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Brain organoids derived from the self-organization of human induced pluripotent stem cells (hiPSCs)
represent a new class of in vitro organ system for modeling brain development and diseases. However,
engineering brain organoids in a biomimetic environment that is favorable for brain development
remains challenging. In this work, we present a new strategy to generate hiPSCs-derived 3D brain
organoids using an organ-on-a-chip system in a controlled manner. This system provides a biomimetic
brain microenvironment by incorporating three-dimensional (3D) Matrigel, fluid flow and multicellular
architectures of tissues that allows for extended 3D culture, in situ neural differentiation, and
organization of brain organoids on a single device. The generated brain organoids display well-defined
neural differentiation, regionalization and cortical organization under perfused culture conditions, which
recapitulate the key features of early human brain development. Moreover, the brain organoids exhibit

an enhanced expression of cortical layer markers (TBR1 and CTIP2) under perfused cultures as compared
Received 23rd October 2017 to that under static cult Petri dish, indicating the role of mechanical fluid flow i t
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brain organogenesis. The simple and robust brain organoids-on-a-chip system may open new avenues

DOI: 10.1039/c7ral1714k for various stem cell-based organoids engineering and its application in developmental biology and
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Introduction

The great advances in human pluripotent stem cells (PSCs) have
enabled the generation of in vitro 3D cellular clusters via self-
renewal and self-organization of stem cells, termed organo-
ids.*”® The organoid models are capable of reproducing specific
features of native tissues or organs with remarkable similarity
in terms of cell type complexity, architecture and functions,
bridging the gap between animal studies and traditional 2D
culture models.”* Because organoids can be grown from human
stem cells and patient induced PSCs, they hold great promise
for modeling organ development, studying the mechanisms of
human diseases and drug discovery.”® Recently, several
researchers have reported the successful generation of various
human organoids for delineating the physiological character-
istics of human developing organs, such as the brain, liver and
intestine.*® Among these organoids, brain organoids exhibit
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the most complicated and organizational patterns with distinct
brain regions and cortical structure, demonstrating their great
potential to facilitate the investigation of various aspects of
human brain development and disease pathology in vitro.***
At present, brain organoids are commonly generated via self-
renewal and self-organization of PSCs in 3D culture.®”** Typically,
the multicellular aggregates from stem cells, called embryoid
bodies (EBs), are initially encapsulated into Matrigel for 3D
culture and neuroepithelial expansion.'® Then, the EBs were
transferred into Petri dishes or spinning bioreactors for sus-
pended culture and generation of brain organoids. In vivo, brain
development is characterized by a dynamic and protracted
process beginning with early gestation.”” Actually, tissue
morphogenesis and organogenesis in the developing embryo are
tightly regulated by the stem cell microenvironment they foster,
which contains a series of factors including mechanical fluid flow
and intrinsic or extrinsic biochemical signals.*** Although stem
cell-derived organoids recapitulate the early developmental
process of organs, differences from the native organs still exist,
which suggest that the microenvironment factors, such as
biochemical, physical signals and multicellular interactions are
either lacking or presented incorrectly. Moreover, the current
approaches for organoid formation are limited by the risk of
contamination due to multiple steps, necessity for large volumes
of culture media, and complicated instruments with high cost.
The emerging organs-on-a-chip are biomimetic 3D micro-
systems stemmed from microfluidic technology, which aim to
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recreate the minimal functional units of living organs by
replicating the key structural and physiological features.>*>*
Organs-on-a-chip can mimic the in vivo-like cellular microen-
vironment and organ level functions by precisely controlling
over the related factors such as fluid flow, cell-cell and cell-
matrix interactions, mechanical forces and biochemical
cues.”®? Presently, the miniaturized models of several organs,
including lungs,* liver,* intestine®® and neural networks®” have
been created. Although several work have reported the culture
of hiPSCs-derived tissue specific cells on the organ-on-a-chip
systems,*>*** to our knowledge, no work has been devoted to
the engineering of hiPSCs-based brain organogenesis in
perfused 3D culture using these systems.

In this study, we proposed a new strategy to engineer 3D
brain organoids derived from hiPSCs by combining stem cell
biology with organs-on-a-chip technology. The established
brain organoids-on-a-chip system enabled hiPSCs-based EBs
culture, in situ neuronal differentiation and formation of brain
organoids by incorporating self-organization of brain tissues,
3D Matrigel and fluid flow. The expressions of neural markers
(Nestin, SOX2 and TUJ1), brain regional markers (PAX6, PAX2
and ISL1) and cortical layer markers (TBR1 and CTIP2) in brain
organoids were identified. The comparisons of neural differ-
entiation and the cortex specific genes expression under chip-
based perfused culture and static cultures on Petri dish were
evaluated as well.

Materials and methods
Fabrication of the brain organoids-on-a-chip device

The brain organoids-on-a-chip device was fabricated using
a conventional soft lithography procedure and was made of
polydimethylsiloxane (PDMS, from Dow Corning Corp). The
masks were designed by AutoCAD and printed on plastic film.
To fabricate the template, SU-8 3050 negative photoresist
(MicroChem Corp) was spin-coated onto the clean glass and
then selectively cured under ultra violet light source with masks.
The chip contained two layers: top and bottom. The top layer
consisted of two parallel culture chambers and three separate
medium channels. The height of the top layer channels was
approximately 600 pm. Two parallel culture chambers (width:
2.5 mm; length: 14 mm) were separated by a central channel
(width: 1 mm; length: 20 mm), which contained 10 trapezoid
pillar array structures at both sides of the channel for inter-
connection (ESI Fig. S1t). The two parallel chambers were used
for the 3D culture and formation of brain organoids. The central
channel served as the fluid flow passageway, with inlet and
outlet holes of 0.8 mm in diameter created with a sharp needle.
The channels at the two sides of the device were filled with cell
culture medium. The bottom layer of the device was the plane
PDMS layer. The top and bottom layers were molded by the
PDMS pre-polymer containing a 10:1 (w/w) mixture of the
PDMS precursor and curing agent. The pre-polymer in the
channels was then polymerized by thermal curing in 80 °C dry
oven for 1 h. Next, the top layer of the chambers was adhered to
the plane PDMS layer after a 90 s oxygen plasma treatment
(plasma power: 200 W, O, pressure: 0.2 MPa). Finally, the
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devices were autoclaved to restore the hydrophobicity of PDMS
and were kept sterile until use.

Evaluation of substance distribution on chip

The validation of substance distribution across the 3D Matrigel
was performed by sodium fluorescein permeation assay.
Hydrophilic sodium fluorescein tracer (NaFI, 376 Da) diluted in
phosphate buffered saline (PBS) at a ratio of 1:1000 was
introduced into the central fluidic channel using a syringe
pump. The fluorescent images were obtained under static or 25
ul h™" flow rate conditions at given time intervals. Images were
analyzed using Image] (NIH) to plot the intensity profiles.

Generation of EBs

EBs are the 3D multicellular aggregates from the hiPSCs via 3D
culture. The hiPSCs derived from skin fibroblasts (provided as
a gift from Dr Ning Sun) were cultured in mTeSR1 medium on
six well plates each coated with 1.5% Matrigel (BD Biosciences)
in DMEM/F12 medium (Invitrogen). The medium was changed
daily. Cells were passaged at a 1:5 ratio by digestion with
Accutase (Sigma-Aldrich) until achieved 75-90% confluence.
The pluripotency of the hiPSCs was regularly verified by cell
morphology and immunostaining for the pluripotent markers.

Knockout serum replacement (KSR) medium was prepared
using DMEM/F12 medium supplemented with 20% KSR (Invi-
trogen), 1% GlutaMAX (Invitrogen), 1% minimum essential
media-nonessential amino acids (MEM-NEAA, Invitrogen),
0.2 mM 2-mercaptoethanol (Sigma-Aldrich) and 1% penicillin-
streptomycin (Sigma). Dissociated hiPSCs (~5 x 10° cells) were
resuspended in KSR medium and immediately added to 10 uM
ROCK inhibitor Y27632 (Millipore) and a low concentration of
basic fibroblast growth factor (bFGF, 4 ng ml ™", Peprotech). The
cells were then seeded in concave wells (diameter: 800 um) for
the EB formation. The generated EBs were 100-300 pm in
diameter. The EBs were then transferred into a low-adhesion
plate, and fresh KSR medium was changed every other day. At
day five, the KSR medium was replaced with neural induction
medium (NIM) that contained DMEM/F12, 1% GlutaMAX, 1%
MEM-NEAA, 1 pg ml™" heparin (Sigma), 1% N2 supplement
(Invitrogen) and 1% penicillin-streptomycin. The EBs were then
cultured for another six days with NIM.

Perfused culture of the EBs on chip

Neural differentiation medium (NDM) was prepared using
a mixture of DMEM/F12 and Neurobasal medium (Invitrogen)
at a volume ratio of 1: 1, supplemented with 1% B27 supple-
ment, 0.5% N2 supplement, 0.2 mM 2-mercaptoethanol, 1%
GlutaMAX, 0.5% MEM-NEAA and 1% penicillin-streptomycin.
At day 11, approximately 300 EBs per milliliter were suspended
within ice-cold Matrigel. Next, 40-50 pl of the EB-Matrigel
mixture was carefully pipetted into each hydrogel channel of
the chip. The chip was then incubated at 37 °C for 25-30 min to
make Matrigel gelation. The EBs were immobilized into the
Matrigel and aligned in the channels of the chip. A flexible
polytetrafluoroethylene (PTFE) tube was connected to the inlet
of the central medium channel; this set-up provided
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a continuous flow of NDM at the rate of 25 pl h™* using a syringe
pump system. In addition, the spheroids were cultured on chip
under static conditions as the control group from day 11 to day
33 and the media were changed twice every day for sufficient
media supplement. In conventional Petri dish cultures, EBs
were embedded in Matrigel droplet at day 11 and floating
cultured in low-adhesive Petri dish. The 50% of media volume
was exchanged every day for up to three weeks.

Cryosection and immunohistochemical staining

In order to precisely reveal the detailed characterizations of
brain organoids by immunohistochemical staining, brain
organoids were retrieved from the chip by gently mechanically
splitting the chip layers on desired days during the development
period. Brain organoids were fixed in 4% paraformaldehyde
(PFA) for 25-30 min at room temperature. The fixed organoids
were then washed in PBS three times, transferred to 30%
sucrose solution and incubated at 4 °C overnight. Subsequently,
the dehydrated tissues were embedded in O.C.T. compound
(SAKURA), snap frozen and stored at —80 °C. For immunoflu-
orescence staining, 10 um thick sections were obtained with
a cryostat (Leica). Cryosections with samples on adhesive slides
were washed in PBS to remove excess O.C.T. and permeabilized
with 0.25% Triton X-100 diluted in PBS for 5 min at room
temperature. Then, the sections were blocked with 10% goat
serum (Solarbio, SL1) for one hour. Next, the sections were
incubated overnight at 4 °C with a primary antibodies diluent.
The following primary antibodies were used for immunohisto-
chemistry: TUJ1 (mouse, 1:500, BioLegend 801201), PAX6
(rabbit, 1 : 300, BioLegend PRB-278P), PAX2 (mouse, 1 : 500,
Abnova H00005076-M01), SOX2 (rabbit, 1 : 500, Cell Signaling
3579), Nestin (mouse, 1 : 500, Santa Cruz sc-20978), CTIP2 (rat,
Abcam ab18465, 1:500), TBR1 (rabbit, Abcam ab31940,
1:200), CD133 (rabbit, Bioss, bs-4770R, 1 : 100), ISL1 (mouse,
Thermo MA5-15515, 1: 100). Samples were washed with PBS
three times to remove excess primary antibodies and were then
incubated with secondary antibodies Alexa Fluor 488 or 594
dyes (1:100) for one hour at room temperature. Nuclei were
then counterstained with 4’,6-diamidino-2-phenylindole (DAPI,
Life technologies, 1 : 4000) for 15 min. All images were photo-
graphed using a confocal microscope (Olympus). Image] (NIH)
was used to merge images and to uniformly adjust the bright-
ness or contrast. Image-Pro Plus was used to assess and quantify
the fluorescence intensity of the expression of specific markers
under identical settings.

TUNEL assay

The apoptosis of cells within EBs was assessed by TUNEL assay
after 33 days of culture in the brain organoids-on-a-chip system.
Tissue cryosections were treated by TUNEL kit reagents (Life
Technologies) according to the manufacturer's instructions.
After incubation with staining reagents, the samples were
washed three times with PBS, and images were acquired using
a confocal microscope. The viability of cells was quantitatively
analyzed by using Image] (NIH) to calculate the percentage of
TUNEL positive cells.

This journal is © The Royal Society of Chemistry 2018
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Real-time PCR

Total mRNAs were isolated from the whole brain organoids or
hiPSCs using Trizol reagent (TAKARA) and the final concen-
tration was adjusted to 250 ng pl . The RNA concentration and
quality were determined using Nano Drop (Thermo Fisher
Scientific). The ¢cDNA was then produced and amplified using
Ex Taq DNA polymerase (TAKARA) under the following reaction
conditions (35 cycles): denaturation at 95 °C for 1 min,
annealing at 58 °C for 30 s, and extension at 72 °C for 30 s. The
primer pairs used were as follows: OCT4 forward: 5'-GGA GAA
GCT GGA GCA AAA CC-3/, reverse: 5-TGG CTG AAT ACC TTC
CCA AA-3'; SOX1 forward: 5'-TAT CTT CTG CTC CGG CTG TT-3,
reverse: 5-GGG TCT TCC CTT CCT CCT C-3'; PAX6 forward: 5'-
AGT TCT TCG CAA CCT GGC TA-3/, reverse: 5-ATT CTC TCC
CCC TCC TTC CT-3’; PAX2 forward: 5'-CTG GGC AGC AAC GTG
TCA-3', reverse: 5-GAG TGG TGC TCG CCA TGT C-3'; FOXG1
forward: 5-AGG AGG GCG AGA AGA AGA AC-3/, reverse: 5'-TGA
ACT CGT AGA TGC CGT TG-3'; ISL1 forward: 5'-GCT TTG TTA
GGG ATG GGA AA-3/, reverse: 5-ACT CGA TGT GAT ACA CCT
TGG A-3’; TBR1 forward: 5'-GAC TCA GTT CAT CGC CGT CA-3/,
reverse: 5-TCG TGT CAT AAT TAT CCC GAA ATC C-3'; CTIP2
forward: 5'-CAG AGC AGC AAG CTC ACG-3/, reverse: 5'-GGT GCT
GTA GAC GCT GAA GG-3'; B-Actin forward: 5'-AAA TCT GGC
ACC ACA CCT TC-3/, reverse: 5'-AGA GGC GTA CAG GGA TAG
CA-3'.

Statistical analysis

Statistical analysis of data is expressed as means + standard
deviation (SD). P-values were calculated using the Student's ¢-
test analysis. The statistical significance threshold was set at *P
<0.05, ¥*P<0.01 and ***P < 0.001. Sample sizes are indicated in
the figure legends.

Results and discussion
Design and operation of the brain organoids-on-a-chip device

Human brain development in vivo is a dynamic and complex
process, relying on the coordinated control of inherent cues and
the extracellular environment,**> such as the matrix, hetero-
geneous cell types and mechanical fluid flow (Fig. 1A). The
process of hiPSCs-based brain organoids formation in vitro
often involves stem cell self-renewal, EBs formation and
differentiation (Fig. 1B). In this study, we designed an organ-on-
a-chip device containing five parallel channels interconnected
by micropillar structures (Fig. 1C). In this device, two culture
channels permitted 3D culture of EBs by infusing with Matrigel
and three medium channels were used for the supply of
medium, in which the central medium channel allowed the
perfusion of fluid flow. The culture and medium channels were
separated from each other by micropillar arrays, which facili-
tated nutrient and oxygen exchange between the two types of
channels. Prior to organoid formation, the suspension of the
hiPSCs was seeded in the concave well to form the EBs. After
neuroectoderm differentiation of EBs, the mixture of EBs and
Matrigel was infused into the culture channels to realize 3D
culture in the device. The EBs were immobilized on chip and
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Fig. 1 Schematic diagram of the organ-on-a-chip device for 3D culture and differentiation of brain organoids. (A) The key factors of the brain
microenvironment in vivo, including fluid flow, extracellular matrix and growth factors. (B) The development process of brain organoids derived
from hiPSCs in vitro. (C) Configuration of the brain organoids-on-a-chip device. (D) Enlarged view of the procedures for brain organoids
generation on the chip. The EBs formed by hiPSCs were embedded in Matrigel and the mixtures were infused into the culture channel. The EBs
were differentiated and self-organized into brain organoids in 3D Matrigel under perfused culture conditions.
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Fig. 2 Characterizing the development of hiPSCs-derived brain organoids in the organ-on-a-chip system. (A) Flow chart of the brain organoid
culture and differentiation on a chip. (B) Representative images of cell spheroids taken at different stages. Brain organoids were formed by self-
organization and differentiation of the EBs. Scale bars = 100 um. (C) Size distribution was assessed by the average diameter of brain organoids
during the entire course of development under different culture conditions. (D) Frozen sectioning and TUNEL staining for dead cells (green)
within brain organoids at day 33. Scale bars = 50 um.
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Fig. 3 Examination of neurogenesis in brain organoids generated on chip. (A) Examination of the pluripotent marker OCT4 and neural marker
SOX1 in day-0 hiPSCs and day-10 spheroids. The expression values were normalized to the B-actin expression level. Three independent
experiments had been performed. Data are shown as mean + SD. ***p < 0.001. (B) Immunohistochemical staining was performed for the neural
progenitor markers Nestin and SOX2 in brain organoids after 16 days and 33 days of differentiation. (C) Immunohistochemical staining for neural
progenitors (SOX2) and neurons (TUJ1) in organoids at 16 days and 33 days of differentiation.

subsequently in situ differentiated into brain organoids The continuous flow of medium in the central channel
(Fig. 1D). In this system, Matrigel as a 3D scaffold plays an allowed nutrients across the gel channel by diffusion. To eval-
essential role in regulating the distribution of nutrient, gases uate the features of nutrient diffusion under different culture
and soluble factors to support the differentiation of stem cells conditions, we used the hydrophilic sodium fluorescein (NaFI,
due to its complex components and porous structure. 376 Da) as a tracer and examined its diffusion ability across the
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Fig. 4 Comparison of neurogenesis and tissue morphology in brain organoids generated on chip and Petri dish. (A) Examination of TUJ1 and
SOX2 markers in 33 day organoids (indicated by arrows) on chip and on Petri dish by immunohistochemical staining. (B )The apical marker CD133
expressed in organoids (indicated by arrows) on chip and on Petri dish at day 33 was verified by immunohistochemical staining, respectively.
Scale bars = 50 um.
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Fig. 5 Identification of specific brain regions in brain organoids. (A) Forebrain markers (PAX6, FOXG1) and hindbrain markers (PAX2, ISL1) were
quantified by RT-PCR in spheroids at 10 and 16 days of differentiation. The expression values were normalized to the B-actin expression level.
Three independent experiments had been performed. Data are shown as mean + SD. *p < 0.05, **p < 0.01. (B) Immunohistochemical staining of
PAX6 and PAX2 markers in cryosections of spheroids at 16 days and 33 days. (C) Immunohistochemical staining of PAX6 and ISL1 markers in

cryosections of brain organoids at 33 days. Scale bars = 50 pm.

gel channel. The fluorescent tracer was delivered into the
central medium channel at a lower rate of 25 pl h™*', and the
diffused substances were imaged in the gel channel at different
time points. The time-lapse images of fluoresce and intensity
profiles showed that the diffusion rate of fluorescein was
significantly enhanced over time under perfused -culture
conditions (ESI Fig. S2A, and S2B¥). These data indicate that the
presence of fluid flow could potentially facilitate the exchange
of soluble substances in this system. In addition, the generated
brain organoids exhibited more prominent cell viability under
perfused cultures compared to static cultures on chip by TUNEL
assay at day 16 and 33. Notably, quantitative analysis showed
extensive cell death (about 40% of the TUNEL positive cells)
within organoids at day 33 under static cultures, indicating that
the perfusion culture could improve cell viability by reducing
cell death at the center of organoids with sufficient nutrient
supply (ESI Fig. S2C and S2Dt). Overall, these results demon-
strate that the brain organoids-on-a-chip system incorporated
3D ECM, fluid flow with heterogeneous tissue offers a biomi-
metic microenvironment to support prolonged culture and
generation of brain organoids.

Evaluation of brain organoids growth on chip

The developmental process of brain organogenesis in vitro
involves the EBs formation, neuroepithelial induction and
expansion. To assess the growth of brain organoids in the
organ-on-a-chip system, we tested the tissue morphology and
viability during the whole period. After the formation of EBs
from the hiPSCs, EBs were floating cultured in the ultralow-
attached well plate and differentiated into neuroectoderm in
neural induction medium (NIM). Then the neuroectoderm

1682 | RSC Adv., 2018, 8, 1677-1685

tissues were encapsulated in Matrigel to form a mixture and
transferred into the culture channels of the chip. After
stationary culture for 6-8 hours, the mixture of the EBs and
Matrigel was cultured under continuous perfusion conditions
for 5-22 days (Fig. 2A). Notably, EBs immobilized within
Matrigel on chip were beneficial for in situ tracking during
organogenesis, which overcame the limitations of imaging in
existing protocols. By in situ imaging, the neuroepithelial
populations were formed in tissues at 15-20 days and
expanded to large rosette-like structures in neural differenti-
ation medium (NDM). Finally, the neuroepithelial spheroids
were rapidly developed into large and complex brain orga-
noids (Fig. 2B). Fig. 2C showed the size distribution of orga-
noids grown from day 11 to day 31. The average size of
organoids was increased due to neuroepithelial differentia-
tion and expansion over time. On day 31, the average diameter
of organoids can grow up to about 3 mm. In addition, mini-
mized cell death was observed in the core of brain organoids
by TUNEL assay, indicating the improved cell viability in
organoids under perfusion culture conditions (Fig. 2D).
According to previous reports, the low level of fluid flow was
existed in the interstitial space of brain, which has been found
to play an important role in supporting neural differentiation
and morphogenesis.**** Our results further support that the
presence of fluid flow could facilitate the proliferation and
differentiation of neural progenitors, which might lead to an
increased size of organoids. The gross analysis demonstrate
the efficient growth of 3D brain organoid in the biomimetic
cellular microenvironment provided by this system, involving
EBs formation, cell differentiation and organization of brain
organoids.

This journal is © The Royal Society of Chemistry 2018
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layer (CTIP2) markers in spheroids at 10, 16, and 33 days of differentiation. (B) Quantitative comparison of expression levels of cortical neuronal
markers in 33 day organoids on chip and Petri dish by RT-PCR. The expression values were normalized to the B-actin expression level. Three
independent experiments had been performed. Data are shown as mean =+ SD, *p < 0.05. **p < 0.01, ***p < 0.001. (C) Immunohistochemical
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and Petri dish at 33 days, respectively. Scale bars = 50 pum.

Identification of neurogenesis in brain organoids

To evaluate the detailed characterizations of neurogenesis
during the course of brain organoid development, we initially
examined the efficiency of the early neural induction by per-
forming real-time PCR for specific markers of pluripotent and
neural lineage (Fig. 3A). As expected, the expression of plurip-
otent marker OCT4 was decreased at day 10 of organoids
differentiation relative to the control of hiPSCs at day 0, whereas
the neural marker SOX1 was significantly upregulated. These
data indicate the valid neuroepithelial induction in organoids
at early stages. The neural progenitors (Nestin, SOX2) and
neuron (TUJ1) markers were further identified in brain orga-
noids at distinct developmental stages. Consistently, high
proportions of positive cells for Nestin, SOX2 and TUJ1 were
expressed in brain organoids at day 16, even after prolonged
development of organoids at day 33 (Fig. 3B). Moreover,
immunohistochemical analysis revealed complex heteroge-
neous regions including SOX2 positive progenitors and TUJ1
positive neurons with large contiguous configurations in 33 day
organoids, resemble to the ventricular-like zones. As compared

This journal is © The Royal Society of Chemistry 2018

with conventional Petri dish cultures for brain organoids
formation, the organoids generated on chip revealed larger and
more continuous neuronal organization (ESI Fig. S31 and 4A).
Furthermore, the apical marker CD133 was identified in the
inner areas of organoids at day 33 (Fig. 4B). It appears that the
fluid-filled cavities with a proper apicobasal orientation was
formed, reminiscent of brain ventricles. It is noteworthy that
these organoids exhibited larger cavities of apical marker
CD133 than that cultured on Petri dish (Fig. 4B). Overall, these
results suggest the feasibility of brain organoids generated on
chip with efficient neural progenitor differentiation and
neuronal induction. Our results are consistent with neuro-
genesis in the brain as they occur during early gestation.

Examination of defined brain regions and cortical
organization

Brain development in vivo exhibits an orderly sequence of
processes, involving the radial organization of progenitor zones
and neuronal migration to form distinct brain regions and
hierarchical cortical structure.**>” Therefore, we further
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examined the detailed features of specific brain regions and
cortex identities from these generated brain organoids. Brain
regionalization at early stages was evaluated by examining the
expression of forebrain (PAX6 and FOXG1) and hindbrain
(PAX2, ISL1) markers at day 10 and day 16 of organoids differ-
entiation (Fig. 5A). These genes were remarkably upregulated,
indicating the presence of both forebrain and hindbrain cell
populations. To determine the localization and distribution of
these brain region identities within brain organoids, immuno-
histochemical analysis for the specific markers of forebrain
(PAX6) and hindbrain (PAX2, ISL1) was performed (Fig. 5B and
C). The high expression of PAX6 and PAX2 positive populations
were observed in brain organoids at day 16, which was consis-
tent with genes expression. As development proceeded, the
organoids displayed increasing refinement of brain region
specification at day 33, indicating the developmental expansion
of brain organoids. In addition, the PAX2 or ISL1 positive
regions were expressed either overlapped or discrete located to
PAX6 regions, implying the probably rudimentary definition of
brain regions as displayed in vivo. These results reveal the
proper differentiation of discrete and independent brain
regions identities in organoids grown on chip.

To further study the features of cortical organization, we
initially analyzed the expression of relative genes, including
preplate marker TBR1 and deep-layer neuron marker CTIP2
(Fig. 6A). The expression of these genes significantly increased
during the developmental stages of brain organoids from day 10
to day 33. Furthermore, the cortex structure was identified by
immunohistochemical staining for cortical neuronal subtypes
(TBR1 and CTIP2) in organoids at day 33. As shown in Fig. 6C,
organoids displayed high expression of TBR1 and CTIP2 along
the peripheral of tissue, suggesting the formation of the initial
cortex containing basal neural layer and deep neural layers.
Meanwhile, the CTIP2 neurons appeared to be adjacent to the
TBR1 preplate and located in the internal side, which might
reveal a rudimentary spatial organization of cortical neuronal
layers as the brain organoids developed. Notably, organoids
displayed more increased expression of cortical markers (TBR1
and CTIP2) and more defined organization of cortical neurons
on chip than that on Petri dish (Fig. 6B and C). These differ-
ences between two organoid models suggest that the chip
perfusion system enhanced cortical neurons differentiation and
improved cortex organization in brain organoid compared with
Petri dish cultures, which might further confirm the importance
of favorable microenvironment on cortical development in this
system. Overall, these results demonstrate that brain organoids
generated on chip exhibited essential characteristics of the
human early fetal brain. We assume that the biomimetic
cellular microenvironment offered by this system may serve as
a crucial factor to support the self-organization of hiPSCs into
functional brain organoids in vitro.

Conclusion

In summary, we presented a new approach to generate 3D brain
organoids derived from hiPSCs using a perfusable organ-on-a-
chip system. The generated brain organoids displayed
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favorable growth and specific feature identities including
neuronal differentiation, brain regionalization and cortical
spatial organization in a biomimetic cellular niche, modeling
the early human brain organogenesis in vivo. Particularly, the
brain organoids cultured in the perfused system showed
improved cortical development compared with static cultures
on Petri dish. The established brain organoids-on-a-chip device
is simple, low-cost and easy to operate, which can not only
facilitate long term 3D culture and formation of brain organoids
with sufficient nutrients exchange by small volume of medium
consumption, but also be amenable to in situ tracking and real-
time imaging, which partially addresses the potential limita-
tions in conventional methods.

This work provides a proof-of-concept to engineer the
hiPSCs-based brain organoids by combining stem cell biology
with organs-on-a-chip technology. This approach can be further
implemented with additional microfluidic elements to greatly
improve the function and maturity of stem cell-derived brain
organoids, holding promising applications in developmental
biology and disease modeling studies.
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