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Abstract 29 

The devastating effects and incurable nature of hereditary and sporadic retinal diseases such as 30 

Stargardt disease, age-related macular degeneration or retinitis pigmentosa urgently require the 31 

development of new therapeutic strategies. Additionally, a high prevalence of retinal toxicities is 32 

becoming more and more an issue of novel targeted therapeutic agents. Ophthalmologic drug 33 

development, to date, largely relies on animal models, which often do not provide results that are 34 

translatable to human patients. Hence, the establishment of sophisticated human tissue-based in 35 

vitro models is of upmost importance. The discovery of self-forming retinal organoids (ROs) derived 36 

from human embryonic stem cells (hESCs) or human induced pluripotent stem cells (hiPSCs) is a 37 

promising approach to model the complex stratified retinal tissue. Yet, ROs lack vascularization and 38 

cannot recapitulate the important physiological interactions of matured photoreceptors and the 39 

retinal pigment epithelium (RPE). In this study, we present the retina-on-a-chip (RoC), a novel 40 

microphysiological model of the human retina integrating more than seven different essential retinal 41 

cell-types derived from hiPSCs. It provides vasculature-like perfusion and enables, for the first time, 42 

the recapitulation of the interaction of mature photoreceptor segments with RPE in vitro. We show 43 

that this interaction enhances the formation of outer segment-like structures and the establishment 44 

of in vivo-like physiological processes such as outer segment phagocytosis and calcium dynamics. In 45 

addition, we demonstrate the applicability of the RoC for drug testing, by reproducing the 46 

retinopathic side-effects of the anti-malaria drug chloroquine and the antibiotic gentamicin. The 47 

developed hiPSC-based RoC has the potential to promote drug development and provide new 48 

insights into the underlying pathology of retinal diseases.  49 
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126 
Figure 2: Characterization of retinal organoids. 127 

 a) Brightfield image of a day 180 RO in dish culture. b) Magnified area of a) highlighting inner and 128 

outer segment-like structures. c) Day 180 ROs cryosectioned and immunostained for the rod marker 129 

rhodopsin (red), the outer segment marker ROM1 (green) and phalloidin (white) visualizing the outer 130 

limiting membrane. d) Day 180 ROs sectioned and immunostained for the rod marker rhodopsin 131 

(red) and the outer segment marker ROM1 (green). e) Day 180 ROs sectioned and immunostained for 132 

the rod marker rhodopsin (green) and PNA Lectin (red). f) 3D visualization of whole-mount staining of 133 

d180 RO stained for rhodopsin (green) and PNA Lectin (red). Bars indicate a) 250 µm b) 50 µm c) 100 134 

d-f) 20 µm. Blue: DAPI.  135 
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 265 

Figure 6: RO-RPE interaction enhances the outer segment number at the connection site.  266 

a) For live-cell observation of RoCs, hiPSC-RPE was labeled with a pJG-IRBP-GFP viral vector prior co-267 

culture (green); hiPSC-derived RO-RPCs were labeled with PNA lectin Alexa Fluor® 568 (red). RO-RPE 268 

interaction site is illustrated as an orthogonal view b) Orthogonal view of RO (Day 181) and RPE co-269 

cultured for 7 days in the RoC and subsequently stained in situ for rhodopsin (green) and phalloidin 270 

(red). c) Distance between GFP-labelled RPE and PNA lectin-stained segment tips in a) was assessed 271 

by measurement using orthogonal images (n = 12 chip compartments). d) Representative cryosection 272 

from 7 days co-cultured d260 ROs and hiPSC-RPE. Sections were immunostained with ROM1 (green; 273 
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localization of GFP-labelled early endosomes with rhodopsin-positive fragments was detected (Figure 307 

7c).  308 

Finally, we visualized the RPE endosomes in the RoC using electron microscopy. We examined day 7 309 

RoCs, identifying indigested outer segment-like structures in the RPE (Figure 7d). Here, we found 310 

several membrane stack-structures in the RPE below the RO. These structures displayed multi-311 

membrane formation (red arrow) as well as small round membrane structures, both strongly 312 

reminiscent of similar features found in outer segment-like structures in ROs (Figure 7d, right). Taken 313 

together, this strongly indicates functional indigestion of segment structures by the RPE, which is a 314 

major prerequisite for a functional visual cycle and therefore a physiological RPE-photoreceptor 315 

model.  316 
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 319 

Figure 7: Interaction of RO and RPE in the RoC displays phagocytosis of outer segment-like 320 

structures.  321 

a) Orthogonal view (x-z projection) and 3D reconstruction (bottom) of live-cell-monitored ROs and 322 

RPE at day 1 of RoC (RoC) culture. RO (red) and RPE (green) marked as described in Fig 5a. Arrow 323 

indicates PNA lectin stained photoreceptor segment fragment internalization by RPE cells. b) 324 

Samples, as described in a,) stained with rhodopsin antibody (red) and PNA Lectin (green). RPE 325 

(white). Arrows indicate PNA lectin-marked fragments which perfectly co-localize with rhodopsin. 326 

The left image shows a top-view; right image an orthogonal y-z projection c) Immunofluorescence 327 

imaging of RoC (ROs at day 190 of differentiation). Previously to the chip culture, RPE cells were 328 

labeled with an early endosome-GFP construct (green). Chips were thereafter immunostained for 329 

rhodopsin (red). d) Electron microscopic images of day 7 RoC. d1) shows RPE situated underneath the 330 

RO. d2) magnification of d1) as indicated by the dotted black square. d3) Outer segment-like 331 

structure in a day 7 RoC. Red and blue arrows indicate segment-disk structures within the RPE (d2) 332 

and the corresponding structures found in an RO outer segment (d3). Scale bars: a) 10 µm, b) 10 nm, 333 

c) 50 µm, d) 500nm Blue: DAPI.  334 

 335 
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Figure 8: The RoC as a pharmacological testing platform.  371 

a) Representative bright-field and fluorescence images of day d243-260 RO cultured in the RoC with 372 

RPE on day 3 after treatment with chloroquine (CQ). RoC were either not treated with chloroquine as 373 

control (CTRL), treated with 20 µg/ml CQ or treated with 80 µg/ml CQ for 3 days. On day 3, chips 374 

were stained with propidium iodide (PI) (red; cell death). b) Quantification of fluorescence intensities 375 

of PI staining, relative to controls (n=6-11 chip compartments in 3 independent experiments). c) 376 

Immunostaining with LAMP2 (green, lysosomes) and HOECHST (blue) after 3 days of drug testing of 377 

untreated RoCs (CTRL) and RoCs treated with 20 µg/ml CQ or 80 µg/ml CQ. d) Representative bright-378 

field and fluorescence images of day d202 RO cultured in the RoC without RPE. Cells were treated for 379 

6 days with 0.5 mg/ml gentamicin, 2.5 mg/ml gentamicin or H2O (CTRL). On day 6, RoCs were stained 380 

with propidium iodide (PI) (red, cell death). e) Representative bright-field and fluorescence images of 381 

day d202 RO cultured in the RoC. Cells were treated for six days with 0.5 mg/ml gentamicin, 2.5 382 

mg/ml gentamicin or H2O (CTRL). On day 6, RoCs were stained with propidium iodide (PI) (red, cell 383 

death). f) Quantification of fluorescence intensities of the PI signal of RO chip compartments without 384 

RPE relative to controls (n=3 chip compartments per conditions). g) Quantification of fluorescence 385 

intensities of the PI signal in the co-culture RoC relative to controls (n=9 chips compartments per 386 

condition). h) Comparison of the fluorescence intensities of PI staining of RO cultured in the RoC with 387 

(left bars) and without RPE (right bars) treated for 6 days with gentamicin (0.5 mg/ml) relative to 388 

their individual controls (CTRL). CQ = Chloroquine, GM = Gentamicin. HOECHST (blue; nuclei). Scale 389 

bars: 500 µm. Error bars: S.E.M. *p<0.05, ***p<0.001 390 
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Discussion 392 

Microphysiological OoC platforms have the potential to revolutionize drug development and may 393 

provide new fundamental insights into development and disease. Over the last decade, 394 

bioengineering approaches have led to the development of functionally and structurally highly 395 

advanced MPSs for a variety of organs and tissues. To study degenerative retinal diseases and 396 

investigate retinal toxicities, an MPS integrating physiologically relevant retinal tissue is of utmost 397 

importance. However, it is extremely challenging if not almost impossible to recapitulate the 398 

complex stratified (and interconnected) tissue architecture of the human retina solely using 399 

engineering approaches, commonly applied in the field. To create a 3D RoC, we addressed this 400 

challenge by combining the biological self-assembly capabilities of ROs with the precisely controllable 401 

assembly in microfabricated modules provided by engineering strategies. This combination of 402 

interdisciplinary approaches enabled us to successfully create a complex multi-layer structure that 403 

includes all cell types and layers present in the neuroretinal ROs, connected to an RPE layer. All 404 

integrated cell types were thereby derived from the same hiPSCs. For the first time, we demonstrate 405 

a retina model successfully recapitulating the precisely orchestrated interaction between 406 

photoreceptors and RPE in vitro. This interaction is one of the key characteristics of the visual cycle, 407 

and the RPE is essential for the normal function and survival of photoreceptors, e.g. via an active 408 

phagocytic uptake of photoreceptor outer segments (POS) [33]. In addition, the microfluidic concept 409 

of the RoC adds a further important aspect, the vasculature-like perfusion. The precisely controllable 410 

perfusion enables the generation of a physiological transport (both towards and away from the 411 

tissue) of nutrients, compounds, and metabolic products, the maintenance of stable, constant 412 

conditions over long time-periods (e.g. nutrient & metabolites levels/gradients), as well as the 413 

capability to probe the secretome and metabolome in a time-resolved manner. Moreover, it makes 414 

the system amenable for the interconnection with further organ-systems enabling the study of e.g. 415 

systemic effects. The applicability of the RoC for compound screening and toxicological studies was 416 

demonstrated by i) the successful recapitulation of side-effects of the anti-malaria drug chloroquine 417 

and ii) the mimicry of gentamicin-induced retinopathy revealing a protective effect of the RPE 418 

barrier. Both the tight barrier function of the RPE layer as well as the melanin-binding of GM (known 419 

to be protective in ocular pigmented vs. albino animals [28]) could be the source of this protective 420 

effect.  421 

In comparison to the conventionally employed retinal model system, the introduced RoC features a 422 

variety of advantages and novel potential: 423 

Traditional monolayer cell culture assays have been of limited value in retinal research as they solely 424 

include certain cell subtypes, thereby providing a restricted physiological relevance. The more 425 
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complex ROs solved this issue partially [30], but were still limited due to the absence of functional 426 

interaction with the RPE. Attempts in recreating the retinal niche in the past have failed to 427 

recapitulate the precise RPE-PR arrangement, and thus, did not yield matured photoreceptors with 428 

large formations of membrane disk-containing outer segments. The RoC platform is able to mimic 429 

this particular niche and a physiological interaction of RPE and photoreceptor outer segments (POS), 430 

by embedding ROs and RPE in the hyaluronic-based hydrogel in specifically tailored microfluidic 431 

chambers. This arrangement is much more physiological and controlled than previous approaches 432 

employing an unpredictable and unorganized RPE formation during RO generation. This inter-433 

photoreceptor matrix in the RoC provides mechanical stability for the small and fragile developing 434 

POS, which would otherwise either be damaged or prevented from outgrowth as in conventional 435 

suspension cultures. In the RoC, hence, numerous outer segments facing towards the RPE were 436 

formed. The flexible and highly controlled tissue assembly paves the way for the modeling of a 437 

variety of disease states, e.g. by combining ROs derived from patients suffering from retinal diseases 438 

with RPE derived from the same or healthy donors. 439 

Post-mortem human retinal explants are the sole human models that are currently available and 440 

achieve a comparable level of complexity. Those ex-vivo models are, however, greatly limited in 441 

terms of supply, with respect to long-term culture, and due to inter-patient variability. Moreover, 442 

they are not applicable for studies targeting developmental aspects. The introduced RoC system is 443 

entirely based on hiPSCs that are easy to expand and to cryo-conserve. This not only avoids the 444 

problem of limited supply but also provides the capability to create a multitude of genetically 445 

identical systems and sets the foundation for a scale-up to higher throughput systems, provided an 446 

appropriate framework and an automated process landscape is established [43]. The hiPSC 447 

technology further paves the way for the generation of disease-specific as well as patient-specific 448 

models opening up future applications in disease modeling and personalized medicine. Additionally, 449 

hiPSC derived ROs exhibit the ability to stay viable for more than a year in vitro. This is a crucial 450 

aspect in terms of answering developmental aspects, studying disease initialization and progression 451 

as well as assessing long-term effects or side effects of drugs.  452 

Both current in vitro and ex vivo models share one major limitation, the lack of vascularization or 453 

vasculature-like perfusion. This aspect of the microfluidic RoC adds a further dimension of 454 

physiological relevance and advantage over the conventional models as described above.  455 

Animal models are so far the only model systems that feature a blood circulation as well as a 456 

structural tissue complexity. Yet, besides issues of ethical concerns, results from animal models are 457 

often not translatable to humans as none of the small animals used in the field of retina research is 458 

able to fully represent the human retinal system. The human genetic background and recapitulation 459 
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prepolymer to curing agent and molded by using the wafers as a negative master mold. The layer for 512 

the media supply was made by exclusion molding followed by curing overnight at 60°C. The RO/RPE 513 

culture layer was fabricated by pouring 25 g of the PDMS mixture onto the master mold and curing it 514 

overnight at 60°C. Next, the PDMS slabs were peeled off the wafers and the media-supply layers 515 

were bonded to a glass slide previously cleaned by a 30-second exposure to oxygen plasma at 50 516 

Watts. Inlets and outlets were punched using a biopsy puncher with a diameter of 0.75 mm. To 517 

culture the cells and organoids, four chambers were punched out of the PDMS with a biopsy puncher 518 

of 2 mm diameter. Semipermeable membranes with a diameter of 20 mm, made from PET (Sabeu 519 

GmbH, Germany) with a pore diameter of 3 µm and a thickness of 10-20 µm, were functionalized 520 

using bis-[3-trimethoxysilypropyl]amine (Sigma-Aldrich, Germany). Before assembly, both PDMS 521 

layers were cleaned with isopropanol and Scotch tape to remove dust particles. Afterwards, both 522 

layers were treated with oxygen plasma at 50 W for 30 s. Then, the membrane was placed into the 523 

inlay of the RO/RPE culture layer. Finally, both layers were aligned to each other using a stereo 524 

microscope and baked overnight at 60°C to stabilize bonding. 525 

 526 

  527 
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Cell culture 528 

iPSC Culture  529 

All hiPSC cell lines were derived from healthy donors as previously described [44] and tested for stem 530 

cell markers and germ-layer differentiation potential. hiPSCs were cultured on Matrigel (hESC-531 

qualified, BD Biosciences, USA)-coated plates with FTDA medium [45]. Cells were passaged every 6-7 532 

days using Dispase (Stemcell Technologies, Canada). Differentiated colonies were removed manually 533 

by scraping. All procedures were in accordance with the Helsinki convention and approved by the 534 

Ethical Committee of the Eberhard Karls University Tübingen (Nr. 678/2017BO2). Control persons 535 

gave their written consent. 536 

Retinal organoid culture 537 

hiPSC-derived RO were differentiated based on a protocol by Zhong et al. 2014 [8] with some 538 

modifications. Briefly, for embryoid body (EB) formation, 2.88x106 hiPSCs were detached on day 0 539 

using TrypLE (ThermoFisher Scientific, USA) and dissociated to single cells. Cells were then mixed 540 

with PeproGrow (Peprotech, USA) medium, 10 µM Y-27632 (ROCK-inhibitor, Ascent Scientific, USA) 541 

and 10 µM blebbistatin (Sigma-Aldrich, USA) and distributed on 96 untreated v-shaped 96-wells 542 

(Sarstedt, Germany). For re-aggregation, the plate was centrifuged at 400 g for 4 minutes. On day 1, 543 

80% of the medium was removed and replaced with N2 medium (DMEM/F12 (1:1) + Glutamax 544 

supplement (ThermoFisher Scientific, USA), 24 nM sodium selenite (Sigma-Aldrich, USA), 16 nM 545 

progesterone (Sigma-Aldrich, USA), 80 µg/ml human holotransferrin (Serologicals, USA), 20 µg/ml 546 

human recombinant insulin (Sigma-Aldrich), 88 µM putrescin (Sigma-Aldrich, USA), 1x minimum 547 

essential media-non essential amino acids (NEAA, ThermoFisher Scientific, USA), 1x antibiotics-548 

antimycotics (AA, ThermoFisher Scientific, USA)). Medium was changed again on day 4. On day 7, EBs 549 

were plated on Growth-Factor-Reduced Matrigel (BD Biosciences, USA)-coated 6 well plate at a 550 

density of 32 EBs/well and medium was changed daily. On day 16, medium was switched to a B27-551 

based Retinal differentiation medium (BRDM) (DMEM/F12 (3:1) with 2% B27 (w/o vitamin A, 552 

ThermoFisher Scientific, USA), 1x NEAA and 1x AA). On day 24, eye fields were detached using 10 µl 553 

tips and collected in 10 cm bacterial petri dishes (Greiner Bio One, Germany) with BRDM, adding 10 554 

µM ROCK-Inhibitor Y-27632 for one day. After completed formation, ROs were selected and if 555 

necessary detached from non-retinal spheres using microscissors. From day 40 onwards, ROs in 556 

BRDM were supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, USA) and 100 557 

µM taurine (Sigma-Aldrich, USA). From day 70-100, BRDM with FBS and taurine was further 558 

supplemented with 1 µM retinoic acid (Sigma-Aldrich, USA), which was reduced to 0.5 µM during 559 

days 100-190 and removed afterwards. 560 
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Sakura, Netherlands) and frozen in liquid nitrogen. Cryosections (14 µm) were cut on a Leica CM 656 

3050 S Cryocut, mounted on Superfrost glass slides, and stored at -20°C. 657 

Transmission Electron Microscopy:  658 

For transmission electron microscopy, agarose RoCs with ROs and RPE were fixed in the chambers 659 

with Karnovsky buffer (2.5% glutaraldehyde, 2% paraformaldehyde, 0.1 M sodium cacodylate buffer, 660 

pH 7.4) (Electron Microscopy Sciences, Germany) for 12 hours at 4°C. After fixation, the samples 661 

were rinsed three times in 0.1 M sodium cacodylate buffer (pH 7.4, Electron Microscopy Sciences, 662 

Germany) for a total of 30 minutes, and postfixed in 1% OsO4 (Electron Microscopy Sciences, 663 

Germany) for 1.5 hours at room temperature. After three additional washes in cacodylate buffer and 664 

dehydration in 50% ethanol, tissues were counterstained with 6% uranyl acetate dissolved in 70% 665 

ethanol (Serva, Heidelberg, Germany) followed by graded ethanol concentrations of ethanol (80% 666 

and 96% for 15 minutes each, 100% for two times 10 minutes, acetone 100%, 15 min). The 667 

dehydrated samples were incubated in a 2:1 and 1:1 mixture of acetone and Epon resin (Serva, 668 

Heidelberg, Germany) for 1 hour each, on a shaker. Finally, organoids were infiltrated with pure Epon 669 

and polymerized by overnight incubation at 60°C. The next day, ROs and RPE were punched out of 670 

the chambers. Upon punches containing RPE-filter and ROs were embedded in fresh resin in flat 671 

molds (Science Services, Germany) and cured 12 hours at 60°C followed by 2 hours at 90°C. 672 

Ultrathin sections (50 nm) were cut on a Reichert Ultracut S (Leica, Germany), collected on copper 673 

grids and counterstained with Reynolds lead citrate. Sections were analyzed with a Zeiss EM 900 674 

transmission electron microscope (Zeiss, Germany) equipped with a 2k x 2k CCD camera. 675 

Images were used for quantification of outer segment density using an image analysis software 676 

(iTEM, Olympus Soft Imaging Solutions, Germany). To calculate the ratio of outer segments per µm 677 

organoid surface, a line was drawn and measured along the outer limiting membrane of the organoid 678 

and outer segment structures visible along the line were counted. 679 

Immunohistochemistry 680 

For in situ chip staining, whole-mount staining was performed using a blocking solution of 5% or 10 % 681 

normal donkey serum (Millipore, USA) with 0.2% triton-X (Carl Roth, Karlsruhe, Germany) for 682 

permeabilization, twice for 1 hour. Primary antibodies were added to the blocking solution for 1 or 2 683 

days at 4°C, then secondary antibodies were added in blocking solution overnight at 4°C. Next, RoC 684 

were counterstained with HOECHST 33342 for 10 minutes at room temperature (1:2000, Thermo 685 

Fisher Scientific, USA). Washing steps to remove residual antibodies were performed with PBS, three 686 
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Figure 3- figure supplement 1: Long-term culture of RoC. 820 

Representative bright-field and propidium idiode images of day d176 RO cultured in the RoC with 821 

RPE over 21 days. RoC were either untreated (CTRL) or treated with 10 µg/ml Chloroquine (as a 822 

positive control for the viability assessment). On day 21, RoC were stained with prodidium iodide (PI) 823 

(red, cell death). As controls experiments, organoids and RPE of the same differentiation as used in 824 

the RoC were cultured in dishes for the same period.  Scale bars: 500 µm.   825 
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Video 1: 882 

Bright field microscopy movie depicting the infusion of a colored liquid into a RoC previously 883 

perfused with color-less liquid (flow rate 20 µl/hr). 884 

 885 

 886 

Video 2: 887 

Bright field microscopy movie depicting the wash-out of the colored liquid via perfusion with color-888 

less liquid (flow rate 20 µl/hr).  889 
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