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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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Introduction 51 

Retinal diseases such as Stargardt disease, age-related macular degeneration, diabetic retinopathies 52 

or retinitis pigmentosa are amongst the leading causes of vision loss in humans [1, 2]. Unfortunate 53 

for patients suffering from those diseases, there are currently no cures available [3, 4]. Moreover, 54 

the complex neuro-retinal organization and the vast blood-supply make retinal tissue susceptible for 55 

side effects of compounds delivered intravitreally or systemically [5], [6]. Retinal toxicities are a 56 

major issue for a wide range of therapeutic substances and especially for targeted anticancer agents 57 

since many of the targets are also expressed in ocular tissues[6]. Although animal models that are 58 

used to explore new therapeutic options and assess retinal toxicities resemble the human (patho-59 

)physiology of vision in certain aspects, they fail to reflect fundamental characteristics including 60 

trichromacy or a fovea centralis, responsible for high visual acuity (Figure 1). In vitro cell culture 61 

assays, on the other hand, are typically based on non-physiological 2D cell cultures, which cannot 62 

reflect the complex architecture and cell-cell interactions as well as the blood perfusion. More 63 

complex approaches such as retinal explants from human donors provide a full-featured model; 64 

however, the limited availability and culturability as well as inter-donor variabilities make it unsuited 65 

for drug development and testing. The invention of physiologically relevant in vitro models capable 66 

of mimicking the human retinal biology is hence of crucial importance. Recent progress in the 67 

generation of 3-dimensional (3D) organoids derived from human pluripotent stem cells (hPSC) 68 

(derived from both induced (hiPSC) as well as embryonic (hESC) stem cells) enabled the reflection of 69 

distinct types of tissues, such as subsystems of the central nervous system including the retina. 70 

Retinal organoids (ROs), also called “eyes in the dish” resemble rudimentary optic vesicle-like 71 

structures with a retinal layering similar to in vivo conditions [5, 6]. These ROs contain most relevant 72 

retinal cell types in a physiological layering such as ganglion cells, amacrine cells, horizontal cells, 73 

bipolar cells, Müller glia as well as rods and cones. Nevertheless, hPSC-ROs are still facing a variety of 74 

drawbacks limiting predictive research on e.g. human retinal development, function or drug 75 

response. Some of the major hurdles are (i) the functional maturation of differentiated cells, (ii) lack 76 

of essential cell types (e.g. microglia), (iii) lack of a physiological interplay of the various retinal cell 77 

types especially of photoreceptors and retinal pigment epithelia (RPE), as well as (iv) a missing 78 

vascularization (reviewed in [9], [10]). Due to the lack of a physiological perfusion, the delivery of 79 

compounds to ROs is uncontrolled and entirely artificial. Here, general limitations of static cell 80 

culture apply including non-physiological cell-to-media ratio, uncontrolled shear forces during media 81 

exchanges, as well as highly variable conditions between media exchanges. In recent years, the short-82 

comings of conventional static cell culture has led to the emergence of microphysiological systems 83 

(MPS), specifically Organ-on-a-Chip (OoC) platforms. MPSs have evolved into a powerful alternative 84 

for classical cell culture and animal models by providing physiological microenvironments embedded 85 
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in a vascular-like microfluidic perfusion [11], [12]. This new and promising technology has the 86 

potential to revolutionize drug development and usher into a new era of personalized medicine. Over 87 

the past years, a variety of MPSs have been developed, mimicking, for instance, cardiac [7], lung [15], 88 

renal [16], and hepatic tissue [11]. In the context of ophthalmologic research, a variety of approaches 89 

have been introduced that represent partial layers of the cornea [9] or the retina [20]–[24]. So far, 90 

however, no MPS has been able to successfully recapitulate the complex 3D architecture of the 91 

human retina. 92 

 93 

Figure 1: Advantages and limitations of retinal models for drug development and mechanistic 94 

research. 95 
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In this study, we developed a physiologically relevant 3D in vitro model of the human retina by 96 

combining hiPSC-ROs with hiPSC-derived RPE in a retina-on-a-chip (RoC). This novel 97 

microphysiological platform enables enhanced inner and outer segment formation and preservation, 98 

a direct interplay between RPE and photoreceptors as well as a precisely controllable vasculature-like 99 

perfusion. In order to provide a high-content platform for basic and applied research, we established 100 

a toolbox comprising in situ analysis approaches as well as terminal endpoints enabling the 101 

monitoring of functionality as well as molecular mechanisms. To demonstrate the applicability for 102 

drug screening, the system was exposed to the drugs chloroquine and gentamicin, which are known 103 

to have retinopathic side effects [25]–[29].  104 

  105 
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Results 106 

Retinal organoids show rod and cone diversity and simple inner and outer segment formation 107 

ROs derived from hiPSCs harbor all known major retinal subtypes such as ganglion cells, bipolar cells, 108 

horizontal cells, amacrine cells, Müller glia and photoreceptors ([30], Figure 2– figure supplement 1). 109 

Using immunostaining and mRNA qPCR, the presence of the retinal cell types, as well as crucial 110 

retinal morphological cues such as inner and outer photoreceptor segment formation, a tightly 111 

formed outer limiting membrane (OLM) and a correct layering, was verified (Figure 2 – figure 112 

supplement 1). In order to reach a suitable maturation, ROs were differentiated for 180 days. ROs of 113 

that age harbor matured photoreceptors which have simple forms of inner and outer segments, 114 

situated on the surface of the ROs, visible in bright field microscopy or by immunostaining of 115 

respective markers (Figure 2b-f). Immunostaining of the respective organoids demonstrates the 116 

presence of a mixed population of rods and cones, identified by specific markers (rhodopsin for rods 117 

and Arrestin-3 for cones, Figure 2c-e, Figure 2– figure supplement 1). In order to analyze segment 118 

formation, we used ROM1 as it has been previously shown as specific outer segment marker [31] and 119 

verified the segment specificity by co-staining with the rod marker rhodopsin (Figure 2c-d, f). 120 

Further, we tested the previously described protein PNA Lectin, which was delineated to specifically 121 

bind to cone photoreceptor segments [32]. Co-staining of rhodopsin with PNA lectin exhibited that 122 

not only cone but also rod segments in ROs are labeled with PNA lectin (Figure 2e).    123 

 124 

  125 
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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 

 136 

 137 
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 138 

Microphysiological Retina-on-a-Chip 139 

To recapitulate the complex in vivo anatomy of the human retina in vitro (Figure 3a), we developed a 140 

microfluidic platform that enables the culture of hiPSC-derived RPEs and ROs in a defined 141 

physiological structure (Figure 2b). Each RoC features four identical micro-tissues connected via a 142 

microchannel and is comprised of two transparent and biocompatible polymer layers. The top layer 143 

features the compartments for the ROs and RPE, whereas the bottom layer provides a channel for a 144 

vasculature-like perfusion enabling a constant supply of nutrients and compounds. Both layers are 145 

separated by a thin porous membrane mimicking the endothelial barrier and shielding the tissues 146 

from shear forces while simultaneously enabling the exchange of nutrients and metabolites (Figure 147 

3b). The tissue compartments are accessible from above for the initial seeding process and sealed 148 

during the subsequent culture process to avoid evaporation and contamination. A stable tissue 149 

comprising ROs and RPE was achieved by first seeding hiPSC-derived RPE cells at a defined density 150 

into each tissue compartment (Figure 3c) and subsequent culture for 24 hours (Figure 3d). This step 151 

was followed by injection of ROs embedded in a hyaluronic acid-based hydrogel (representing the 152 

major component of the interphotoreceptor matrix between REPE and PRC) into the tissue 153 

compartments (Figure 3e). This led to the formation of a thin hydrogel layer, generating a defined 154 

distance between RPE cells and the outer limiting membrane of the ROs. Thereby, a direct contact 155 

and, thus, an uncontrolled outgrowth of cells from the ROs during culture was successfully avoided. 156 

ROs and RPE were cultured in the system for at least 3 days prior to further functionality assessment 157 

or experimentation. The controlled culture conditions enabled a stable culture of the RoC for at least 158 

21 days (Fig 3 – figure supplement 1). 159 

 160 
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 161 

Figure 3: Microfluidic RoC. 162 

a) Schematic representation of the human retinal composition and cell types in vivo. b) Photo (left) of 163 

the RoC and (right) representation of the RO photoreceptor and RPE interaction. c) RPE cells are 164 

seeded into the device, d) forming a densely packed monolayer after 24 hours of culture. e) ROs and 165 

the hyaluronic acid-based hydrogel are directly loaded from the top into the well and onto the RPE. 166 

Bars indicate c) 500 µm, d) 80 µm, e) 400 µm. 167 

 168 

Specific marker expression and polarization of retinal pigment epithelial cells in the RoC 169 

A polarized and functional RPE is crucial for the survival of photoreceptors in vivo and a vital part of 170 

the visual cycle shuttling retinoic acid between the RPE and photoreceptor outer segments [33], [34]. 171 

Therefore, the RPE in the RoC was thoroughly tested for its marker expression and polarization 172 

(Figure 4, Figure 4 – figure supplement 1). Expression of RPE markers PAX6 and MITF can be 173 

observed after 7-14 days in the chip (Figure 4a-b). Mature RPE inside the chip displayed cobble 174 

stone-like morphology and tight-junction formation visualized by ZO-1 staining (Figure 4c). The 175 

melanosome and pigmentation marker Melanoma gp100 (also called PMEL17 or Silver locus protein) 176 

[35], [36] was highly expressed in chip-cultured RPE (Figure 4d) indicating a strong pigmentation. 177 

Conclusive evidence for the maturation and proper functionality of RPE is its state of polarization 178 
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[34], [37]. Electron microscopy analysis revealed not only the strong pigmentation of the RPE but also 179 

the presence of apical microvilli as well as a basal membrane already after 7 days of on-chip culture 180 

(Figure 4e). Further, we observed the polarized expression of ezrin, an apical microvilli marker [38] 181 

(Figure 4f). Finally, polarized RPE displayed basal secretion of VEGF-A, which could be measured on-182 

chip by using a double-channel chip in which basal and apical medium could be collected separately 183 

(Figure 4g). The VEGF-A concentration was higher in the basal channel than in the apical (70 vs 40 184 

pg/chip in 24 hours). Taken together, the RPE in the RoC is strongly pigmented, polarized, and 185 

expresses respective RPE markers.  186 

 187 

Figure 4: Specific marker expression and polarization of retinal pigment epithelial cells in the RoC. 188 

a-d) Evaluation of RPE cells cultured for 14 days in the RoC by immunostaining of relevant RPE 189 

markers: a) RPE cells stained for MITF (green), b) PAX6 (green), c) ZO-1 (green) and d) Melanoma 190 

gp100 (green), ZO-1 (red). e) Electron microscopic image of polarized RPE cells. RPE cells display 191 

apical microvilli (top row) and a basal membrane (bottom row). f) Apical microvilli formation is 192 

shown with immunohistochemical staining for ezrin (green). g) Fluorescent quantification of VEGF-A 193 

secretion using ELISA comparing medium collected from a basal and apical channel in a specialized 194 

version of the RoC (n=3 chips). Bars indicate a-d) (left) 50 µm, e) 2 µm, f) 20 µm. Blue: DAPI. Error 195 

Bars: S.E.M. p= p-value (Two-sided student’s t-test). 196 
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Physiological secretion kinetics into the vasculature-mimicking channels  197 

The vasculature-like perfusion in the media channels enables both, the precisely controllable delivery 198 

of defined media and compounds to the tissue as well as the transport of secreted factors away from 199 

the tissue; allowing for a time-resolved sampling of the secretion kinetics. In order to analyze and 200 

characterize the fluid flow as well as the transport of diluted species in the RoC, we performed 201 

computational fluid dynamics simulations: Due to the fluidic resistance of the porous membrane, the 202 

convective fluid flow is confined to the media channels (Figure 5a). At the same time, nutrients, 203 

compounds, and further dissolved molecules are transported to the tissue chamber via diffusion. This 204 

rapid process enables a precisely controllable delivery (Figure 5b) as well as a controlled washout. In 205 

order to verify this, we conducted a proof of concept experiment during which we switched from a 206 

colorless liquid to a colored one and observed a complete distribution of the dye within 300 s (flow 207 

rate of 20 µl/hr) (Figure 5 – figure supplement 1). Subsequent injection of a colorless liquid again 208 

demonstrated a washout in the same time frame (see Video 1 & 2). 209 

To further elucidate the advantages of the vasculature-like perfusion, we injected media 210 

supplemented with 10 ng/ml TGF-β1 over 24 hours and subsequently washed the stimulant out 211 

again. By sampling the effluent from the media outlets of the RoC, we were able to measure the 212 

VEGF-A kinetics before and during the stimulation as well as after the washout (Figure 5c). Already 213 

after 2 hours, we could observe a 2-fold increase of VEGF-A levels in the effluent medium relative to 214 

the baseline level at 0 hours. After this initial peak, the VEGF-A levels decreased over time resting 215 

above the baseline level. Finally, after 24 hours a second peak was reached.  The subsequent 216 

washout of TGF-β1 using normal media led to a steady decrease of VEGF-A levels at the 36 and 48-217 

hour time-point, respectively. In summary, the vasculature-like perfusion in the RoC enabled the 218 

controlled delivery and washout of the stimulant TGF-β1 without disturbing the culture conditions as 219 

well as time-resolved monitoring of physiological VEGF-A secretion kinetics. 220 
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 221 

 222 

Figure 5: Precisely controllable delivery of stimulants and time-resolved secretion kinetics. 223 

a-b) Analysis of the free and porous media flow and the transport of diluted species in the RoC: a) 224 

Convective flow is confined to the vasculature-like media compartments and b) compounds are 225 

delivered rapidly into the tissue chambers via diffusion. c) Time-resolved monitoring of the secretion 226 

of VEGF-A before and after media supplemented with 10 ng/ml TGF-β1 was injected into RoCs (n=3). 227 

After 24 hours, TGF-β1 was washed out using a normal medium. VEGF-A secretion in individual 228 

retina-on-a-chips was normalized to the baseline secretion at 0 hours. Error bars: S.E.M. 229 

  230 
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Enhanced outer segment formation in the RoC 231 

The close proximity and the precisely orchestrated interaction of photoreceptors and the RPE layer is 232 

fundamental for vision, ensuring the phagocytosis and processing of shed photoreceptor outer 233 

segments (POS) as well as a supply of nutrients and oxygen [25]. The RoC device allows the 234 

establishment of a defined interaction site between the segment structures of the RO and RPE cells 235 

without impairing neither structure nor viability of the organoid (Figure 6 – figure supplements 1-2). 236 

Live cell imaging in the chip was enabled by transducing RPE cells with an IRBP-GFP viral vector and 237 

by marking the surface structures of the organoids with PNA lectin coupled to Alexa Fluor® 568 prior 238 

to on-chip culture (Figure 6a). By measuring the distance between lectin-marked segment tips and 239 

GFP-labelled RPE, we found a distance of approximately 5 µm  3.19 µm over different experiments 240 

(Figure 6c). Subsequently, immunostaining using rhodopsin (rod outer segments) and phalloidin 241 

(cytoskeleton of the RPE and the RO including tight junctions) revealed that the segment structures 242 

and RPE cells are in close apposition on- chip (Figure 6b).  243 

To further study the mechanically delicate interaction site between ROs and RPE in cryosections, we 244 

performed immunofluorescence analysis using a specifically tailored chip version (Figure 6d). After 7 245 

days of on-chip culture, the close proximity of RPE and RO was preserved and no indication of cell 246 

outgrowth or general loss of integrity of the continuous OLM, labeled by the actin-cytoskeleton 247 

marker phalloidin, was observed (Figure 6d). Further, the hydrogel-filled space between the RPE 248 

monolayer and the RO was strongly invaded by rhodopsin and ROM1 (outer segment marker)-249 

positive clusters indicating an increased and cumulated presence of inner and outer segment-like 250 

structures (Figure 6d). A detailed analysis of the interaction site via electron microscopy confirmed 251 

the formation of numerous inner segments with clusters of mitochondria as well as the maintenance 252 

of the OLM (Figure 6e). The distance of outer segment tips and RPE microvilli in this exemplary image 253 

is around 5 µm (Figure 6e), which is in accordance with the data shown above.  254 

Next, we examined whether the formation and preservation of outer segment-like structures are 255 

improved in the RoC in comparison to an RO cultured in the chip without RPE and conventional dish 256 

cultured ROs (Figure 6f). Using electron microscopy, we could find outer segment-like structures in 257 

all conditions (Figure 6f), displaying distinct disk formation (Figure 6g, exemplarily). However, in the 258 

RoC system (RoC), the number of outer segment structures was about three times higher than in RO 259 

chips without RPE (RoC w/o RPE) and in dish cultured ROs (Figure 6h). Interestingly, there was no 260 

difference observed in the RoC chip without RPE and dish culture, indicating a positive effect of the 261 

RPE on outer segment formation and preservation. In summary, the RoC increases the formation of 262 

outer segment-like structures on the RO without disturbing the normal survival and makeup of the 263 

organoid structure. 264 
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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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outer segment marker), phalloidin (white; cytoskeleton) and rhodopsin (red; rods). e) Electron 274 

microscopic image of a day 190 organoid facing RPE cultured in the RoC. f) Representative electron 275 

microscopic images of inner and outer segments on the surface of d181 ROs cultured for 7 days in f1) 276 

the RoC, f2) the RoC without RPE and f3) dish-cultured ROs. Black arrows indicate outer segments 277 

identified by stack formation. g) Exemplary high magnification image of an outer segment-like 278 

structure containing organized membrane disks found in day 181 ROs cultured for 7 days in the RoC 279 

with RPE. h) Number of segments/100 µm RO circumference comparing RoC, RoC without RPE and 280 

dish cultured RO. In the RoC, only the RPE facing side was analyzed (n=3 RoC, 4 RoC w/o RPE and 3 281 

dish cultured ROs were analyzed). Bars indicate a-b) 40 µm, d) 40 µm, e-f) 5 µm, g) 1µm. Blue: DAPI. 282 

IS= inner segment, OS= outer segment. Error Bars: S.E.M. *p-value<0.05 283 

 284 

Modeling key functionalities of the visual cycle 285 

To assess whether the ROs and the RPE can reproduce principle retinal functionality on-chip, we first 286 

assessed the ability of the RO photoreceptors to produce an in vivo like calcium flux. Calcium ions 287 

(Ca2+) are fundamentally important for the function of photoreceptors and involved in many 288 

processes ranging from photodetection, transduction and synaptic transfer (reviewed in [39]). To be 289 

able to monitor calcium transients and investigate photoreceptor metabolism and functionality, we 290 

established on-chip calcium imaging as an easy to perform read-out method. By loading RO and RPE 291 

on-chip with the calcium dye fura-2-AM, we were able to image calcium dynamics for individual 292 

photoreceptors or RPE cell ROIs over an extended timespan (Fig 6 – figure supplement 1).  293 

Second, we focused on one of the main functions of RPE, the phagocytosis of substances and cell 294 

remnants in the form of membrane stacks produced by the photoreceptors. The general capability of 295 

the hiPSC-RPE to perform phagocytosis was initially verified using bovine retinal outer segments 296 

(Figure 6 – figure supplement 2). In the RoC platform, RPE cells were labeled by a promoter-driven 297 

GFP to mark cell bodies. By labeling the organoids with PNA lectin before the RoC was set up, 298 

segment structures were labeled and visualized (as described in Figure 6a). Already after 1 day in 299 

culture, PNA lectin-positive structures were found within the RPE cell bodies, indicating ongoing 300 

digestion of segment particles (Figure 7a). The composition of these particles was examined by 301 

immunostaining for rhodopsin (Figure 7b). This revealed that many of the lectin-positive particles 302 

found in the RPE cells were positive for rhodopsin. Next, we asked whether the particles taken up by 303 

the RPE are found in the early endosomes, which, in a later step, fuse to phagolysosomes for a full 304 

digestion. We labelled RPE cells prior to setting up the RoC with a GFP construct visualizing early 305 

endosome complexes (Figure 7c, red). After on-chip immunostaining of rhodopsin, specific co-306 
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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 

  317 
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 318 

 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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Evaluation of drug-induced retinopathy  337 

In order to highlight the RoC’s applicability for drug development and toxicology assessment, we 338 

exposed the system to the anti-malaria drug chloroquine (CQ) and the antibiotic gentamicin (GM), 339 

which both were previously shown to have pathological side effects on the retina [25]–[29].    340 

After 3 days of on-chip culture, retinal tissue was exposed to two different concentrations of CQ (20 341 

µg/ml and 80 µg/ml) for 3 additional days. Concentrations were chosen based on previously 342 

described effects of CQ on cell viability using the RPE cell line ARPE-19 [40], and preliminary 343 

experiments using hiPSC-RPE for CQ treatment (Figure 8 – figure supplement 1). Subsequent to the 344 

treatment, the RoCs were stained with propidium iodide (PI) to assess cell death (Figure 8a). 345 

Additionally, they were co-stained with the lysosomal marker protein LAMP2 (Figure 8c) since 346 

lysosomal dysfunction is involved in the pathophysiology of CQ [40]–[42]. When RoCs were exposed 347 

to 20 µg/ml CQ, no significant impact on cell viability (Figure 8b) and only a minor increase in LAMP2 348 

signal (Figure 8c) were observed. However, at a concentration of 80 µg/ml, cell viability was clearly 349 

impacted as shown by a significantly stronger PI staining (Figure 8a,b) compared to controls without 350 

CQ treatment. Furthermore, after exposure to 80 µg/ml CQ, a strong LAMP2 signal was visible 351 

(Figure 8c), indicating an enlargement of lysosomes where the drug is accumulating and leading to 352 

lysosomal dysfunction. The increase in LAMP2 was not limited to the RPE but was also very 353 

pronounced in the RO (Figure 8c).  354 

To assess the effect of GM, the antibiotic was added for 6 days to the RoC and to RoC without RPE 355 

(Figure 8d,e). In RoCs without RPE, an increase in cell death was observed at a GM concentration of 356 

0.5 mg/ml (Figure 8f) and even more prominent in RoCs exposed to a 5-fold higher GM concentration 357 

(2.5 mg/ml), which was significant in comparison to the controls. In the complete RoC (RO and RPE), 358 

similar effects became apparent: The low GM concentrations led to a profound yet not significant 359 

increase in the PI signal, whereas the high concentration of 2.5 mg/ml GM led to a significant strong 360 

increase (Figure 8g). Since the quantified PI signal was a combined signal from cells in RPE and RO, 361 

we investigated whether the RO was affected differently by the drug when comparing the conditions 362 

with and without RPE (RoC and RoC w/o RPE). For that purpose, we subtracted the PI signal localized 363 

in the RPE from the calculated values of the entire RoC in the 0.5 mg/ml treated chips (Figure 8h). 364 

Interestingly, we found an increase of PI in the condition without RPE, but an unchanged PI signal in 365 

the RoC-cultured RO. This is in contrast to the results from the RoC without RPE, where a robust 366 

increase was observed when treating the chip with 0.5 mg/Ml GM (Figure 8h). This could indicate a 367 

barrier or even protective function of the RPE, shielding the organoid from the drug and decreasing 368 

the toxic effects of the drug on the organoid. 369 
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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 

  391 
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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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of human retinal tissue structure, hence, provide the potential for the RoC model to overcome those 460 

translation hurdles. Animal models, however, still possess structural elements of the visual systems, 461 

e.g.. optical nerve and inner blood-retinal barrier, which cannot be re-created in vitro, so far.  462 

Taken together, the introduced RoC represents a highly advanced in vitro model, which is not 463 

hampered by many of the limitations of conventional (in vitro, ex vivo, in vivo) model systems and 464 

which can be the first step towards the reduction and replacement of animal models in the field of 465 

ophthalmology. Further development will target challenges of innervation (addition of an optical 466 

nerve), incorporation of blood-retinal barriers, the integration into multi-organ platforms, as well as 467 

the generation of disease-specific systems. 468 

 469 

Summary 470 

The scarce availability of physiologically relevant in vitro models of the human retina and the limited 471 

capability of animal models to recapitulate physiological human responses have i) hampered the 472 

development of potential new drugs to treat degenerative diseases such as Stargardt disease, age-473 

related macular degeneration or retinitis pigmentosa and ii) prevented the detection of retinal 474 

toxicities early in the drug pipeline. By combining hiPSC-ROs and -RPE cells in a microphysiological 475 

environment, the introduced human RoC system provides a physiologically relevant model system 476 

that recapitulates key functionalities of the human retina, which are impaired in patients suffering 477 

from retinal degeneration. Due to a toolbox of in situ and ex-situ analysis options, the platform is 478 

extremely versatile and features potential applications for drug development, toxicity screening, 479 

disease modeling, and personalized medicine.  480 
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Materials & Methods 494 

Key resources table 495 

Reagent 
type 
(species) 
or 
resource 

Designation Source or 
reference 

Identifiers Additional 
information 

Antibody Donkey anti-Mouse IgG 
Secondary Antibody Alexa 
Fluor® 488, polyclonal 

ThermoFisher 
Scientific 

Cat.# R37114 
RRID:AB_2556
542 

IHC(1:1000) 

Antibody Donkey anti-Mouse IgG 
Secondary Antibody Alexa 
Fluor® 568, polyclonal 

ThermoFisher 
Scientific 

Cat.# A10037 
RRID:AB_2534
013 

IHC(1:1000) 

Antibody Donkey anti-Mouse IgG 
Secondary Antibody Alexa 
Fluor® 647, polyclonal 

ThermoFisher 
Scientific 

Cat.# A-31571 
RRID:AB_1625
42 

IHC(1:1000) 

Antibody Donkey anti-Goat IgG 
Secondary Antibody Alexa 
Fluor® 488, polyclonal 

ThermoFisher 
Scientific 

Cat.# A-11055 
RRID:AB_2534
102 

IHC(1:1000) 

Antibody Donkey anti-Goat IgG 
Secondary Antibody Alexa 
Fluor® 568, polyclonal 

ThermoFisher 
Scientific 

Cat.# A-11057 
RRID:AB_1425
81 

IHC(1:1000) 

Antibody Donkey anti-Goat IgG 
Secondary Antibody Alexa 
Fluor® 647, polyclonal 

ThermoFisher 
Scientific 

Cat.# A-21447 
RRID:AB_1418
44 

IHC(1:1000) 

Antibody Donkey anti-Rabbit IgG 
Secondary Antibody Alexa 
Fluor® 488, polyclonal 

ThermoFisher 
Scientific 

Cat.# R37118 
RRID:AB_2556
546 

IHC(1:1000) 

Antibody Donkey anti-Rabbit IgG 
Secondary Antibody Alexa 
Fluor® 568, polyclonal 

ThermoFisher 
Scientific 

Cat.# A10042 
RRID:AB_2534
017 

IHC(1:1000) 

Antibody Donkey anti-Rabbit IgG 
Secondary Antibody Alexa 
Fluor® 647, polyclonal 

ThermoFisher 
Scientific 

Cat.# A-31573 
RRID:AB_2536
183 

IHC(1:1000) 

Antibody Mouse anti-AP2α, 
monoclonal 

Santa Cruz 
Biotechnology 

Cat.# sc-12726 
RRID:AB_6677
67 

IHC(1:100) 

Antibody Goat anti-Arrestin 3(Cone 
Arrestin), polyclonal 

Santa Cruz 
Biotechnology 

Cat.# sc-54355 
RRID:AB_2060
084 

IHC(1:50) 

Antibody Goat anti-Brn-3b, polyclonal Santa Cruz 
Biotechnology 

Cat.# sc-31989 
RRID:AB_2167
523 

IHC(1:50) 

Antibody Goat anti-Chx10, polyclonal Santa Cruz 
Biotechnology 

Cat.# sc-21690 
RRID:AB_2216
006 

IHC(1:200) 

Antibody Mouse anti-CRALBP, 
monoclonal 

Abcam Cat.# ab15051 
RRID:AB_2269
474 

IHC(1:250) 

Antibody Mouse anti-EEA1, ThermoFisher Cat.# 14-9114- IHC(1:500) 
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monoclonal Scientific 80 
RRID:AB_2572
928 

Antibody Rabbit anti-Ezrin, polyclonal Cell Signaling Cat.# 3145S 
RRID:AB_2100
309 

IHC(1:200) 

Antibody Mouse anti-LAMP2, 
monoclonal 

Santa Cruz 
Biotechnology 

Cat.# sc18822 
RRID:AB_6268
58 

IHC(1:50) 

Antibody Mouse anti-Melanoma-
gp100, monoclonal 

Abcam Cat.# ab787 
RRID:AB_3061
46 

IHC(1:100) 

Antibody Mouse anti-MITF, 
monoclonal 

Exalpha 
Biologicals 

Cat.# X1405M IHC(1:500) 

Antibody Rabbit anti-Pax-6, polyclonal Covance Cat.# PRB-
278P-100 
RRID:AB_2916
12 

IHC(1:100) 

Antibody Rabbit anti-PKCα, polyclonal Santa Cruz 
Biotechnology 

Cat.# sc-208 
RRID:AB_2168
668 

IHC(1:500) 

Antibody Mouse anti-Rhodopsin, 
monoclonal 

Santa Cruz 
Biotechnology 

Cat.# sc-57432 
RRID:AB_7855
11 

IHC(1:200) 

Antibody Rabbit anti-ROM1, 
polyclonal 

Proteintech Cat.# 21984-1-
AP 

IHC(1:200) 

Antibody Mouse anti-RPE65, 
monoclonal 

Abcam Cat.# ab78036 
RRID:AB_1566
691 

IHC(1:100) 

Antibody Rabbit anti-Opsin, blue, 
polyclonal 

Merck Millipore Cat.# ab5407 
RRID:AB_1774
57 

IHC(1:200) 

Antibody  Rabbit ani-ZO-1, polyclonal ThermoFisher 
Scientific 

Cat.# 61-7300 
RRID:AB_1384
52 

IHC(1:100) 

Commerci
al assay 
or kit 

TUNEL Assay (Click-iT® 
TUNEL Alexa Fluor® 488 
Imaging Assay) 

ThermoFisher 
Scientific 

Cat.# C10245  

Commerci
al assay 
or kit 

CellLight™ Early Endosomes-
GFP, BacMam 2.0 

ThermoFisher 
Scientific 

Cat.# C10586  

Commerci
al assay 
or kit 

VEGF-A Human ELISA Kit ThermoFisher 
Scientific 

Cat. # BMS277-
2 
 

 

Chemical 
compoun
d, drug 

Alexa Fluor 647 Phalloidin ThermoFisher 
Scientific 

Cat.# A12379 1:500 

Chemical 
compoun
d, drug 

PNA lectin-Alexa Fluor® 568 ThermoFisher 
Scientific 

Cat.# L32458 20 µg/ml 

Chemical 
compoun

PNA lectin-Alexa Fluor® 647 ThermoFisher 
Scientific 

Cat.# L32460 20 µg/ml 
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d, drug 

Chemical 
compoun
d, drug 

Recombinant Human TGF-β1 Peprotech Cat.# 100-21  

Chemical 
compoun
d, drug 

HOECHST 33342 ThermoFisher 
Scientific 

Cat.#H3570 1:2000 

Chemical 
compoun
d, drug 

Chloroquine Sigma-Aldrich Cat.#C6628  

Chemical 
compoun
d, drug 

Gentamicin Sigma-Aldrich Cat.#G1397  

Recombin
at DNA 
reagent 

pJG-IRPB-eGFP Department of 
Biological 
Structure, 
University of 
Washington 
(https://faculty.w
ashington.edu/to
mreh/) 

  

Software, 
algorithm 

COMSOL Multiphysics COMSOL 
Multiphysics 

RRID:SCR_0147
67 

 

Software, 
algorithm 

Prism GraphPad RRID:SCR_0027
98 

 

Software, 
algorithm 

FIJI  RRID:SCR_0022
85 

 

 496 

Fabrication of Retina MPS 497 

The RoC consists of two Polydimethylsiloxane (PDMS) layers and a porous PET membrane in 498 

between, bonded to a thin glass slide (170 µm). First, PDMS master molds were fabricated. For the 499 

media channel mold, SU8-50 photoresist (MicroChem, USA) was spin-coated onto a previously 500 

cleaned 4” silicon wafer to obtain a height of 100 µm. To create the desired structure, the substrate 501 

was exposed to 350 mJ/cm2 of UV light, followed by development in SU-8 developer (microresist 502 

technology GmbH, Germany) for 6 minutes. Finally, the wafer was rinsed with isopropanol and blow-503 

dried using nitrogen. The second wafer for RO and RPE culture was fabricated in two steps. Initially, a 504 

base layer of 25 µm for the membrane insert was fabricated by spin-coating a first layer of 505 

photoresist SU8-. The exposure to UV light, in this case, was 200 mJ/cm2. Subsequently, the wafer 506 

was developed in SU-8 developer for 4 minutes, rinsed in isopropanol and blow-dried with nitrogen. 507 

Next, the wafer was coated with a second layer of SU8-3025 to fabricate the tissue channels with a 508 

height of 40 µm. The wafer was exposed to UV light at 250 mJ/cm2 for 10 seconds and developed for 509 

4 minutes. Afterward, both master molds were silanized with chlorotrimethylsilane (Sigma-Aldrich, 510 

Germany). Subsequently, Sylgard 184 PDMS (Dow Corning, USA) was mixed at a 10:1 ratio of 511 
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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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Differentiation of retinal pigment epithelial cells 562 

RPE cells were derived as a product from RO differentiation following (slightly adapted) procedures 563 

of Zhong et al. and Ohlemacher et al. [8][46]. For this purpose, pigmented areas or spheres were 564 

removed from ROs using microscissors under an inverted microscope. The pigmented areas were 565 

collected in 1.5 ml Eppendorf tubes (Eppendorf, Germany) and washed once with Dulbecco's 566 

phosphate-buffered saline (PBS, no calcium, no magnesium, Thermo Fisher Scientific, USA). To 567 

dissociate the RPE into single cells for adhesion culture, the pigmented spheres were treated with 568 

Accumax (Sigma-Aldrich, USA) for 90 minutes at 37°C and 5% CO2 and resuspended every 30 minutes 569 

using a 100 µl pipette. The reaction was stopped using BRDM with 10% FBS followed by 570 

centrifugation at 1500 rpm for 2 minutes. The derived single RPE-cells were plated on 6-well plates or 571 

coverslips in 24-well plates, treated with a 0.01% Poly-L-Ornithine Solution (Sigma-Aldrich, USA) for 572 

30 minutes at room temperature and 20 μg/ml Laminin (Roche, Switzerland) for 4 hours at 37°C and 573 

5% CO2. For the plating of the cells, BRDM was supplemented with 20 µg/ml EGF (Cell Guidance 574 

Systems, United Kingdom), 20 µg/ml FGF2 (Cell Guidance Systems, United Kingdom), 2 µg/ml heparin 575 

(Sigma-Aldrich, USA), and 10 µM Y-27632 (ROCK-inhibitor, Ascent Scientific, USA) [46][1]. In addition, 576 

for the first 24 hours, 10% FBS (Thermo Fisher Scientific, USA) was added to achieve adherence of the 577 

cells. When cells had reached confluence, medium was switched to BRDM without supplementation. 578 

Transduction of RPE cells 579 

To generate green fluorescent iPSC-RPE lines, adherent RPE cultures were incubated with lentiviral 580 

particles generated from pJG-IRPB-eGFP plasmids [47] (Gift from Deepak Lamba, Thomas Reh) in 581 

BRDM + 10% FBS for one day, washed three times with PBS and further cultivated in BRDM.  582 

RoC culture 583 

Individual systems were sterilized via oxygen plasma treatment for 3 minutes at 50 Watts and placed 584 

into PBS-filled 50 ml tubes to displace the air in the channels. Before seeding hiPSC-RPE cells into the 585 

MPS, each system was removed from the tube, carefully dried with a paper towel and placed into a 586 

10 cm dish. Each well was coated for 2 hours with 50 µg/ml Laminin in DMEM/F12 at 37°C and 5% 587 

CO2. RPE cells were detached and dissociated using Accumax at 37°C and 5% CO2 for 10-40 minutes, 588 

depending on the adherence and passage of the cells. To remove cell agglomerates, a 70 µm cell 589 

strainer was used. As a next step, each well was seeded with RPE at a density of 27 000 cells in a 590 

volume of 4.5 µl BRDM supplemented with 10% FBS. RoC were incubated for at least 2 hours at 37°C 591 

and 5% CO2 to allow RPE cells to adhere to the semipermeable membrane. The medium was changed 592 

every day for 1-3 days prior ROs were loaded into the RoCs. ROs were placed onto the RPE covered 593 

membrane. Hyaluronic acid-based hydrogel HyStem-C (ESI Bio, USA) was prepared according to the 594 
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manual and added to the well by pipetting. During culture, the chambers were covered by a sterile 595 

adhesive tape (optical adhesive covers, Thermo Fischer Scientific, USA) to avoid evaporation. BRDM 596 

supplemented with 100 µM taurine and 10% FBS was supplied at a constant flow rate of 20 µl/h by 597 

syringe pump.  598 

Drug Treatment 599 

RPE and ROs were seeded into the RoC as described above. Subsequently, ROs and RPE were either 600 

treated for three days with 20 and 80 μg/ml chloroquine (Sigma-Aldrich, USA) in BRDM using a 601 

syringe pump at a flow rate of 30 µl/h or with 0.5 mg/ml and 2 mg/ml Gentamicin (Sigma-Aldrich, 602 

USA) for 6 days.  For every treatment, control RoCs were also used, without addition of equal 603 

amounts of the solvent (H2O). After 3 days of treatment, cells in the RoCs were stained using 604 

HOECHST (Thermo Fischer Scientific, USA) and 3 µM propidium iodide (PI, Sigma Aldrich, USA) to 605 

assess cell death. RoCs were washed twice with PBS using a syringe and fixed with 4% PFA for 606 

immunohistochemical staining of LAMP2. 607 

Phagocytosis Assay using bovine ROS 608 

Bovine rod outer segments were isolated as previously described [48]. For the phagocytosis assay 609 

out-of-the-chip, hiPSC-RPE was plated on cover slips after coating with 0.01% Poly-L-Ornithine 610 

Solution and Laminin as described above. For the phagocytosis assay in the RPE-chip, RPE was loaded 611 

as described above into the Laminin-coated wells. On the next day, hiPSC-RPE on coverslips or in the 612 

chip were incubated with bovine photoreceptor outer segments (POS) at a density of 10 POS/RPE in 613 

BRDM for 2h at 37°C, then washed with PBS 3x and cultivated for additional 2h in BRDM and then 614 

fixed with 4% paraformaldehyde (Carl Roth, Karlsruhe, Germany) and 10% sucrose (Carl Roth, 615 

Karlsruhe, Germany) in PBS for 20 minutes at room temperature for immunohistochemistry.  616 

VEGF-A secretion assays 617 

Specialized double-channel RoCs were generated for apical and basal secretion measurement. These 618 

chips were identical with the previously described setup, except that an additional channel was 619 

included (apical channel) connecting the compartments, with an additional in- and outlet that allows 620 

media flow above the RPE layer, in addition to the media flow below. These double-channel chips 621 

were loaded with RPE cells as described and then cultivated for 14 days using a syringe pump. 622 

Effluent from the upper and lower-channel outlet were collected after 24 hours. The apical and basal 623 

media was analyzed from 3 different chips and initial volumina were noted for calculation of the total 624 

substance quantity per chip on the apical or basal side. 625 
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Stimulation of VEGF-A secretion was measured in regular RoC platforms. To acquire comparable 626 

samples, the effluent was collected over 2 hours resulting in 100 µl volumes (flow rate of 50 µl/h). 627 

The effluent was collected once before TGF-β1 exposure to measure the baseline secretion of VEGF-628 

A. Subsequently, the RoCs were perfused with medium containing 10 ng/ml TGF-β1 (Peprotech, 629 

USA). Samples were collected every 2 hours for 12 hours and once after 24 hours. After 24 hours, 630 

TGF-β1 was removed from the medium and samples were collected at the 36 and 48-hour time-631 

points, 12 and 24 hours after starting the washout, respectively.  632 

The collected samples were immediately frozen at -20°C. The concentration of VEGF-A was measured 633 

after defrosting the samples using the VEGF-A Human ELISA Kit (Thermo Fisher Scientific, USA). The 634 

assay was performed according to the manufacturer’s protocol and absorbance was measured at 635 

450nm. 636 

Live cell labeling of hiPSC retinal organoids 637 

For live cell labeling of RO photoreceptor segments, ROs were incubated in a reaction tube for 30 638 

minutes in BRDM containing 20 µg/ml PNA lectin-Alexa Fluor® 568 (Thermo Fisher Scientific, USA) or 639 

PNA lectin-Alexa Fluor® 647 (Thermo Fisher Scientific, USA) followed by washing with medium four 640 

times, prior to the transfer into the RoC. 641 

Live cell endocytosis and phagocytosis assay  642 

For live cell endocytosis experiments, RPE cells were infected overnight with 10 particles/cell of 643 

CellLight® Early-Endosomes GFP (BacMam 2.0, Thermo Fisher Scientific, USA) prior to the seeding of 644 

RPE into the RoC. Endosome labeling could be detected for >5 days.  645 

Production of agarose RoCs and cryoembedding 646 

Agarose RoCs were produced from an in-house fabricated mold using 4% Agarose/BRDM + 10% FBS 647 

containing four separate compartments and a semipermeable membrane (as described in the MPS 648 

section) at the bottom of each well. RPE and ROs were loaded into the agarose RoCs as already 649 

described. For fixation, agarose RoCs were fixed in 4% paraformaldehyde in 0.1 M phosphate 650 

buffered saline (pH 7.4) (Polysciences, Warrington Pa., USA) for 2 hours. ROs from classic dish culture 651 

were washed with PBS and fixed with 4% paraformaldehyde and 10% sucrose in PBS for 20 minutes 652 

at room temperature, then kept in PBS at 4°C. 653 

After rinsing in PBS, agarose RoCs or RO were cryoprotected in graded sucrose/PBS (10% for 30 654 

minutes, 20% for 1 hour, 30% overnight), embedded in cryomatrix (Tissue-Tek O.C.T. Compound, 655 
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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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times for 2 hours at room temperature after incubation of primary and secondary antibodies, as well 687 

as after HOECHST staining.  688 

Cryosections from agarose-chips and ROs were rehydrated in PBS for 15 minutes and incubated in a 689 

blocking solution of 10% normal donkey serum in PBS with 0.2% triton-X for 1 hour. Wholemount 690 

ROs were incubated in a blocking solution of 10% normal donkey serum in PBS with 0.2% triton-X for 691 

1 hour. Primary antibodies were diluted in blocking solution and incubated overnight at 4°C. 692 

Secondary antibodies were diluted in 1:1 blocking solution:PBS and incubated for 2 hours at room 693 

temperature. Mounting was performed with ProLong Gold Antifade Reagent with DAPI (Thermo 694 

Fisher Scientific, USA). Washing steps to remove residual antibodies were performed with PBS, three 695 

times for 3 minutes at room temperature after primary and secondary antibodies. 696 

Cells grown on glass coverslip were washed with PBS and fixed with 4% paraformaldehyde and 10% 697 

sucrose in PBS for 20 minutes at room temperature, then kept in PBS at 4°C. For blocking and 698 

permeabilization, cover slips were incubated with 5% normal donkey serum and 0.2% triton-X for 1 699 

hour. Primary antibodies were diluted in blocking solution and incubated overnight at 4°C. Secondary 700 

antibodies were diluted in blocking solution and incubated for 2 hours at room temperature. 701 

Mounting was performed with ProLong Gold Antifade Reagent with DAPI (Thermo Fisher Scientific, 702 

USA). Washing steps to remove residual antibodies were performed with PBS, three times for 5 703 

minutes at room temperature after primary and secondary antibodies. 704 

For LAMP-2 stainings, 0.5% saponin (Millipore, USA) was used instead of Triton-X and washing steps 705 

were performed using 0.1% saponin in PBS instead of using only PBS. 706 

Antibodies used were:  707 

Secondary Antibodies: 708 

 Donkey anti-Mouse Alexa Fluor® 488 (1:1000, R37114, Thermo Fisher Scientific, USA) 709 

 Donkey anti-Mouse Alexa Fluor® 568 (1:1000, A10037, Thermo Fisher Scientific, USA) 710 

 Donkey anti-Mouse Alexa Fluor® 647 (1:1000, A-31571, Thermo Fisher Scientific, USA) 711 

 Donkey anti-Goat Alexa Fluor® 488 (1:1000, A-11055, Thermo Fisher Scientific, USA) 712 

 Donkey anti-Goat Alexa Fluor® 568 (1:1000, A-11057, Thermo Fisher Scientific, USA) 713 

 Donkey anti-Goat Alexa Fluor® 647 (1:1000, A-21447, Thermo Fisher Scientific, USA) 714 

 Donkey anti-Rabbit IgG (H+L) Alexa Fluor® 488 (1:1000, R37118, Thermo Fisher Scientific, 715 

USA) 716 

 Donkey anti-Rabbit IgG (H+L) Alexa Fluor® 568 (1:1000, A10042, Thermo Fisher Scientific, 717 

USA) 718 
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 Donkey anti-Rabbit IgG (H+L) Alexa Fluor® 647 (1:1000, A12379, Thermo Fisher Scientific, 719 

USA) 720 

Primary:  721 

 Alexa Fluor® 647 Phalloidin (1:500, A12379,Thermo Fisher Scientific, USA) 722 

 AP2α (1:100, sc-12726, Santa Cruz Biotechnology, USA) 723 

 Arrestin 3 (Cone Arrestin, 1:50, sc-54355, Santa Cruz Biotechnology, USA) 724 

 Brn-3b (1:50, sc-31989, Santa Cruz Biotechnology, USA) 725 

 CHX10 (1:200, sc-21690, Santa Cruz Biotechnology, USA) 726 

 CRALBP (1:250, ab15051, Abcam, USA) 727 

 EEA1 (1:500, 14-9114-80, eBioscience, Thermo Fisher Scientific, USA) 728 

 EZRIN (1:200, 3145S, Cell Signaling, USA) 729 

 LAMP2 (1:50, sc18822, Santa Cruz Biotechnology, USA) 730 

 Melanoma gp100 (1:100, ab787, Abcam, USA) 731 

 MITF (1:500, X1405M, Exalpha Biologicals, USA) 732 

 PAX6(1:100, PRB-278P-100, Covance, USA) 733 

 PKCα (1:500, sc-208, Santa Cruz Biotechnology, USA) 734 

 Rhodopsin (1:200, sc-57432, Santa Cruz Biotechnology, USA) 735 

 ROM1 (1:200, 21984-1-AP, Proteintech, USA) 736 

 RPE65 (1:100, ab78036 Abcam, USA) 737 

 Anti-Opsin, blue (1:200, AB5407, Merck Millipore, USA) 738 

 ZO-1 (1:100, 61-7300, Thermo Fisher Scientific, USA)  739 

TUNEL Assay 740 

TUNEL Assay (Click-iT® TUNEL Alexa Fluor® 488 Imaging Assay; Thermo Fisher Scientific, USA) was 741 

performed according to the manufacturer’s manual. 742 

Gene expression analysis using Fluidigm qRT-PCR 743 

Total RNA isolation and gene expression analysis was performed as previously described [49]. For 744 

quantification of the gene expression of the genes of interest, Taqman® assays were purchased from 745 

Thermo Fisher Scientific, USA. 746 

Calcium imaging 747 

RoCs were incubated overnight with BRDM containing 9-cis-Retinal (Sigma-Aldrich, USA), 0.27 µM 748 

Fura-2-AM and 0.1% pluronic acid (Invitrogen, USA) at 37°C and 5% CO2. Afterwards, the RoCs were 749 
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perfused with BRDM (5 ml) to wash out the excess dye. Ratiometric calcium-imaging recordings were 750 

performed utilizing an upright fluorescence microscope (BX50WI, Olympus, Germany) equipped with 751 

a 40x water immersion objective (LUMPlan FL, 40X/0.80W, ∞/0, Olympus), a polychromator 752 

(VisiChrome, Till Photonics, Germany) and a CCD camera (RETIGA-R1, 1360×1024 pixel, 16 bit). 753 

During the calcium-imaging recordings, stacks (single-plane two-channel) of the Fura-2 fluorescence 754 

at the focal plane of the ROs photoreceptors were acquired at 10 Hz (λexc= 340 and 380 nm; Olympus 755 

U-MNU filter set, 30 milliseconds exposure time, 8-pixel binning) using the VisiView software (Till 756 

Photonics, Germany). The calcium-imaging ratio-stacks were generated by dividing the fluorescence 757 

images recorded at the excitation wavelengths of F340 and F380 (ImageJ, RatioPlus, 758 

https://imagej.nih.gov/). To detect the calcium signals in the RoCs, fluorescent-labeled cells were 759 

manually encircled by regions of interest (ROIs) and the obtained ROIs coordinates were used to 760 

extract corresponding calcium traces from the ratio-stacks. Average frames of pre- and post-stimulus 761 

frames substituted ratio frames during the light stimulation period using a macro (available at 762 

https://github.com/loslab/retina-chip). Average frames of pre- and post-stimulus frames substituted 763 

ratio frames during the light stimulation period (using the ImageJ building function Z-projection 764 

(“Average intensity”). 765 

Fluorescence intensity quantification 766 

The fluorescence intensity of the propidium iodid signal was quantified using ImageJ 767 

(https://imagej.nih.gov/) before and after PI labeling using ROI selection and mean intensity pixel 768 

values. Signal intensities of images taken before PI labeling were considered as background and 769 

subtracted from the measured PI values. The mean PI fluorescence intensity of only the RO in the 770 

RoC (𝐼𝑅𝑂) was calculated via: 771 

𝐼𝑅𝑂 = 𝐼𝑅𝑂+𝑅𝑃𝐸 − 𝐼𝑅𝑃𝐸  , 772 

whereby 𝐼𝑅𝑂+𝑅𝑃𝐸  is the mean PI signal intensity in the RO area (𝐴𝑅𝑂) from both RO as wel as RPE and 773 

𝐼𝑅𝑃𝐸  is the mean PI signal intensity of solely the RPE. 𝐼𝑅𝑃𝐸  was thereby calculated via: 774 

𝐼𝑅𝑃𝐸 =
𝐼𝑅𝑜𝐶 × 𝐴𝑅𝑜𝐶 − 𝐼𝑅𝑂+𝑅𝑃𝐸 × 𝐴𝑅𝑂

𝐴𝑅𝑜𝐶 − 𝐴𝑅𝑂
 

with 𝐼𝑅𝑜𝐶  representing the mean PI intensity of the entire RoC area (𝐴𝑅𝑜𝐶). 775 

Microscopy 776 

All microscopic images were as indicated in the individual panels either taken by an Imager.M2 777 

Apotome1 (Carl Zeiss, Germany), LSM 710 Confocal microscope (Carl Zeiss, Germany) or by the EVOS 778 

FL® Imaging System.  779 

https://github.com/loslab/retina-chip
https://imagej.nih.gov/
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Simulation of the fluidic transport processes 780 

The free and porous fluid flow, as well as the transport of diluted species, was modeled according to 781 

work previously described ([50]). Briefly, we created a simplified model of the RoC consisting of the 782 

media channel and the four tissue chambers, each with a diameter of 2 mm and a height of 1 mm. 783 

The porous PET membrane, between the media channel and tissue chambers, was modeled with a 784 

thickness of 10 µm. The incompressible stationary free fluid flow was modeled by the Navier-Stokes 785 

equation with the properties of water (dynamic viscosity μ = 1 x 10-3 m2/s, density ρ = 1000 kg/m3 ) 786 

and a flow rate of 20 µl/h. Fluid flow from the media channel through the isoporous membrane into 787 

the tissue channel was modeled using Darcy’s law (porosity = 0.056, hydraulic permeability κ = 1.45 x 788 

10-14 m2). The transport of diluted species was described by the time-dependent convection-789 

diffusion with a diffusion coefficient 1 x 10-9 m2/s and an initial concentration of 1 mol/m3. 790 

Statistical analysis 791 

To analyze differences between samples conditions, the two-sided student’s t-test (Fig 4g), the one-792 

way-ANOVA with a Bonferroni post-hoc test (Fig 6h), the one-way-ANOVA with a Dunnet post-hoc 793 

test (Fig 8b,f,g) or a two-way-ANOVA with a Bonferroni post-hoc test (Fig 8h) was used. Statistical 794 

analysis was performed with GraphPad Prism 7.04 (San Diego, California). Data are presented as 795 

mean ± S.E.M. p-value is indicated in the respective graphs.  796 

Data availability 797 

The authors declare that the main data supporting the findings of this study are available within the 798 

article and its Supplementary Information files. 799 

  800 
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Supplementary Figures  801 

 802 
Figure 2 – figure supplement 1: Cell types in dish cultured hiPSC-derived retinal organoids. 803 

a) d190 RO stained for the neural retina marker CHX10 (green). b) d260 RO stained for rod marker 804 

rhodopsin (green) and cone marker arrestin 3 (ARR3, red) c) d260 RO stained for rod marker 805 

rhodopsin (green) and s-cone marker s-opsin (white). d) d42 RO stained for ganglion cell marker 806 

BRN3B (green). e) RO stained for amacrine marker AP2α (green). f) d260 RO stained for bipolar cell 807 

marker PKCα (green). g) d260 RO stained for Müller glia marker CRALBP (green) h) d260 RO stained 808 

for OLM marker ZO-1 (green). Scale bars: a-h) 20 µm. Blue: DAPI. 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 
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 819 

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 

  826 
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827 
Figure 4– figure supplement 1 : Characterization of dish and chip cultured human iPSC-derived RPE. 828 

a) Chip cultured hiPSC-RPE immunostained for RPE markers ZO-1, RPE65 and MITF in green. b) mRNA 829 

analysis of i) dish cultured hiPSC-RPE p0, ii) after starvation for 14 days, iii) of hiPSC-RPE inside the 830 

chip and iv) respective hiPSCs. Data were normalized to dish p0 culture expression. Scale bars: a) 40 831 

µm. Blue: DAPI. Error bars: S.E.M.  832 

 833 

 834 

  835 
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 836 

Figure 5 – figure supplement 1: Perfusion-enabled precisely controllable injection and washout. 837 

Bright field images from VS1 and VS2 depicting a) the switch in media conditions by infusion of a 838 

colored liquid into a RoC previously perfused with color-less liquid and b) the switch back to color-839 

less liquid; flow rate 20 µl/hr; min = minutes after infusion start. 840 

 841 

  842 
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 843 

 844 

845 
Figure 6 – supplement figure 1: Comparison of dish and chip cultured human iPSC-derived retinal 846 

organoids. 847 

a) After 7 days of chip-culture, d190 RO inside the retina-on-a-chip showed preserved markers for 848 

retinal cells. a1) CHX10 (green) a2) recoverin (REC, green) a3) arrestin3 (ARR3, green). a) mRNA 849 

expression from d190 organoids with and without RPE culture for 3 days inside the retina-on-a-chip 850 

were comparable to respective classically dish cultured organoids. Scale bars: a) 80 µm. Blue: DAPI. 851 

Error bars: S.E.M.  852 

 853 
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 854 
Figure 6 – supplement figure 2: Comparison of cell death in RO cultured in the RoC or dish. 855 

a) RO in the retina chip (upper lane) in comparison to dish culture (lower lane) labeled with the dead 856 

cell marker TUNEL. Arrows indicate exemplary positive signals. Scale bars: 40 µm. Blue: DAPI. 857 

  858 

  859 
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 860 

Figure 7 – figure supplement 1: Calcium-imaging in the RoC (at 370 nm) with ratiometric calcium 861 

indicator dye Fura-2. 862 

Outer rim of the RO at the photoreceptor layer (top), deeper focal plane at the RPE layer (middle, 863 

encircled) and the focal plane at the membrane layer, visualizing the RPE contacting the membrane. 864 

Scale bar: 10 µm  865 

 866 
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867 
Figure 7 – figure supplement 2: Phagocytosis assay in dish cultured hiPSC-derived RPE. 868 

hiPSC-RPE were incubated with bovine photoreceptor outer segments (POS) and after 2 h stained 869 

positive for endosomal marker EEA1 (green, left panel) and rhodopsin (RHOD, green, right panel). 870 

Scale bars: 40 µm. Blue: DAPI.  871 

 872 

 873 
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 874 
Figure 8 – figure supplement 1: Chloroquine applied on dish culture hiPSC-RPE. 875 

Treatment of hiPSC-derived RPE grown on cover slips with 20, 40 or 80 µg/ml chloroquine for 24 876 

hours and immunostaining against cleaved-caspase 3 (CASP3, red) and LAMP2 (green) a) Scale bars: 877 

40 µm. Blue: DAPI.  878 

 879 
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 880 

 881 

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 

 890 

 891 

 892 

  893 
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