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Brain organoids have been considered as an advanced platform for in vitro disease modeling and drug screening, but numerous
roadblocks exist, such as lack of large-scale production technology and lengthy protocols with multiple manipulation steps,
impeding the industrial translation of brain organoid technology. Here, we describe the high-speed and large-scale production
of midbrain organoids using a high-throughput screening-compatible platform within 30 days. Micro midbrain organoids (uMOs)
exhibit a highly uniform morphology and gene expression pattern with minimal variability. Notably, uMOs show dramatically
accelerated maturation, resulting in the generation of functional uMOs within only 30 days of differentiation. Furthermore,
individual uMOs display highly consistent responsiveness to neurotoxin, suggesting their usefulness as an in vitro high-throughput
drug toxicity screening platform. Collectively, our data indicate that uMO technology could represent an advanced and robust
platform for in vitro disease modeling and drug screening for human neuronal diseases.

1. Introduction preclinical and clinical trial testing [1]. Additionally, many

drug candidates exhibit a lack of efficacy during clinical trials
Drug discovery is a high-risk but high-return endeavor, with  despite demonstrating therapeutic effects in animal models
the vast majority of drug candidates failing to demonstrate  [2, 3], marking interspecies differences as another hurdle to
efficacy or being associated with unexpected toxicity during  overcome for efficient drug discovery. Induced pluripotent
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stem cell (iPSC) technology [4] has recently been considered
as a useful tool for not only reproducing patient-specific
pathophysiology [5, 6] but also minimizing the use of pre-
clinical animal models, potentially enabling highly efficient
and cost-effective patient-specific drug development [7]. How-
ever, 2D cell culture-based iPSC technology is associated with
another critical problem: the incomplete recapitulation of dis-
ease pathophysiology due to its limited capacity for reprodu-
cing both the in vivo niche and cellular interactions [8, 9].

Organoid technology, a recent breakthrough in the stem
cell field, has been highlighted as the most innovative stem cell
technology for understanding pathological developmental
processes and the mechanisms underlying various diseases
[10]. Indeed, recent studies using organoid technology have
unveiled the mechanism of several diseases including the infa-
mous coronavirus 2019 (COVID-19) disease and have discov-
ered novel therapeutic candidates by closely recapitulating
disease-specific pathophysiology at the organ level [11]. Not-
withstanding, industrial translation of organoid technology,
including brain organoids, has been hampered by multiple
technical roadblocks such as: (1) lack of proper culture
technology for producing adult organ-like mature organoids
[12, 13]; (2) biased cellular composition [14, 15]; (3) low
efficiency and reproducibility [16, 17]; (4) variability among
individual organoids both within and across batches [16];
and (5) frequently observed uncontrolled differentiation,
leading to outgrowths [18, 19], and necrotic dead core caused
by insufficient delivery of oxygen and nutrients to the orga-
noid core due to lack of a vascular system [20, 21]. Moreover,
the process of generating relatively mature brain organoids
takes at least 3-6 months and involves multiple manipulation
steps such as seeding the starting cells, embryoid body forma-
tion, embedding into the extracellular matrix, and using an
orbital shaker to facilitate organoid maturation [14, 15, 22,
23]. Such a lengthy process with multiple manipulation steps,
together with the aforementioned technical roadblocks in
brain organoid production, results inevitably in an extremely
high cost for producing brain organoids. Therefore, the devel-
opment of key technologies that could overcome all the hur-
dles and limitations associated with organoid generation is
required for the industrialization of organoid technology
toward drug screening for human neuronal diseases.

To facilitate the industrialization of brain organoid tech-
nology, the current study aims to develop the high-speed and
large-scale standardized production protocol for the genera-
tion of midbrain organoids using a high-throughput screen-
ing- (HTS-) compatible platform. Under this platform, we
were able to generate micro midbrain organoids (uMOs)
within 4 weeks of differentiation. Compared with typical
midbrain organoids, uMOs exhibit a uniform and consistent
morphology, size, and gene expression pattern. Strikingly,
uMOs exhibit dramatically accelerated maturation within
only 30 days of differentiation, such as the homogeneous
distribution of mature dopaminergic neurons, presence of
other in vivo-like cellular compartments including glial cells,
production of neuromelanin-like granules, and mature
electrophysiological features. The highly uniform uMOs pro-
duced by a high-speed and industry-scale methodology also
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facilitate in vitro drug toxicity screening. Our novel and
robust protocol for generating uMOs may represent a key
technology for the industrial application of brain organoids
such as high-throughput drug screening for Parkinson’s dis-
ease and other neurodegenerative diseases.

2. Results

2.1. One-Step Generation of Micro Midbrain Organoids Using
a High-Throughput Platform. To overcome the technical
roadblocks associated with brain organoid technology, such
as a lengthy procedure with multiple manipulation steps, the
lack of a standardized protocol for producing uniform brain
organoids with consistent quality, variability in organoid
morphology, and other features within and across batches,
and the need for a highly scalable production platform, we
first tried to establish a one-step simplified protocol for pro-
ducing midbrain organoids (MOs) using a high-throughput
screening- (HTS-) compatible platform such as 96- and 384-
well plates. As we used a high-throughput platform for all the
MOs generation steps without transferring MOs into other
cell culture formats, we sought to optimize the starting cell
number (5x10%, 1x10°, 3x10°, 5x10°, 7x10°, and
1 x 10*) by making slight modifications to our previous MO
protocol [23] (Figure 1(a)). We did not make use of the
orbital shaker in this study even during the organoid matu-
ration step because a proper flow could not be created in a
high-throughput platform using a typical orbital shaker.
We first evaluated the morphology and gene expression
patterns of early MOs on DIV (days in vitro) 7. MOs gener-
ated from a different number of starting cells displayed a
uniform morphology but distinct size based on the starting
cell number (Figure S1). MOs on DIV 7 showed inactivation
of pluripotency markers without activation of mesendoder-
mal genes (Figure S1). In contrast, MOs generated from a
different number of starting cells showed activation of ecto-
dermal lineage markers whereas MOs generated from a low
number of starting cells (5 10> and 1 x 10%) showed higher
expression of early neuronal markers such as N-CAD, PLZF,
SOX2, and FGF8 compared with MOs derived from a high-
cell number (7x10* and 1x10%) (Figure S1). This result
indicated that MOs generated from 5 x 10” to 1 x 10 starting
cells, which have relatively higher surface-to-volume ratios,
are more sensitive to neuroectodermal differentiation cues
than MOs from higher cell numbers. However, MOs on DIV
14 displayed quite diverse morphological patterns based on
their starting cell numbers (Figure 1(b)). MOs generated
from low-cell numbers (5 x 10%, 1 X 10°, and 3 x 10°) showed
uniform and consistent morphology containing developing
neural rosettes (Figure 1(b)). In contrast, MOs formed from
high-cell numbers (5% 10%, 7x10°, and 1 x 10*) displayed
relatively poor quality and uncontrolled outgrowth forma-
tion (Figure 1(b)). The expression levels of apoptosis mar-
kers increased in a starting cell number-dependent manner,
lending support to our finding (Figure S1). Both forebrain
(FOXG1 and LHX2) and hindbrain (HA1 and HB4) markers
were suppressed in all conditions (Figure 1(d)). In general,
midbrain markers (TH and LMX1B) were activated specifically
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FiGURE 1: Generation of uMOs using a high-throughput platform. (a) Schematic illustration of the procedure for generating uMOs. The
procedures and timelines for generating uMOs and typical MOs are described. (b) The morphology and quality of MOs generated from a
different number of starting cells (DIV 14 and 21). Scale bar, 1 mm. (c) Average diameter of MOs generated from a different number of
starting cells on DIV 1, 7, 14, and 21 of differentiation. Data are presented as mean = SD (n =20 for each number of starting cells). (d)
Expression of forebrain (FOXG1 and LHX2), midbrain (LMX1B and TH), and hindbrain (HA1 and HB4) specific marker genes in MOs
generated from a different number of starting cells was analyzed by qPCR (DIV 14). Expression levels are normalized to those of undiffer-
entiated hESCs. Typical cerebral organoids (COs), MOs, and hindbrain organoids (HOs) were also used for positive controls. Data are
presented as mean =+ SD of triplicate values. (e and f) Representative confocal images of MOs generated from a different number of starting
cells (DIV 21). Scale bar, 100 um. (g) Representative confocal images of MOs generated from a different number of starting cells expressing
TH (DIV 30). Scale bar, 100 um. (h) Percentage of TH-positive cells in uMOs generated from a different number of starting cells (DIV 30).

Data are presented as mean + SD of triplicate values. (i) The representative section images displaying global enrichment of MAP2 and TH
positive cells in uMOs (DIV 30). Scale bar, 100 ym.




in MOs generated from all numbers of starting cells (Figure 1(d)).
Similarly, midbrain-specific dopaminergic (mDA) neurons
expressing tyrosine hydroxylase (TH) were observed in
MOs from all conditions (Figure S1). However, the expression
levels of TH were relatively lower in MOs generated from
high-cell numbers compared with MOs from low-cell num-
bers (Figure 1(d)).

To determine whether our high-throughput platform
without the use of a typical orbital shaker is sufficient for
producing MOs containing mature mDA neurons, we
induced the maturation of MOs. Similar to MOs on DIV
14, MOs on DIV 21 that had formed from a low number
of starting cells (5 X 10 and 1 x 10%) showed a uniform mor-
phology (Figure 1(b)). However, MOs that had formed from
a high number of starting cells (3 x 10, 5x 10%, 7 x 10, and
1 x 10*) were of relatively poor quality, resulting in severe
outgrowths in more than 60% of MOs (Figure 1(b)) consis-
tent with the increased expression levels of apoptotic mar-
kers and increased number of caspase 3+ cells in MOs
obtained from a high number of starting cells (Figure S2).
Although the size of MOs obtained from a low number of
cells was significantly smaller on DIV 7, MOs from DIV 14 to
21 showed similar size regardless of the starting cell number
(Figure 1(c)), indicating that the number of starting cells
does not affect the growth of the resultant MOs after the
maturation step. Indeed, MOs from all conditions exhibited
a similar gene expression profile in which midbrain-specific
markers were specifically activated at both the RNA and
protein levels (Figures 1(e) and 1(f) and Figure S2), however,
forebrain and hindbrain markers were not expressed in all group
of MO (Figure S2). Although the numbers of TH+mDA
neurons are similar in MOs from all conditions on DIV
21 (Figures 1(e) and 1(f)), we observed dramatic differences
in MOs on DIV 30 (Figures 1(g) and 1(h)). We found a
highly enriched and homogeneous distribution of mDA
neurons in MOs derived from 5 x 10> cells but a low number
of mDA neurons in MOs from other conditions. This data
indicate that 5x 107 cells is an optimal number of cells to
start with for producing homogeneous MOs using a high-
throughput platform (Figure 1(i) and Video Clip 1). For the
rest of the analysis we focused on MOs generated from a
starting population of 5 10° cells and we hereafter refer to
MOs from 5x10* cells as micro MOs (uMOs). Taken
together, our data indicate that the generation of MOs
from a low number of starting cells 5x 10> would be bene-
ficial for both the robust specification into the midbrain and
prevention of undesired differentiation into other brain
regions, efficiently inhibiting the formation of both out-
growths and apoptosis level in our experimental setting
using a high-throughput platform.

2.2. High-Speed Generation of Functionally Mature uMos.
#MOs homogeneously contain both early stage progenitors
expressing LRTM1, SOX2 and FOXA2 (Figure 2(a)-2(c))
and mature mDA neurons expressing TH (Figure 2(c)). In
contrast, uMOs did not express the markers for cerebral
cortex FOXG1 and TBR1 (Figure S2). Similar to typical
MOs in our previous study [23], uMOs also exhibited
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cell-type diversity. uMOs contain mDA neurons, neuronal
subtypes such as glutamatergic and GABAergic neurons
(Figures 2(d) and 2(e)), and glial cells such as s100p/
GFAP/AQP4+ astrocytes and OLIG2/O4+ oligodendrocytes
(Figure 2(f)-2(i)). uMOs were also found to contain mature
mDA neurons expressing GIRK2 (Figure 2(j)). The presence
of cellular diversity in uMOs was also confirmed by RNA
sequencing (RNAseq) analysis using uMOs on DIV 30 of
differentiation. uMOs exhibited the elevated expression levels
of multiple markers including progenitor-, midbrain-, mDA
neuron-, GABAergic neuron-, glutamatergic neuron-, astro-
cyte-, oligodendrocyte-, and microglia-markers compared to
those from undifferentiated hESCs (Figures S3 and S4). Col-
lectively, our data indicate that the high-speed and large-scale
production of uMOs containing mature mDA neurons as well
as other midbrain-specific cellular compartments could be
achieved using a high-throughput platform.

The presence of neuromelanin-like granules accumulat-
ing in the substantia nigra pars compacta in the human
midbrain is a major criterion for assessing the functional
maturation level of MOs [15, 24]. Although we previously
described the homogeneous distribution of neuromelanin-
like granules in our MOs [23], in general, the accumulation
of neuromelanin-like granules was only partially observed in
a limited area in MOs even after a long-term maturation
phase, i.e., 70 DIV [23] and 80 DIV [15] of differentiation.
Thus, we next assessed whether uMOs after only 30 DIV
of differentiation could already show the accumulation of
neuromelanin-like granules in the presence or absence of
dopamine (Figure 3(a)). For this, we treated uMOs on one
half of a 96-well plate with dopamine for 10 days and omitted
dopamine for the other half. To our surprise, we readily
observed the accumulation of neuromelanin-like granules
on the outside of uMOs, indicating that mDA neurons
might secrete neuromelanin-like granules (Figure 3(b)). All
the dopamine-treated uMOs showed the production of
neuromelanin-like granules and individual uMOs displayed
uniform accumulation patterns in which virtually 100% of
UMOs successfully produced neuromelanin-like granules in a
similar manner, suggesting the functional homogeneity of
individual uMOs (Figure 3(b)). Using Fontana—Masson
staining, we also confirmed the presence of neuromelanin-
like granules in uMOs but not in cerebral organoids (COs)
that had been matured during the same period (Figure 3(c)).
Notably, uMOs that were not treated with dopamine also
rarely exhibited Fontana—Masson-positive granules (Figure 3
(c)). As neuromelanin-like granules are rarely observed in
typical MOs even after a long-term maturation step (usually
70-80 DIV after differentiation) [15, 23], we concluded that
the functional maturation of uMOs is much faster than that of
typical MOs. Furthermore, we also confirmed the production
of dopamine in uMOs after only 30 days of differentiation,
which is typically observed at 96-140 days of differentiation
using previously described protocols [23] (Figure 3(d)), indi-
cating that uyMOs could functionally mature within 30 DIV of
differentiation. Similarly, dopamine release could be readily
observed in uMOs at DIV 30, although its level was further
increased in uMOs at DIV 60 (Figure 3(e)). Taken together,
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FIGURE 2: uMOs show similar cell type composition to in vivo midbrain. (a—c) Confocal images of uMOs. Scale bar, 20 um. (d and e) Confocal
images of uMOs showing glutamatergic neurons and GABAergic. Scale bar, 20 um. (f~h) Confocal images of uMOs showing astrocyte marker
S100p (f), GFAP (g), and AQP4 (h). Scale bar, 100 um. (i) Confocal images showing the expression pattern of oligodendrocyte markers in
UMOs. Scale bar, 20 um. (j) Confocal images of uMOs showing mature mDA neurons. Scale bar, 20 ym.

our data indicate that our strategy for producing uMOs accel-
erates the functional maturation process, resulting in the
high-speed production of uMOs that are functionally mature
and homogeneous.

To further explore the functional maturation level of
UMOs, we next performed electrophysical analysis. For this,
we measured the electrophysiological activities of uMOs (on
DIV 20 and 30 of differentiation) and typical MOs (on DIV

20, 30, 70, and 130 of differentiation) in a time-course manner
using a 32-channel neural probe [25]. Typical MOs from DIV
20, 30, and 70 barely displayed action potentials (Figure 3(f)),
indicating that an extra long-term maturation step is essential
for the functional maturation of typical MOs. In contrast,
uMOs from DIV 20 already exhibited higher firing rates com-
pared with typical MOs (Figures 3(g) and 3(h)). To our sur-
prise, uMOs from DIV 30 showed a dramatically increased
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FIGURE 3: Accelerated functional maturation patterns in uMOs. (a) Schematic illustration depicting the procedure for evaluating the forma-
tion of neuromelanin-like granules in uMOs. (b) Accumulation of neuromelanin-like granules in uMOs (DIV 30). The neuromelanin-like
granules were uniformly formed in all dopamine-treated uMOs (left) but not in untreated uMOs (right). The formation of neuromelanin-like
granules was observed on the outside of uMOs. Scale bar, 100 ym. (c) Fontana—Masson staining of uMOs (DIV 30). Cerebral organoid was
used as a negative control. Scale bar, 100 ym. (d) Confocal images showing the expression pattern of dopamine in uMOs (DIV 30). Scale bar,
20 ym. (e) Quantification of dopamine release in uMOs (DIV 30 and 60) mnt, minutes. (f, g) Color-mapped raster plots showing neural
signals recorded from a 32-channel neural probe in typical MOs (f) on DIV 20, 30, 70, and 130 and uMOs (g) on DIV 20 and 30. (h) Bar
graph displaying mean firing rate of neural signals in typical MOs and uMOs on DIV 20 and 30 (n = 5 independent samples for typical MOs,
n =4 independent samples for uMOs on DIV 20, and n = 3 independent samples for uMOs on DIV 30). Data are presented as mean + SEM.
(i) Bar graph displaying synchronization between neural signals recorded from each electrode in uMOs on DIV 20 and 30 (n = 4 independent
samples for uMOs on DIV 20 and n =3 independent samples for uMOs on DIV 30). Data are presented as mean &= SEM. (j) Bar graph
displaying the total number of connected electrodes in uMOs on DIV 20 and 30 (n =4 independent samples for uMOs on DIV 20 and n=3
independent samples for uyMOs on DIV 30). Data are presented as mean £ SEM.

firing rate compared with uMOs from DIV 20 (Figures 3(g)  of synapses within 30 DIV of differentiation. By analyzing signal
and 3(h), Figure S5). This data indicate that the number synchronization and neural network of yMOs from DIV 20 to 30
of synapses in uMOs is substantially increased within 30 DIV (Figures 3(i) and 3(j)), we also found that uMOs from DIV 30
of differentiation. Furthermore, uMOs from DIV 30 also showed ~ show significantly strong neural network formation compared
increased burst activity and burst duration compared with uMOs ~ with uMOs from DIV 20 (Figure S5). Collectively, uMOs are
from DIV 20 (Figure S5), also indicating that the neural network ~ functionally mature, and their functional maturation could be
of uMOs could be further strengthened by the increased number ~ robustly achieved within only 30 DIV of differentiation.



Stem Cells International

2.3. Large-Scale Production of Uniform uMOs with Minimal
Variability. Variability in organoids within and across batches
and obtained from different cell lines is a major roadblock for
translating brain organoid technology into the clinic [16]. As
the instability of brain organoids has the potential to impede
the application of brain organoids for in vitro disease model-
ing and library-scale drug screening, a standardized and
reproducible approach is required for producing uniform
brain organoids of consistent quality on an industrial scale
[16,17]. In the current study, we described the high-speed and
large-scale production of functionally mature yMOs contain-
ing mature mDA neurons using a high-throughput platform.
We then sought to address the potential variability among
individual uMOs from distinct cell lines and batches. Specifi-
cally, we explored the consistency of individual uMOs pro-
duced in a 96-well plate. We first produced uMOs from H9
hESCs labeled with GFP and then assessed their morphologi-
cal consistency by measuring the shape and size of individual
UMOs using a high-content imaging system (Figure 4(a)). We
observed a uniform morphology in virtually 100% of 96 well-
and 384 well-derived individual uMOs (Figure 4(a)). More-
over, uMOs exhibited a relatively uniform size, ranging from
0.9 to 1.3 mm (Figure 4(c)). In contrast, typical MOs showed
relatively inconsistent quality, with heterogeneous morphol-
ogy and size (Figures 4(b) and 4(c), Figure S6). To measure
the qualitative consistency of uMOs at the molecular level, we
first isolated mRNA from 96 individual uMOs from a 96-well
plate and compared their gene expression pattern. We used
typical MOs of three different classes of quality (high,
medium, and low) based on their morphological differences
as controls (Figure S6). As expected, typical MOs of different
qualities displayed distinct transcriptional levels of two repre-
sentative midbrain markers, TH and ASCL1 (Figure S6). To
our surprise, the vast majority of uMOs exhibited higher
expression levels of TH and ASCL1 compared with typical
MOs with high quality (92.7% for TH and 94.7% for ASCL1)
(Figure S6).

We next performed high-content imaging of 96 individ-
ual uMOs from a 96-well plate to address the homogeneous
expression of TH and MAP2 at the protein level (Figure 4
(d)). Using whole-mount imaging of the 96 uMOs in which
the abundant neurites expressing both TH and MAP2 are
clearly visible (Figures 4(d) and 4(e)), we compared the
mean brightness of TH and MAP2 signals from each uMO
(Figures 4(f) and 4(g)). When we did this, we achieved con-
sistent signals of TH and MAP2 in individual uMOs, with
87% and 81% of uMOs exhibiting a similar range of TH and
MAP?2 brightness, respectively, or even higher than average
signals (Figures 4(f) and 4(g)). Taken together, our data
indicate that there is minimal inter-organoid variability with
our uMO strategy.

Next, we sought to address the cell line variability in the
production of uMOs. To this end, we produced both uMOs
and typical MOs from another hESCs (H9) and two lines of
our homemade hiPSCs (lines 1 and 2). Compared with typi-
cal MOs, uMOs generated from different cell lines showed
consistent morphology and size (Figure S6). Moreover, uMOs
generated from different cell lines also exhibited higher
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expression levels of midbrain markers (Figure S6). We
also assessed the batch-to-batch variability in uMO genera-
tion. For this, we produced uMOs from three independent
experiments (H1 hESCs) and compared their morphology
and size. uMOs from all three independent batches exhib-
ited uniform morphology and size on DIV 1, 7, 14, 21, and
30 (Figure S6). Furthermore, our RNAseq analysis using
uMOs from three independent batches display nearly indis-
tinguishable gene expression profiles of multiple markers
examined (Figures S3 and S4). Collectively, our data indi-
cate that our novel strategy might serve as a universal plat-
form for producing highly uniform MOs with minimal
variability among organoids within and across batches
and obtained from different cell lines.

2.4. Highly Consistent uMOs Facilitate uMO-Based In Vitro
Toxicity Assay. Finally, to assess whether our uMOs could
serve as a drug-screening platform, we evaluated the poten-
tial of uMOs as an in vitro high-throughput toxicity assay
platform. To this end, we treated uMOs with 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), a well-known
neurotoxin and determined the its effect on uMO morphol-
ogy, size, and gene expression profile. We treated DIV
30uMOs for 10 days with different concentrations of
MPTP (150, 300, and 500 uM). The MPTP-treated uMOs
exhibited clear size reduction in a dose-dependent manner
(Figure S7), which could be explained by the increased
expression levels of apoptosis-related markers upon MPTP
treatment (Figure S7). In contrast, the expression levels of mid-
brain markers TH and ASCL1 were suppressed upon MPTP
treatment, also in a dose-dependent manner (Figure S7).
MPTP-mediated cell death could also be confirmed in a
dose-dependent manner by the gradually increased number
of TUNEL + cells (Figure S7).

In order to explore neurotoxin-mediated toxicity in
detail, we next treated rotenone (100uM) and MPTP
(150 uM) on DIV30 uMOs for 2 days and determined their
toxicity by assessing cleaved-caspase 3 and TUNEL-positive
cells (Figure 5(a)). As a positive control, we treated H,O, on
uMOs for 30 min (Figure 5(a)). In contrast to nontreated
uMOs, both H,O, and rotenone treated uMOs exhibited
massive cell death, as evidenced by the increased numbers
of both cleaved-caspase 3 and TUNEL-positive cells (Figures 5(b)
and 5(c)). As expected, MPTP-treated uMOs exhibited the
relatively mild toxicity compared with both H,O, and rote-
none treated uMOs (Figures 5(b) and 5(c)) because MPTP
exerts its role as a dopaminergic neurotoxin via astrocytes
which exist relatively rarely in uMOs. Notably, the increase
in apoptosis also destroys the morphology of the nerve, result-
ing in the fragmentation of the nerve structure (Figure 5(b)).

To use our uMOs for in vitro high-throughput drug
screening, including toxicity screening, individual uMOs
should display similar responses to drug treatment. Thus,
we next investigated the response of individual uMOs to
MPTP treatment. For this, we treated uMOs with MPTP
(500uM) and assessed the drug response of randomly
selected uMOs (10uMOs) by counting the number of
TUNEL + cells. In contrast to control uMOs, MPTP-treated
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FIGURE 4: Minimal variability in uMOs within and across batches and obtained from different cell lines. (a) Images of individual uMOs
produced in 96- (left) and 384-well plates (right) using GFP-labelled hESCs. (b) Representative morphological images of typical MOs (i) and
uMOs derived from 96- (ii) to 384-well (iii) plates. Scale bar, 1 mm. (c) Average diameter of typical MOs and uMOs from H1 hESCs, H9
hESCs, and hiPSCs (DIV 30), 20 typical MOs or uMOs from each cell line were used for analysis. Data are presented as mean =+ SD from three
independent experiments. (d) Overview of high-content imaging showing the expression patterns of TH and MAP2 in 96 individual uMOs
from 96-well plate. Scale bar, 100 um. (e) Representative examples of high-content imaging. Scale bar, 100 ym. (f and g) Brightness of TH (f)
and MAP?2 (g) signals in 96 individual uMOs. The continuous line represents the mean value of 96 individual uMOs from a 96-well plate and

the dotted lines show the range of SD.

uMOs exhibited significant increases in the number of
TUNEL + cells (Figure S7). Notably, the number of TUNEL +
cells in randomly selected individual uMOs was in a similar
range (Figure S7) (10.9% TUNEL + cells in MPTP-treated
uMOs), indicating that individual uMOs exhibit a highly con-
sistent response against MPTP. Taken together, our data
indicate that uMOs exhibit a highly consistent and dose-
dependent response to neurotoxin in terms of morphology,
size, gene expression pattern, and cell death, rendering uMOs
highly suitable for in vitro high-throughput toxicity screening.

3. Discussion

Brain organoid technology has opened up a new avenue for
more precise and reliable in vitro disease modeling and drug
screening for various neuronal diseases by closely recapitu-
lating in vivo microenvironments than 2D differentiation
protocols that produce mostly a singular differentiated cell
type without forming the in vivo-like tissue architecture
composed of multiple cellular components [9, 26]. However,
roadblocks remain and impede the translation of brain

organoid technology into the clinic or industry. Recently,
we and others have successfully described advanced brain
organoid technologies for overcoming some of the technical
roadblocks associated with brain organoids such as: (1) low-
efficiency and reproducibility [16]; (2) biased cellular com-
position [14, 15]; (3) necrotic dead core [20, 21]; and (4)
heterogeneous structure including undesired differentiation
into other tissues [18, 19] or other brain regions [27]. How-
ever, fundamental issues persist and need to be overcome
before initiating industrial translation of brain organoid
technology such as: (1) a lengthy protocol for producing
brain organoids resulting in extremely high-production costs;
(2) variability in individual organoids both within and across
batches and from distinct starting cell sources, and (3) the lack
of a standardized large-scale production platform.

In the current study, we describe a scalable and high-
speed method for robustly generating highly uniform MOs.
Using our novel strategy, we were able to generate uMOs
with uniform and consistent morphology, size (Figure 4(a)—
4(c)), and gene expression profile (Figure 4(d)—4(g)). Fur-
thermore, our uMOs also exhibited dramatically reduced
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formation of outgrowths (Figure 1(b)), which is a common
technical issue in brain organoid production [20, 21]. Nota-
bly, the frequently observed variability among individual
MOs, distinct starting cell lines, and different batches were
efficiently minimized using our uMO generation method
(Figure 4, Figure S6). More importantly, we could generate
functionally mature uMOs within only 30 DIV of differen-
tiation, as evidenced by the formation of neuromelanin-like
granules and mature electrophysiological activity (Figure 3).
Taken together, our data indicate that the high-speed and
large-scale production of MOs with dramatically accelerated
functional maturation could be achieved using a high-
throughput platform.

A recent study described the production of uniform MOs
by employing an automated workflow system, producing
automated MOs (AMOs) that are highly uniform in terms
of morphology and gene expression pattern [28]. However,
some challenging issues remained with this previous tech-
nology, such as: (1) the requirement of a costly robotic sys-
tem; (2) the absence of oligodendrocytes and the presence of
an extremely rare population of GABAergic and glutamater-
gic neurons, and (3) the requirement for an additional pre-
differentiation step to produce neural precursor cells [30]. In
contrast, uMOs could be robustly and reproducibly gener-
ated under a typical lab setting without the need for a costly
automation system. Furthermore, using our novel and robust
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method, we could reduce the price required for producing
MOs by up to 90% compared with previously described pro-
tocols [14, 15] including ours [23]. Our uMOs also displayed
an in vivo-like cell type composition, with the abundant
presence of distinct subtype neurons, such as GABAergic
and glutamatergic neurons, and glial cells, such as astrocytes
and oligodendrocytes. Moreover, our strategy does not
require any predifferentiation step of hPSCs.

In the previous study [30], the production of uniform
AMOs could be achieved using predifferentiated small mol-
ecule neural precursor cells (smNPCs) but not using undif-
ferentiated hPSCs. Indeed, although smNPC-derived AMOs
were highly homogeneous, AMOs from hPSCs were rela-
tively heterogeneous with significant variability both within
and among batches [30]. As hPSCs are a major cell source
routinely used for in vitro disease modeling and drug screen-
ing, a user-friendly method is needed that does not necessi-
tate a costly automation system as well as an additional
predifferentiation step. In the line with this issue, uMO tech-
nology could be a universal and user-friendly strategy for
producing highly uniform and functionally mature MOs
with minimal variability among individual MOs both within
and across batches and obtained from distinct starting cell
sources.

We performed in vitro high-throughput toxicity screen-
ing using uMOs to validate the compatibility of uMOs in
high-throughput screening. We subjected uMOs to treat-
ment with MPTP, a nigral toxin and then assessed the mor-
phological change of uMOs as a primary readout and their
transcriptional status (apoptosis and midbrain markers) as a
secondary readout. Following treatment of uMOs with
MPTP, we detected a clear dose-dependent size reduction
and transcriptional alteration, indicating the potential of
using uMO technology to achieve rapid and reliable toxicity
screening. Moreover, individual uMOs exhibited a similar
response to MPTP treatment, suggesting that they have
high-throughput screening compatibility for evaluating the
in vitro toxicity of drugs. As functional astrocytes produce
MPP+, a metabolized toxic form of MPTP, the MPTP-
mediated cell death observed in uMOs indicates that our
uMOs with functional astrocytes are highly compatible for
neurotoxin-based in vitro disease modeling of Parkinson’s
disease. Collectively, our novel approach for the high-speed
and large-scale production of uMOs might represent an
advanced platform for high-throughput in vitro disease
modeling and drug screening for Parkinson’s and other neu-
ronal diseases.

4. Materials and Methods

4.1. Cell Culture. Human pluripotent stem cells (hPSCs), human
embryonic stem cells (hESCs), and human induced pluripotent
stem cells (hiPSCs)—were maintained in TeSRTM-ES8TM
medium (STEMCELL Technologies). For passaging hPSCs,
ReLeSRTM (STEMCELL Technologies) was used according
to the manufacturer’s instructions.

4.2. Generation of Micro Midbrain Organoids. To generate
micro midbrain organoids (uMOs), as in our previous study
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[23]. In brief, hPSCs were dissociated into single cells using
TrypLETM (Gibco), and different numbers of single cell-
dissociated hPSCs, ranging from 1x10° to 1x10* cells
(1x10% 2.5%10% 5% 107, 1x10°, 3x10% 5% 10°, 7x 10°,
and 1x10*) were plated on either ultralow-attachment U-
bottom 96-well plates (Corning) or 384-well plates (Corning)
for the generation of EBs using embryoid body forming
medium (EBM). The EBM medium consisted of DMEM/
F12 (Corning) supplemented with 20% KSR (Gibco), 1%
penicillin/streptomycin (PS) (Gibco), GlutaMAXTM (Gibco),
1% NEAA (Gibco), 55 uM f3-mercaptoethanol (Gibco), 1 ug/
ml of heparin (Sigma), 3% fetal bovine serum (FBS) (Sera-
digm), 4ng/ml of bFGF (Peprotech), and 100 uM Y-27632
(Calbiochem). At 24 hr after plating, the medium was chan-
ged to brain organoid generation medium (BGM) containing
a 1:1 mix of DMEM/F12 (Corning) and Neurobasal Medium
(Gibco) supplemented with 100x N2 supplement (Gibco), 50x
B27 without vitamin A (Gibco), 1% penicillin/streptomycin
(PS) (Gibco), 1% GlutaMAXTM (Gibco), 1% NEAA (Gibco),
55 uM f3-mercaptoethanol (Gibco), and 1 pug/ml of heparin
(Sigma). BGM was replaced every other day for up to
9 DIVs. For early neuroectodermal commitment and mesen-
cephalon specification (from DIVs 1 to 3), 2 uM dorsomorphin
(Sigma), 2 uM A83-01 (Peprotech), 1 uM IWP2 (Biogems), and
3 uM CHIR99021 were used, as in our previous study [23].
The specification into the mesencephalic floor plate (from
DIVs 4 to 7) was induced by treating EBs with 100 ng/ml of
FGF8 (Peprotech) and 2uM SAG (Peprotech) on DIV 4.
From DIV 7 onward, growth factor-reduced matrigel (Corn-
ing) was added directly into BGM, supplemented with 100 ng/
ml of FGF8, 2 uM SAG, 200 ng/ml of laminin (BD science), and
2.5pug/ml of insulin (Thermo), containing uMOs at a final
concentration of 1%. For the maturation of uMOs, brain orga-
noid maturation medium (BMM) was used. BMM consisted of
1:1 mix of DMEM/F12 (Corning) and Neurobasal Medium
(Gibco) supplemented with 100x N2 supplement (Gibco), 50x
B27 (Gibco), 1% penicillin/streptomycin (PS) (Gibco), 1% Glu-
taMAXTM (Gibco), 1% NEAA (Gibco), 55uM f3-mercap-
toethanol (Gibco), 1ug/ml of heparin (Sigma), 10 ng/ml of
BDNF (Peprotech), 10 ng/ml of GDNF (Peprotech), 200 uM
ascorbic acid (Peprotech), and 125uM cAMP (Peprotech).
Growth factor-reduced matrigel (Corning) was added from
DIV 7 to 30.

For generating typical MOs, our previously described pro-
tocol was used [23]. In brief, 1x 10* single cell-dissociated
hPSCs were plated per well in ultralow-attachment U-bottom
96-well plates using EBM for generating EBs. At 24 hr after
plating, the medium was changed to BGM. The conditions for
inducing neuroectodermal commitment, mesencephalon
specification, and mesencephalic floor plate specification dur-
ing the procedure for generating uMOs were used for produc-
ing typical MOs. Typical MOs were embedded into growth
factor-reduced matrigel (Corning), and matrigel-embedded
typical MOs were transferred onto 6-cm petri dishes contain-
ing BGM supplemented with 100 ng/ml of FGF8, 2 uM SAG,
200 ng/ml of laminin, and 2.5 ug/ml of insulin for facilitating
basal-apical lamination. From this maturation step, MOs
were cultured using BMM on an orbital shaker (Stuart).
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BMM was replaced every other DIV. A detailed description
of stem cell culture, gene expression analysis, cryosection,
immunohistochemistry, Fontana—Masson staining, electro-
physiology, whole mount staining and high-content imaging,
in vitro high-throughput screening of drug toxicity, TUNEL
assay, morphological image analysis, is provided in supple-
mental experimental procedures.

4.3. Generation of Cerebral Organoids. To generate COs,
1x 10* single cell-dissociated hESCs were plated on each
well of ultralow-attachment U-bottom 96-well plates (Corn-
ing). At 24 hr after plating, BGM supplemented with 2 yuM
dorsomorphin and 2uM A83-01 were added to EBs. The
medium was replaced every other day. After 7 days of differ-
entiation, COs were embedded into growth factor-reduced
matrigel (Corning) droplets. Matrigel-embedded COs were
transferred to 6-cm petri dishes containing BGM supple-
mented with 200 ng/ml laminin and 2.5 ug/ml insulin for
inducing basal-apical lamination. After 2 days, COs were
transferred into ultralow-attachment 6-well plates (Corning)
containing BMM and cultured on an orbital shaker (Stuart).
The culture medium was replaced every other day.

4.4. Generation of Hindbrain Organoids. To generate hind-
brain organoids (HOs), 1 x 10* single cell-dissociated hESCs
were plated on each well of ultralow-attachment U-bottom
96-well plates (Corning). At 24 hr after plating, BGM sup-
plemented with 2uM dorsomorphin, 2uM A83-01, and
4.25uM CHIR99021was added to EBs. The medium was
replaced every other day. After 7 days of differentiation,
HOs were embedded into growth factor-reduced matrigel
(Corning) droplets. Matrigel-embedded HOs were trans-
ferred to 6-cm petri dishes. After 2 days, HOs were trans-
ferred into ultralow-attachment 6-well plates (Corning)
containing BMM and cultured on an orbital shaker (Stuart).
The culture medium was replaced every other day.

4.5. Gene Expression Analysis. For comparing the relative
gene expression levels of markers, total RNA from organoids
was isolated using the Hybrid-RTM RNA isolation kit (Gen-
eAll). Complementary DNA (cDNA) was synthesized using
the High CapaCity cDNA Reverse Transcription kit (Applied
biosystems). Quantitative RT-PCR (qPCR) was carried out
with the SYBR Green PCR Master Mix (Applied Biosystems)
using the ABI 7500 real-time PCR system (Applied biosys-
tems). ACt values were calculated by subtracting the Gapdh
Ct value from that of each marker gene. Relative expression
levels were calculated by using 27““" methods. Primer
sequences used for qPCR are listed in Table S1.

4.6. Cryosection. The organoids were fixed with 4% parafor-
maldehyde (Sigma) for 15min at room temperature and
washed three times with PBS. The fixed organoids were
transferred to 30% sucrose solution and incubated at 4°C
until the organoids sank to the bottom. Equilibrated orga-
noids were then transferred to a freezing mold containing a
1:1 mixture of OCT compound and 30% sucrose solution
and slowly frozen on dry ice. Frozen blocks of organoids
were sliced with a cryotome. The microsections of frozen
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blocks were attached to silane-coated glass microslides
(Muto pure chemical). Sliced tissue sections were air dried.

4.7. Immunohistochemistry. The dried tissue sections were
permeabilized and blocked with DPBS (Welgene) containing
0.03% Triton X-100 (Sigma) and 5% FBS (Seradigm) for 1 hr
at room temperature. The permeabilized tissue sections were
then incubated with the appropriate primary antibody for
16 hr at 4°C, and then incubated with the appropriate sec-
ondary antibody after being washed three times with DPBS
(Welgene). Counterstaining was performed with TOPRO-3
(Life Technology). Primary antibodies used for immunohis-
tochemistry are as follows: MAP2 (Sigma, 1:500), TH
(Abcam, 1:500), TH (R&D system, 1:500), TBR1 (Abcam,
1:500), TUJ1 (Biolegend, 1:1,000), SOX2 (R&D system,
1:500), FOXA2 (Abcam, 1:500), LRTM1 (Cusabio, 1:500),
GIRK2 (Abcam, 1:500), FOXGI1 (Abcam, 1:500), GABA
(Sigma, 1:500), GLUT (Cusabio, 1:500), GFAP (CiteAb,
1:200), S1008 (Abcam, 1:200), MBP (Abcam, 1:200), AQP4
(Abcam, 1:500), O4 (R&D system, 1:500), OLIG2 (Merck
Millipore, 1 : 500), PSD-95 (Thermo Fisher, 1:300), SYP (Cusa-
bio, 1:500), Dopamine (ImmuSmol SAS, 1:500), and caspase 3
(Cell Signaling, 1:500).

4.8. Fontana—Masson Staining. The neuromelanin pigment
was stained by the FontanaMasson Stain Kit (Abcam)
according to the manufacturer’s instructions using cryosec-
tioned organoids.

4.9. Electrophysiology. To evaluate the functional maturation
level of the MOs, we used a 32-channel neural probe. The
width and thickness of the probe were 220 and 20 ym. The
microelectrodes (14 X 14 um) were located in the probe’s tip,
with 30 ym spacing between the electrodes. The microelec-
trodes were coated with black platinum through electroplating
to improve the recording capacity. The average impedance of
black Pt-coated microelectrodes was measured 19 + 1k at
1kHz in 0.1 M PBS. To measure neural signals in the incuba-
tor, we used a miniaturized recording structure consisting of a
custom microdrive to adjust the vertical position of the probe,
a PDMS chamber to load the MOs, and an acrylic enclosure to
prevent rapid media evaporation [29]. After loading the MO
in the center of the PDMS chamber, we slowly inserted the
neural probe into the organoid using the custom microdrive.
After filling the chamber with fresh medium, we put the MO
inserted with the neural probe into the acrylic enclosure. We
measured neural signals from the MO in the incubator. Neu-
ral signals recorded from the neural probe were processed and
digitized through an RHD2132 amplifier board connected to
an RHD2000 evaluation system (20 KS/s per channel, 0.3-Hz
high-pass filter, 6-Hz low-pass filter, and 16-bit ADC). Neural
signals were recorded for at least 3 min and from at least
3 MOs per condition.

To detect neural signals from the recorded data, we used
a custom Matlab code [25]. The threshold amplitude (75 xV)
was set at more than three times the noise amplitude
(~25uV). Also, burst signals were analyzed using an ISIN-
threshold method [30] (ISI threshold: 0.1 sec; minimum
number of spikes: 3). A synchronized score between electrodes
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was calculated using Pyspike (https://github.com/mariomula
nsky/PySpike). Finally, network maps between electrodes were
visualized using python-louvain (https://github.com/taynaud/
python-louvain/) and visualization of 3D network map
(https://github.com/Hyogeun-Shin/Visualization-of-3D-ne
twork-map/tree/v1.0.0).

4.10. Whole Mount Staining and High-Content Imaging. For
immunostaining of whole uMOs without microsectioning,
whole uMOs were fixed with 4% paraformaldehyde (Sigma)
for 15-20 min at room temperature and washed three times
with PBST containing DPBS supplemented with 0.1% Triton
X-100. Fixed uMOs were transferred into blocking solution
containing DPBS supplemented with 6% BSA (Sigma), 0.2%
Triton X-100, and 0.01% sodium azide (Biosolution) and
then incubated overnight on rocking platform mixer at
room temperature. The samples were incubated with pri-
mary antibodies for 48 hr on a rocking platform mixer at
room temperature. After washing three times with PBST,
uMOs were incubated with fluorescence-labeled secondary
antibody and TOPRO-3 on a rocking platform mixer for
48 hr at room temperature. After rinsing three times with
PBST, 96-well plates containing uMOs were imaged using
a THUNDER Imager Live Cell & 3D Cell Culture & 3D
Assay (Leica Microsystems). Cell imaging and visualization
of optical sections in 3D were carried out on a Leica DMi8
microscope using the Thunder Imaging System (Leica
Microsystems). Stacks were taken at 2 um intervals in the
z-axis. To quantify the mean brightness of TH and MAP2
signals from each uMO, the images of individual uMO were
analyzed using with Image J software (https://imagej.nih.
gov/ij/download.html).

4.11. In Vitro High-Throughput Screening of Drug Toxicity.
For the in vitro toxicity assay using uMOs, 96 well-derived
DIV 20 uMOs were treated with different concentrations of
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) (150,
300, and 500 uM). After 10 days of drug treatment, uMOs
were analyzed to measure changes in their morphology and
size. To assess the transcriptional alterations of drug-treated
uMOs, randomly selected 10 uMOs were used for qPCR. The
drug response of individual uMOs to MPTP was determined
by performing TUNEL staining.

To compare neurotoxin-mediated toxicity upon treat-
ment of different toxins, we also treated rotenone (100 uM)
and MPTP (150 uM) on DIV 30 uMOs for 2 days and deter-
mined their toxicity by assessing cleaved-caspase 3 and TUNEL-
positive cells. As a positive control, we treated H,O, on uMOs
for 30 min. Nontreated uMOs were used as negative control.

4.12. TUNEL Assay. To observe apoptotic cells in uMOs,
the TUNEL assay was performed using the In Situ Cell
Death Detection Kit fluorescein (Roche) according to the
manufacturer’s protocol. In briefriefly, microsectioned
uMOs on glass slides were prepared for the TUNEL assay.
Samples were permeabilized with permeabilization solution
for 2 min on ice and washed three times with PBS. They were
then placed in citrate buffer, subjected to 750-W microwave
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irradiation for 1 min, and then translocated to cool distilled
water. Samples were immersed for 30 min in tris-HCI (0.1 M
and pH 7.5), containing 3% BSA and 20% normal bovine
serum at room temperature. The TUNEL reaction mixture
was then added to the yMO section. Organoid sections were
blocked and costained with antibody raised against TUJI.
Quantification of TUNEL signals was performed by counting
TUNEL-positive cells out of DAPI-positive cells using Image
J software (https://imagej.nih.gov/ij/download.html).

4.13. RNAseq Analysis. RNA-seq data paired-end files were
mapped to the human genome (UCSC and hg38) build using
the RNA-seq aligner STAR (v2.5.2b). After mapping, the
gene expression level was calculated as Fragments Per Kilo-
base Million (FPKM) by Cufflinks, the transcriptome assem-
bly and differential expression analysis tool (v2.2.1), based on
the default options. To determine clustering in gene expres-
sion, statistical analyses were performed with the heatmap.2
function (gplots package) in the statistical software R (v3.3.2).

4.14. Morphological Image Analysis. For morphological anal-
ysis, the images of individual organoids were taken under an
inverted microscope (Olympus) and the images for quanti-
tying the diameter and area (including dead-core areas) of
organoids were analyzed using Image J (https://imagej.nih.
gov/ij/download.html) software.

4.15. Statistical Analysis. For statistical analysis, the unpaired
t-test was used for calculating p values. All the values were
calculated from at least triplicate experiments, and the p
values were presented as *p<0.05.
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