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H I G H L I G H T S

• Early/middle stages of differentiation are not affected by decel NR, decel RPE or CM RPE supplementation.

• Supplementation with decel RPE enhances RPE generation.

• CM RPE and decel RPE enhance the formation of rod photoreceptors.

• Decel RPE and decel NR enhance the expression of synaptic markers and the light driven responses.

• Retinal decellularised petides enhance the differentiation and functionality of hPSC-derived retinal organoids.

A R T I C L E I N F O
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A B S T R A C T

Tissue specific extracellular matrices (ECM) provide structural support and enable access to molecular signals
and metabolites, which are essential for directing stem cell renewal and differentiation. To mimic this phe-
nomenon in vitro, tissue decellularisation approaches have been developed, resulting in the generation of natural
ECM scaffolds that have comparable physical and biochemical properties of the natural tissues and are currently
gaining traction in tissue engineering and regenerative therapies due to the ease of standardised production, and
constant availability. In this manuscript we report the successful generation of decellularised ECM-derived
peptides from neural retina (decel NR) and retinal pigment epithelium (decel RPE), and their impact on dif-
ferentiation of human pluripotent stem cells (hPSCs) to retinal organoids. We show that culture media sup-
plementation with decel RPE and RPE-conditioned media (CM RPE) significantly increases the generation of rod
photoreceptors, whilst addition of decel NR and decel RPE significantly enhances ribbon synapse marker ex-
pression and the light responsiveness of retinal organoids. Photoreceptor maturation, formation of correct sy-
napses between retinal cells and recording of robust light responses from hPSC-derived retinal organoids remain
unresolved challenges for the field of regenerative medicine. Enhanced rod photoreceptor differentiation, sy-
naptogenesis and light response in response to addition of decellularised matrices from RPE and neural retina as
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shown herein provide a novel and substantial advance in generation of retinal organoids for drug screening,
tissue engineering and regenerative medicine.

1. Introduction

The potential of human pluripotent stem cells (hPSCs) to differ-
entiate into retinal cells makes them a great tool for the study of in-
herited and age related retinal dystrophies, drug screening/repurposing
and provision of a limitless source of cells for cell based therapies. In
the last decade, seminal discoveries made by Sasai's group have led to
the generation of retinal organoids containing key retinal cell types
such as photoreceptors, Müller glia and other retinal neurons organized
in a laminated structures, from murine, primate and human embryonic
stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs)
[1–6]. Intense work has been performed by several groups worldwide to
improve the robustness and efficiency of differentiation protocols and
to understand the factors and signalling pathways that are required to
enhance retinal specification. This has led to generation of multiple in
vitro disease models for inherited and age related disease and increased
availability of human retinal tissue for basic biology and proof-of-
concept toxicology and transplantation studies [4,7,8]. However, cur-
rent differentiation protocols are impeded by several key challenges as
follows: (1) high intra line and inter experimental variability; (2) la-
borious and lengthy methods [9]; (3) inability to generate the correct
proportions of all retinal cell types and to maintain the three clearly
separated nuclear layers and appropriate synaptic connections in long
term cultures [9]; (4) inability to elicit light responses which are fully
comparable to adult retina [3,5,9–12] and (5) uncertainty about the
extent to which hESCs- and hiPSCs-derived retinal organoids re-
capitulate in vivo human retinal development. Many groups have re-
ported the generation of retinal pigment epithelium (RPE) cells
[9,12–14], however the latter are often found at the opposite side of the
retinal organoid (and not adjacent to neural retina (NR) as in vivo)),
resulting in impaired interaction between the NR and RPE, affecting
retinal lamination, spatial reorganisation and maturation of photo-
receptors, all of which are dependent on the RPE-NR interactions
[15,16].

In vivo, RPE cells release many extracellular molecules (ECMs) (for
example laminin, collagen and hyaluronic acid) which help to maintain
retinal integrity and photoreceptor viability and function [17–19]. In-
deed, in vitro proteomic studies have shown the secretion of numerous
trophic factors and ECMs molecules, including fibronectin, collagen and
laminin from foetal and adult RPE into the culture media [20]. The
biological effect of the RPE secreted factors is reflected in enhanced
proliferation, neurite outgrowth and differentiation of the photo-
receptors isolated from neonatal rat retina co-cultured with RPE con-
ditioned media (CM RPE) [21] as well as enhanced RPE differentiation
from hESCs [22]. Co-culture of NR with CM RPE significantly decreased
the thinning of outer nuclear layer, photoreceptor axon retraction and
apoptosis [23], thus suggesting the presence of key factors in CM RPE
which support photoreceptor viability under in vitro culture conditions.
Co-culturing of rat NR with RPE cells also has been shown to promote
the attachment of the photoreceptors, axons growth and migration of
their cell bodies toward the RPE cells in vivo as well as photoreceptors
development by increasing the synthesis of rhodopsin [16]. Given the
close interactions of RPE with NR, their co-culture has been used to
support the maintenance of NR in novel organotypic culture model
[24]. For example, Kaempf et al. indicated that co-culture of adult
porcine NR with choroid-RPE explant in vitro enhanced the main-
tenance of the retina by reducing apoptosis in both nuclear cell layers,
decreasing gliosis and increasing glutamate synthetase compared to
retina cultured alone [24].

In addition to secreted factors provided in CM and direct co-culture

of several cell types, tissue decellularisation has been proposed as a
useful method for providing the necessary biochemical and biophysical
features of cellular niches that are needed to promote progenitor and
stem cell differentiation and engraftment [25–32]. Tissue decellular-
isation consists of removing the cellular material from tissues so that
only the ECM components remain [25]. This process preserves the in-
tegrity of the ECM which can be used as an additional culture medium
supplement, as a scaffold to support cell engraftment and differentia-
tion and a source of biochemical and biophysical cues for the cells that
reside within it [25]. To date, decellularised ECM (decel ECM) has been
successfully achieved from many tissues including heart, liver, lung,
kidney and brain [26–34]. Several groups have also performed decel-
lularisation of tissues in the eye including cornea, retina, Bruch's
membrane and RPE [25,35–39]. More recently, decel ECM has been
prepared from bovine NR and shown to support the attachment and
differentiation of human retinal progenitor cells in vitro [36]. Despite
these encouraging findings, the role of decellularised ECM from neural
retina or RPE on the generation and functionality of hESC- and hiPSC-
derived retinal organoids has not been addressed to-date. In this study
we report the successful derivation of decellularised ECM from adult
bovine NR (decel NR) and RPE (decel RPE) and show a significant role
in enhancing photoreceptor differentiation, synaptogenesis and light
responsiveness of pluripotent stem cell derived retinal organoids.

2. Materials and methods

2.1. Preparation of RPE conditioned medium (CM RPE)

CM RPE was collected every day from polarized mature RPE
(TER>250Ω) derived from hESCs and hiPSCs cultured in DMEM:F12
medium (Life Technologies, UK) supplemented with 2% B27 (Gibco,
UK) & 1% N2 (Gibco, UK), based on a protocol published by our group
[40,41]. The RPE cells density was 100,000 cells/cm2. CM RPE was
collected and combined from both hESC- and hiPSC-derived RPE then
centrifuged at 1000 rpm for 4min, diluted 1:3.5 in retinal organoid
media and filtered prior to usage.

2.2. Preparation of decellularised ECM from NR and RPE

RPE & NR were isolated from four adult bovine eyes freshly col-
lected from the abattoir within 1 h after slaughter. The eyeballs were
hemisected to remove the cornea and vitreous humour and the retina
was peeled very gently from the RPE and immersed into phosphate
buffer saline (PBS, Sigma-Aldrich, UK). The isolated tissues (RPE/NR)
were washed twice with PBS on orbital shaker at 60 rpm for 5min. The
RPE and NR decellularisation procedures were performed following the
protocol published by Medberry et al., 2013 [42]. In brief, the RPE was
washed as follow: distilled H2O (16 h at 4 °C, 60 rpm); 0.02% trypsin/
0.05% EDTA (60min at 37 °C, 20 rpm); 3% TritonX-100 (60min at
4 °C), 1.0M Sucrose (15min at 4 °C), distilled H2O (15min), 4% So-
dium Deoxycholate (60min at 4 °C), 0.1% peracetic acid in 4% Ethanol
(V/V) (120min at 4 °C), PBS (15min at 4 °C), distilled H2O (15min at
4 °C) twice. Each step was performed under 60 rpm stirring unless
otherwise stated and followed by distilled water rinsing through a
strainer. Retinae were processed following the same stages under
milder conditions: concentrations, incubation times and stirring rates
all underwent a two-fold decrease besides Trypsin/EDTA (0.005%/
0.0125%, 30min at 37 °C, 20 rpm) and Sucrose (0.1 M, 30min at 4 °C).
Decellularised RPE and NR were snap-frozen in liquid nitrogen for
1–2min before freeze-drying at −54 °C, 0.5 bar for 48 h (FreeZone
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Labconco, Chemical Engineering Department, Newcastle University).
The dried decellularised RPE and NR were then stored at −20 °C until
digestion. The tissues were snap-frozen in liquid nitrogen for 30–60 s,
and immediately crushed with a glass pestle in a mortar previously
cooled on dry-ice to obtain a fine powder. 10mg of each powder was
digested by 1mg/ml pepsin (porcine gastric mucosa ≥2500 unit/mg,
Sigma-Aldrich, P7012) in 0.01 N HCl. The solutions were centrifuged at
4000 rpm for 15min, filtered on a 40 μm strainer and stored at −20 °C
until needed.

2.3. ECMs and DNA quantification

The following colorimetric assays were performed to quantify the
amount of collagen, glycosaminoglycan (GAGs), Hyaluronic Acid,
Laminin and DNA content in the decel RPE and decel NR, native RPE
and NR, CM RPE the RPE media.

2.3.1. Hydroxyproline assay
Hydroxyproline assay kit (BioVision, K555-100) was used according

to manufacturer's protocol to quantify the amount of collagen. The
absorbance was measured at 560 nm in a plate reader (Varioskan LUX,
Thermo Fisher Scientific, UK). Each sample was run in triplicate and the
average absorbance value was calculated. The background value was
corrected against the blank controls and the concentration of each
sample was determined against a Hydroxyproline standard.

2.3.2. Dimethylmethylene blue assay (DMMB)
Sulphated GAGs concentration was measured using di-

methylmethylene blue assay (DMMB) which results in a change in the
absorbance spectrum while forming the GAG-DMMB complex. The
DMMB reagent was prepared as follows: 16mg DMMB in 1 L double-
distilled water containing 3.04 g glycine, 1.6 g NaCl and 95ml of 0.1 M
Acetic Acid. The pH of the solution was 3.0 and all the DMMB com-
ponents were from (Sigma-Aldrich, UK). 20 μl of each sample was
transferred to a 96-well plate and incubated with DMMB reagent
(200μl/sample) for 5 s. Then, the absorbance value was read at 525 nm
using Varioskan LUX plate reader. The average value was calculated,
corrected against a blank control and the concentration was determined
against a standard chondroitin 4-sulfate from bovine (Sigma-Aldrich,
UK).

2.3.3. Turbidimetric measurement of hyaluronic acid
Hyaluronic Acid was quantified using a turbidimetric protocol,

based on the formation of insoluble complex between
Cetyltrimethylammonium bromide (CTAB; Sigma-Aldrich, UK) and the
isolated acid mucopolysaccharides [43]. The samples were diluted (1:1
ratio) in acetate buffer (0.2M Acetic acid, 0.15M NaCl, pH 6.0). Then,
100 μl of the solution (triplicate/sample) was transferred to a 96-well
plate and incubated at 37.5 °C for 15min. Afterwards, 200 μl of CTAB
reagent (2.5 g of CTAB dissolved in 100ml of 2% NaOH) was added per
well and the plate was incubated at room temperature on a plate shaker
(300 rpm) for 30 s before the absorbance was measured at 405 nm using
Varioskan LUX plate reader. The mean absorbance value was calculated
and corrected against the blank control. Then, the concentration of
Hyaluronic Acid was determined against a standard Hyaluronic Acid
sodium salt from Streptococcus equi (Sigma-Aldrich, UK).

2.3.4. Laminin
A bovine Laminin enzyme-linked immunosorbent assay (Laminin-

ELISA) kit (Amsbio, UK) was used according to the manufacturer's
protocol to quantify Laminin concentration in the native and decel-
lularised RPE and NR. The absorbance was measured at 450 nm using a
Varioskan LUX plate reader. The mean absorbance value was calculated
and the concentration of Laminin was determined against a Laminin
standard. Since CM RPE was collected from human RPE cells, Laminin
quantification in normal and CM RPE was performed on a different

ELISA kit from human (Aviva Systems Biology, UK) following the
manufacturer's protocol. The absorbance was measured as described
above.

2.3.5. DNA quantification
The cellular DNA content was measured using a Hoechst fluoro-

metric assay following a protocol indicated by Rago et al., 1990 [44].
The samples were diluted (1:1 ratio) in TNE buffer (10mM Tris, 2M
NaCl, 1 mM EDTA, pH 7.4) containing 20 μg/ml of Hoechst 33258 (Life
Technologies, UK). Then, 200 μl of the solution (triplicate/sample) was
transferred to a 96-well plate. The fluorescence intensity was propor-
tional to the amount of DNA in the sample and was measured at a
fluoro-chrome excited at 350 nm and the emission wavelength was read
at 460 nm using Varioskan LUX plate reader. Then, the concentration
was determined against a DNA standard from calf thymus (Sigma-Al-
drich, UK).

2.4. Peptide analysis by high-resolution mass spectrometry

Samples were subjected to acetone precipitation, with the acetone
fraction, containing peptides, dried under vacuum and reconstituted in
0.1% formic acid. Peptide analysis was performed in positive ion mode
using a Thermo LTQ-Orbitrap XL LC-MSn mass spectrometer equipped
with a nanospray source and coupled to a Waters nanoAcquity UPLC
system. The samples were initially desalted and concentrated on a BEH
C18 trapping column (Waters, Manchester, UK). The peptides were then
separated on a BEH C18 nanocolumn (1.7 μm, 75 μm×250mm,
Waters) at a flow rate of 300 nL/min using an ACN/water gradient; 1%
ACN for 1min, followed by 0–62.5% ACN over 21min, 62.5–85% ACN
for 1.5 min, 85% ACN for 2min and 1% ACN for 15min. MS spectra
were collected using data-dependent acquisition in the range m/z
200–2000 using a precursor ion resolution of 30,000 following which
individual precursor ions (top 5) were automatically fragmented using
collision induced dissociation (CID) with a relative collision energy of
35%. Dynamic exclusion was enabled with a repeat count of 2, repeat
duration of 30 s and exclusion duration of 180 s. Data were first ana-
lysed using Proteome Discoverer v1.1 (Thermo) with the MASCOT
(Matrix Science, London, UK) search engine against the UniProt data-
base. The initial search parameters allowed for oxidation of methionine,
a precursor mass tolerance of 10 ppm, a fragment mass tolerance
of± 0.5 Da, and a FDR of 0.01. For relative quantification, raw data
files were analysed using Progenesis QIP (Non-Linear Dynamics,
Newcastle, UK) using the search parameters outlined above.

2.5. Human pluripotent stem cells differentiation to retinal organoids

Retinal organoids were derived from two different cell lines: hiPSCs
derived from adult fibroblasts (SB-Ad3) [45] and hESCs (H9, Wicell
Inc.). Stem cells were expanded in mTeSR™1 (StemCell Technologies,
05850) at 37 °C and 5% CO2 on 6 well plates pre-coated with Low
Growth Factor Matrigel (Corning, 354230). The retinal organoids were
generated following a protocol described in Mellough et al., 2015 [46]
with the addition of ROCK inhibitor (Y-27632 dihydrochloride) (10 μM)
for the first 48 h of differentiation. Further modifications included the
addition of 10% Fetal Calf Serum (Life Technologies, UK), T3 (40 ng/
ml; Sigma-Aldrich UK), Taurine (0.1 mM; Sigma-Aldrich UK) and Re-
tinoic Acid (0.5 μM; Sigma-Aldrich UK) from day 18 of differentiation
onwards [47, 53]. After day 18 of differentiation, the cells were divided
into 4 groups with different cultural conditions: Control, CM RPE, decel
NR (10 μg/ml) and decel RPE (10 μg/ml) (Fig. S1). Retinal organoids
were collected on day 35, 90 and 150 for qRT-PCR and im-
munohistochemistry (IHC). For IHC the organoids were fixed in 4% (w/
v) PFA for 20min, followed by three washes in PBS and overnight
cryoprotection in 30% sucrose in PBS before embedding in OCT
medium (Cell Path Ltd., Newtown, UK). 10 μm cryostat sections were
collected using a Leica Cm1860 cryostat (Leica, Germany). For qRT-

B. Dorgau et al. Biomaterials 199 (2019) 63–75

65



PCR retinal organoids were collected, washed with PBS and im-
mediately frozen at −80 °C.

2.6. Immunohistochemistry

Cryosections were air-dried, washed several times in PBS and in-
cubated in blocking solution (10% normal goat serum, 0.3% Triton-X-
100 in PBS) for 1 h at room temperature. Antibody diluent solution was
prepared (1% bovine serum albumin (BSA), 0.3% Triton–X100 in PBS)
and used to dilute all antibodies. Tissue sections were incubated with
widely used retinal cell type specific primary antibodies (Table S1)
overnight at 4 °C and washed several times with antibody diluent before
incubating with secondary antibodies (Table S1) at room temperature
for 2 h. Afterwards, sections were washed three times in PBS and
mounted with Vectashield (Vector Laboratories, Burlingame, CA) con-
taining Hoechst (Life Technologies, UK). To assess the specificity of
primary antibody binding, these were omitted and replaced with iso-
type controls as described in our recent publication [47]. For all anti-
bodies, no non-specific binding was observed [47]. To assess the spe-
cificity of secondary antibody staining, primary antibodies were
omitted. Again no non-specific binding was observed (Fig. S2).

2.7. Image capture and analysis

Images were captured using an Axio Imager upright microscope
with Apotome structured illumination fluorescence (Zeiss, Germany)
using 20x objective and 63x oil objective operated with AxioVision
software. Tissue sections of three biological replicates of hPSCs-derived
retinal organoids were analysed. Each biological replicate of day 35, 90
and 150 retinal organoids included 10–15 organoids per condition.
Final images are presented as a maximum projection and adjusted for
brightness and contrast in Adobe Photoshop (Adobe Systems).

2.7.1. Image quantification
Cell image quantitation was performed using the MATLAB software

(Mathworks, MA). The data was presented as image segmentation using
Hysteresis thresholding technique to segment the cells and filter out any
noise background from the images [48]. The measuring property of
MATLAB (regionprops) was used to represent all the pixels of each
image as single region in order to extract the information about each
cell including the size, average intensity value and length. After ob-
taining the final segmentation information, the total size and the per-
centage of the positive cells were calculated and exported as excel file
for further analysis.

The quantification of synaptic marker proteins, Bassoon and CtBP2,
was performed using ImageJ (NIH, Bethesda, MD). For hESCs and
hiPSCs, 5–7 and 3 individual organoids per condition were analysed
respectively. All images were taken with the same exposure time and
three squares (500× 500 pixels) to cover the whole retinal structure
were validated in each organoid image. Number of patches and median
intensity were calculated automatically by ImageJ using an intensity
threshold [49] to ensure an accurate count with same conditions for all
groups. All results were further analysed using Microsoft Excel and
Prism (GraphPad, USA).

2.8. qRT-PCR

15-20 retinal organoids were homogenised using a Dounce Tissue
Grinder (Sigma-Aldrich, UK) to extract the RNA using the Promega
tissue extraction kit (Promega, USA) as per the manufactures instruc-
tions. 1 μg of RNA was reverse transcribed using random primers
(Promega, USA). qRT-PCR was performed using a Quant Studio 7 Flex
system (Applied Biosystems, USA) with SYBR Green reaction mixture
(Promega, USA). Each primer (Table S2) was used at a concentration of
1 μM, and at a ratio of 50:50 for forward and reverse. The reaction
parameters were as follows: 95 °C for 15min to denature the cDNA and

primers, 40 cycles of 94 °C for 15 s followed by primer specific an-
nealing temperature for 30 s (60 °C), succeeded by a melt curve. A
comparative cycle threshold (Ct) method was used to calculate the le-
vels of relative expression, whereby the Ct was normalised to the en-
dogenous control (GAPDH). This calculation gives the ΔCt value, which
was then normalised to a reference sample (i.e. control group), giving
the ΔΔCt. The fold change was calculated using the following formula:
2-ΔΔCt.

2.9. Electrophysiological recordings

24 h prior to electrophysiological recordings, 9-cis retinal (10 nM;
Sigma-Aldrich, UK) was added to the incubation medium. Organoids
were transferred to 34 °C artificial cerebrospinal fluid (aCSF) containing
the following (in mM): 118 NaCl, 25 NaHCO3, 1 NaH2PO4, 3 KCl, 1
MgCl2, 2 CaCl2, 10 glucose, 0.5 L-Glutamine and 0.01 9-cis-retinal.
Organoids were opened longitudinally and placed, with the presumed
retinal ganglion cell (RGC) layer facing down on the electrodes, onto a
4096 channel multielectrode array (MEA), flattened with a translucent
polyester membrane filter (Sterlitech Corp., Kent, WA, USA). The or-
ganoids were allowed to settle for at least 2 h. Recordings were per-
formed on the BioCam4096 MEA platform with BioChips 4096S+
(3Brain GmbH, Lanquart, Switzerland), integrating 4096 square mi-
croelectrodes in a 64 × 64 array configuration.

Light stimuli were projected as described previously [50]. Broad
white (high photopic) light pulses (WLP, 200ms, 217 μW/cm2 irra-
diance, 1 Hz) were flashed for 5min onto the organoids following re-
cording spontaneous activity in the dark for 5min. The drug cGMP (8-
Bromoguanosine 3′, 5′-cyclic monophosphate, Sigma-Aldrich, MO) was
puffed in the recording chamber (final concentration: 100 μM) and
activity was recorded continuously for 4min, starting at 2min before
the puff.

To reliably extract spikes from the raw traces, a quantile based
event detection was used [51]. Single-unit spikes were sorted using an
automated spike sorting method for dense, large-scale recordings [52].
Statistical significance (unpaired t-test) and firing rate analyses were
evaluated by using MATLAB (Mathworks, MA) and Prism (GraphPad,
CA). RGCs were considered responsive if they show at least 25% in-
crease or decrease in spiking activity during 30 s after WLP onset
compared to a similar time window before the light was turned on. For
each cell, all spikes occurring during these two time windows were
counted and the mean % change (± SEM) in activity between windows
was calculated.

2.10. Transmission electron microscopy (TEM)

Cells were fixed with 2% glutaraldehyde and kept at 4 °C. Sample
processing and TEM was performed at Newcastle University Electron
Microscopy Research Services. Ultrathin sections were stained with
heavy metal salts (uranyl acetate and lead citrate) and imaged on a
Philips CM100 TEM (Philips, Japan).

2.11. Statistical analyses

All statistical tests were performed using Prism (GraphPad, USA).
The standard errors of all means (SEM) were calculated. Statistical
significance was tested using one-way ANOVA (Dunnett statistical hy-
pothesis for multiple test correction). Asterisk= p-value< 0.05, two
asterisks= P-value<0.01, three asterisks= P-value< 0.001, four
asterisks= P-value<0.0001.

3. Results

3.1. ECMs composition in CM RPE, decel NR & decel RPE

In order to examine the role of decellularised ECM on the
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differentiation and functionality of hPSCs–derived retinal organoids,
NR and RPE tissue were extracted and decellularised from adult bovine
eyes [42]. To confirm the efficiency of the decellularisation process, the
DNA content was assessed in decel NR and RPE samples. These results
indicated the DNA content to be 8.5 and 4.3 μg/mg of initial dry weight
of NR and RPE, respectively (Fig. S3A), which was significantly lower
than the amount of DNA in the native tissues, indicating that the bulk of
cellular material was removed after the decellularisation process from
the native retina (∼92%) and RPE (∼80.5%). This result was similar to
that reported by Kundu et al., 2016 where (∼94%) of cellular material
was removed after the decellularisation of NR from bovine eyes [36].

The CM was collected from polarized RPE cells derived from hPSCs
and the key ECM components (collagen, Laminin, GAGs and HA) were
quantified and compared to RPE media and native tissue of bovine
retina and RPE, respectively (Figs. S3B–D and Table S3). The con-
centration of all analysed ECM components (collagen, Laminin, GAGs
and HA) was significantly increased in the CM RPE compared to the
normal RPE media (Fig. S3B and Table S3). Opposite results were found
for the native retina after decellularisation, revealing a significant de-
crease in GAGs and HA in the decel NR compared to the native retina
(Fig. S3C and Table S3). Similar to decel NR, the collagen, GAGs and

HA were significantly reduced in the decel RPE compared to the native
RPE after decellularisation (Fig. S3D and Table S3). Together these
results indicate that some of the ECM components (collagen, sulphated
GAGs and HA) were lost during the decellularisation procedures;
however laminin concentration was not affected by this process (Figs.
S3C and D).

Proteomics analysis of decel NR and RPE was carried out to gain
more insights into the peptides present in these samples (Table S4 and
Table S5). A large number of ECM components including various col-
lagen and laminin chains as well as versican were identified in both
decel NR and RPE. A comparative analysis indicated significant dif-
ferences in the abundance of collagen chains between decel RPE and
decel NR (Table S6). Versican was more abundant in decel NR, whilst
laminin chains showed no significant difference in expression between
the two samples.

3.2. Effects of ECM supplementation on early and middle stages of retinal
differentiation

The effects of each ECM supplementation (CM RPE, decel NR or
decel RPE) in retinal organoids was analysed in detail using qRT-PCR

Fig. 1. hESCs-derived retinal organoid characterisation at day 35 of differentiation in all four culture conditions. (A–D) Expression of retinal progenitor cells
(VSX2, green), photoreceptors (Crx, green; Recoverin, red) and amacrine/ganglion cells (HuC/D, green) in control (A), CM RPE (B), decel NR (C) and decel RPE (D)
condition, showing a thick apical layer of retinal progenitor cells and some photoreceptors across the whole organoid whereas most ganglion/amacrine cells were
found in the centre of organoids. Nuclei are counterstained with Hoechst. Abbreviations: Hoe, Hoechst; Recov, Recoverin. Stars indicate background staining. Scale
bars= 20 μm.(E–H) Cell quantification graphs of VSX2 (E), Crx (F), Recoverin (G) and HuC/D (H), revealing no significant differences between the control (green)
and CM RPE (red), decel NR (blue) or decel RPE (yellow) conditions. Data is shown as mean ± SEM, n=6–8 experiments performed in hESCs & hiPSCs. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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and IHC with specific developmental marker proteins at different time
points during differentiation. In addition, cell quantification analysis of
key retinal markers was used to validate the impact of each ECM sup-
plementation at key stages during the differentiation process (early: day
35, mid: day 90 and late: day 150). The stage selection for differ-
entiation time course was based on our immunohistochemical char-
acterisation of retinal organoids (already published by our group in
Refs. [47,53]). This analysis has shown that day 35 (early stage) is
characterised by the presence of an apical layer packed with VSX2
progenitors and a basal layer where the putative ganglion/amacrine
HuC/D positive cells reside. The middle stage of differentiation (day 90)
is characterised by the presence of RPE, photoreceptor precursors, RGCs
and Müller glia cells, whilst day 150 is characterised by the presence of
all key retinal cell types including photoreceptors, amacrine, bipolar
and horizontal cells, as well as RGCs and Müller glia cells.

A thick layer of retinal progenitor cells, expressing VSX2, on the
apical edge of retinal organoids derived from hESCs (Fig. 1A–D) and
hiPSCs (Fig. S4) was observed in all conditions at day 35 of differ-
entiation. Recoverin-positive photoreceptors and HuC/D-positive ama-
crine/ganglion cells were found in the centre of retinal organoids in all
conditions (Fig. 1A–D and Fig. S4). The presence of ganglion cells
(mostly in the centre of organoids) was confirmed by immunostaining
with the retinal ganglion cell marker, RBPMS (Fig. S5). Crx, a marker
for post-mitotic photoreceptors, was found across the entire neural re-
tina, showing some positive cells in the centre as well as at the apical
edge of organoids, where retinal progenitor cells are located (Fig. 1A–D

and Fig. S4). Cell quantifications of retinal progenitor cells (VSX2),
photoreceptor precursors (Crx and Recoverin), amacrine/ganglion cells
(HuC/D) and ganglion cells (RBPMS) revealed no significant differences
between all conditions (Fig. 1E–H and Fig. S5). This is in line with
morphological observations, which showed a similar percentage of or-
ganoids had developed neural retina (with or without RPE) across
different conditions at day 35 of differentiation (Fig. S6).

In comparison to day 35, a significant increase in retinal organoid
growth was observed (Fig. S7) at day 90. At the same time the per-
centage of retinal organoids containing neural retinal structures with or
without RPE (Figs. S6B and D) also increased at this timepoint. There
were no significant differences between all groups, except for decel RPE
condition of hESCs, which promoted formation of NR with RPE orga-
noids (p < 0.01) compared to the control conditions (Fig. S6B). A thick
layer of retinal progenitor cells was found in all conditions at day 90 of
differentiation with a striking increase in the number of photoreceptors
and amacrine/ganglion cells compared to day 35 of differentiation in
both cell lines and all conditions (Fig. 2A–D and Fig. S8). The majority
of HuC/D-positive amacrine and ganglion cells and RBPMS-positive
ganglion cells were observed in the centre of organoids rather than
across the neural retina (Fig. 2A–D and Fig. S5). A thin layer of pho-
toreceptors, co-expressing Crx and Recoverin, was found at the apical
edge of organoids; however Crx and Recoverin photoreceptor pre-
cursors were also found across the organoids as well as their basal side
(Fig. 2A–D, Fig. S8A–D). NRL and RXRγ, which mark the post-mitotic
rod and cone precursors respectively, were expressed at day 90 of

Fig. 2. hESCs-derived retinal organoid characterisation at day 90 of differentiation in all four culture conditions. (A–D) Expression of retinal progenitor cells
(VSX2, green), photoreceptors (Crx, green; Recoverin, red), amacrine/ganglion cells (HuC/D, green), rod precursors (NRL, green) and cone precursors (RXRγ, red) in
control (A), CM RPE (B), decel NR (C) and decel RPE (D) condition, showing a thick apical layer of retinal progenitor cells, photoreceptors in the apical and central
sides of organoids and some rod precursor cells apically. Ganglion/amacrine cells and cone precursor cells are distributed throughout the whole organoid. Nuclei are
counterstained with Hoechst. Abbreviations: Hoe, Hoechst; Recov, Recoverin. Scale bars= 20 μm. (E–J) Cell quantification graphs of VSX2 (E), Crx (F), Recoverin
(G), HuC/D (H), NRL (I) and RXRγ (J), revealing no significant differences between the control (green) and CM RPE (red), decel NR (blue) or decel RPE (yellow)
conditions. Data is shown as mean ± SEM, n=6–8 experiments performed in hESCs & hiPSCs. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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differentiation with slightly different distribution pattern. NRL-positive
cells were mainly restricted to the apical edge of organoids whereas
RXRγ-expressing cells were found across the neural retina in all con-
ditions (Fig. 2A–D and Fig. S8A–D). In addition, there were fewer NRL-
expressing cells compared to RXRγ cone precursors, as shown by the
cell quantification analysis (Fig. 2I and J). No differences in retinal
progenitor cells (VSX2), amacrine/ganglion cells (HuC/D), ganglion
cells (RBPMS), photoreceptors (Crx and Recoverin) and rod and cone
precursor marker (NRL and RXRγ) were found between all conditions
by the cell quantification analysis (Fig. 2E–J and Fig. S5). Proliferating
cells, detected by the marker protein Ki67 (Fig. S9) and apoptotic
Caspase 3-positive cells (Fig. S10) were seen throughout retinal orga-
noids, revealing no significant differences between culture conditions,
except for Ki67 expression at day 35 (control vs decel RPE condition;
Fig. S9). In summary, these data indicate that supplementation of

culture media with CM RPE, decel NR and decel RPE does not affect
retinal development at early and middle stages of differentiation.

3.3. ECM supplementation improves retinal differentiation at later stages

To assess the impact of ECM supplementation and presence of
multiple retinal cell types during the later stages of differentiation, a
large number of specific marker proteins were used for IHC analyses
and TEM was performed for all conditions. Cell quantification analyses
and qRT-PCR were also carried out to examine any differences between
conditions.

At later stages of retinal differentiation (day 150) the percentage of
organoids containing retinal bright phase neuroepithelium at the apical
edge, increased slightly in both cell lines and all conditions compared to
day 90 of differentiation (Fig. S6B and D). A remarkable increase of NR

Fig. 3. Transmission electron microscopy analysis of hESCs-derived retinal organoids in all culture conditions. Ultrastructural analysis revealed photo-
receptors containing inner (IS) and outer (OS) segments, connecting cilium (cc), basal body (bb) and an outer limiting membrane (OLM) underneath putative
photoreceptor IS in control (A), CM RPE (B), decel NR (C) and decel RPE (D) condition. Other cell types including amacrine and Müller cells identified by the
formation of neurofilaments were shown exemplary in CM RPE condition (B). Synaptic contacts (arrowheads) were found in all culture conditions (A–D).
Melanosomes located in the apical part of organoids are shown in the “decel RPE” condition (D). Scale bars: 500 μm, 10 μm, 2 μm or 0.5 μm. Abbreviations: AC:
amacrine cells; bb: basal body; cc: connecting cilium; IS: photoreceptor inner segments; mt: mitochondria; M: melanosomes; NF: neurofilaments; OLM: outer limiting
membrane; OS: photoreceptors outer segments; SV: synaptic vesicles.
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with RPE was seen in all conditions for hESCs in contrast to early stages
of differentiation (Fig. S6B). Furthermore, there were significantly more
NR with RPE organoids (p < 0.05) in decel RPE condition compared to
control condition (Fig. S6B). The development of mature RPE cells was
confirmed by TEM, showing more polarized melanosomes in decel RPE
retinal organoids (Fig. 3D) compared to the control condition.

IHC analysis revealed a thick layer of photoreceptors, detected by
Crx and Recoverin, on the apical side of retinal organoids in all con-
ditions (Fig. 4 and Fig. S11), indicating the formation of an outer like
nuclear layer (ONL). In all conditions higher magnifications of Re-
coverin-positive cells displayed characteristic morphological features of
photoreceptors, including the connecting cilium, exemplified by
ARL13B immunostaining, and developing outer segments (OS) as de-
monstrated by Gαt1 immunoreactivity (Fig. 4 and Fig. S11). These
findings were confirmed by TEM, revealing the presence of organized
photoreceptor-like ultra-structures features including the photoreceptor
OS, inner segment (IS), connecting cilium and basal body in all con-
ditions (Fig. 3). In addition, an outer limiting membrane (OLM) was
observed basal to the IS of developing mitochondria-rich photo-
receptors in all conditions (Fig. 3). Quantitative qRT-PCR analysis did
not show any difference in the expression of Crx and Recoverin, more-
over the number of Crx- and Recoverin-positive photoreceptors did not
differ between conditions (Fig. S12). IHC analysis indicated that both
photoreceptor types were found in all conditions in retinal organoids at
day 150 of differentiation (Fig. 4 and Fig. S11). Rods, detected by
Rhodopsin, were evenly distributed across the developing ONL of or-
ganoids (Fig. 4 and Fig. S11) with higher magnifications indicating
typical rod morphology. Cell quantification analyses indicated a sig-
nificant increase in the percentage of rods in CM RPE and decel RPE
conditions when compared to control condition (Fig. S12B). These
changes were confirmed by qRT-PCR results, showing higher expression

of RHO in the CM RPE and decel RPE conditions (Fig. S12A). This
suggested that the supplementation of CM RPE and decel RPE enhanced
the development of rods. In contrast to rod expression, the expression of
long/middle wavelength (OPN1LW/MW) and short wavelength
(OPN1SW) cones was more sporadic within retinal organoids (Fig. 4
and Fig. S11), suggesting the beginning of opsin expression at this de-
velopmental stage. Nevertheless, both OPN1LW/MW and OPN1SW
immunoreactive-positive cells were found at both the apical and basal
side of retinal organoids and higher magnifications of both cone types
display the typical cone morphology at this stage of differentiation
(Fig. 4 and Fig. S11).

All other retinal cell-types (bipolar, horizontal, amacrine, ganglion
and Müller cells) were found at day 150 of differentiation in retinal
organoids derived from both cell lines and in all conditions (Fig. 5 and
Fig. S11). HuC/D-positive amacrine/ganglion cells were mostly located
in the centre of retinal organoids (Fig. 5 and Fig. S11). This was ob-
served in all conditions (Fig. 5 and Fig. S11) without any difference in
the percentage of HuC/D-positive cells as indicated by the cell quan-
tification analysis (Fig. S12B). The same was observed for the ganglion
cell marker RBPMS (Fig. S5). Interestingly, horizontal cells detected by
the marker protein Prox1 were found more towards the apical side of
organoids while amacrine cells (Ap2α-labelled) were located more to-
wards the centre of organoids (Fig. 5 and Fig. S11), reflecting correct
positions of both cell-types within the retinal organization. In all con-
ditions, Müller glia cells (indicated by the CRALBP staining) were ob-
served to span the whole retinal structure akin to what is observed in
adult retina (Fig. 5 and Fig. S11). The development of other retinal cell
types such as amacrine cells and Müller cells (indicated by the forma-
tion of neurofilaments) was also confirmed by TEM (Fig. 3B). In addi-
tion, TEM analysis revealed synaptic contacts between retinal cells in
all conditions (Fig. 3, arrowheads). Ki67-positive cells (Fig. S9) were

Fig. 4. Photoreceptor characterisation in hESCs-derived retinal organoid at day 150 of differentiation in all culture conditions. (A–D) Expression of pho-
toreceptors (Crx, green; Recoverin, red) including mature marker for rods (Rho, green) and cones (OPN1LW/MW, red; OPN1SW, red) as well as a photoreceptor outer
segment (Gαt1, red) and connecting cilium (ARL13B, red) marker in control (A), CM RPE (B), decel NR (C) and decel RPE (D) condition. In all conditions,
photoreceptors (rods and cones) displayed the characteristic morphological features of photoreceptors, including the connecting cilium and outer segment formation.
Nuclei are counterstained with Hoechst. Abbreviations: Hoe, Hoechst; Rho, Rhodopsin; Recov, Recoverin. Scale bars= 20 μm or 10 μm. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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found throughout retinal organoids whereas apoptotic Caspase 3-posi-
tive (Fig. S10) cells were seen sporadically at day 150 of differentiation;
no significant difference in their abundance was observed between the
different culture conditions. Collectively these results suggest that the
supplementation of culture media with decel RPE had a positive impact
on the development of RPE and rods, whereas the development of other
retinal cell types including cones was not affected by the supple-
mentation of CM RPE, decel NR or decel RPE at the later stages of
differentiation.

3.4. Effect of ECM supplementation on synaptogenesis and the emergence of
light responses

We demonstrated that retinal organoids derived from pluripotent
stem cells in all conditions contained all retinal cell-types within a la-
minated structure similar to the adult retina. But the formation of
correct synaptic connections between different cell-types within spe-
cialised plexiform layers (outer and inner plexiform layers (OPL and IPL
respectively)) as in the normal developing retina, is still challenging for
most retinal differentiation protocols [54]. Using synaptic and ribbon
synapse specific marker proteins, IHC was performed to investigate the
effect of different ECM supplementation at day 150 of differentiation.

Syntaxin, a marker for the presynaptic plasma membrane, was
found underneath the putative ONL of retinal organoids in all condi-
tions at day 150 of differentiation (Fig. 5 and Fig. S11), indicating the
formation of putative photoreceptor synapses. IHC analysis with ribbon
synapse marker proteins (Bassoon and CtBP2) in combination with
vGlut1 (a marker for synaptic terminals of photoreceptors and bipolar
cells) and Recoverin was carried out to assess this in more detail. Bas-
soon and CtBP2 immunoreactivity patches were largely found below
photoreceptor nuclei in retinal organoids derived from both cell lines in
all conditions (Fig. 6A and B and Fig. S13A and B). Co-localisation of
Bassoon or CtBP2 respectively with vGlut1 and Recoverin was observed

at putative axons/axon terminals as highlighted by higher magnifica-
tion micrographs (Fig. 6A, B and Fig. S13A and B). This suggests that
photoreceptors form synaptic connections with second order neurons
(bipolar or horizontal cells).

In addition, quantification of Bassoon and CtBP2 patches as well as
their median intensity was performed to validate the impact of different
ECM supplementation on synaptogenesis. The number of Bassoon-po-
sitive patches was significantly smaller in the CM RPE condition com-
pared to control condition (Fig. 6C), suggesting that the formation of
synapses between photoreceptors and second order neurons was less
likely to occur in this condition at day 150 of differentiation. In con-
trast, immunoreactive-positive patches for CtBP2 were not affected by
supplementation of culture media with different ECM components
(Fig. 6D). Bassoon and CtBP2 protein expression, analysed by the
median intensity quantification, revealed a significant increase in all
ECM supplemented conditions compared to control (Fig. 6E and F),
indicating that culturing organoids with different ECM supplementa-
tions promotes the expression of proteins that are essential for synaptic
transmission between photoreceptors and their postsynaptic partners.
In this context, it is important to note the presence of RIMS1 (Reg-
ulating Synaptic Membrane Exocytosis 1) and/or RIMS2 (Regulating
Synaptic Membrane Exocytosis 2) peptides in the decel RPE and decel
NR samples (Table S5, Table S4).

To functionally validate the formation of these synaptic connec-
tions, we performed multielectrode array (MEA) recordings from the
putative GCL to investigate how these cells respond to strong white
light pulse (WLP) stimuli. Many presumed ON RGCs in retinal orga-
noids derived from hESCs and hiPSCs in control, CM RPE, decel NR and
decel RPE conditions at day 150 of differentiation exhibited increase in
spiking activity when exposed to high intensity WLP stimuli. The spike
raster plots illustrated in Fig. 7A–D shows all ON responses for RGCS
that responded at least with a 25% increase in spiking activity following
WLP. Panel E illustrates the normalised mean change in spiking activity

Fig. 5. Retinal cell-type characterisation in hESCs-derived retinal organoid at day 150 of differentiation in all culture conditions. (A–D) Expression of
amacrine/ganglion cells (HuC/D, green), bipolar cells (PKCα, green), horizontal cells (Prox1, red), amacrine cells (AP2α, green), Müller cells (CRALBP, green) and
synaptic marker (Syntaxin, green) in control (A), CM RPE (B), decel NR (C) and decel RPE (D) condition. All retinal cell-types were expressed in organoids of all four
conditions as well as the synaptic marker protein Syntaxin, indicating the formation of synapses between retinal cell types. Nuclei are counterstained with Hoechst.
Abbreviations: Hoe, Hoechst. Arrowheads indicate PKCα expression and stars indicate background staining. Scale bars= 20 μm. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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for all conditions, demonstrating a global increase in responsiveness in
all conditions compared to their respective controls. However, the only
conditions showing statistically significant increases were the decel NR
and decel RPE (Fig. 7E). In summary, these results showed that both
decel NR and RPE ECM supplemented conditions improved the light-
driven responses compared with the control.

4. Discussion

To date there has been immense progress in generation of organoids
from primary and neoplastic tissues and pluripotent stem cells. Retinal
organoids in particular have attracted a lot of excitement and interest in
view of their intrinsic self-organisation into lamina (layers) which re-
semble the adult human retina [55] and the presence of all key retinal
cell types. The ability to generate large amount of retinal cells for cell
based therapies and to provide a test bed for drug testing and phar-
macology screens, makes the pluripotent stem cell retinal organoids the
most optimal tool to date. Notwithstanding this fast progress, current

differentiation protocols are impeded by several key challenges which
include the inability generate the correct proportions of all retinal cell
types and to maintain the three clearly separated nuclear layers in long
term cultures, failure to establish correct synaptic connections and in-
ability to elicit light responses which are fully comparable to adult
retina [40]. Published evidence shows that the early stages of retinal
differentiation (eyefield formation, emergence of optic vesicles and
optic cups) is influenced by the activity of key developmental pathways
including WNT/FGF/TGFβ/BMP etc. [56]); however photoreceptor
survival, emergence and maturation is critically dependent on the in-
teraction with closely situated RPE cells and other retinal cells [57]. In
this context, we hypothesised that adult retina and RPE extracellular
matrix and growth factors bound therein, may help to expedite and
enhance differentiation, synaptogenesis and light responsiveness of
retinal organoids. In the last few years, decellularised ECM has gained a
lot of traction in the field of tissue engineering due to their ease of
standardised production, constant availability and preservation of key
growth factors and ECM components that are essential for guiding stem

Fig. 6. Synaptic marker expression in hESCs-derived retinal organoids at day 150 in all culture conditions.(A, B) Expression of synaptic marker Bassoon
(green; A) and CtBP2 (green; B) in combination with Recoverin (Recov, cyan) and vGlut1 (magenta) in control, CM RPE, decel NR and decel RPE condition of retinal
organoids derived from hESCs. Co-localisation of all marker (A,B insets in top panels) and Bassoon (A, bottom panels) or CtBP2 (B, bottom panels) in combination
with vGlut1 indicates putative photoreceptor synapses at axon terminals. Abbreviations: Recov, Recoverin. Scale bars = 20 μm or 10 μm (insets). (C, D)
Quantification of Bassoon- (C) and CtBP2- (D) immunoreactive patches in hPSCs-derived organoids showed a significant decrease of Bassoon patches in CM RPE
condition compared to control. (E, F) Median intensity quantification of Bassoon (E) and CtBP2 (F) in hPSCs-derived retinal organoids revealed an increase of CM
RPE, decel NR and decel RPE when compared to control condition. Data is shown as mean ± SEM, n = 6–8 experiments performed in hESCs and hiPSCs. Differences
were considered statistically significant at *p < 0.05 and ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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cell differentiation. Although decellularised ECM generation from bo-
vine neural retina has been reported [36], its application as a media
supplement in pluripotent stem cell differentiation to 3D retinal orga-
noids has not been carried out previously. In this manuscript we report
the successful preparation of decel ECM-derived peptide mixes from
bovine NR and RPE and their characterisation by quantitative pro-
teomic analysis and we show that retinal specific decellularised retinal
matrices retain essential peptides belonging to well described ECM
components (e.g. collagen, laminin, versican), albeit some of these were
decreased during the decellularisation process. Addition of these de-
cellularised ECM-derived peptide mixes to the culture media did not
seem to affect the early- or mid-stages of differentiation, but it did
enhance rod photoreceptor emergence, expression of synaptic markers
and light responsiveness of retinal organoids generated from hESCs and
hiPSCs, providing for the first time evidence that retinal niches (RPE
and NR) contain ECM-peptides and/or growth factors which are useful
for generation and function of retinal organoids. We performed quan-
titative mass spectrometry of the peptide mixes derived from decel-
lularisation of NR and RPE and showed differential abundance of col-
lagen chains and versican between the two peptide mixes, which may
underline some of the differences in phenotypic consequences reported
from this study. However, more targeted studies using supplementation
with these differentially expressed ECM peptides are needed to further
optimise retinal organoid differentiation from human pluripotent stem
cells and their functionality.

It is now well established that RPE plays a critical role in the
maintenance of photoreceptors and that RPE cell death and dysfunction
is an important cause of many retinal dystrophies. Genetic ablation of
RPE in animal models has been shown to lead to a rapid and profound
reduction in RPE cell number [58] and a significant reduction in sco-
topic amplitude of the electroretinogram and a wave gradient. Together
these published findings suggest that the functionality and survival of
the rod photoreceptors is critically dependent on the RPE cells. This is
also corroborated by our study for the addition of decel RPE or CM RPE
enhanced rod generation at the later stages of retinal differentiation
(day 150). A significant increase in rhodopsin expression was also
noted, corroborating data reported by German et al. showing that RPE
cells promote the synthesis of rhodopsin from photoreceptors under in
vitro conditions [16]. This effect is cell type specific, as the development
of other retinal cells (cones, bipolar, horizontal, amacrine, ganglion and
Müller cells) was not affected by the various ECM supplementations.

The generation of retinal organoids containing key retinal cell types
from hESCs and hiPSCs have now been reported in several studies
[1–6]. However, the formation of correct synaptic connections between
different cell-types remains a challenge in the field of retinal differ-
entiation, albeit the expression of synaptic markers has been observed
[54]. The retinal organoids in this study were able to generate synaptic
connections between photoreceptors and second order neurons such as
bipolar or horizontal cells. Our analysis showed that all three media
supplementations indicated increased the expression of the synaptic
markers, Bassoon and CtBP2, compared to the control conditions. Re-
cently, our group has reported that light responses obtained from hESCs
and hiPSCs derived retinal organoids are rather immature and com-
parable to the earliest light responses recorded from the neonatal
mouse retina, close to the period of eye opening [59]. To assess whether
ECM supplementation had any impact on retinal function, electro-
physiological light responses were performed, which showed that decel
NR and RPE supplementation significantly enhanced the light respon-
siveness of retinal organoids [59]. Despite the demonstrated enhance-
ment of retinal organoid light sensitivity, the light-driven responses are
still very immature and not yet comparable to responses from a fully
developed adult retina. The ontogeny of light-driven RGC responses
depend on molecular cues and activity-dependent refinement (for re-
view, see Ref. [60]). The refinement of synapses onto RGCs and ama-
crine cells (AC) continues after eye-opening and depends upon visual
experience [61,62]. The light responses presented in this study are

Fig. 7. Light-driven spiking activity recorded from presumed ON RGCs &
change of RGC spiking activity in four conditions of retinal organoids
derived from hPSCs at day 150 of differentiation. (A–D) Spike raster plots
(SRPs) from RGCs of the different groups that showed a 25% increase in spiking
activity during pulsed white light (WLP, see methods). In the raster plot, each
small vertical bar indicates the time stamp of a spike, where each row re-
presents a different RGC. The left half illustrates the activity before stimulus
onset and, separated by the red line, the right half the activity when exposed to
WLP. A) SRPs from the control group; B) SRPs from the CM RPE group; C) SRPs
from the decel NR group; D) SRPs from the decel RPE group. E) The change of
activity before and after stimulus onset was calculated for each RGC shown in
A-D. An unpaired t-test was applied this data to estimate the difference between
the control group to the other three groups, differences were considered sta-
tistically significant for (E) decel RPE vs control *p = 0.0148 and decel NR vs
control ***p = 0.0009. For better visualisation the means (+SEM) were nor-
malised (as a fraction) within each cell line. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this
article.)
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weak and sluggish, comparable to responses recorded shortly before
eye-opening in the developing mouse retina [59]. Although the pho-
toreceptor synapses seem to reach a reasonable level of maturity in all
conditions, it is very likely that the bipolar synapses in the outer and
inner plexiform layer are not fully mature yet. The ECM supplemented
conditions enhanced the light-driven ON RGC responses. These are in-
deed very promising findings, although it remains to be determined
whether such effect is due to enhanced expression of important building
blocks of synaptic functionality and/or the higher number of rods and
RPE cells found in retinal organoids cultured in the presence of decel
RPE [59].

In summary, out data indicate that decellularised ECM-derived
peptides generated from neural retina and RPE play an important role
in photoreceptor maturation, synaptogenesis and light responsiveness
of pluripotent stem cell derived retinal organoids. The decellularised
ECM-derived peptides are easy to generate, amenable to scale up and
3D culture conditions, opening up new possibilities for generation of
retinal organoids which mimic adult human retina both in cell type
composition and function. Further studies are however needed to assess
the immunogenic profile of decellularised ECM matrices in animal
models before proceeding with pre-clinical studies.
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