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Cortical organoids represent cutting-edge models for mimic human brain development during the early 
and even middle stage of pregnancy, while they often fail to recreate the complex microenvironmental 
factors, such as physiological hypoxia. Herein, to recapitulate fetal brain development, we propose a novel 
cortical organoid-on-a-chip with physiological hypoxia and further explore the effects of tanshinone IIA 
(Tan IIA) in neural differentiation. The microfluidic chip was designed with a micropillar array for the 
controlled and efficient generation of cortical organoids. With low oxygen, the generated cortical organoids 
could recapitulate key aspects of early-gestational human brain development. Compared to organoids 
in normoxic culturing condition, the promoted neurogenesis, synaptogenesis and neuronal maturation 
were observed in the present microsystem, suggesting the significance of physiological hypoxia in cortical 
development. Based on this model, we have found that Chinese herbal drug Tan IIA could promote neural 
differentiation and maturation, indicating its potential therapeutic effects on neurodevelopmental disorders 
as well as congenital neuropsychiatric diseases. These results indicate that the proposed biomimetic 
cortical organoid-on-a-chip model with physiological hypoxia can offer a promising platform to simulate 
prenatal environment, explore brain development, and screen natural neuroactive components.

Introduction

The cerebral cortex is the integration and execution center of the 
human central nervous system (CNS), accounting for more than 
half of the brain volume. It is hypothesized to be accountable for 
the neuronal computations behind complicated phenomena such 
as cognition, language, concentration, and voluntary movement. 
Alterations in the cortex that result from abnormal neural differ-
entiation are correlated with a variety of developmental disorders, 
including mild learning disabilities and even severe intellectual 
disability [1–3]. Thus, a full understanding of the complex biologi-
cal process and mechanism of neural differentiation may help us 
apply therapeutic strategies against diseases of the neural system, 
such as neurodevelopmental and neurodegenerative diseases 
[4–6]. Generally, single-cell models have provided insights into 
the differentiation of the human brain but do not capture its full 
complexity [7]. Cortical organoids, as a novel 3-dimensional (3D) 
model that encapsulates key structural and functional features of 
the fetal early-gestational brain, have promising applications in 
the study of brain development and disease [8–10]. Despite great 
progress, current cortical organoid systems often fail to recapitu-
late the complex microenvironment during embryonic develop-
ment, such as physiological hypoxia. Studies have shown that  

oxygen level is critical in the development and function of 
vital tissues and organs, especially for neuronal cells [11–13]. 
Physiological hypoxia is involved in the regulation of various 
neuronal cells in the CNS and plays a neuroprotective role 
after injury, which may be a potential method for the treat-
ment of nervous system diseases. However, few studies have been 
performed to systematically investigate the impacts of physiologi-
cal hypoxia on the neural differentiation of embryos in vitro [14]. 
Therefore, it is highly desirable to develop the human cortical 
organoid system with physiological hypoxia.

Herein, following the process of embryonic development, a 
novel cortical organoid-on-a-chip with physiological hypoxia 
is proposed, which allows us to investigate the impact of tan-
shinone IIA (Tan IIA) on the early neurodevelopment of the 
fetal cortex, as schemed in Fig. 1. As an emerging second-
generation organoid-on-a-chip, it was first proposed in 2019, 
which allows researchers to not only model physiological and 
disease processes on-chip but also monitor and track these pro-
cesses in real time [15–19]. However, few studies utilized the 
technology to investigate the effects of physiological hypoxia 
on the neural differentiation trajectory during early human 
brain development. In another aspect, more and more attention 
has been paid to the development and utilization of traditional 

Citation: Zhi Y, Zhu Y, Wang J, Zhao J, 
Zhao Y. Cortical Organoid-on-a-
Chip with Physiological Hypoxia for 
Investigating Tanshinone IIA-Induced 
Neural Differentiation. Research 
2023;6:Article 0273. https://doi.
org/10.34133/research.0273

Submitted 26 September 2023  
Accepted 4 November 2023  
Published 22 November 2023

Copyright © 2023 Yue Zhi et al.  
Exclusive licensee Science and 
Technology Review Publishing House. 
No claim to original U.S. Government 
Works. Distributed under a Creative 
Commons Attribution License 4.0 
(CC BY 4.0).

https://doi.org/10.34133/research.0273
mailto:yjzhao@seu.edu.cn
https://doi.org/10.34133/research.0273
https://doi.org/10.34133/research.0273
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Zhi et al. 2023 | https://doi.org/10.34133/research.0273 2

Chinese medicine resources worldwide as the traditional Chinese 
herbal materials and their extracts have remarkable effectiveness 
in the prevention and treatment of diseases [20–23]. In particu-
lar, many Chinese herbs, such as lipophilic Tan IIA from Salvia 
miltiorrhiza, are found to have both neurogenic and neuro-
protective effects, with potential ameliorative and therapeutic 
properties for neurodevelopmental disorders, nerve damage, 
or other related diseases [24–26]. However, due to the lack of 
an efficient platform, the complicated mechanisms of Tan IIA 
on neurogenesis, neuronal differentiation, and neural networks 
have not been demonstrated yet.

In this paper, we constructed the biomimetic cortical organoid-
on-a-chip microsystemand investigated the efficacy of Tan IIA 
on early fetal brain progression. To our knowledge, this is the first 
report to established a highly bionic brain organoid-on-a-chip 
model in vitro that recapitulates intracerebral hypoxic microen-
vironment. The microfluidic chip was composed of micropillar 
arrays, which allows for the controlled and efficient generation of 
cortical organoids derived from human induced pluripotent stem 
cells (hiPSCs). With physiological hypoxia, cortical organoids 
displayed notable variations in neural differentiation and matura-
tion in comparison to cortical organoids in conventional culture 

systems, as confirmed by flow cytometry, immunofluorescence 
analysis, and quantitative real-time polymerase chain reaction 
(qRT-PCR). These demonstrated that our system is promising for 
studying the effects of hypoxia on human cell differentiation and 
morphogenesis in tissue environments. On this basis, we evalu-
ated the efficacy of Tan IIA on cortical development under a near-
physiological condition and found that the Tan IIA could promote 
neuronal cell differentiation and neural network formation. These 
results implied that the established model can be utilized for prob-
ing neurodevelopmental conditions of early gestational offspring. 
Due to the similarity to the in vivo hypoxic environment, our 
microsystem offers a promising alternative for regenerative medi-
cine, traditional Chinese medicine testing, and developmental 
biology.

Results

Construction of the microsystem
In typical experiments, a microfluidic system with micropillar 
arrays was devised and built (Figs. S1 and S2), permitting the 
regulated generation of embryoid bodies (EBs), cellular differen-
tiation, and maturation. Also, the chip consisted of 4 independent 

Fig. 1. Illustration of the microsystem with physiological hypoxia, allowing to probe the effects of Tan IIA in neurodevelopment. (A) Tan IIA promotes the formation and function 
of neural networks, which is reflected in the differentiation and maturation of various types of cells. (B) Scheme showing human cortical organoids exposed to low oxygen in 
a hypoxic incubator. The overall structure of the microsystem and the enlarged image of the internal details show the corticogenesis process.
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chambers, facilitating the efficient screening of drug candi-
dates, thereby reducing the variation between groups due to 
the complex operations. In particular, hiPSCs formed EBs that 
possessed coincident shape and dimensions between micro-
pillars. Subsequently, EBs were cultured in medium containing 
the corresponding factors for induction and differentiation on 
the chip, which produced an optimal condition for the develop-
ment of neuroectoderm. The shape and space of the micropil-
lars were finely designed, which prevented nearby spheroids 
from fusing together during the incubation process and con-
quered the shortcomings of conventional culture systems. To 

replicate the in vivo hypoxic environment during human 
corticogenesis, we used a hypoxic incubator to expose cortical 
organoids at day 1 to low-oxygen conditions (5% O2) for 30 
and 50 d. Ultimately, neuroectodermal spheroids were shown 
to develop into almost millimeter-sized cortical organoids after 
being incubated for another 1 to 7 weeks, suggesting the feasibil-
ity of physiological hypoxia for organoids culture (Fig. 2A). As 
a result, the cortical organoid-on-a-chip technology we pro-
posed offered a straightforward and reliable platform for con-
trolling the formation of EBs, which is critical for minimizing 
the variations in size and morphology of cortical organoids.

Fig. 2. Formation and validation of the human cortical organoid under hypoxic conditions. (A) Representative bright-field pictures of the cortical organoids generated on the 
chip within the hypoxic environment. Scale bars, 500 μm. (B) The immunofluorescence images of NPCs (SOX2 and NESTIN), proliferative marker Ki67, cortical layer (TBR1, 
SATB2, and CTIP2), differentiated neurons (TUJ1), postsynapse (αPSD95 and drebrin), Wnt signaling pathway (TCF7L2), and inhibitory neurons (GABA) within 40-d cortical 
organoids. Scale bars, 100 μm (in “Merge”) and 50 μm (in “Enlarged”).
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Characterization of cortical organoids on chip
During embryonic development, fresh neurons and glial cells 
are the differentiated progeny of neural stem cells and progeni-
tor cells, which eventually develop into a regionalized brain; 
this process is known as neurogenesis [27]. Thus, we explored 
whether neocortical neuron populations existed within the 
human cortical organoids. qRT-PCR was adopted to assess 
various pluripotency and neural lineages within cortical organ-
oids in order to ascertain the efficiency of preliminary neural 
induction (Fig. S3). In comparison with the control (day 0 EBs), 
pluripotency markers OCT4 and NANOG were predictably 
down-regulated at day 15, while the forebrain marker PAX6 
was markedly elevated, suggesting efficient neuroepithelial 
induction. These data displayed the capacity of cortical organ-
oids to achieve differentiation and formation at early stage 
under hypoxic conditions. Subsequently, cortical organoids 
were incubated within hypoxic environments for 40 d, and 
immunostaining images revealed a amount of neural progeni-
tor cells (NPCs) and differentiated neuron as evidenced by the 
expression of SOX2, NESTIN, and TUJ1 (Fig. 2B). The image 
displayed a high density of neonatal neurons located around 
NPCs, confirming that a clear neural identity of the cortical 
organoids had been created. According to Fig. 2B, the prolifera-
tive marker Ki67 was highly expressed in cortical organoids. It 
was concluded that the system we constructed allowed NPCs 
to differentiate effectively.

Highly organized laminar structure is the distinctive charac-
teristic of the cerebral cortex, which is crucial for higher cognitive 
functions [28]. The cortical layer markers COUP-TF-interacting 
protein 2 (CTIP2), T-box brain protein 1 (TBR1), and Special 
AT-rich sequence-binding protein 2 (SATB2) were investigated 
to determine whether there were signs of a clearly stratified corti-
cal architecture in cortical organoids (Fig. 2B). CTIP2+ early 
neurons were observed to be around preplate TBR1+ neurons 
by immunohistochemical analysis, and the separation of SATB2+ 
(superficial layer) and CTIP2+ (deep layer) neurons become 
prominent (Fig. 2B), implying that the cortical plate has formed. 
In addition, after 40 d of differentiation, the inhibitory neuron 
subtype (gamma-aminobutyric acid [GABA]) was discovered 
in cortical organoid sections. Immunostaining for the Wnt-
related marker transcription factor 7 like 2 (TCF7L2), postsyn-
aptic markers α-postsynaptic density protein 95 (αPSD95) and 
drebrin showed high expression, suggesting synaptic connectiv-
ity in the organoids (Fig. 2B). These data showed that cortical 
organoids generate the overall cytoarchitecture of the developing 
embryonic cortex. Thus, the feasibility and efficiency of cortical 
differentiation on the chip under physiological hypoxic condi-
tions were verified.

Promoted differentiation of cortical organoids  
under hypoxia
To get a full picture of the state of differentiation in cortical organ-
oids within our system, we next compared cellular variations in 
cortical brain organoids under the hypoxic environment versus 
the conventional normoxic environment. First, we detected the 
cellular activity of organoids by using flow cytometry. The level 
of cell death at day 30 did not reveal an evident distinction between 
the hypoxia and the normoxia group (21% O2) (Fig. 3A and B), 
suggesting that a hypoxia-like response was induced without mas-
sive cell death and that subsequent functional validation could 
be performed. Hypoxia-inducible factor (HIF)-1α regulates many 
downstream responses to hypoxia in the CNS [14,29]. Quantitative 

PCR analysis revealed that the organoids under hypoxia possessed 
a higher expression of HIF-1α than the normoxia group at both 
earlier (day 30) and later (day 50) developmental stages (Fig. 3E 
and Fig. S5). Similarly, immunofluorescence staining demon-
strated that HIF-1α was predictably localized in nuclei, and the 
quantitative analysis of HIF-1α exhibited a similar expression 
trend (Fig. 3C and D).

As cell division in NPCs is the starting point for neuronal 
formation, we next evaluated the proliferation of NPCs in 
hypoxia-exposed cortical organoids. qRT-PCR revealed that, 
compared with that in the normoxia group, a higher expression 
level of SOX2 was detected in the hypoxia group both at days 
30 and 50 (Fig. 3F and S5). To further validate the changes of 
NPCs at the protein level due to hypoxia, immunofluorescence 
staining for SOX2 and NESTIN has been applied. It indicated 
their greater expression levels in hypoxia-exposed organoids 
at day 30 compared with organoids cultured under normoxic 
(21% O2) conditions (Fig. 3G), which was validated by quan-
titative assessment of fluorescence intensity in SOX2+ and 
NESTIN+ cells (Fig. 3H and I). In line with the phenomenon 
above, even after being exposed to hypoxia for 50 d, the cortical 
organoids still retained stronger NPCs expression (Fig. S6A 
and C). The observation of a dramatic rise in NPCs at the 
mRNA and protein levels suggested that physiological hypoxia 
exposure promotes the proliferation of NPCs and triggers the 
enhanced differentiation of hiPSCs into NPCs, implying that 
hypoxia appear to be critical in the development of NPCs.

As cerebral development progressed, we investigated the 
impact of physiological hypoxia on forebrain differentiation 
within cortical organoids. Gene expression in specific cere-
bral regions has been assessed in cortical organoids cultured 
in a low-oxygen environment for 30 and 50 d. qRT-PCR 
revealed that the level of the PAX6 and FOXG1 (forebrain 
markers) were substantially elevated in the group exposed to 
hypoxia (Fig. 3J and K and Fig. S5). These findings indicated 
that physiological hypoxia may contribute to forebrain devel-
opment in cortical organoids.

Enhanced maturation of cortical organoids  
under hypoxia
As it has been demonstrated, neural activity is essential for 
regulating and sculpting the complex circuitry of the nervous 
system; the formation of neural networks is crucial to cortical 
development [30]. Thus, the cortical organoids exposed to 
hypoxia and normoxia were examined to determine whether 
our organoids culture system produced functionally active 
neurons and neuronal networks. We explored the the level of 
neuronal marker TUJ1 in the normoxia and hypoxia groups 
by qRT-PCR, flow cytometry, and immunofluorescence assays. 
According to qRT-PCR outcomes, the expression level of the 
neuron-related gene TUJ1 was dramatically enhanced in hypoxia-
exposed cortical organoids at day 30 (Fig. S4). With prolonged 
hypoxia exposure for 50 d, the cortical organoids exhibited a 
higher expression of TUJ1 compared to the normoxia group, 
confirming the increased neuronal differentiation in the 
hypoxia group (Fig. S5). Flow cytometry was conducted to 
monitor the proportion of TUJ1+ cells in the cortical organ-
oids at day 30. In comparison to the normoxic group, flow 
cytometry demonstrated more differentiated neurons in 
hypoxia-exposed cortical organoids at day 30 (Fig. 4A). Consistently, 
immunofluorescence staining showed that cortical organoids 
treated with low oxygen possessed more neurons, as evidenced 
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by a greater number of TUJ1+ cells in comparison to that in 
the control (Fig. 4B). Taken together, these results indicate 
that hypoxia could promote and direct NPCs to differentiate 
into neuron. We further compared the level of astrocytes within 
organoid under hypoxic versus normoxic environment at day 
50. As shown in Figs. S5 and S6A and B, the mRNA and protein 
levels of glial fibrillary acidic protein (GFAP) both surged in 
hypoxia-cultured organoids, indicating that enhanced prolifera-
tion and differentiation of astrocytes stimulated by physiologi-
cal hypoxia may have a role in maintaining of neuronal networks 
and cerebral microcirculation.

Advanced brain functions, such as complex behavioral tasks 
and cognition such as memory, are dependent on accurate con-
nection and efficient interaction between individual neurons 

within neural network [31]. The evolution of brain circuitry 
and the regulation of animal behavior are both mediated by 
synaptic activity, which is at the core of all neuronal functions 
[32,33]. Next, we detected the expression of mRNA and pro-
teins associated with synapses in cortical organoids at day 50. 
The postsynaptic density (αPSD95) is a cytoskeletal specializa-
tion that plays a role in the anchoring of neurotransmitter 
receptors as well as the regulation of postsynaptic neurons’ 
responses to synaptic stimulation. Drebrin, an actin-binding 
protein, is essential for dendritic spine development and synaptic 
plasticity. We therefore analyzed the expression of relevant pre-
synaptic and postsynaptic genes and observed the up-regulation 
of these in hypoxia-exposed ones at the mRNA level (Fig. 4C). 
Subsequently, we stained cortical organoid slices with postsynaptic 

Fig. 3. Cellular responses to hypoxia in cortical organoids. (A and B) Fluorescence-activated cell sorting analysis and quantitative results of apoptosis in hypoxia- and normoxia-
exposed cortical organoids at day 30 (n = 3). (C and D) Representative immunostaining and quantitative analysis of HIF-1α in cortical organoids exposed for 30 d to 5% O2 
versus 21% O2 (n = 6). (E and F) Expression of HIF-1α and SOX2 at the mRNA level in cortical organoids under normoxic or hypoxic conditions at day 30. (G) Immunofluorescence 
images for SOX2- and NESTIN-positive areas in cortical organoids under low oxygen for 30 d. (H and I) The fluorescence intensity of SOX2 and NESTIN was quantified at 
day 30 (n = 6). (J and K) mRNA Expression of PAX6 and FOXG1 in cortical organoids under normoxia or hypoxia at day 30 was identified by qRT-PCR (n = 3). All data are the 
means of at least 3 replicates ± SD. The data were analyzed using the Student t test (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). Scale bars, 
50 μm (C) and 100 μm (G).
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Fig. 4. Neuron differentiation and neural network formation under hypoxic conditions. (A) Fluorescence-activated cell sorting analysis of TUJ1+ in hypoxia- and normoxia-exposed 
cortical organoids at day 30. (B) TUJ1+ cells in cortical organoids treated with hypoxia or normoxia at day 30 were identified by immunohistochemical analysis. (C) The relative 
mRNA expression of synaptic relative genes at day 50 (SYN1, DBN1, DLG4, and TCF7L2) was determined by qRT-PCR (n = 3). (D) Immunostaining images of postsynaptic markers 
(drebrin and αPSD95) and Wnt-related marker (TCF7L2) with the treatment of hypoxia or normoxia at day 50 are shown. (E and F) Calcium imaging of hypoxia-treated cortical 
organoids at day 30 as assessed using fluorescence alterations. ΔF/F: relative concentration of Ca2+. Red boxes designated ROIs (regions of interest). All data are the means 
of at least 3 replicates ± SD. The data were analyzed using the Student t test (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). Scale bars, 100 μm.
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marker αPSD95 and drebrin at day 50 to detect synaptic 
puncta. The proportion of synaptic puncta in cortical organ-
oids was elevated notably within the hypoxia group in con-
trast to the normoxia group (Fig. 4D and Fig. S7). TCF7L2 is 
a vital Wnt/-catenin signaling mediator in a variety of cellular 
functions spanning from early development to mature tissue 
homeostasis. TCF7L2 expression in neurons throughout early 
development is essential for the complex characteristic, as 
well as neuronal gene expression and synaptic transmission. 
As shown in Fig. 4D and Fig. S7, immunohistochemistry analy-
sis and quantification revealed that hypoxia, in comparison to 
normoxia, dramatically accelerated the development of the cells 
with TCF7L2+ nuclei. Consistently, cortical organoids treated 
with hypoxia exhibited increased expression of TCF7L2 at the 
mRNA level (Fig. 4C). All of the aforementioned findings dem-
onstrated that hypoxia treatment enhances neurogenesis in 
cortical organoids, along with promoted neuron differentiation, 
reinforced functional synaptic connections, and accelerated 
neural maturation. To explore whether cortical organoids 
formed functional connections, we utilized calcium imaging, 
which has emerged as the technique of choice for capturing 
neuronal ensemble dynamics. Neurons inside cortical organ-
oids differentiated for 50 d already displayed calcium transients, 
confirming the generation of functional neural junctions (Fig. 
4E and F and Movie S1). These outcomes exhibited dynamic 
neural migration, implying that neural function may be effi-
ciently formed inside cortical organoids based on the pro-
posed microfluidic device under hypoxic settings.

The impact of Tan IIA on neural differentiation
Based on this reliable model of cortical development, we fur-
ther evaluated the effects of drugs (such as Tan IIA) in neuronal 
differentiation in the engineered cortical organoids. First, corti-
cal organoids on the chip were treated with Tan IIA at different 
concentrations. Cortical organoids which exposed to hypoxic 
conditions for 20 d were incubated with 0.1, 1, or 10 μM Tan 
IIA for 72 h and then maintained for 1 week without Tan IIA. 
Figure S8 shows the flow cytometry viability analysis of cortical 
organoids treated with Tan IIA at 4 different concentrations in 
separate culture chambers. The quantitative analysis suggested 
that more than 95% of the cells in organoids incubated with 
0.1 and 1 μM Tan IIA are alive following the 3-d culture period 
inside the microfluidic chip. Conversely, cells treated with 10 μM 
Tan IIA demonstrated cytotoxic effects. Moreover, in order to 
precisely observe the amount of neurons after the drug testing, 
flow cytometry was performed and the results showed that the 
cortical organoids treated with 1 μM Tan IIA exhibited the high-
est proportion of TUJ1 (Fig. S9). The concentration of Tan IIA 
was thus selected at 1 μM for the following validation tests.

To evaluate the efficacy of Tan IIA on distinct differentiation 
stages, we dissected organoids at earlier (day 30) and later 
(day 50) developmental stages in our system. Specifically, cor-
tical organoids exposed to hypoxia for 20 and 40 d were treated 
with Tan IIA for 3 d, followed by continued maintenance for 
1 week under the condition of hypoxia without Tan IIA, and 
validation tests were conducted at the end (Figs. 5A and 6A). 
The cortical organoids cultured in hypoxic environments with-
out Tan IIA acted as the control group. Alterations in NPCs 
(NESTIN and SOX2) and neurons (TUJ1) in response to Tan 
IIA were further observed in the pre- and postdevelopmental 
stages of cortical organoids. As shown in Fig. 5C and E, Tan 

IIA raised the number of NPCs and neuronal cells in cortical 
organoids at days 30 and 50, as measured by elevated mRNA 
and protein expression of SOX2 and TUJ1, as evaluated by 
qRT-PCR and immunostaining, respectively. The tendency of 
quantitative fluorescence analysis was also coincided with the 
observed one above (Figs. S10 and S11). Moreover, the role of 
Tan IIA on forebrain differentiation was explored at days 30 
and 50. The mRNA of PAX6 was remarkably up-regulated at 
day 30, indicating its role in promoting cell differentiation 
in forebrain cell populations (Fig. 5B). However, no signifi-
cant variations in PAX6 and FOXG1 expression were observed 
between the 2 groups at day 50 (Fig. 5D). All the results above 
showed that Tan IIA promoted hypoxia-mediated neurogenesis 
in cortical organoids, accompanied by efficient neuronal induc-
tion and neural progenitor differentiation.

The effects of Tan IIA on neural maturation
In addition to investigating the efficacy on early neural differ-
entiation and proliferation, Tan IIA was subsequently evaluated 
for their potential in the neural maturity of hypoxia-exposed 
organoids on chip (Fig. 6A). Following cortical neurogenesis, 
organoids continuously expand over long-term culture and 
mature, characterized by the generation of astrocytes from the 
same progenitor cells that gave rise to neurons. Astrocytes have 
been reported to play a key role in the homeostasis and func-
tion of the CNS. They may be potential cell targets for neuro-
protective strategies as they are involved in the pathophysiology 
and the response to a number of neuropathological conditions 
[34,35]. Thus, we next explored the impacts of Tan IIA on astro-
cytes in the cortical organoids-on-a-chip under physiological 
hypoxia. To identify the differentiated characterization of astro-
cytes, the gene expression of the astrocyte activation marker 
GFAP was examined by qRT-PCR (Fig. 6B). The result dis-
played remarkably higher expression within the Tan IIA-treated 
organoids than in the control. Besides mRNA expression, 
alterations in the GFAP protein level were analyzed by immu-
nohistochemical staining and quantitative data. As shown in 
Fig. 6C and D, Tan IIA treatment resulted in a slightly higher 
proportion of astrocytes, indicating that Tan IIA triggers a 
greater level of astrocyte differentiation.

Enhanced synaptogenesis and synaptic remodeling assist in 
CNS development as well as systematic regulation [36,37]; we 
thus performed gene expression analyses on organoids via 
qRT-PCR to determine the mRNA levels of important genes 
for synaptic functions. We found that Tan IIA-treated organ-
oids showed up-regulation of synaptic related genes, such as 
SYN1, DBN1, DLG4, and TCF7L2 at day 50 (Fig. 6E to H). We 
further confirmed these results using immunohistochemical 
staining, which revealed the formation of intricate neuronal 
networks among organoid slices in both groups with or without 
Tan IIA. Synaptogenesis was assessed by measuring synaptic 
puncta density, determined by the actin binding protein dre-
brin and postsynaptic αPSD95. In comparison with the control, 
increases in synaptic puncta density was detected in Tan IIA-
exposed organoids at day 50 (Fig. 6I). In addition, TCF7L2+ 
cells in cortical organoids that underwent treatment with Tan 
IIA were assessed by immunofluorescence staining (Fig. 6I), 
and the quantitative analysis identified that Tan IIA-exposed 
organoids displayed higher TCF7L2 expression than the con-
trol (Fig. S11). Together, these results suggest a positive role 
for Tan IIA in synaptic remodeling and maturation within 
hypoxia-induced cortical organoids.
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Fig. 5. Tan IIA-induced neuronal differentiation and corticogenesisin organoids under hypoxia. (A) Experimental flow chart of treatment of cortial organoid with Tan IIA at an 
earlier developmental stage. (B and D) Expression of neural genes at the mRNA level in cortical organoids with the presence or absence of Tan IIA at days 30 (B) and 50 (D) 
(n = 3). (C and E) Immunostaining images of SOX2, NESTIN, and TUJ1 with treatment of Tan IIA or not at days 30 (C) and 50 (E) are shown. All data are the means of at least 
3 replicates ± SD. The data were analyzed using the Student t test (ns, not significant; *P < 0.05; **P < 0.01; ****P < 0.0001). Scale bars, 100 μm.
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Fig. 6. Tan IIA-induced functional differentiation and neural network maturation in cortical organoids under hypoxia. (A) Experimental flow chart of treatment of cortial organoid 
with Tan IIA at a later developmental stage. (B) Expression of GFAP by qRT-PCR within cortical organoids under the treatment of Tan IIA or not at day 50 (n = 3). (C and 
D) Immunofluorescent staining for GFAP and quantifications for the expression of GFAP in cortical organoids with and without Tan IIA treatment at day 50 (n = 6). (E to H) 
Comparison of relative mRNA expression in synaptic relative genes within 50-d cortical organoids with or without Tan IIA treatment by qRT-PCR (n = 3). (I) Immunohistochemical 
staining for αPSD95, drebrin, and TCF7L2 in cortical organoids at day 50. All data are the means of at least 3 replicates ± SD. The data were analyzed using the Student t test 
(*P < 0.05; **P < 0.01; ****P < 0.0001). Scale bars, 100 μm.
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Conclusion

We fabricated an engineered cortical organoid-on-a-chip which 
could simulate hypoxic environments in vivo and, on this basis, 
made it possible to explore the efficacy of Tan IIA on human 
early-gestational cortex neurodevelopment. In comparison to 
conventional culture systems, the engineered cortical organoids 
with physiological hypoxia displayed induced neural differentia-
tion and corticogenesis, as well as functional neuronal network. 
The results consequently indicated the potential of hypoxic cul-
ture conditions to drive the differentiation of cortical organoids 
toward a more in vivo-like model. Building on this, we explored 
the role of Tan IIA in specific types of cells within cortical organ-
oids. Tan IIA exhibited the ability to promote neuronal activities, 
as evidenced by enhanced neuronal differentiation and neural 
functional network maturation. These data suggested that mul-
tiple aspects of cortical organoid functional characteristics were 
strongly impacted by the presence of Tan IIA, implicating that 
Tan IIA satisfies the nature of the drug development strategy for 
neurodevelopmental disorders and neurodegenerative diseases. 
Taken together, the engineered hiPSC-derived cortical organoids 
on the microfluidic chip with an in vivo-like microenvironment 
reproduce embryonic cortical differentiation. This novel approach 
enables the systematic screening of Chinese medicine that pro-
motes embryonic brain development, a challenging task on 
human embryonic tissues, promising to facilitate the international 
development and application of Chinese medicine.

Materials and Methods

Fabrication and characterization of the  
microfluidic chip
Cortical organoid-on-a-chip was designed by C4D software 
and fabricated by a projection micro stereolithography 3D 
printing system with an accuracy of 2 μm. The chip was pre-
pared from a light-curing resin built on functional acrylates, 
photo-initiators, and cross-linkers, and was divided into 2 
parts: a top layer and a bottom layer. The bottom layer was 
composed of 4 chambers containing micropillars (height: 0.5 mm, 
diameter: 1 mm, gaps: 50 μm). Channels (height: 1 mm) for 
cell injection and fluid flow were present in the top layer. The 
internal structure of the microfluidic chip was characterized 
using scanning electron microscopy.

HiPSC culture and maintenance
As described previously [38], hiPSCs (a gift from Prof. Lijian Hui) 
were cultivated in mTeSR1 on Matrigel-precoated 6-well plates. 
Cells were digested into small colonies by Accutase (Sigma) when 
the hiPSC fusion exceeded 80% and passaged at a 1:5 ratio. Cells 
were subsequently maintained for 1 h in mTeSR1 media with the 
ROCK inhibitor Y27632 (10 μM). Finally, cells were cultivated in 
mTeSR1 medium without Y27632 and replaced daily.

Cortical organoid formation
To form cortical organoids, single hiPSCs were seeded on chip 
and maintained in knockout serum replacement (KSR) medium 
with 10 μM Y27632 and 4 ng ml−1 basic fibroblast growth factor 
for 1 to 2 d. The following compounds were incorporated in 
the KSR medium: 80% advanced Dulbecco’s modified Eagle 
medium/nutrient mixture F-12 (Gibco), 20% KSR (Gibco), 
1% MEM-Eagle with nonessential amino acids (Invitrogen), 

1% GlutaMAX (Invitrogen), and 1% penicillin-streptomycin 
(Sigma). EBs were cultivated in the KSR medium by addition 
of dorsomorphin (Selleck) (100 ng ml−1) and SB431542 (100 ng 
ml−1) for another 3 d and then in KSR medium from days 4 to 
8. KSR medium with basic fibroblast growth factor (4 ng ml−1) 
was added for another 3 d. From day 12 to the last, medium 
was changed into neural induction medium, which contained 
50% neurobasal medium (Gibco), 50% advanced Dulbecco’s 
modified Eagle medium/nutrient mixture F-12, 0.5% MEM-Eagle 
with nonessential amino acids, 1% penicillin-streptomycin, 1% 
B27 supplement (Gibco), 1% GlutaMAX, and 1 μg ml−1 heparin 
(Sigma).

Formation of cortical organoids with physiological 
hypoxia
To generate organoids with physiological hypoxia, human cor-
tical organoids (day 1) derived from hiPSCs were maintained 
in a hypoxic incubator that contained 90% N2, 5% CO2, and 
5% O2 for 30 or 50 d and then collected for analysis at the 
desired time points.

Exposure of cortical organoids to Tan IIA
At 20 or 40 d of in vitro differentiation under hypoxia, cortical 
organoids were exposed to 1 μM Tan IIA (Sigma, T4952) for 
72 h. Then, organoids were cultivated for another 7 d without 
Tan IIA. Finally, cortical organoids were prepared for subse-
quent biological analysis at the desired time points.

qRT-PCR
In brief, RNAiso Plus was applied to extracted total mRNA from 
organoids. mRNA concentration was measured and adjusted to 
200 ng μl−1. PrimeScript RT Master Mix (Takara) was applied 
for reverse transcription in the samples. Ex Taq DNA poly-
merase (Takara) was employed to amplify cDNA. Table S1 lists 
the primers utilized in this investigation.

Flow cytometry
3D tissues were first maintained in neural induction medium 
with Y27632 (5 μM) for 1 h. Then, they were digested after incu-
bation with 0.125% trypsin for 10 min and filtered through cell 
strainers (40 μm). Then, cells were prepared and analyzed by the 
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Invitrogen). 
The analysis has been performed in accordance with the manu-
facturer’s instruction. The experiments were conducted using C6 
flow cytometry (BD Biosciences), and the results were processed 
through FlowJo Software.

Calcium imaging
The cortical organoids were first cultured in Matrigel-coated 
confocal petri dishes for 1 d, and organoids were observed to 
rapidly attach to the dish, facilitating calcium imaging. Calcium 
imaging was assessed following Fluo-4 direct calcium assay kits 
(Invitrogen) and was observed by a confocal laser scanning 
system.

Tissue cryosection and immunohistochemistry
Cortical organoids were incubated with sucrose (30%) at 4 °C 
overnight after being fixed in 4% paraformaldehyde for 20 min 
and then immersed in optimal cutting temperature compound 
(Sakura) for cryosections. The sections were cleaned before 
being permeabilized for 5 min at room temperature with 0.2% 
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Triton X-100 and were incubated with primary antibodies at 
4 °C overnight after being blocked with 10% blocking serum 
(Solarbio, SL1). The primary antibodies included NESTIN 
(mouse, Santa Cruz Biotechnology, sc-20978, 1:400), SOX2 
(rabbit, Cell Signaling Technology, 3579, 1:400), TUJ1 (mouse, 
BioLegend, 801201, 1:500), CTIP2 (rat, Abcam ab18465, 1:500), 
TBR1 (rabbit, Abcam, ab31940, 1:200), GFAP (mouse, Beyotime, 
AG259-1, 1:200), SATB2 (rabbit, Proteintech, 21307-1-AP, 
1:500), HIF-1α (mouse, Santa Cruz Biotechnology, sc-13515, 
1:200), and GABA (rabbit, Sigma, A2052, 1:400). Then, samples 
were incubated for 1 h with the secondary antibody (Invitrogen, 
1:1,000) before washing with PBS, and nuclei were counter-
stained with DAPI (Sigma) for another 5 min and subsequently 
inspected by a confocal microscope.

Statistical analysis
Data are expressed as the means ± SD. The data were analyzed 
by the Student t test. Significance levels were indicated as follows: 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Sample 
sizes were indicated in the figure legends. Immunostaining images 
were quantified with Image-Pro Plus 6.0. In addition, the data 
were processed with Excel, Origin8, and GraphPad Prism 5.
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