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1 | INTRODUCTION

Abstract

In vitro platforms for studying the human brain have been developed, and brain
organoids derived from stem cells have been studied. However, current organoid
models lack three-dimensional (3D) vascular networks, limiting organoid prolifera-
tion, differentiation, and apoptosis. In this study, we created a 3D model of vascu-
larized spheroid cells using an injection-molded microfluidic chip. We cocultured
spheroids derived from induced neural stem cells (iNSCs) with perfusable blood
vessels. Gene expression analysis and immunostaining revealed that the vascular
network greatly enhanced spheroid differentiation and reduced apoptosis. This
platform can be used to further study the functional and structural interactions
between blood vessels and neural spheroids, and ultimately to simulate brain

development and disease.
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3D spheroid, apoptosis, differentiation, induced neural stem cell, microfluidic, spheroid-on-a-
chip, vascularization

(INSCs). In our previous studies, we optimized iNSC generation from

various human cell types, including blood cells, mesenchymal stem

Neural stem cells (NSCs) (somatic stem cells of the brain and spinal
cord) differentiate into three major cell types (neurons, astrocytes,
and oligodendrocytes) in the central nervous system (Okano, 2002).
Several recent studies have reported the direct conversion of human
somatic cells into stably proliferating induced neural stem cells

cells, and fibroblasts (B.-E. Kim et al., 2018; J.-J. Kim et al., 2017;
Kwon et al., 2018; Yu et al., 2015). iNSCs exhibit great potential as a
virtually unlimited source of cells for therapy and disease modeling.
Patient-specific iINSCs could serve as therapies for neurodevelop-
mental or neurodegenerative diseases; iINSCs can potentially replace
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damaged cells (Dantuma et al., 2010). Furthermore, iNSCs rapidly,
provide low-cost homogeneous populations via in vitro differentia-
tion. Thus, models employing iNSCs are valuable alternatives to in-
duced pluripotent stem cell (iPSC) techniques, enhancing our
understanding of how the human brain works (M. S. Kim et al., 2021).

Unlike two-dimensional (2D) cell culture, advanced 3D spheroid-
and organoid-based systems using NSCs or iPSCs facilitate the study of
human development, and could lead to novel therapies for neurode-
velopmental disorders such as microcephaly, lissencephaly, and autism
(Bershteyn et al., 2017; Lancaster et al., 2013; Mariani et al., 2015). We
previously used iNSC-derived brain organoids to study the pathophy-
siology of Niemann-Pick disease and hypoxic injury. These models are
more physiologically relevant than animal and 2D culture models (Lee
et al., 2020). However, current spheroid and organoid models lack
microvasculature, which compromises oxygen and nutrient delivery to
the innermost regions. Spheroids and millimeter-scale organoids con-
sistently exhibit apoptotic cell death with long-term culture. Efforts
have been made to include vascular structures in tissue-mimicking 3D
models (Cakir et al., 2019; Mansour et al., 2018). Vascular networks
play critical roles in tissue and organ development, supporting differ-
entiation, patterning, and morphogenesis via a paracrine effect, deli-
vering nutrients, and removing waste (Vargas-Valderrama et al., 2020).
Neurogenesis occurs in regions adjacent to blood vessels, and NSCs are
closely associated with endothelial cells in both the hippocampus and
subventricular zone in adults (Bond et al., 2015). Therefore, cells with a
neural lineage, and a vascular network, are required when modeling the
brain. An in vitro model of a vascularized neural environment is needed
to fully understand human cortical development, disease mechanisms,
and neurogenesis. Furthermore, functional vascularization of spheroids
or organoids might reduce apoptosis and hypoxia, and thus promote
neural lineage maturation.

In this study, we developed a 3D model of, vascularized “iNSC
spheroids” using an injection-molded microfluidic chip (Sphero-
IMPACT). We optimized the medium and gel used for coculture of
iNSC spheroids and a perfusable, well-formed vascular network in-
timately associated with the spheroids. Assays of several relevant
markers revealed that the vascularized iNSC spheroids differentiated
when cultured for up 14 days; the vascular network greatly enhanced
differentiation and reduced apoptosis. This new organoid model will

advance our understanding of the human brain.

2 | MATERIALS AND METHODS

2.1 | Cell culture

HUVECs (Lonza) were cultured in endothelial growth medium (EGM-2)
with 1% (wt/vol) P/S (Gibco) and were used at passages below 6. Red
fluorescent protein (RFP)-expressing HUVECs were obtained from
Angio-Proteomie. Normal human LFs (Lonza) were cultured in fibro-
blast growth medium (FGM-2, Lonza) with 1% (wt/vol) P/S (Gibco) and
used at Passage 6. Normal human fibroblasts (GM05659) were ob-
tained from the Coriell Institute for Medical Research, and the iINSCs
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were the reprogrammed cells described in our previous study (Yu
et al.,, 2015). These cells were maintained in NSC maintenance medium
(1:1 mixture of ReNcell [Millipore] and KnockOut DMEM/F-12 med-
ium with the StemPro NSC SFM Supplement [Gibco], 1% (wt/vol) P/S
[Gibco], bFGF [Gibco], and EGF [Gibco]). The NSC differentiation
medium was Neurobasal-A medium (Gibco) supplemented with 1%
(wt/vol) P/S (Gibco), the B-27 supplement (Gibco, 1x), the N2 sup-
plement (Gibco, 1x), and the GlutaMAX supplement (Gibco, 1x). iINSCs
were transduced with a green fluorescent protein (GFP)-encoding
retroviral vector for visualization within the chip. To prepare the ret-
rovirus, the pMX-GFP vector and retrovirus packaging vectors were
cotransfected into 293FT cells (Invitrogen) using the FuGENE
6 transfection reagent (Promega). Viral supernatants were collected at
48 h posttransfection, filtered through a 0.45-um pore-sized PVDF

membrane filter, and used to directly infect iINSCs.

2.2 | Spheroid preparation

On Day 0 of organoid culture, iINSCs were dissociated using Accutase
(Gibco) into single-cell suspensions and added (9000 cells/well) to an
ultralow-binding 96-well plate (Corning) in NSC maintenance medium.
The neurospheres were incubated for 3 days. On Day 4, spheroids were

introduced into the Sphero-IMPACT for vascularization.

2.3 | The vascularized 3D iNSC spheroid model
The Sphero-IMPACT chip was used to construct the vascularized 3D
iNSC spheroid model (Ko et al., 2019). We attached a silicone ad-
hesive film (I1S-00820; IS Solutions) to the bottom of the chip and
exposed the chip to O, plasma (Femto) for 1 min. A mixture of LFs,
HUVECs, iNSC spheroids, and fibrin gel was then injected into the
chip (Figure 1a). NSC differentiation medium/EGM-2 (1:1 ratio) was
then added and the cells were cultured for 14 days.

2.4 | MTT assay

iNSCs and HUVECs were seeded at 3 x 10* cells (at 24 h) or 1 x 10*
cells (at 72 h)/well into a 24-well culture plate in NSC differentiation
medium, EGM-2, and a 1:1 mixture of the two. At various times, cell
samples were incubated with 500 pl of MTT solution (0.5 mg/ml) for
4 h. After incubation, the MTT solution was removed and 500 ul of
DMSO was added to dissolve the formazan crystals. Absorbance at
570 nm was immediately obtained using an Infinite200 PRO micro-

plate reader (Tecan).

2.5 | Immunostaining

For immunofluorescence staining, spheroids and cells were fixed in

4% (wt/vol) paraformaldehyde in phosphate-buffered saline (PBS) for
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FIGURE 1 The 3D iNSC spheroid model with a blood vessel network engineered using Sphero-IMPACT. (a) Photograph of Sphero-IMPACT,
the computer-aided design template, and the cell loading process. (b) Schematic of iINSC spheroid vascularization on a chip. Viability of
iNSCs (c) and HUVECs (d) in various media, as revealed by MTT assay. (e) Left: the total vascular network area, measured by ImageJ software
(NIH) during determination of the optimal gel conditions. Right: vascular network formation in various gels. Scale bar = 500 um. (c-€) All
experiments were performed in three chips (n = 24). The Kruskal-Wallis test with Dunn's post-hoc test was used for comparisons. The data are

mean + SD. NS, not significant. *p < 0.05, **p < 0.01, and ****p <0.0001

15 min, permeabilized with 0.1% (vol/vol) Triton X-100 in PBS for
30 min, and blocked in 3% (wt/vol) bovine serum albumin in PBS for
2 h at room temperature. Endothelial cells were marked using Ulex
europaeus agglutinin 1 (Vector Laboratories) or anti-CD31 antibody
(catalog no. 303111; Biolegend). The neural spheroids were stained
with Alexa Fluor 488-conjugated anti-olig2 antibody (MABN50A4;
Sigma-Aldrich), Alexa Fluor 594- conjugated anti-SOX2 antibody
(656106; Biolegend), Alexa Fluor-488 conjugated anti-neurofilament
H antibody (801706; Biolegend), Alexa Fluor 594-conjugated anti-
GFAP antibody (837509; Biolegend), Alexa Fluor 488-conjugated

anti-B-tubulin Class Il antibody (560338; BD Bioscience), and
Alexa Fluor 488-conjugated anti-MAP2 antibody (MAB3418X;
Sigma-Aldrich).

2.6 | Imaging

The 3D spheroids and vessel cross sections were imaged using a
confocal microscope (FV1000; Olympus). The microscope and
charge-coupled device (CCD) camera were controlled by MetaMorph
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time-lapse imaging software (Molecular Devices). To assess signals,
confocal microscopic images were acquired in a single session using

identical exposure and gain settings.

2.7 | Reverse transcriptase-polymerase chain
reaction (PCR)

To compare the gene expression level of neural spheroids in chip
with or without vascular network, only neural spheroids were se-
lected from the Sphero-IMPACT. Total spheroid RNAs were isolated
from each well using TRIzol reagent (Invitrogen) following the man-
ufacturer's instructions, and cDNA was synthesized using Superscript
reverse transcriptase (Invitrogen). Quantitative real-time PCR was
performed using SYBR Green PCR Master Mix (Applied Biosystems)
and the mRNA expression level of each gene was normalized to that
of the housekeeping gene GAPDH. The primer sequences used are
listed in Table S1.

2.8 | Statistical analysis

All data are expressed as mean = SD. The significance of differences
was determined using the unpaired two-tailed Student's t test
or Kruskal-Wallis test with Dunn's post-hoc test for multiple com-
parisons (as indicated in the figure legends). All analyses were per-
formed using GraphPad Prism software (version 7.0; GraphPad
Software, Inc.).

3 | RESULTS

3.1 |
model

The vascularized neural spheroid-on-a-chip

To generate iINSC spheroids, equal numbers of dissociated single cells
were seeded into the wells of an ultralow-binding 96-well plate
3 days before addition to the Sphero-IMPACT system (Figure 1b).
The chip was subjected to O, plasma treatment for robust cell pat-
terning. The spheroids were embedded in a fibrin extracellular matrix
with human umbilical vein endothelial cells (HUVECs) and lung fi-
broblasts (LFs) for vascularization, and cultured on the chip for up to
14 days. We assayed cell viability when optimizing the coculture
medium (Figure 1c,d). One day after seeding, the iNSC proliferation
rate was highest in NSC differentiation medium (Figures 1c and S1a),
and HUVECs proliferated most readily in EGM-2 medium (Figures 1d
and S1b). These media, therefore, served as the respective controls.
After 2 further days of culture, the viability of iNSCs and HUVECs in
a 1:1 mixture of NSC differentiation medium and EGM-2 did not
differ from the controls. iNSCs barely proliferated in EGM-2 medium
and HUVECs did not grow in NSC differentiation medium. Therefore,
we concluded that the mixed medium was optimal for coculture of
neural spheroids and HUVECs. Next, we optimized the gel used for

L T
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vascularization and spheroid culture. We assessed three gels:
Matrigel (previously used for iINSC organoid culture) (Lee et al., 2020),
fibrin (used for tumor spheroid-on-a-chip culture) (Ko et al., 2019),
and a 1:1 weight ratio of the two (Figure 1e). Spheroids tended to
spread, and thus lose structural integrity, in Matrigel but not in the
other two gels. In the fibrin gel, vessel connectivity and the vascular
network area were optimal. Therefore, we concluded that the mixed
medium and fibrin gel could be used for coculture of iNSC spheroids
and HUVECs in the Sphero-IMPACT system for 14 days.

3.2 | Reconstruction of a perfusable vessel
network in contact with neural spheroids

Spheroid size increased over time as differentiation and expansion
proceeded (Figure 2a). Imaging on Day 14 confirmed that the vas-
cular network was well-formed; the microvasculature invaded into
the spheroids about ~33% (~200 um into the ~600 um diameter of
spheroid) (Figures 2b and S2a, and Movie S1). The blood vessels were
perfusable and lumina were evident (Figure 2c). We added PBS
containing 2-pum-diameter fluorescent microbeads to the reservoir
(Figure 2d; Movie S2). The beads moved via the blood vessels to the
spheroids.

3.3 | Differentiation and neuronal activity of the
neural spheroid-on-a-chip

We performed quantitative PCR of specific markers of neural dif-
ferentiation during culture (Figure 3a). The expression levels of genes
encoding the intermediate progenitor marker TBR2, and the neuronal
markers TUJ1, Neurofilament (NF), and MAP2, were higher on Day 14
than Day 3. Immunohistochemical analysis revealed differentiation
toward the neural lineage over time (Figure 3b-f). SOX2, a specific
marker of NSCs and progenitor cells, was expressed on Day 3
(Figure 3b). After 14 days of culture, the spheroids contained inter-
mediate progenitor (TBR2*) cells (Figure 3c). On Day 14, im-
munostaining confirmed the expression of the mature neuronal
markers TUJ1 (Figure 3d), Neurofilament-H (NF-H; Figure 3e), and
MAP2 (Figure 3f), at which time the glial cell differentiation genes
GFAP (an astrocyte marker) and OLIG2 (an oligodendrocyte marker)
were also expressed (Figure 3g). GFAP (Figure S3a) and OLIG2
(Figure S3b) expression was confirmed by immunostaining. In con-
trast, iNSC spheroid could not maintain the morphology of spheroid
in nonvascularized Sphero-IMPACT (Figure S4a). Furthermore, the
expression levels of differentiation markers, such as TUJ1, MAP2,
GFAP, and OLIG2, were not remarkable as vascularized group on Day
14 (Figures S4b-h). Together, the data show that vascularized iNSC
neural spheroids differentiated toward the neural and glial lineages in
the Sphero-IMPACT. To demonstrate neuronal maturation, we also
observed c-fos expression of iINSC spheroid. We compared the c-fos
expression of spheroids at Day 3 and Day 14, respectively. The
intensity of c-fos expression was increased from Day 3 to 14
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FIGURE 2 Vascularization of iNSC neural spheroids in the chip. (a) Spheroid diameters on Days 3 and 14. The unpaired two-tailed t test was
used to compare mean diameters. ***p < 0.001. The data are mean + SD. All experiments were performed in three chips (n = 24). (b) Projection of confocal
image of 3D vascularized neural spheroid model. Magnified image showed the connection of vascular network and iINSC neural spheroid indicated
by yellow arrows. Scale bar = 500 um (left), 100 um (right). (c) Cross-sectional confocal image of the vessel network within the chip; lumina are apparent.
Scale bar = 200 um. (d) Transport of microbeads through the perfusable blood vessels was observed in real time. Scale bar = 200 um

(Figures 3h and S3c,d). As the expression of c-fos is induced by
neuronal activity, the increment of the expression could demonstrate
the neuronal activity of the organoid (Gibson et al., 2014; Hyung
et al., 2019; J. Zhang et al., 2002).

3.4 | The vascularized neural spheroid-on-a-chip
matured to a greater extent than spheroid in a dish

Brain vascularization is required for oxygen, nutrient, and waste ex-
change, as well as signal transmission. Also, the vascular network mi-
croenvironment maintains NSC homeostasis and plays essential roles in
NSC self-renewal and differentiation during embryonic development
(Fantin et al., 2013; Otsuki & Brand, 2017). Therefore, we compared the
vascularized neural spheroid-on-a-chip to a control spheroid (cultured in
a dish) to determine if the vascular network supported spheroid ma-
turation and viability. The expression levels of genes encoding markers
of neural progenitors or neurons were determined by quantitative PCR
(Figure 4a,b). After 14 days of culture, the spheroid-on-a-chip exhibited
substantially lower expression levels of neural progenitor cell markers
(SOX2 and PAX6) than the control (Figure 4a). Also, on Day 14, the
expression levels of genes encoding an intermediate progenitor marker,
TBR2, and the neuronal markers TUJ1, NF, and MAP2, were higher in the

spheroid-on-a-chip than the control (Figure 4b), as were the levels of
genes encoding the glial cell differentiation markers GFAP (of astrocytes)
and OLIG2 (of oligodendrocytes) (Figure 4c).

3.5 | Vascularization prevented apoptosis of neural
spheroid

Above, we described how vasculature supported the neural differ-
entiation of iINSC spheroids cultured on a chip. Typically, 3D spher-
oids and organoids stop growing when apoptosis develops in the core
(where oxygen and nutrient levels are inadequate). An absence of
vascularization is a major limitation of organoid culture; also, vascu-
larization is essential for the generation of adequately sized, func-
tional artificial tissues (S. Zhang et al., 2021). We hypothesized that
vascularization of the chip would attenuate neural spheroid apopto-
sis. First, we evaluated the gene expression levels of BAX, BAD, and
P53, which play key roles in the cell cycle and apoptosis (Chen
et al., 2006) (Figure 4d). Chip culture reduced the expression levels of
all three genes compared to culture in a dish. Immunostaining re-
vealed that the number of cells positive for cleaved caspase 3, a
hallmark of apoptosis, decreased with chip culture (Figure 4e). Thus,
chip vascularization prevented neural spheroid apoptosis. Similarly,
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western blotting revealed a lower level of cleaved PARP protein with
chip culture (Figure 4f). Taken together, vascularization in the chip
reduced the apoptosis of neural spheroid.

4 | DISCUSSION

We created a 3D model of vascularized iNSC spheroids using a
microfluidic chip. Earlier brain organoid models lacked adequate
nutrients and oxygen because there was no vascular network

(Matsui et al., 2021), which led to apoptosis, abnormal differentiation,
and proliferation. As blood vessels are required, we recently devel-
oped a microfluidic chip for construction of vascularized tumor
spheroids via coculture of tumor spheroids and vessels (Ko
et al.,, 2019). Here, iNSC spheroids were cocultured with a vascular
network; this greatly enhanced differentiation and reduced apoptosis
compared to dish culture.

Vascular networks facilitate neuronal outgrowth and neuronal
network development by delivering adequate oxygen and nutrients
(Carmeliet, 2003; Karakatsani et al., 2019; Taberner et al., 2020).
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All experiments were performed in three chips (n = 24). The results are means + SD. *p < 0.05, **p < 0.01, and ***p < 0.001

In addition, endothelial cells, as a major component of vascular net-
works, influence NSCs via direct contact or secretion of cytokines
and other factors (Goldberg & Hirschi, 2009). Brain NSCs are in direct
contact with blood vessels, which maintain the NSCs via activation of
Eph and Notch, and integrin signaling (Ottone et al., 2014; Shen
et al., 2008). NSCs respond to factors secreted by endothelial cells;

these factors promote NSC proliferation, neurogenesis, synapto-
(Goldberg &
Hirschi, 2009). For example, endothelial cells secrete brain-derived

genesis, axonal growth, and neuroprotection

neurotrophic factor and NT-3, which increases neurogenesis and
neuronal differentiation (Delgado et al., 2014; Leventhal et al., 1999;
Snapyan et al., 2009; Vilar & Mira, 2016). Endothelial cells secrete
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pigment epithelium-derived factor (PEDF) which promotes neuronal
proliferation or neurogenesis (Andreu-Agullé et al., 2009; Ramirez-
Castillejo et al., 2006). Stromal cell-derived factor 1, which is primarily
secreted by blood vessels, also has been known to promote the NSC
differentiation dose-dependent manner (Caldwell et al., 2001; Cheng
et al., 2017). Also, betacellulin or vascular endothelial growth factor
regulates the proliferation and differentiation of NSCs (Gomez-
Gaviro et al., 2012; Sun et al., 2010). Taken together, in addition to
the delivery of biological substances through microvasculature, these
factors are supposed to support neuronal maturation and improve
viability in our culture platform.

Several issues with this study should be noted. First, although
vascularization enhanced cellular behavior, functional and structural
analyses were not performed because the spheroid did not mimic a
specific brain region. Second, our model is based on spheroids (mi-
crometer scale), rather than organoids (generally millimeter scale).

Thus, the chip cannot be used to engineer vascularized organoids.

5 | CONCLUSIONS

The absence of vascular networks in 3D models of spheroids and
organoids complicates attempts to mimic brain tissue. Here, we
created a 3D model of vascularized iINSC spheroids using the Sphero-
IMPACT microfluidic system. Our vascular network wrapped around
the neural spheroids and exhibited perfusion. Coculture of neural
spheroids with perfusable blood vessels enhanced differentiation and
reduced apoptosis. Therefore, our vascularized iNSC spheroid model
represents a step toward 3D brain modeling. Neurovascular inter-
action is crucial for brain homeostasis, and to prevent many diseases.
We suggest that this in vitro model of the neurovascular system
advances our understanding of normal and pathological conditions,

and could be used to develop therapeutics.
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