
similar anatomical features and gene expression profiles of
corneas (Foster et al., 2017; Susaimanickam et al., 2017).
However, more accurate differentiation protocol is needed in
order to better mimic corneal functions and conditions like
Fuch’s dystrophy or Keratoconus.

Besides organoids, corneal MPS are powerful models in
studying corneal physiology and pathology. The first corneal-
on a chip assay was in 2009, where the study developed a
microfluidic device containing collagen vitrigel (CV) for the
development of corneal microtissue patches (Puleo et al,
2009). Another example is an eye-on-a-chip that models
blinking by integrating a hydrogel “eyelid” (Seo et al., 2019) to
evaluate cornea therapeutic drugs and provided a realistic
platform to prevent dry eye disease. The further development
of these models would greatly benefit future pharmacological
ocular drug topical delivery.

Lens and Other Ocular Tissue Models

The advancement of novel retinal and corneal models has
opened new ways for the development of other ocular tissue
counterparts. Nonetheless, there are even fewer organoids and
MPS models on lens and other ocular tissue, in comparison to
corneal and retinal models. There is an organoid lens model for
defining molecular disease mechanisms caused by cataract risk
factors (Murphy et al., 2018). This study, in question,
demonstrated the generation of light-focusing human micro-
lenses from spheroidal masses of human lens epithelial cells
purified from differentiating pluripotent stem cells. One further
example involved a contact lens-on-a-chip system. The design
facilitated the study of different disinfection agents to prevent
severe eye infections (Guan et al., 2016). There are great
potentials for these physiological and pathological models in
accelerating the identification and screening of ophthalmic drug
targets, to address such pathological conditions as cataract
and glaucoma.

Prospective and Future Directions

To date, there is still a lack of a perfect organoid or MPS model to
capture the development process of an entire organ. Researchers
are now seeking ways to develop more advanced models without
sacrificing their reproducibility. Besides organoids and MPS
applications in regenerative medicine (Sasai, 2013), another
major pharmaceutical application is in drug screening, hit
identifications, and lead optimizations. There are 3D high
content drug screening models based on organoids and MPS
(Aref et al., 2013; Bai et al., 2015b; Kim et al., 2015) that have
been constituted for various other organs. The methodological
concepts from the aforementioned studies could be applied to
ophthalmic organoids and MPS models. It is imperative to
generate robust ocular disease models to facilitate the
evaluation of preclinical candidates, such as drug effects,
toxicology, pharmacokinetics, and pharmacodynamics, for
both synthetic drug candidates (Kondo and Inoue, 2019) and
natural compounds (Bai et al., 2019; Sun and Zhang, 2019).

In addition to an integrative “organoid-on-a-chip”(Park et al.,
2019), a future direction of ocular MPS design should focus on
mirroring the development of eye tissue on-chip, with special
tissue fidelity features, such as vascularized tissue, ECM, immune
cell interactions. Possibly, integration of complex functions, such
as light-sensing and circuit structure in the vision system, would
allow for capturing electric signals from the eye for probing
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vision problems in a noninvasive manner and toward more
precise and controllable models.

The development of new technologies sheds new light on the
understanding of ophthalmic disease mechanisms with the use of
organoids and MPS models. Patient-derived stem cell organoid
models would benefit personalized medicine. CRISPR/Cas9
technology and single-cell sequencing on-chip would
subsequently enable complementary assay on basic research
and clinical trials, moving toward a revolution in the
conventional drug development pipeline. Finally, refined
protocols of organoids and advances on microfluidic
technology, 3D printing, biomaterials would potentially lead to
integrative tissue models to recapitulate the physiological
hallmarks of an entire eye. Although challenges still exist, more
opportunities have arisen to improve the basic understanding of
the ocular diseases and drug development to prevent vision loss.

REFERENCES

Achberger, K., Probst, C., Haderspeck, J., Bolz, S., Rogal, J., Chuchuy, J., et al.
(2019). Merging organoid and organ-on-a-chip technology to generate
complex multi-layer tissue models in a human retina-on-a-chip platform.
Elife 8, e46188 . doi: 10.7554/eLife.46188

Adriani, G., Bai, J., Wong, S., Kamm, R. D., and Thiery, J. P. (2016). M2a
macrophages induce contact-dependent dispersion of carcinoma cell
aggregates. Macrophage 3, €1222. doi: 10.14800/Macrophage.1222

Aref, A. R, Huang, R. Y., Yu, W,, Chua, K. N,, Sun, W,, Tu, T. Y., et al. (2013).
Screening therapeutic EMT blocking agents in a three-dimensional
microenvironment. Integr. Biol. (Camb) 5, 381-389. doi: 10.1039/C21B20209C

Bai, J., Adriani, G., Dang, T. M., Tu, T. Y., Penny, H. X., Wong, S. C,, et al. (2015a).
Contact-dependent carcinoma aggregate dispersion by M2a macrophages via
ICAM-1 and beta2 integrin interactions. Oncotarget 6, 25295-25307. doi:
10.18632/oncotarget.4716

Bai, J., Tu, T. Y., Kim, C,, Thiery, J. P., and Kamm, R. D. (2015b). Identification of
drugs as single agents or in combination to prevent carcinoma dissemination
in a microfluidic 3D environment. Oncotarget 6, 36603-36614. doi: 10.18632/
oncotarget.5464

Bai, J., Kwok, W. C,, and Thiery, J. P. (2019). Traditional Chinese Medicine and
regulatory roles on epithelial-mesenchymal transitions. Chin Med. 14, 34. doi:
10.1186/s13020-019-0257-6

Chen, H. Y., Kaya, K. D., Dong, L., and Swaroop, A. (2016). Three-dimensional
retinal organoids from mouse pluripotent stem cells mimic in vivo
development with enhanced stratification and rod photoreceptor
differentiation. Mol. Vis. 22, 1077-1094.

Chen, L. J,, Ito, S., Kai, H., Nagamine, K., Nagai, N., Nishizawa, M., et al. (2017).
Microfluidic co-cultures of retinal pigment epithelial cells and vascular
endothelial cells to investigate choroidal angiogenesis. Sci. Rep. 7, 3538. doi:
10.1038/s41598-017-03788-5

Chung, M, Lee, S., Lee, B. ], Son, K., Jeon, N. L., and Kim, J. H. (2018). Wet-AMD
on a Chip: Modeling Outer Blood-Retinal Barrier In Vitro. Adv. Healthc.
Mater. 7, 1700028. doi: 10.1002/adhm.201700028

Eiraku, M., Takata, N., Ishibashi, H., Kawada, M., Sakakura, E., Okuda, S., et al.
(2011). Self-organizing optic-cup morphogenesis in three-dimensional culture.
Nature 472, 51-56. doi: 10.1038/nature09941

Farjood, F., and Vargis, E. (2018). Novel devices for studying acute and chronic
mechanical stress in retinal pigment epithelial cells. Lab. Chip 18, 3413-3424.
doi: 10.1039/C8LC00659H

Foster, J. W., Wahlin, K., Adams, S. M., Birk, D. E., Zack, D. J., and Chakravarti, S.
(2017). Cornea organoids from human induced pluripotent stem cells. Sci. Rep.
7, 41286. doi: 10.1038/srep41286

Fu, Z., Chen, C. T., Cagnone, G., Heckel, E., Sun, Y., Cakir, B., et al. (2019).
Dyslipidemia in retinal metabolic disorders. EMBO Mol. Med. 11, €10473. doi:
10.15252/emmm.201910473

AUTHOR CONTRIBUTIONS

JB and CW designed the review paper structure and layout. JB
and CW contributed to the preparation of the manuscript.

FUNDING

This study was funded by the Science and Technology
Development Fund, Macau SAR (The additional fund to State
Key Laboratory of Quality Research in Chinese Medicine).

ACKNOWLEDGMENTS

We thank Brian A. Zappella for the English editing.

Ghaemmaghami, A. M., Hancock, M. J.,, Harrington, H., and Kaji, H. (2012).
Khademhosseini, Biomimetic tissues on a chip for drug discovery. Drug
Discovery Today 17, 173-181. doi: 10.1016/j.drudis.2011.10.029

Gonzalez, C., Armijo, E., Bravo-Alegria, J., Becerra-Calixto, A., Mays, C. E., and
Soto, C. (2018). Modeling amyloid beta and tau pathology in human cerebral
organoids. Mol. Psychiatry 23, 2363-2374. doi: 10.1038/s41380-018-0229-8

Guan, A., Wang, Y., Phillips, K. S., and Li, Z. (2016). A contact-lens-on-a-chip
companion diagnostic tool for personalized medicine. Lab. Chip 16, 1152-
1156. doi: 10.1039/C6LC00034G

Hayashi, R., Ishikawa, Y., Ito, M., Kageyama, T., Takashiba, K., Fujioka, T., et al.
(2012). Generation of corneal epithelial cells from induced pluripotent stem
cells derived from human dermal fibroblast and corneal limbal epithelium.
PloS One 7, e45435. doi: 10.1371/journal.pone.0045435

Ho, C. M., Ng, S. H., Li, K. H,, and Yoon, Y. J. (2015). 3D printed microfluidics for
biological applications. Lab. Chip 15, 3627-3637. doi: 10.1039/C5LC00685F

Hoon, M., Okawa, H., Della Santina, L., and Wong, R. O. (2014). Functional
architecture of the retina: development and disease. Prog. Retin Eye Res. 42, 44—
84. doi: 10.1016/j.preteyeres.2014.06.003

Huh, D., Hamilton, G. A,, and Ingber, D. E. (2011). From 3D cell culture to
organs-on-chips. Trends Cell Biol. 21, 745-754. doi: 10.1016/j.tcb.2011.09.005

Kaji, S., Ito, H., Nagamine, H., Nishizawa, K., Nagai, M., and N. and Abe, T.
(2014). Characterization of retinal pigment epithelial cells and endothelial cells
within a microfluidic device towards a retina on a chip, 18th International
Conference on Miniaturized Systems for Chemistry and Life Sciences (San
Antonio, Texas, USA: Royal Society of Chemistry).

Kim, C., Kasuya, ], Jeon, J., Chung, S., and Kamm, R. D. (2015). A quantitative
microfluidic angiogenesis screen for studying anti-angiogenic therapeutic
drugs. Lab. Chip 15, 301-310. doi: 10.1039/C4LC00866A

Kim, S., Kim, W., Lim, S., and Jeon, J. S. (2017). Vasculature-On-A-Chip for In
Vitro Disease Models. Bioeng. (Basel) 4 (1), E8. doi: 10.3390/
bioengineering4010008

Kondo, J., and Inoue, M. (2019). Application of Cancer Organoid Model for Drug
Screening and Personalized Therapy. Cells 8 (5), 470. doi: 10.3390/cells8050470

Lakowski, J., Welby, E., Budinger, D., Di Marco, F., Di Foggia, V., Bainbridge, ]. W.
B., et al. (2018). Isolation of Human Photoreceptor Precursors via a Cell
Surface Marker Panel from Stem Cell-Derived Retinal Organoids and Fetal
Retinae. Stem Cells 36, 709-722. doi: 10.1002/stem.2775

Lancaster, M. A., and Knoblich, J. A. (2014). Organogenesis in a dish: modeling
development and disease using organoid technologies. Science 345, 1247125.
doi: 10.1126/science.1247125

Liu, H.,, Wang, Y., Cui, K,, Guo, Y., Zhang, X,, and Qin, J. (2019). Advances in
Hydrogels in Organoids and Organs-on-a-Chip. Adv. Mater 31, €1902042. doi:
10.1002/adma.201902042

McCauley, H. A., and Wells, J. M. (2017). Pluripotent stem cell-derived organoids:
using principles of developmental biology to grow human tissues in a dish.
Development 144, 958-962. doi: 10.1242/dev.140731

Frontiers in Pharmacology | www.frontiersin.org

April 2020 | Volume 11 | Article 407


https://doi.org/10.7554/eLife.46188
https://doi.org/10.14800/Macrophage.1222
https://doi.org/10.1039/C2IB20209C
https://doi.org/10.18632/oncotarget.4716
https://doi.org/10.18632/oncotarget.5464
https://doi.org/10.18632/oncotarget.5464
https://doi.org/10.1186/s13020-019-0257-6
https://doi.org/10.1038/s41598-017-03788-5
https://doi.org/10.1002/adhm.201700028
https://doi.org/10.1038/nature09941
https://doi.org/10.1039/C8LC00659H
https://doi.org/10.1038/srep41286
https://doi.org/10.15252/emmm.201910473
https://doi.org/10.1016/j.drudis.2011.10.029
https://doi.org/10.1038/s41380-018-0229-8
https://doi.org/10.1039/C6LC00034G
https://doi.org/10.1371/journal.pone.0045435
https://doi.org/10.1039/C5LC00685F
https://doi.org/10.1016/j.preteyeres.2014.06.003
https://doi.org/10.1016/j.tcb.2011.09.005
https://doi.org/10.1039/C4LC00866A
https://doi.org/10.3390/bioengineering4010008
https://doi.org/10.3390/bioengineering4010008
https://doi.org/10.3390/cells8050470
https://doi.org/10.1002/stem.2775
https://doi.org/10.1126/science.1247125
https://doi.org/10.1002/adma.201902042
https://doi.org/10.1242/dev.140731
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Bai and Wang

Ocular Organoids and Microphysiological Systems Review

Megaw, R., Abu-Arafeh, H., Jungnickel, M., Mellough, C., Gurniak, C., Witke, W.,
et al. (2017). Gelsolin dysfunction causes photoreceptor loss in induced
pluripotent cell and animal retinitis pigmentosa models. Nat. Commun. 8,
271. doi: 10.1038/s41467-017-00111-8

Mishra, S., Thakur, A., Redenti, S., and Vazquez, M. (2015). A model
microfluidics-based system for the human and mouse retina. BioMed.
Microdevices 17, 107. doi: 10.1007/s10544-015-0002-6

Murphy, P., Kabir, M. H,, Srivastava, T., Mason, M. E., Dewi, C. U,, Lim, S,, et al.
(2018). Light-focusing human micro-lenses generated from pluripotent stem
cells model lens development and drug-induced cataract in vitro. Development
145 (1), dev155838. doi: 10.1242/dev.155838

Nakano, T., Ando, S., Takata, N., Kawada, M., Muguruma, K., Sekiguchi, K., et al.
(2012). Self-formation of optic cups and storable stratified neural retina from
human ESCs. Cell Stem Cell 10, 771-785. doi: 10.1016/j.stem.2012.05.009

Niu, Y., Bai, ., Kamm, R. D.,, Wang, Y., and Wang, C. (2014). Validating antimetastatic
effects of natural products in an engineered microfluidic platform mimicking tumor
microenvironment. Mol. Pharm. 11, 2022-2029. doi: 10.1021/mp500054h

Nugraha, B., Buono, M. F., von Boehmer, L., Hoerstrup, S. P., and Emmert, M. Y.
(2019). Human Cardiac Organoids for Disease Modeling. Clin. Pharmacol.
Ther. 105, 79-85. doi: 10.1002/cpt.1286

Ohlemacher, S. K., Sridhar, A., Xiao, Y., Hochstetler, A. E., Sarfarazi, M.,
Cummins, T. R, et al. (2016). Stepwise Differentiation of Retinal Ganglion
Cells from Human Pluripotent Stem Cells Enables Analysis of Glaucomatous
Neurodegeneration. Stem Cells 34, 1553-1562. doi: 10.1002/stem.2356

Park, S. E., Georgescu, A., and Huh, D. (2019). Organoids-on-a-chip. Science 364,
960-965. doi: 10.1126/science.aaw7894

Puleo, C. M., McIntosh Ambrose, W., Takezawa, T, Elisseeff, J., and Wang, T. H.
(2009). Integration and application of vitrified collagen in multilayered
microfluidic devices for corneal microtissue culture. Lab. Chip 9, 3221-3227.
doi: 10.1039/b908332d

Qian, X., Song, H., and Ming, G. L. (2019). Brain organoids: advances, applications
and challenges. Development 146 (8), dev166074. doi: 10.1242/dev.166074

Sasai, Y. (2013). Next-generation regenerative medicine: organogenesis from stem
cells in 3D culture. Cell Stem Cell 12, 520-530. doi: 10.1016/j.stem.2013.04.009

Seo, J., Byun, W. Y., Alisafaei, F., Georgescu, A., Yi, Y. S., Massaro-Giordano, M.,
et al. (2019). Multiscale reverse engineering of the human ocular surface. Nat.
Med. 25, 1310-1318. doi: 10.1038/s41591-019-0531-2

Sia, S. K., and Whitesides, G. M. (2003). Microfluidic devices fabricated in poly
(dimethylsiloxane) for biological studies. Electrophoresis 24, 3563-3576. doi:
10.1002/elps.200305584

Su, P. ], Liu, Z., Zhang, K., Han, X, Saito, Y., Xia, X,, et al. (2015). Retinal synaptic
regeneration via microfluidic guiding channels. Sci. Rep. 5, 13591. doi: 10.1038/
srep13591

Sun, Z, and Zhang, B. (2019). High-throughput screening (HTS) of natural
products with triple-negative breast cancer (TNBC) organoids. J. Clin. Oncol.
37, e12558-e12558. doi: 10.1200/JCO.2019.37.15_suppl.e12558

Susaimanickam, P. J., Maddileti, S., Pulimamidi, V. K., Boyinpally, S. R, Naik, R. R,
Naik, M. N,, et al. (2017). Generating minicorneal organoids from human induced
pluripotent stem cells. Development 144, 2338-2351. doi: 10.1242/dev.143040

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126,
663-676. doi: 10.1016/j.cell.2006.07.024

Tkachenko, E., Gutierrez, E., Ginsberg, M. H., and Groisman, A. (2009). An easy
to assemble microfluidic perfusion device with a magnetic clamp. Lab. Chip 9,
1085-1095. doi: 10.1039/b812184b

Tu, T. Y., Wang, Z,, Bai, ], Sun, W., Peng, W. K., Huang, R. Y., et al. (2014). Rapid
prototyping of concave microwells for the formation of 3D multicellular cancer
aggregates for drug screening. Adv. Healthc Mater 3, 609-616. doi: 10.1002/
adhm.201300151

Wu, L. J,, Chen, Z. Y., Wang, Y., Zhao, J. G,, Xie, X. Z., and Chen, G. (2019).
Organoids of liver diseases: From bench to bedside. World J. Gastroenterol. 25,
1913-1927. doi: 10.3748/wjg.v25.i116.1913

Yeste, J., Garcia-Ramirez, M., Illa, X., Guimera, A., Hernandez, C., Simo, R., et al.
(2017). A compartmentalized microfluidic chip with crisscross microgrooves
and electrophysiological electrodes for modeling the blood-retinal barrier. Lab.
Chip 18, 95-105. doi: 10.1039/C7LC00795G

Yi, H. G, Lee, H., and Cho, D. W. (2017). 3D Printing of Organs-On-Chips.
Bioeng. (Basel) 4 (1), E10. doi: 10.3390/bioengineering4010010

Zhang, J., Tuo, J., Wang, Z., Zhu, A., Machalinska, A., and Long, Q. (2015).
Pathogenesis of Common Ocular Diseases. J. Ophthalmol. 2015, 734527. doi:
10.1155/2015/734527

Zhong, X., Gutierrez, C., Xue, T., Hampton, C., Vergara, M. N., Cao, L. H,, et al.
(2014). Generation of three-dimensional retinal tissue with functional
photoreceptors from human iPSCs. Nat. Commun. 5, 4047. doi: 10.1038/
ncomms5047

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Bai and Wang. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

April 2020 | Volume 11 | Article 407


https://doi.org/10.1038/s41467-017-00111-8
https://doi.org/10.1007/s10544-015-0002-6
https://doi.org/10.1242/dev.155838
https://doi.org/10.1016/j.stem.2012.05.009
https://doi.org/10.1021/mp500054h
https://doi.org/10.1002/cpt.1286
https://doi.org/10.1002/stem.2356
https://doi.org/10.1126/science.aaw7894
https://doi.org/10.1039/b908332d
https://doi.org/10.1242/dev.166074
https://doi.org/10.1016/j.stem.2013.04.009
https://doi.org/10.1038/s41591-019-0531-2
https://doi.org/10.1002/elps.200305584
https://doi.org/10.1038/srep13591
https://doi.org/10.1038/srep13591
https://doi.org/10.1200/JCO.2019.37.15_suppl.e12558
https://doi.org/10.1242/dev.143040
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1039/b812184b
https://doi.org/10.1002/adhm.201300151
https://doi.org/10.1002/adhm.201300151
https://doi.org/10.3748/wjg.v25.i16.1913
https://doi.org/10.1039/C7LC00795G
https://doi.org/10.3390/bioengineering4010010
https://doi.org/10.1155/2015/734527
https://doi.org/10.1038/ncomms5047
https://doi.org/10.1038/ncomms5047
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Organoids and Microphysiological Systems: New Tools for Ophthalmic Drug Discovery
	Introduction
	Generating Organoids and Engineering Micro-Physiological Systems
	Retina Models
	Cornea Models
	Lens and Other Ocular Tissue Models
	Prospective and Future Directions

	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


