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D E V E L O P M E N TA L  N E U R O S C I E N C E

Shaping early neural development by timed elevated 
tissue oxygen tension: Insights from multiomic analysis 
on human cerebral organoids
Yuan-Hsuan Liu1, Meng-Ting Chung1, Hsi-Chieh Lin1, Tse-Ang Lee1, Ya-Jen Cheng2,3,  
Chien-Chang Huang4, Hsiao-Mei Wu1,5*, Yi-Chung Tung1*

Oxygen plays a critical role in early neural development in brains, particularly before establishment of com-
plete vasculature; however, it has seldom been investigated due to technical limitations. This study uses an in 
vitro human cerebral organoid model with multiomic analysis, integrating advanced microscopies and single-cell 
RNA sequencing, to monitor tissue oxygen tension during neural development. Results reveal a key period 
between weeks 4 and 6 with elevated intra-organoid oxygen tension, altered energy homeostasis, and rapid 
neurogenesis within the organoids. The timed oxygen tension elevation can be suppressed by hypoxia treat-
ment or silencing of neuroglobin gene. This study provides insights into the role of oxygen in early neurogen-
esis from functional, genotypic, phenotypic, and proteomic aspects. These findings highlight the significance 
of the timed tissue oxygen tension elevation in neurogenesis and provide insights into the role of neuroglobin 
in neural development, with potential implications for understanding neurodegenerative diseases and thera-
peutic strategies.

INTRODUCTION
Oxygen plays a critical role in cell metabolism, and its availability 
can greatly influence the development of cells, maturity, and ho-
meostasis, particularly in the case of the brain. Despite accounting 
for only 2% of total body weight in a human, the brain consumes 
nearly 20% of total body oxygen (1). This highlights the importance 
of oxygen in early neural development. To better explore the roles 
of oxygen, oxygen tension, referring to the level of oxygen present 
in a specific environment, in a biological system is often character-
ized. Research has shown that low oxygen tension during the early 
stages of gestation can lead to symmetric division of radial glial 
cells (RGCs) in a fetal brain, which expands the stem cell popula-
tion (2). As development progresses, angiogenesis occurs and blood 
vessels extend into the brain to supply oxygen and nutrients (3). 
During the establishment of functional neural circuits, adequate 
oxygenation drives metabolic changes, providing the energy re-
quired for neuronal differentiation and maturation (2). When opti-
mal oxygen levels are deviated, it can result in neurodevelopmental 
disorders leading to severe outcomes including cerebral palsy, epi-
lepsy, cognitive impairments, and even death (4). Furthermore, 
manipulating oxygen levels during pregnancy has been shown to 
have great impact on neurogenesis in offspring (5). Consequently, 
properly timed oxygen tension variation within the tissue is crucial 
for early neural development.

Given the significance of oxygen, measurement of tissue oxygen 
tension variation throughout the neural development process can 
provide insightful information for neuron science research. How-
ever, direct monitoring of human brain development in vivo is chal-
lenging due to technical limitations. As a solution, human cerebral 

organoids (hCOs) have been developed as an in vitro model system 
to study the progress of neural development and disorders in hu-
man brains (6). The hCOs, derived from human embryonic stem 
cells (hESCs) or human induced pluripotent stem cells (hiPSCs), 
are capable of reconstituting in vivo three-dimensional cell ar-
rangements and can also recapitulate functional neural activity and 
gene expression profiles similar to a human brain (6–8). Therefore, 
the hCO has great potential for biomedical studies and provides a 
valuable tool for investigating the oxygen variation in neural devel-
opment (6, 9–13).

Various approaches have been developed to monitor the oxy-
gen tension within the hCOs. For instance, a needle-type optical 
fiber microsensor has been exploited to monitor the intra-organoid 
oxygen tension for neurological disease studies (11). The detection 
scheme provides spatial oxygen tension profile variation in the 
hCOs; however, the invasive measurement process makes it im-
practical to measure live samples over an extended period (in 
orders of weeks) during the neuronal development process. There-
fore, noninvasive optical detection techniques have been devel-
oped for the intra-organoid oxygen tension measurement. For 
consistent measurement with minimal interference from the am-
bient environment, measurements based on oxygen-sensitive dyes 
or particles with lifetime-based microscopy such as phosphores-
cence lifetime microscopy (PLIM) and fluorescence lifetime imag-
ing microscopy (FLIM) have been exploited (14, 15). However, the 
conventional time-domain lifetime measurement often requires 
high excitation light dosage, leading to photocytotoxicity, which 
makes it disadvantageous for live organoid observation over an ex-
tended period. Without consistent oxygen tension measurement 
in a time-lapse manner and extensive cell analysis, it is infeasible 
to monitor oxygen variation within tissues and decipher its role in 
neural development.

In this research, we construct a cerebral model and perform 
time-lapse intra-organoid oxygen tension measurements using 
the ruthenium-based oxygen-sensitive fluorescence microbeads 
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and frequency domain FLIM (FD-FLIM). With the widefield capa-
bility, FD-FLIM provides rapid fluorescence lifetime measurement 
with minimum excitation light dosage and excellent immunity to 
ambient optical noise, making it feasible for long-term monitoring. 
Therefore, we can accurately estimate the oxygen tension from the 
measured lifetime values as a functional assay. Furthermore, we 
take advantage of multiomic analysis approach, integrating confocal 
microscopy and single-cell RNA sequencing (scRNA-seq), to inves-
tigate cellular responses during the early neural development based 

on the hCO model (Fig. 1A). Imaging the sectioned samples using 
confocal microscopy, the structure and expression of marker pro-
teins of the hCOs can be observed. In addition, the scRNA-seq can 
provide us the cells’ detailed composition and evolution from 
the transcriptomic profiles. With the observed functional (intra-
organoid oxygen tension), genotypic, phenotypic, and proteomic 
information provided by the multiomic analysis, we identify a spe-
cific period with elevated oxygen tension (weeks 4 to 6) that is criti-
cal for early neural development.

Fig. 1. Multiomic analysis on hCOs. (A) Schematic of the approach integrating advanced microscopy and scRNA-seq to measure the intra-organoid oxygen tension 
variation and its impact on the cellular response throughout the early central neuron system development process based on the cerebral organoid model. (B) Timeline of 
hCO formation and culture based on the fused cerebral organoid method, with all measurement points for data analysis denoted. Bright-field images of the control hCOs 
at different time points. Scale bars, 200 μm for weeks 1 and 2, and 500 μm for weeks 3 and 4.
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RESULTS
Intra-organoid oxygen tension measurement on hCOs 
using FD-FLIM
To construct an in vitro model capable of modeling inter-regional 
interactions in a brain, a fused cerebral organoid formation ap-
proach is exploited in this research (16). The hiPSCs are first differ-
entiated into dorsal and ventral cerebral organoids separately. The 
two organoids are then fused within a hydrogel substrate to form an 

hCO with multiple distinct region identities in a controlled manner 
(16) (Fig. 1B). To evaluate the organoid growth and development, 
we estimate the sizes of the hCOs with the embedded 50-μm-diameter 
oxygen-sensitive fluorescence microbeads (CPOx, Colibri Photon-
ics GmbH) from the captured microscopic images (Fig. 2A) by 
quantifying areas occupied by the hCOs. Figure 2B shows the size 
distributions of the hCOs at weeks 4 to 6, indicating that the average 
spheroid sizes (areas) increased by approximately 35.3% and 19.7% 

Fig. 2. Intra-organoid oxygen tension, structure, and cell compositions of hCOs. (A) Bright-field images of the control hCOs cultured in the hydrogel matrix at different 
time points (scale bar, 400 μm), and fluorescence images of the control hCOs stained with a plasma membrane stain, CellMask (green), and the embedded oxygen-sensing 
CPOx beads (red) (scale bar, 400 μm). The representative CPOx beads embedded within the hCOs are denoted by white line squares. (B) Organoid sizes of the hCOs esti-
mated from the captured bright-field images. Data are presented as box plots with all data points and mean (SD) (n = 10). (C) Quantitative results of the average oxygen 
tension values calculated based on the fluorescence lifetime measurement of CPOx beads embedded within the hCOs (intra-organoid oxygen tension) or within the hy-
drogel but not embedded within the hCOs (hydrogel oxygen tension). The data are expressed as mean (SD). The quantitative data are shown in table S2. (D) Confocal 
images of hCO slices stained with TUBB3, SOX2, Nestin, and Ki-67 proteins and cell nuclei [4′,6-diamidino-2-phenylindole (DAPI)] reveal the distribution of neurons and 
NSCs in the hCOs at weeks 4 to 6 (scale bar, 400 μm). (E) Zoom-in confocal images presenting the selected A′ and A″ regions (white squares) within the hCOs at weeks 4 
to 6 as those are originally depicted in (D) (scale bar, 100 μm).
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during the fourth and fifth week of the culture, respectively. The ob-
served size increase is similar to that reported in previous litera-
tures, indicating the rapid expansion in the early neurogenesis in 
hCOs during a specific developing time window (5). The results 
confirm the feasibility and robustness of our experimental approach 
for the intra-organoid measurement. We also confirm that the mi-
crobeads can be well distributed in the hCOs and hydrogels (fig. 
S1A), and the introduction of the microbeads into hCOs has mini-
mal effects on neural development within the organoids based on 
the microscopic image observation (fig. S1B) and quantitative struc-
tural characterization (fig. S1E).

It has been reported that oxygen tension plays a critical role in 
regulating the proliferation of neural stem/progenitor cells and 
neuronal differentiation, which ultimately influences the size of 
the brain during developmental stages (5,  17,  18). Exploiting the 
oxygen-sensitive fluorescence microbeads (CPOx) with the FD-
FLIM setup, we can monitor the intra-organoid oxygen tension varia-
tion during the specific time window. Since it takes 2 weeks to grow 
the fused hCO with initial tissue-like structures from the hiPSCs, 
the intra-organoid oxygen tensions within the hCOs are measured 
from week 3. The oxygen tension variations are observed for more 
than 6 weeks; the results are shown in Fig. 2C.

Under the normal culture condition, the average intra-organoid 
oxygen tension is estimated to be 3.0  ±  0.9% at week 3, and it 
decreases to the lowest value of 1.9 ± 0.3% at week 4. Interestingly, 
the oxygen tension elevates after week 4, reaching the highest value 
of approximately 14.2% at week 7. To ensure the minimal effects 
from the ambient environment on oxygen tension measurements, 
the oxygen tensions within the hydrogel in which the hCO is cul-
tured are also characterized. The measured oxygen tension values 
are relatively constant and vary between 3.5% and 4.8% from week 3 
to 8, suggesting the consistent measurement using the developed 
approach. The results indicate that the intra-organoid oxygen ten-
sions are mainly regulated by cellular activities during the hCO 
development.

Confocal microscopy for structure characterization
Here, we use confocal microscopy in the experiments to gain insights 
into the cell arrangement and structural change within the hCOs 
during the specific period with the elevated oxygen tension. The 
hCOs are fluorescently stained with markers of differentiated neu-
rons (TUBB3) and neural stem cells (NSCs) (NESTIN, SOX2, and 
Ki-67) to observe the process of neurogenesis (Fig. 2D). Both thick-
nesses and the cell populations of the developing neuroepithelia re-
gions with ventricular zone/subventricular zone–like (VZ/SVZ) and 
cortical plate–like (CP) structures are analyzed from the fluorescence 
images (Fig. 2E) following the established methodologies detailed in 
the literatures (19–21). The quantitative results reveal that the VZ/
SVZ maintains a consistent thickness during the specific period of 
elevated oxygen tension (fig. S2A), while the CP region exhibits an 
increase of approximately 79.8% in thickness (fig. S2B).

Specifically, the TUBB3+ cells indicating differentiated neurons 
are primarily localized in the CP and constitute 34.7 ± 4.1%, 51.5 ± 
2.4%, and 53.3 ± 1.4% of the entire cell population at weeks 4, 5, and 
6, respectively (fig. S2C). These results imply that the enlarged thick-
ness of the CP region results from the increased neuronal popula-
tion during the period with the elevated intra-organoid oxygen 
tension. In contrast, the SOX2+ cells representing NSCs are pre-
dominantly localized in the VZ/SVZ and comprise 62.6  ±  7.6%, 

44.7 ± 4.0%, and 47.8 ± 3.7% of the entire populations at weeks 4, 5, 
and 6, respectively (fig. S2D). Furthermore, the proliferating cells 
indicated by Ki-67 staining are also mainly found in the VZ/
SVZ. The ratios of proliferating cells are 22.4  ±  2.5%, 15.4  ± 
1.9%, and 13.2 ± 4.1% in weeks 4, 5, and 6, respectively (fig. S2E). 
Together, these results suggest that elevated oxygen tension is asso-
ciated with a shift in neurogenesis dynamics, favoring the genera-
tion of neurons within the hCOs for rapid expansion during this 
specific period.

Regulation of neurogenesis in hCOs by oxygen 
tension elevation
To uncover the crucial role of the elevated oxygen tensions at spe-
cific developmental periods, we exposed the hCOs to a hypoxic en-
vironment (5% O2) for 3 days in week 4 to reduce oxygen supply 
from the ambient. The intra-organoid oxygen tensions and the 
growth of the hypoxia-treated hCOs are observed, as shown in Fig. 3. 
The observed average size of the hypoxia-treated hCOs shows a re-
markable reduction compared to the control group at weeks 5 and 6 
(Fig. 3, A and B). In addition, the intra-organoid oxygen tension is 
measured at 1.8 ± 0.9% during the hypoxia treatment period, a level 
significantly lower than that observed in the control group. Al-
though oxygen tension elevation is observed right after the hypoxic 
treatment, the oxygen tension is quickly flattened for the hypoxia-
treated hCOs, showing a sustained low oxygen level beyond week 5 
(Fig. 3C). It is noted that the effects of lower oxygen tension (1% O2) 
or prolonged hypoxia treatment have also been explored in our ex-
periments. However, the structural integrity of the hCOs has been 
compromised, and the growth of the organoids is seriously affected.

Regarding the organoid structure, the significant lower thickness 
of the CP-like region is observed in the hypoxia-treated hCOs (Fig. 
3, D to F). In addition, hypoxia-treated hCOs exhibit a lower 
TUBB3+ cell population at week 5 compared to the control ones 
(Fig. 3G). This reduction in the TUBB3+ cell population contributes 
to the observed thinner CP-like region. In contrast, a higher SOX2+ 
cell population and a lower Ki-67+ cell population are observed in 
the hypoxia-treated hCOs at week 5 (Fig. 3G). With similar thick-
ness observed in the VZ/SVZ-like region compared to the control 
ones (Fig. 3F), these results indicate a preference for NSCs to main-
tain a quiescent state in the hypoxia-treated hCOs. The results show 
that the reduced oxygen supply in the cellular microenvironment 
can affect the intra-organoid oxygen tension, leading to a reduction 
of organoid growth and the neurogenesis of the hCOs. These find-
ings highlight the critical roles of optimal oxygen tension during the 
specific developmental period within the hCOs.

scRNA-seq analysis of hCOs and identification of potential 
oxygen-carrier genes
To explore the transcriptomic profile evolution of the hCOs cul-
tured in the experiments, we introduce the scRNA-seq to perform 
on the hCOs on days 24 and 35 to compare the changes before and 
after the period with the elevated intra-organoid oxygen tension 
(22). The transcriptomic profiles at two time points are first com-
bined and visualized as a heatmap (Fig. 4A) and a Uniform Mani-
fold Approximation and Projection (UMAP) plot (Fig. 4B). The cell 
population can be segmented into 15 clusters containing four major 
cell types: radial glial (RG) cells, excitatory neuron (EXN), progeni-
tor of interneuron (INP), and interneuron (IN) based on the repre-
sentative markers described in previous literatures (7, 23).
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Fig. 3. Intra-organoid oxygen tension, structures, and cell compositions of hypoxia-treated hCOs. (A) Bright-field images of the hypoxia-treated hCOs cultured in the 
hydrogel matrix at different time points (scale bar, 400 μm), and fluorescence images of the hypoxia-treated hCOs stained with a plasma membrane stain, CellMask 
(green), and the embedded oxygen-sensing CPOx beads (red) (scale bar, 400 μm). (B) Comparison of the organoid size of the control and hypoxia-treated hCOs estimated 
from the captured bright-field images. Data are presented as box plots with all data points and mean (SD) (n = 10). (C) Comparison of the average oxygen tension values 
calculated based on the fluorescence lifetime measurement of CPOx beads embedded within the control and hypoxia-treated hCOs (intra-organoid oxygen tension). 
(D) Confocal images of hypoxia-treated hCO slices stained with TUBB3, SOX2, Nestin, and Ki-67 proteins and cell nuclei (DAPI) revealing the distribution of neurons and 
NSCs in the hCOs at weeks 5 and 6, respectively (scale bar, 400 μm). (E) Zoom-in confocal images presenting the selected A′ and A″ regions (white square) within the 
hypoxia-treated hCOs at weeks 5 and 6 (scale bar, 100 μm) as originally depicted in (D). (F) Comparison of VZ/SVZ and CP region thicknesses in the hCOs (control and 
hypoxia-treated ones) at weeks 5 and 6. The thicknesses are analyzed from the captured fluorescence images (n = 4). (G) Comparison of TUBB3+, SOX2+, and Ki-67+ cell 
numbers in the hCOs at weeks 5 and 6. The numbers are enumerated from the captured fluorescence images. One-way analysis of variance (ANOVA) with Tukey’s test is 
performed for statistical analysis. Data are presented as box plots and mean (SD) with all data points (n = 4). All the quantitative data are shown in table S3.
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The analysis results are further visualized as density plots, and a 
quantitative bar plot is used in Fig. 4C to observe the cell composi-
tion variation. The plots show that the hCO on day 24 mainly 
consists of RGCs (67.2%), bipolar-shaped progenitor cell types re-
sponsible for producing neurons in the cerebral cortex (20). The 
cells are then differentiated into excitatory neurons and interneu-
rons on day 35. The transcriptomic profiles agree well with the 
captured fluorescence images (Fig. 2), showing the increased CP 
thickness during the culture. In addition, the gene sets responding 
to neural development, synaptic transmission, and axonogenesis are 
identified from the EnrichR database (fig. S3). The results confirm 
that the differentiated hCOs in the experiments are well organized.

To explore the possible oxygen-binding genes capable of regulat-
ing the intra-organoid oxygen tension of the hCOs, a query in the 
Gene Ontology (GO) database is performed (24,  25). With great 
oxygen-binding capacity, the genes related to the globin family are 
promising candidates (table S1). Upon analyzing the scRNA-seq re-
sults obtained from the hCOs in the control experiments, neuroglo-
bin (NGB), predominantly expressed in the central nervous system 
(CNS) (26, 27), is pinpointed as a noteworthy candidate gene. The 

scRNA-seq results show that NGB-expressing cells mainly belong to 
excitatory neurons (EXN1 and EXN2 in Fig. 4D). Specifically, the 
NGB-expressing cells overlap with those expressing TBR1, indicat-
ing their identities as deep-layer cortical neurons in the hCOs at the 
early development stage.

Effects of NGB silencing on intra-organoid oxygen tension, 
hCO structure, and cell composition
To confirm the critical role of NGB and to explore its function for 
hCO development, short hairpin RNA (shRNA) is exploited to 
knock down the NGB expression of the hiPSCs for hCO formation. 
The analyses are performed on the formed NGB knockdown 
(shNGB) hCOs and the shLacZ control hCOs for comparison. Ex-
amining organoid sizes based on estimating the microscopic bright-
field images (Fig. 5A) reveals that the average size of the shLacZ 
hCOs remains similar to those of the control ones (Fig. 5B). This 
observation suggests that using shRNA does not affect the normal 
development of hCOs. However, the sizes of the shNGB hCOs are 
14 to 23% smaller than those of the control ones throughout the 
observation period (Fig. 5B), similar to the observations made in 

Fig. 4. Cell type identification in hCOs at days 24 and 35 using scRNA-seq. Total of 11,706 and 7187 transcriptomes of single cells within the hCOs at days 24 and 35 
are combined for analysis, respectively. The data obtained from the hCO at day 35 are used as the reference. (A) Expression pattern of representative marker genes visual-
ized by a heatmap. The distinct groups in the hCOs at days 24 and 35 are clustered into RGCs (RG1 to RG5), dividing RGCs (Dividing RG), basal progenitor cells (BP), excit-
atory neurons (EXN1 to EXN4), interneuron progenitor cells (INP), interneurons (IN), and undefined neurons (UN). (B) Combined data mapped into a UMAP plot and 
colored using the Leiden graph-clustering method. The expression patterns of particular marker genes (GLI3, MKI67, MAP2, DLX5, and SLC17A6) are also shown as UMAP 
plots. (C) Density plots showing the cell compositions within the hCOs at days 24 and 35. The quantitative results are plotted as bar graphs, and the data are shown in 
table S4. (D) Combined UMAP plots of the hCOs showing the cells expressing oxygen-carrier gene (NGB) and the marker gene (TBR1) of differentiated excitatory neurons.
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Fig. 5. Intra-organoid oxygen tension, structures, and cell compositions of shLacZ and NGB knockdown (shNGB) hCOs. (A) Bright-field images of the shLacZ and 
shNGB hCOs cultured in the hydrogel matrix at different time points (scale bar, 400 μm), and fluorescence images of the shLacZ and shNGB hCOs stained with CellMask 
(green) and the embedded oxygen-sensing CPOx beads (red) (scale bar, 400 μm). (B) Organoid sizes of the shLacZ and shNGB hCOs estimated from the captured bright-
field images. Data are presented as box plots and mean (SD) with all data points. One-way ANOVA with Tukey’s test is performed for statistical analysis (n = 10). (C) Com-
parison of the average oxygen tension values calculated based on the fluorescence lifetime measurement of CPOx beads embedded within the control, shLacZ, and 
shNGB hCOs (intra-organoid oxygen tension) at weeks 4 to 6. The data are expressed as mean (SD), and one-way ANOVA with Tukey’s test is performed for statistical 
analysis. The quantitative data are shown in table S4. (D) Confocal images of shLacZ and shNGB hCOs slices stained with TUBB3, SOX2, Nestin, and Ki-67 proteins and cell 
nuclei (DAPI), revealing the distribution of neurons and NSCs in the hCOs at weeks 4 to 6 (scale bar, 400 μm).
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hCOs subjected to hypoxia. The results imply that silencing of NGB 
may also affect the intra-organoid oxygen tension of the hCOs.

To test the implication, we measure the intra-organoid oxygen 
tension on the shLacZ and shNGB hCOs (Fig. 5A). The results show 
that the average oxygen tension profile of the shLacZ hCOs resem-
bles that of the control hCOs with a slight elevation. In contrast, the 
oxygen tension in the shNGB hCOs is flattened at a relatively low 
level, with values constantly below 5% (Fig. 5C). Although the role 
of NGB in the oxygenation of the CNS remains unclear and has 
been seldom explored (28, 29), our findings provide direct evidence 
that NGB contributes to the elevation of intra-organoid oxygen ten-
sion during a specific period. Considering the observations from the 
hypoxia treatment experiment, we confirm that both an adequate 
ambient oxygen supply and the presence of cells expressing NGB 
play critical roles in establishing the microenvironment with timed 
elevated oxygen tension in hCOs during the developmental process.

We further investigate the impact of the attenuated elevation in 
oxygen tension on the neuronal development of the shNGB hCOs. 
We first image the sectioned hCOs stained with the markers of dif-
ferentiated neurons and NSCs (Fig. 5D), and the structures are fur-
ther quantified based on the zoom-in fluorescence images (Fig. 6, A 
and B). In our results, similar organoid structures are observed be-
tween the control and shLacZ groups, indicating that using shRNA 
does not disturb the developmental process of hCOs. Moreover, 
compared to the control and shLacZ groups, the CP-like regions 
within the shNGB hCOs display a remarkably lower thickness at 
weeks 5 and 6 (Fig. 6C). Notably, at week 4, the CP-like region is 
barely detectable in the shNGB hCOs (Fig. 6C). In contrast, the 
thickness of the VZ/SVZ-like regions within the shNGB hCOs is 
significantly increased at week 4 (Fig. 6C).

From the fluorescence staining images, the population of TUBB3+ 
cells is significantly reduced in the shNGB hCOs at weeks 4 to 6 
(Fig. 6D), leading to the observed diminished thickness of the CP-
like region. In contrast, the populations of SOX2+ cells and Ki-67+ 
cells are significantly increased in the shNGB hCOs at weeks 4 to 6 
(Fig. 6, B and D) compared to those in the control and shLacZ hCOs. 
The larger NSC population in the shNGB hCOs results in an increase 
in the thickness of the VZ/SVZ-like regions at week 4.

Comparison of transcriptomic profiles of control and 
shNGB hCOs
The cell composition in NGB knockdown hCOs is also examined us-
ing the scRNA-seq analysis (fig. S4A). The analyzed density plots 
show a predominance of stem/progenitor and dividing cell popula-
tions on day 24 and 35 shNGB hCOs. While day 35 shNGB hCOs 
exhibit a higher population of excitatory neurons and interneurons 
than do day 24 shNGB hCOs, the population of the differentiated 
neurons remains lower than that of the control group (fig. S4B). Ad-
ditionally, the expression of HIF1A, a pivotal gene associated with 
hypoxia, can be detected in the shNGB hCOs. Furthermore, the rep-
resentative HIF1A-regulated hypoxia-related genes, including PDK3, 
KLF6, and FAM162A, are also detected in the shNGB hCOs, indicat-
ing that a chronic hypoxia environment is established (fig. S4C).

To comprehensively assess the impact of NGB silencing on cel-
lular homeostasis, we conduct an integrated analysis by concatenat-
ing the scRNA-seq datasets from both control and shNGB groups. 
The datasets are subjected to the Gene Set Enrichment Analysis 
(GSEA) through the MSigDB database (30) to dissect associated sig-
naling pathways. The query results are visualized as a heatmap, as 

shown in fig. S4D, and the quantification for the expression levels of 
gene sets related to cellular homeostasis. We compare the expression 
levels of gene sets as fold changes relative to the day 24 control group 
(fig. S4E). Since chronic hypoxic conditions have been found to 
cause a reduction in energy availability and inactivation of anabolic 
processes (31), we examine the gene sets associated with metabolic 
pathways. From the analyzed results, we observe similar levels of 
oxidative phosphorylation–related gene set that serves as the pri-
mary energy source for anabolism for both control and shNGB 
hCOs at day 24. Compared to the day 24 hCOs, the oxidative phos-
phorylation gene set level increases for the day 35 control hCOs. In 
contrast, a notable reduction in the oxidative phosphorylation gene 
set level is observed within the day 35 shNGB hCOs. The results 
indicate that silencing of NGB disturbs metabolic homeostasis dur-
ing the hCO development.

Beyond its effect on the elevated oxygen tension, NGB is also 
involved in multiple cellular processes, including reducing excessive 
reactive oxygen species (ROS), regulating mitochondrial function, 
and preventing apoptosis, all of which contribute to maintaining 
cellular homeostasis (32–34). In addition, NGB is also linked to 
Wnt signaling, a pathway critical for promoting neurogenesis (35). 
To investigate how the aforementioned NGB-associated pathways 
influence the observed effects on metabolic homeostasis and neuro-
genesis in the shNGB hCOs, we examine the expression patterns 
of genes involved in these pathways. The results are visualized as a 
heatmap shown in fig. S5A, and the quantitative analysis reveals 
that expression levels of these pathway-related gene sets are compa-
rable between control and shNGB hCOs at days 24 and 35 (fig. S5B). 
The results indicate that the NGB silencing has minimal effects on 
these pathways.

DISCUSSION
hCOs have been broadly applied to construct in vitro model systems 
mimicking physiological structures and biochemical responses of 
tissues. Despite lacking a vascular system, studies demonstrated that 
mature hCOs can be grown to millimeter-scale sizes with well-
differentiated cellular structures (6, 11, 16) containing inner cores 
without significant oxygen tension drop from the organoid surfaces 
(11), which is very different from other submillimeter-sized organ-
oids (e.g., tumor organoids) having hypoxia necrotic cores. Taking 
advantage of the developed integrated approach, we measure the 
intra-organoid oxygen tension of the hCO for an extended period 
(until week 8). We observe the low intra-organoid oxygen tension in 
the initial differentiation stage of an hCO with a smaller size. The 
observation is similar to the minor differentiated neurospheres with 
the sizes restricted to approximately 500 μm in diameter due to lim-
ited diffusion of oxygen supply (36). We can identify a period (weeks 
4 to 6) during which the intra-organoid oxygen tension elevates 
along with the rapid growth of the hCO.

Here, we have identified a period with elevated intra-organoid 
oxygen tension for the hCOs, and we find increased neurogenesis 
during the period from observation of structural and cellular com-
position changes using confocal microscopy and scRNA-seq, re-
spectively. From further analysis of the scRNA-seq data, we notice 
the increased expression levels of oxidative phosphorylation–related 
gene set in the day 35 control hCOs during the intra-organoid oxy-
gen tension elevation, indicating that elevated energy generation is 
closely coupled with the elevation of oxygen tension. Our findings 
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Fig. 6. Comparison of cells within control, shLacZ, and shNGB hCOs at weeks 4 to 6. (A and B) Zoom-in confocal images presenting the selected A′ and A″ regions 
(white squares) within the shLacZ and shNGB hCOs at weeks 4 to 6 as those are originally depicted in Fig. 5D. Scale bars, 100 μm. (C) Quantification of VZ/SVZ and CP region 
thicknesses in the hCOs analyzed from the captured fluorescence images at weeks 4 to 6 (n = 4). (D) Quantification of TUBB3+, SOX2+, and Ki-67+ cells in the hCOs (control, 
shLacZ, and shNGB) analyzed from the captured fluorescence images at weeks 4, 5, and 6 weeks, respectively. One-way ANOVA with Tukey’s test is performed for statisti-
cal analysis. Data are presented as box plots and mean (SD) with all data points (n = 4). The quantitative data are shown in table S5.
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align with the previous study in which increased neuronal differen-
tiation was observed during oxygenation periods in the developing 
cerebral cortex (2). Moreover, given the crucial role of oxygen in 
anabolism, the increased oxygen level has been reported to be es-
sential for generating adenosine triphosphate (ATP) to support dif-
ferentiation and maturation of neuronal cells during neurogenesis 
(31, 37). Together, our results establish a direct correlation between 
increased energy demands and increased neurogenesis during 
periods of elevated oxygen tension and offer valuable insights into 
the physiological processes governing the development of the cere-
bral cortex.

Using the integrated approach, we further identify that both hy-
poxia treatment and the silencing of NGB can significantly attenuate 
intra-organoid oxygen tension elevation and consequently impair 
normal neurogenesis within the hCOs. The establishment of a chronic 
hypoxia microenvironment is further confirmed in the NGB-silencing 
hCO. The measured intra-organoid oxygen tensions, the observed 
organoid structures, and cell compositions agree well with the re-
ported crucial roles of oxygen switch in coordinating the transition 
from NSCs expansion to neuronal differentiation during the early 
developmental cerebral cortex (2, 5).

While vascular ingrowth undoubtedly plays a critical role in oxy-
gen transportation and supply, previous research has shown other 
possible mechanisms for oxygen transportation. For example, it has 
been shown that vascular-deficient embryos contain lower tissue 
oxygenation than control ones, leading to a reduction of neurogen-
esis in the developing cerebral cortex (2). Interestingly, the elevated 
ambient oxygen can still be transported into the vascular-deficient 
embryos to relieve the hypoxic environment, resulting in the resto-
ration of impaired neurogenic processes. In our hCO model, the 
mechanisms of oxygen transportation without involving the vessels 
may take a leading role in oxygenating the organoid and further 
promoting neurogenesis. The observation from the experiments in 
this study reveals how the nervous system can autonomously trans-
port oxygen, which may provide a reasonable explanation for the 
relatively large size of the hCO compared to other types of organoids 
(e.g., neurospheres and tumor organoids). Furthermore, these re-
sults can pave the way to better explore early CNS development even 
without a sound vascular network in a brain.

To further investigate the possible oxygen transportation mecha-
nism, we identify NGB as a key gene according to the scRNA-seq 
analysis results performed on the hCOs in this study. NGB, belong-
ing to the globin family, is a previously undiscovered protein primarily 
found in neurons in 2000 (28,  38). Its primary function includes 
neuroprotection, safeguarding neurons from damage and cell death 
caused by various forms of stress or injury (39, 40). Interestingly, 
previous studies highlight the potential roles of abundantly ex-
pressed NGB in the retina for oxygen supply (41,  42). Here, we 
observe a concentrated expression pattern of NGB in the TBR1+ 
excitatory neurons of the hCOs.

Remarkably, silencing NGB leads to attenuated intra-organoid 
oxygen tension elevation without noticeable direct effects on expres-
sion of the neurogenesis-related genes. The observed flattened oxygen 
tension disrupts metabolic homeostasis and subsequently affects 
functional activities, including neurogenesis. Since oxygen provides 
critical energy for neural development, our study confirms the es-
sential role of NGB in regulating intra-organoid oxygen tension. 
Our findings can provide a reasonable explanation for phenomena 
observed in previous studies. For example, it has been reported that 

the expression level of NGB in the embryonic brain undergoes a 
progressive increase through various developmental stages, persist-
ing at high levels until postnatal stages (27, 43). Moreover, NGB 
expression is also found to rise during neuronal differentiation (44), 
indicating a potential role for NGB in regulating neurogenesis 
throughout the developmental process. Together, our findings 
pave a path to explore the roles of NGB in regulating neurogenesis 
within the developing cerebral cortex through its function of 
regulating oxygen. This adds a dimension to our understanding 
of the multifaceted functions of NGB in neural development and 
oxygen homeostasis.

In summary, we measure intra-organoid oxygen tension in the 
hCOs for an extended period using oxygen-sensitive microbeads and 
FD-FLIM. On the basis of the measurement results, we identify a 
critical period with the elevated oxygen tension between weeks 4 and 
6. Using the developed integrated multiomic analysis approach, we 
can investigate the pivotal role of the timed oxygen tension elevation 
in hCO development and its impact on neurogenesis. The research 
identifies that elevated oxygen tension can influence both neurogen-
esis and hCO growth. Furthermore, NGB, an essential gene primar-
ily expressed in excitatory neurons, is critical in regulating oxygen 
tension within the hCOs. Silencing NGB attenuates intra-organoid 
oxygen tensions, further hinders organoid development, and alters 
cell composition. In addition, the experimental results confirm the 
functionalities of the integrated multiomic approach combining ad-
vanced microscopies and scRNA-seq analysis for neural develop-
ment study based on the hCO model. The approach can illuminate 
the complex mechanisms between oxygen and early neural develop-
ment, offering insights into brain development and potential avenues 
for addressing neurodevelopmental disorders.

MATERIALS AND METHODS
Culture of hiPSCs
The feeder-free hiPSCs (409B2) were obtained from RIKEN Bio-
Resource Research Center (Ibaraki, Japan). Feeder-free hiPSCs 
were cultured on hESC-qualified Matrigel (354277, Corning, Corn-
ing, NY)–coated 35-mm dishes with Stemflex medium (A3349401, 
Thermo Fisher Scientific, Waltham, MA) and maintained in a 5% 
CO2 incubator at 37°C. The culture and passage of the cells are per-
formed following the procedures according to the manufacturer’s 
instructions.

Lentiviral transduction
HiPSCs were transduced with lentiviral vector–mediated shRNA 
to silence the expression of the NGB gene. The NGB shRNA 
(shNGB) with the target sequence GTGATGCTCGTGATTGAT-
GCT (TRCN0000059495), the shRNA scramble control shLacZ 
with the target sequence CGCGATCGTAATCACCCGAGT (TRCN 
0000072224), and the EGFP-containing lentiviral vector (pAS7w. 
EGFP.puro) were obtained from the National RNAi Core Facility 
at the Academia Sinica, Taipei, Taiwan. To obtain stable shNGB, 
shLacZ, and GFP hiPSC lines, hiPSCs were plated in six-well plates 
(3516, Corning) at 40% confluence without antibiotics. For efficient 
transduction, the selected lentiviral vector was added into the fresh 
culture medium with 6 mM polybrene (Sigma-Aldrich, catalog no. 
H9268). The lentiviral-transduced hiPSCs were selected after the 
48-hour transduction by incubating the cells in the selection medium 
containing puromycin (2 μg/ml) (Sigma-Aldrich, catalog no. P8833) 
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for 10 days, with the medium changed every other day. To confirm 
the efficiency of viral transduction, green fluorescent protein (GFP)–
hiPSCs were used to form the cerebral organoids, and the GFP signal 
was found on most cells of organoids (fig. S6).

Cerebral organoid formation
Cerebral organoids were formed following well-established proto-
cols with slight modification (6, 16). The entire experimental time-
line is illustrated in Fig. 1B. First, the colonized hiPSCs were gently 
dissociated into single-cell suspension using Accumax solution 
(A7089, Sigma-Aldrich Inc., St. Louis, MO). The cells were seeded 
into round-bottom ultralow attachment 96-well (7007, Corning) 
with a density of 12,000 cells per well to form embryoid bodies 
(EBs). The EBs were cultured in the AggreWell EB formation medi-
um (05893, STEMCELL Technologies Inc., Cambridge, MA) that 
was supplied with the ROCK inhibitor Y-27632 (SCM075, Sigma-
Aldrich) in a final concentration of 10 μM. After 6-day culture, the 
dorsal forebrain identity was induced by Sonic Hedgehog (SHH) 
inhibitor cyclopamine A with a concentration of 5 μM (239803, 
Sigma-Aldrich). In the meantime, the ventral forebrain identity was 
induced by the Wnt inhibitor IWP-2 with a concentration of 2.5 μM 
(I0536, Sigma-Aldrich) and SHH agonist SAG with a concentration 
of 100 nM (566660, Sigma-Aldrich). After the 6-day neural induc-
tion, a dorsal EB and a ventral patterning EB were embedded to-
gether within a single Matrigel droplet. The EB-containing droplets 
were cultured in an ultralow attachment 24-well plate (3473, Corning) 
with differentiation medium containing a 1:1 mixture of Dulbecco’s 
modified Eagle’s medium (DMEM)/F12 (12660012, Thermo Fisher 
Scientific) and neurobasal medium (21103049, Thermo Fisher Sci-
entific) containing N2 supplement (17502048, Thermo Fisher Scien-
tific) with a ratio of 1:200, B27 supplement without vitamin A 
(12587010, Thermo Fisher Scientific) with a ratio of 1:100, 550 μM 
2-mercaptoethanol (1:3000) (21985023, Thermo Fisher Scientific), 
insulin (1:4000) (I9278, Sigma-Aldrich Inc.), GlutaMAX (1:100) 
(35050061, Thermo Fisher Scientific), and minimum essential 
medium non-essential amino acids (MEM-NEAA) (1:100) (11140-050, 
Thermo Fisher Scientific). After 4-day stationary growth, the culture 
medium was changed to the aforementioned differentiation medi-
um above with modification of replacing the B27 supplement with-
out vitamin A with the B27 supplement with vitamin A (1:200) 
(17504044, Thermo Fisher Scientific). The developing organoids 
were transferred to the orbital shaker until the collection date.

FD-FLIM measurement of intra-organoid oxygen tension
The FD-FLIM setup was constructed based on a commercially avail-
able inverted fluorescence microscope (DMI 6000B, Leica Microsys-
tems, Wetzlar, Germany). In the setup, the microscope was equipped 
with high-power light-emitting diode (LED) (nominal wavelength: 
470 nm, Thorlabs, Newton, NJ, catalog no. M470LP-C2) as a fluores-
cence excitation source and a dual-tap complementary metal-oxide 
semiconductor (CMOS) FLIM camera (PCO.FLIM, Excelitas Tech-
nologies Corp., Waltham, MA) as an imaging sensor. The LED and 
the camera were synchronized and modulated with a 50-kHz digital 
signal generated by the camera. A narrow band filter cube (AOR, 
Leica Microsystems) was used to acquire appropriate fluorescence 
signals emitted from the oxygen-sensitive fluorescence microbeads. 
The signal was then collected with a 5×, NA (numerical aperture) = 0.12 
objective (N PLAN, Leica Microsystems) and finally recorded by the 
camera by passing through the filter cube.

For the intra-organoid oxygen tension measurement, 50-μm-
diameter oxygen-sensitive fluorescence microbeads (CPOx, Colibri 
Photonics GmbH) were reconstituted in Dulbecco’s phosphate-
buffered saline (DPBS) (14190144, Thermo Fisher Scientific) contain-
ing 1% bovine serum albumin (BSA) (05470, Sigma-Aldrich) to a final 
concentration of 10 mg/ml. The solution was then premixed with 
liquid hydrogel at a ratio of 1:20 (v/v) on day 12, and the microbead-
containing hydrogel was used for the fusion of the dorsal EB and the 
ventral patterning EB. The fluorescence intensity and lifetime of the 
beads (excitation wavelength: 420 to 490 nm, emission wavelength: 
570 to 670 nm) were strongly reduced and shortened by the presence 
of molecular oxygen due to dynamic quenching. The oxygen concen-
tration can be estimated from the lifetime variation according to the 
Stern-Volmer equation

where τ0 and τ are the fluorescence lifetimes without and with the 
presence of oxygen, respectively, and Kq is a quenching constant. The 
quenching constant was calculated from the calibration process de-
scribed in the previous work (45). The FLIM image set of a droplet of 
an oxygen-sensitive fluorescent dye, 25 μM tris(4,7-diphenyl-1,10-
phenanthroline) ruthenium(II) bis(perchlorate) [Ru(dpp)3(ClO4)2; 
75213-31-9, Toronto Research Chemicals, Ontario, Canada], with a 
known lifetime (τ = 1.185 μs) was used as reference (45). As a result, 
the average lifetime and oxygen concentration of a CPOx microbead 
can be estimated. It is noted that the locations of the microbead were 
identified by a mathematics software program (MATLAB R2017a, 
MathWorks, Natick, MA) by thresholding the intensity of the image. 
The detailed characterization and analysis process was described in 
the previous literature (45).

Single-cell preparation, RNA sequencing, and analysis
On the collection date at days 24 and 35, the hCOs were washed 
with calcium and magnesium-free DPBS (14190144, Thermo Fisher 
Scientific) and incubated with Cell Recovery Solution (354253, 
Corning) to dissociate the polymerized Matrigel. The collected 
hCOs were cut into two to four small pieces using a scalpel and 
washed with the DPBS several times to remove the potential debris. 
Following the manufacturer’s instruction, the pieces of the hCOs 
were disassociated into single-cell suspension through the Neural 
Tissue Dissociation Kit (130-092-628, Miltenyi Biotec, Bergisch 
Gladbach, German). After the DPBS wash, the remaining debris and 
clumps in the cell suspension were filtered through a 40-μm cell 
strainer (352340, Corning). The dissociated cells were stained with 
calcein AM (C1430, Thermo Fisher Scientific) to estimate cell via-
bility. Only the batches with a viability greater than 80% would be 
exploited for further analysis. The single-cell suspension with a den-
sity of 1000 cells/μl was loaded into a single-cell analysis chip, 
Chromium Single Cell 3′ Chip G (PN-2000177, 10x Genomics, 
Pleasanton, CA), and processed through the chip controller to gen-
erate single-cell Gel Beads in Emulsion (GEMs). The scRNA-seq 
libraries were prepared with the Chromium Single Cell 3′ Library & 
Gel Bead Kit v.3.1 (PN-1000121, 10x Genomics). The constructed 
libraries were sequenced following the specific procedures (R1: 28 
cycles, R2: 91 cycles, and i7 index: 8 cycles) by a sequencing system 
(NovaSeq 6000, Illumina, San Diego, CA).

The raw sequencing data were aligned to the GRCh38 human ref-
erence genome by the Cell Ranger pipeline v.6.1.2 (10x Genomics) 

τ0

τ
= 1 + Kq ×

[

O2

]
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with default parameters to generate the cell-by-gene count matrix. 
The matrix data were further analyzed by the custom Python code 
with the preconfigured toolkit (Scanpy v1.8) (46). In brief, the pro-
cessing data with fewer than 200 genes or more than 6000 total genes 
were filtered to remove empty droplets and potential doublets, re-
spectively. Cells containing more than 5% mitochondrial reads, 
which indicate dead cells, were also excluded. The expression data 
were normalized with unique molecular identifier (UMI) reads for 
each cell and log-transformed. Next, we determined the highly 
variable genes of the count matrices and performed the principal 
components analysis (PCA) for dimensional reduction. The built-in 
function Leiden graph-clustering method (47) in Scanpy was used to 
calculate the UMAP coordinates for the presentation of the cluster-
ing identification. Clusters were annotated by literature-based marker 
genes (7, 23) approved by the Wilcoxon rank sum test (48). The gene 
set list is as follows: (FABP7, GLI3, SOX2, PAX6, VIM, and HES1) 
for neural stem/progenitor cells, (NEUROG2, EMX2, EOMES, and 
NEUROD1) for basal progenitor cells, (CCNB1, HMMR, MKI67, and 
ASPM) for dividing cells, (DLX2 and ASCL1) for interneuron pro-
genitor cells, (GAD1, DLX5, and SST) for interneurons, (DCX, SOX4, 
CD24, STMN2, and MAP2) for differentiated neurons, and (TBR1, 
SLC17A6, GRIN2B, STMN2, and MAP2) for excitatory neurons. For 
integrated batch data, the built-in function “ingest” was applied to 
map the calculated data toward the reference data. The batch bal-
anced k nearest neighbor (BBKNN) method (49) was used to correct 
the batch effect. For GSEA, the external EnrichR (50) of GSEApy 
package (51) was applied, and a specific library, “GO_Biological_
Process_2021,” was used to identify the potential biological functions 
of hCOs. The decoupler package (52, 53) was applied, and the MSig-
DB (30) database was conducted to query the gene sets for matching 
the pathway activity.

Histology, cryosectioning, and immunofluorescence
The organoids were fixed by 4% paraformaldehyde (PFA) (158127, 
Sigma-Aldrich Inc.) at 4°C overnight. After fixation, the tissue was 
washed twice with DPBS and transferred into 30% sucrose (S0389, 
Sigma-Aldrich Inc.) overnight for cryoprotection. The tissue was im-
mersed in an embedding solution containing 7.5% gelatin (G2500, 
Sigma-Aldrich Inc.) and 15% sucrose for 1 hour. Subsequently, the 
tissue was embedded into the mold with optimal cutting temperature 
(OCT) compound (3801480, Leica Biosystems, Deer Park, IL) for 
long-term storage at −80°C. The embedded organoids were sliced 
frozenly into 20-μm sections by cryostat microtome (CM3050S, 
Leica Microsystems). Tissue slices were mounted onto the silane-
coated coverslips (5116, Muto Pure Chemicals, Japan).

Coverslips were washed with tris-buffered saline (TBS) contain-
ing 1% glycine (G8898, Sigma-Aldrich Inc.), 0.4% Triton X-100 
(X100, Sigma-Aldrich Inc.), 3% BSA (A7906, Sigma-Aldrich Inc.), 
and 0.1% sodium azide (S8032, Sigma-Aldrich Inc.). For blocking 
the nonspecific binding sites, coverslips were incubated in a block-
ing buffer containing either 10% normal goat serum (31872, Thermo 
Fisher Scientific) or 10% normal donkey serum (D9663, Sigma-
Aldrich Inc.) in TBS for 1 hour at room temperature. Subsequently, 
the coverslips were incubated with primary antibodies in species-
appropriate combinations for 24 hours at 4°C. Primary antibodies 
and dilution used in our experiments included goat anti-SOX2 
(1:300) (AF2018, R&D Systems Inc., Minneapolis, MN), mouse 
anti-TUBB3 (1:300) (MMS-435P, BioLegend, San Diego, CA), mouse 
anti–Ki-67 (1:250) (550609, BD Pharmingen, Franklin Lakes, NJ), 

rabbit anti-NESTIN (1:250) (ABD69, Merck Millipore, Temecula, 
CA), and rabbit anti-GFP (1:1000) (A6556, Abcam, Cambridge, UK).

Following incubation with primary antibodies, the coverslips were 
washed with TBS and subsequently incubated with secondary anti-
bodies in a blocking buffer for 24 hours at 4°C. Secondary antibodies 
included Alexa 488, 546, 633–conjugated goat anti-mouse (A-11001, 
Thermo Fisher Scientific), anti-rabbit immunoglobulin G (IgG) 
(A-11035, Thermo Fisher Scientific), and donkey anti-goat IgG (A-
21082, Thermo Fisher Scientific). The coverslips were washed with 
TBS and subsequently mounted with ProLong Gold anti-fade (P36930, 
Thermo Fisher Scientific). All the images were taken by LSM880 
confocal microscopy (Zeiss GmbH, Oberkochen, Germany). The size, 
thickness, and cell number counting were estimated by an imaging 
analysis software, ImageJ (U.S. National Institutes of Health).

Supplementary Materials
This PDF file includes:
Figs. S1 to S6
Tables S1 to S7
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