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Abstract

Neuroinflammation is the primary driver and signature of many neurodevelopmental disorders. However, because neurode-
velopmental disorders caused by neuroinflammation are difficult to detect at the early stage, their progression remains un-
clear. To date, neither animal experiments nor in vitro models have uncovered their early developmental characteristics
caused by neuroinflammation. In this study, we developed a neurovascular-unit-on-a-chip (NVU-on-a-chip) to model
inflammation-induced neurodevelopmental disorders. With the chip, dynamic visualization of the progression caused by neu-
roinflammation was clearly demonstrated, and the changes in angiogenesis and neural differentiation under neuroinflamma-
tion were replicated. In addition, the activation of astrocytes and damage to neurons and capillaries at the early stage of neu-
rodevelopmental disorders were observed. The results revealed for the first time the structural disruption of the neurovascular
units and the neurovascular coupling failure caused by neuroinflammation. Furthermore, the outcomes of anti-inflammatory
intervention using ibuprofen were preliminarily demonstrated. This work provides insights into the early progression of neu-
rodevelopmental disorders caused by neuroinflammation and offers a platform for the development of therapeutic strategies
for neuroinflammation.
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1 Introduction

Neuroinflammation is the primary driver and marker of
many diseases of the central nervous system [1, 2]. Many
studies have indicated an association between early inflam-
mation during the neurodevelopmental stage and neurode-
velopmental disorders such as autism spectrum disorders,
schizophrenia, cerebral palsy, epilepsy, cognitive impair-
ment, and depression [3]. Neuroinflammation in the neuro-
developmental period is a dynamically complicated pro-
cess [4]. The brain is particularly vulnerable during this pe-
riod due to the rapid establishment of key brain processes
and microvascular networks [3]. As inflammatory cytokines
secreted from brain cells gradually increase, astrocyte prolif-
eration increases, microglia activation aggravates, neuron
damage accelerates, and the permeability of the blood—brain
barrier (BBB) dramatically increases [5, 6]. When the com-
plete barrier function of the brain is lost, systemic inflamma-
tory mediators infiltrate the brain more easily, exacerbating
neuroinflammation. In addition, neuroinflammatory factors
that cross the BBB can circulate through the bloodstream,
leading to fetal growth restriction (FGR) [5, 7]. These dis-
turbances at the cellular level are the basis of the altered
brain microstructure observed in long-term behavioral and
intellectual disabilities [5]. Currently, the mechanisms of
early neuroinflammation remain unclear because the devel-
opment of the brain at the early stage of neuroinflammation

@ Springer

Neurodevelopmental disorders - Angiogenesis - Neural

is usually invisible. Therefore, it is necessary to develop
methods to uncover the early neurodevelopmental process
under neuroinflammation for its diagnosis and therapy.

A number of preclinical models have been developed to
study neuroinflammation, such as animal models and
in vitro models [8—-10]. However, few models focus on neu-
roinflammation during the neurodevelopmental period. The
reported animal models have used brain sections from pig-
lets, lambs, and rats with neuroinflammation to demonstrate
the disease characteristics and the effects of drugs [10-14].
For example, glial activation and neuronal damage were ob-
served in the brains of newborn piglets with neuroinflamma-
tion [15]. Although these animal models are useful for un-
derstanding the changes in the brain under neuroinflamma-
tion, they only reveal the changes at one postnatal time point
and cannot dynamically visualize disease progression [10].
In addition, brain sections can only provide structural infor-
mation, which is not sufficient to reveal either the effects of
neuroinflammation on angiogenesis and neural differentia-
tion or the interactions within neurovascular units in the
early stages of neural development.

Regarding in vitro models of neuroinflammation, three-
dimensional (3D) models have been developed via tech-
niques such as microfluidics [16], bioprinting, and organ-
oids [17, 18], providing a more in vivo-like environment
than two-dimensional (2D) cell culture, pushing the preci-
sion of neuroinflammation modeling to a new level [19].
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Therefore, 3D models enable the observation and tracking
of disease progression at the cellular level [20].

Recently, the development of a new type of 3D model,
known as organ-on-a-chip, has progressed rapidly, provid-
ing new avenues for disease modeling and drug
screening [21]. Brain chips, one of the extensively studied
organ chips, can potentially reflect the detailed neural struc-
ture, vascular structure, and circulation of fluids in the
brain. Brain chips have already been employed to replicate
various diseases of the nervous system [22-25], such as pre-
natal exposures [26, 27] and neuroinfectious disorders [28].
Pediaditakis et al. developed a layered brain chip to investi-
gate the disruption of the BBB caused by neuroinflamma-
tion [22]. However, studies modeling neuroinflammation and
the related neurodevelopmental disorders are still very lim-
ited, and neither brain chips nor brain organoids have been
reported for examining the inflammatory responses in the
neurovascular unit during the neurodevelopmental period.

In this study, therefore, we developed a neurovascular-
unit-on-a-chip (NVU-on-a-chip) and used it to model neuro-
inflammation during the neurodevelopmental period. The
NVU-on-a-chip was constructed using cutting-edge
organoid-on-a-chip technology. A neural stem cell (NSC)
spheroid and human umbilical vein endothelial cells
(HUVECs) were mixed with extracellular matrix (ECM)
from a microfluidic chip, loaded onto the chip, and then cul-
tured. First, we demonstrated the differentiation of stem
cells and the characteristics of angiogenesis. Then, we intro-
duced proinflammatory cytokines to the chip to replicate
the early development of the brain during an inflammatory
process and studied the changes in angiogenesis and neuro-
genesis. Lastly, we preliminarily demonstrated the inhibi-
tory effect of ibuprofen on neuroinflammation. The contri-
bution of this work is as follows: (1) for the first time, we
visualized the early characteristics of angiogenesis and NSC
differentiation under neuroinflammation in a short culture
cycle; (2) we revealed the changes in the neurovascular unit
structure and neurovascular coupling under neuroinflamma-
tion; (3) we investigated the outcomes of using ibuprofen to
reduce neuroinflammation at the cell-tissue level. This work
has the potential to greatly enhance our understanding of
the early progression of neurodevelopmental disorders
caused by neuroinflammation and provides a valuable refer-
ence for the development of therapeutic strategies for neuro-
inflammation during the neurodevelopmental period.

2 Materials and methods
2.1 Fabrication of the microfluidic chips

Physiologically, neurodevelopment and angiogenesis in the
brain are synchronous and interactive [29, 30] (Fig. 1a). To

model neurovascular development in the embryonic brain,
we designed a microfluidic chip containing a central channel
for the ECM with neural spheroid and endothelial cells and
two lateral/side channels for the culture medium (Figs. 1b
and 1c). Two parallel rows of micropillars separated the
side channels from the central channel to prevent ECM
leakage, and the distance between adjacent micropillars was
100 pm. The central channel was 1.3 mm in width, the lat-
eral channels were 1.0 mm in width, and all channels were
150 pm in depth (Fig. S1 in the supplementary information).

The microfluidic chip was fabricated using lithography
technology and consisted of two layers: a glass slide bottom
layer and a polydimethylsiloxane (PDMS) top layer. The
PDMS base and curing agent (SYLGARD 184; Dow Corn-
ing, USA) were mixed at a 10:1 (mass fraction) ratio to ob-
tain the PDMS prepolymer, which was then poured into a
silicon master. After degassing in a vacuum dryer for ap-
proximately 15 min, the master containing the PDMS pre-
polymer was placed in a drying oven at 80 °C for approxi-
mately 60 min. The PDMS layer was then cut from the mas-
ter using a scalpel, taped to remove dust, and punched with
a microfluidic hole puncher (Zhongding Yuxuan New Mate-
rial Technology Co., Ltd., Hefei, China; hole diameter for
ECM: 1.8 mm; hole diameter for medium: 4.0 mm). Finally,
an oxygen plasma processor was used to bond the PDMS
layer to the glass slide to obtain the microfluidic chip,
which was stored overnight in a drying oven at 80 °C to en-
hance bonding. Before being used in the experiments, the
microfluidic chip was wrapped in aluminum foil and auto-
claved at 121 °C for 60 min.

2.2 Cell culture

HUVECs were purchased from Wuhan PriCells Company
and cultured in endothelial cell medium (1001; ScienCell,
USA) in T-25 cell culture flasks (430639; Corning, USA).
HUVECs between Passages 5 and 10 were used in this
study. To facilitate visualization of angiogenesis, before the
experiments, the HUVECs were transduced with lentivirus
constructs to express red fluorescence. Mouse neural stem
cells (NE-4Cs) [31-34] were purchased from the National
Collection of Authenticated Cell Cultures and cultured in
minimum essential medium (MEM; 11090-081; Gibco, USA)
supplemented with 1% GlutaMAX (35050061; Gibco), 1%
sodium pyruvate (11360070; Gibco), 1% non-essential
amino acids (11140050; Gibco), 10% fetal bovine serum
(Life Science, Australia), and 0.1% mycoplasma preven-
tion reagent (FM501-01; TransGen, China). Cells were
maintained in a 37 °C and 5% COj humid cell incubator
(Forma 3131; Thermo, USA). We chose to use HUVECs
and NE-4Cs because HUVECs are widely used to form neu-
rovascular networks [35] and NE-4Cs are widely used to dif-
ferentiate into various neural microtissues [31-34].
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Fig. 1 Modeling neurovascular development on a microfluidic chip. (a) Schematic of neurovascular development in the embryonic brain.
(b) Schematic of the developed microfluidic chip. (c) Schematic of neurovascularization on the chip. (d) Schematic of experiments for modeling
neurovascular development on the chip. (e) Schematic of cell culture and analysis

2.3 Cell pre-staining assay

To facilitate visualization of cell growth, before the experi-
ments, NE-4Cs were incubated at 37 °C for 30 min with
3,3'-dioctadecyloxacarbocyanine perchlorate dye (DiO;
C1993S; Beyotime, China) to express green fluorescence in
the dark. After incubation, the cells were washed three
times with Dulbecco’s phosphate-buffered saline (D-PBS).
Experiments related to these pre-stained cells should be per-
formed in the dark.

2.4 Preparation of the prevascularized neural
spheroids

Previous studies have shown that using endothelial cells with
neural spheroids can improve vascularization and reduce
apoptosis at the center of the spheroids [35]. Thus, in this
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study, prevascularized neural spheroids were prepared. To
obtain cell spheroids with an initially matched size, the
operation conditions for forming the spheroids (i.e., cell
number, medium volume, incubation time, etc.) were kept
strictly the same. In brief, NE-4Cs were trypsinized by the
addition of 0.05% trypsin-ethylenediaminetetraacetic acid
(EDTA) solution (25300054; Gibco) for 2 min and then
centrifuged at 150g for 5 min. After centrifugation, the
supernatant was discarded, and the NE-4Cs were resus-
pended in a fresh cell culture medium [36]. HUVECs were
trypsinized using 0.25% trypsin-EDTA solution (25300056;
Gibco), centrifuged at 200g for 5 min, and resuspended as de-
scribed above. After cell counting, the HUVEC suspension
was mixed with the NE-4C suspension (the adopted ratio
of HUVECs to NE-4Cs was 1:10 according to the reported
study [35]). Then, the mixed cells were seeded into a
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round-bottom low-attachment 96-well plate (7007; Corn-
ing) and centrifuged at 200g for 10 min (ST40R; Thermo
Fisher Scientific, USA) to better aggregate the cells in each
well into a spheroid. The cells in the 96-well plates were
cultured for at least 3 d in a humidified incubator at 37 °C
and 5% CO to obtain prevascularized neural spheroids
(Fig. S2 in the supplementary information). When the diam-
eter of the spheroids reached approximately 70 pm (the di-
ameter was calculated by the arithmetical mean of the maxi-
mum and minimum lengths of the spheroids) [37], the spher-
oids were carefully collected into a centrifuge tube and then
centrifuged at 200g for 5 min. After the supernatant was re-
moved, the spheroids were resuspended in a small quantity
of culture medium for use in the subsequent experiments.

To promote the growth of neural spheroids in the plate,
spheroid cultural medium (SCM; a mixture of endothelial
cell medium and MEM supplemented with 1% GlutaMAX,
1% sodium pyruvate, 1% non-essential amino acids, and
0.1% mycoplasma prevention reagent) was used in the early
stages of spheroid culture.

2.5 Loading of neural spheroids and cells

In this study, fibrinogen conjugated with thrombin was used
as the ECM because it can promote cell adhesion and prolif-
eration in brain chips, according to previous studies [38, 39].
Fibrinogen (20430ES03; Yeasen, China) and thrombin
(20402ES03; Yeasen) from bovine plasma were separately
dissolved in 0.9% NaCl solution and sterilized using a
0.22-pm filter (Millex; Millipore, USA). First, the suspen-
sion of HUVECs was well mixed with the fibrinogen solu-
tion and the solution of neural spheroids (the density of
HUVECs was approximately 5x10° cells/mL, and the final
concentration of fibrinogen was 3.0 mg/mL) [16]. After mix-
ing with the thrombin solution (the final concentration of
thrombin was 3 U/mL), the mixture was quickly loaded into
the central channel of the microfluidic chip using a pipette. It
is important to note that the microfluidic chip and the pipette
tips used in the experiments should be precooled to =20 °C,
and the loading process should be performed on ice. Then, the
microfluidic chip was placed in a humid cell incubator at
37 °C for 15 min to allow fibrinogen polymerization. Finally,
a pipette was used to gently load the fresh cell culture medium
into the medium channel, and four cut sterile pipette tips were
inserted into the inlet and outlet of the medium channels, re-
spectively, to serve as medium reservoirs. The chip was
placed in a sterile box containing a small amount of sterile
water and cultured in a 37 °C and 5% CO» humid cell incu-
bator (Fig. 1d). The culture medium was refreshed every day.

To promote the growth and differentiation of neural
spheroids on the chip [35], neural differentiation medium
(NDM; a mixture of ECM and MEM supplemented with
1% GlutaMAX, 1% sodium pyruvate, 1% non-essential amino

acids, 2% B27 (17504044; Gibco), 1% N-2 (17502048;
Gibco), and 0.1% mycoplasma prevention reagent) was
used during chip culture. The reservoirs on one side of the
medium channel were filled with NDM, while those on
the other side were filled with NDM-V (NDM containing
vascular endothelial growth factor (VEGF; 50 ng/mL;
AF-100-20-100; PeproTech, USA)).

We observed the growth of the NVU on Days 4, 6, and 8
and examined the differentiation by immunofluorescence
staining on Day 8, while the cell activity analyses were per-
formed on Day 5 (24 h after the loading of HUVECs and
NE-4C spheroids) and Day 8. In addition, to observe the
small and rapid changes in vascularization, we examined
the tapered tips of the angiogenic sprouts on Day 7.

2.6 Experiments on neuroinflammation-
induced neurodevelopmental disorders

To model neuroinflammation-induced neurodevelopmental
disorders in the chip, tumor necrosis factor-alpha (TNF-a,
P00029; Solarbio, China) and interleukin-6 (IL-6, PO0022;
Solarbio) proinflammatory cytokines were used based on
previous studies [40]. When the chip had been cultured for
24 h, the cell culture medium was replaced with a medium
containing TNF-a (final concentration: 1 ng/mL) and IL-6
(final concentration: 1 ng/mL). Then, the chip was cultured
for a further 24 h.

2.7 Anti-inflammatory control

Ibuprofen is a nonsteroidal anti-inflammatory drug
(NSAID) widely used for its anti-inflammatory, antipyretic,
and analgesic properties [41]. As an anti-inflammatory drug
for preterm neonates, ibuprofen may be a potential therapeu-
tic candidate for treating brain injury caused by neuroin-
flammation [42]. The use of ibuprofen should be avoided
starting from the fifth month of gestation [43]. Our study
can only be used to verify the validity of the anti-
inflammatory effect and does not support the use of ibupro-
fen in the treatment of neuroinflammation during preg-
nancy. Ibuprofen (II0020; Solarbio) was added to the cul-
ture medium at a working concentration of 50 pg/mL on
Day 5. After 72 h, we tested the effects of different concen-
trations of ibuprofen on the growth and development of the
neural spheroids and then selected the working concentra-
tion, which was also supported by previous studies [44], for
the subsequent experiments (Figs. S3 and S4 in the supple-
mentary information).

2.8 Immunofluorescence staining

For immunofluorescence staining on the chip (Fig. le), first,
the two lateral medium channels on the chip were slowly
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injected with D-PBS solution for 5 min to remove any im-
purity (hereafter referred to as the washing step), and cells
were fixed with 4% formaldehyde for 12 h at 4 °C. Next,
the chip was washed with 0.05% PBST solution (PBS con-
taining 0.05% Tween 20) for 15 min and then treated with
0.1% Triton X-100 solution (PBS containing 0.1% Triton
X-100) for 30 min to improve the permeability of the cell
membranes. After washing with PBST for 15 min, the
chip was blocked with 2% bovine serum albumin in PBS
at 4 °C overnight. After incubation with the primary anti-
body for 8 h at 4 °C, the chip was stained with the second-
ary antibody in the dark for 40 min at room temperature,
and the cell nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI) dye (C1002; Beyotime). After wash-
ing with PBST to remove the unbound dyes, the chip was
imaged under an inverted fluorescence microscope (IX73;
Olympus, Japan) or a confocal laser scanning microscope
(FV1000; Olympus). The primary and secondary antibod-
ies used were as follows: cluster of differentiation 31
(CD31) rabbit polyclonal antibody (347526; ZENBIO,
China), glial fibrillary acidic protein (GFAP, 9A2) mouse
monoclonal antibody (250027; ZENBIO), beta III tubulin
rabbit monoclonal antibody (R23620; ZENBIO), SRY-box
transcription factor 2 (SOX2) rabbit polyclonal antibody
(11064-1-AP; Proteintech, China), nestin rabbit polyclonal
antibody (19483-1-AP; Proteintech), zonula occludens 1
(ZO1) polyclonal antibody (21773-1-AP; Proteintech),
laminin beta 1 polyclonal antibody (23498-1-AP; Protein-
tech), smooth muscle actin (SMA) polyclonal antibody
(14395-1-AP; Proteintech), goat anti-rabbit immunoglobu-
lin G (IgG, H&L)-Alexa Fluor 594 (550043; ZENBIO),
goat anti-rabbit IgG (H&L)-Alexa Fluor 488 (550037;
ZENBIO), goat anti-mouse IgG (H&L)-Alexa Fluor 594
(550042; ZENBIO), and goat anti-mouse [gG (H&L)-Alexa
Fluor 488 (550036; ZENBIO).

For cytoskeleton staining, after the cells on the chip were
fixed and permeabilized as described above, the cells were
incubated with Actin-Tracker dyes (C2201S and C2205S;
Beyotime) for 20 min in the dark at room temperature, and
the cell nuclei were stained with DAPI dyes.

2.9 Enzyme-linked immunosorbent assay
(ELISA) analysis

To test the protein level on the chip during culture (Fig. le),
the culture medium was collected from the microfluidic
chip every day during chip culture and centrifuged at 200g
for 20 min to remove cell debris, and the supernatant was
stored at —80 °C for use. The concentrations of TNF-a and
IL-6 were analyzed using ELISA kits (JL20268 and JL.10484;
Jianglaibio, China) according to the manufacturer’s in-
structions. A microplate reader was used to immediately
measure the absorption of each sample at 450 nm. The
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levels of TNF-a and IL-6 were calculated using a calibra-
tion curve based on the known concentration. This experi-
ment was carried out in triplicate.

2,10 Cell activity analysis

The viability of the cells on the chip was analyzed using
cell staining (Fig. le). In brief, the chip was washed with
D-PBS for 5 min and then incubated for 20 min in the dark
at 37 °C with calcein acetoxymethyl ester (calcein-AM,
C2012; Beyotime) and propidium iodide (PI, ST511; Beyo-
time) to stain living and dead cells, respectively. The fluo-
rescence images of the cells were captured using an in-
verted fluorescence microscope. Imagel software was used
to count the number of living and dead cells.

The proliferation ability of the cells on the chip was
evaluated using an Alamar Blue kit (BB-4206; BestBio,
China). The chip was incubated with 10% Alamar Blue so-
lution in the culture medium for 12 h in a humid cell incuba-
tor. After incubation, the medium was collected and the ab-
sorbance at 495 nm was immediately measured using a mi-
croplate reader.

2.11 Blood vessel analysis

Blood vessels within a 300-pm radius of the boundary of
the neural spheroid on the microfluidic chip were included
in the statistical range. The microvessel density was calcu-
lated using the Vessel J plugin (Health Sciences Center,
McMaster University, Canada), and the number of vascular
nodes, the number of vascular branches, the length of the
vascular branch, and the number of angiogenic sprouts that
entered the neural spheroid were counted or measured using
Image] software. The microvascular network coverage at
the edge of the neural spheroid was calculated as the ratio
of the projection distance on the spheroidal circumference
of the capillary fused with the spheroid to the circumference
of the neural spheroid.

2.12 Neural differentiation analysis

The numbers of neurons and astrocytes were counted based
on the immunofluorescence images using ImageJ software.
The length of the neural axon, the thickness of the neuron
layer, and the quantification of the fluorescence intensity in
the immunofluorescence images were measured using
Image] software.

2.13 Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)

RNA was isolated using TRI-reagent (BS258A; Biosharp,
China) following the manufacturer’s instructions. Reverse
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transcription was conducted using the Hifair II 1st Strand
cDNA Synthesis Kit (11119ES60; Yeasen), and qPCR was
conducted using SYBR Green qPCR Mix (BL698A;
Biosharp). RT-qPCR was performed using the QuantStudio
3 real-time PCR system (3 min at 95 °C followed by
40 cycles (15 s at 95 °C; 30 s at 60 °C)). The expression of
IL-1p, IL-6, IL-10, IL-10RA, IL-13, IL-18, TNF-a, trans-
forming growth factor-beta (TGF-f), and C-X-C motif che-
mokine ligand 10 (CXCLI0) was normalized to the expres-
sion of the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) [11].

2.14 Statistical analysis

In this study, in each experiment, at least three NVU chips
were used. GraphPad Prism software was used for data
analysis and mapping. Data were presented as meanzstan-
dard deviation. P-values were analyzed using a two-tailed
Student’s #-test or one-way analysis of variance (ANOVA).

Day 6

R T

C/HUVEC

(e)

The significance levels are indicated by *p<0.05, **p<0.01,
and ***p<0.001, and N.S. for no significance.

3 Results
3.1 Construction of the NVU-on-a-chip

To model embryonic brain development, a prevascularized
neural spheroid was cocultured with HUVECs on a micro-
fluidic chip. During culture, the size of the neural spher-
oids gradually increased with the proliferation of cells,
while the spherical shape and structural integrity were
maintained (Fig. 2a). Some NE-4Cs migrated to the pe-
ripheral ECM of the spheroid, and the HUVECs elongated
and self-assembled into a microvascular network around
the neural spheroid (Fig. 2b; please note that due to the ob-
struction of neural cells and the strong fluorescence contrast
between the inside and outside of the neural spheroids, the

400

300 A
200
100 -+

Diameter of spheroid (um)

L = §

~ -

o

3

@D O~

[eIENES

=
Q0 =

—
o

(d

Area of
spheroid (x10* ym?
N B [« [e ]
L 1 1 L

100 A

cells (%)

Proportion of living
()]
o
1

0.3 1 N.S.

0.2 4
0.1
04

0’8‘ 606\3 ®

Alamar Blue absorbance

Fig. 2 Construction of the NVU-on-a-chip. (a) Bright-field images of the vascularized neural spheroids on the chip on Days 4, 6, and 8. (b) Flu-
orescence images of the vascularized neural spheroids on the chip on Days 4, 6, and 8 (NE-4Cs are green and HUVECs are red). (c) Diameter
of the neural spheroids (n=5). (d) Area of the neural spheroids (n=5). (e) Fluorescence images of cells stained with calcein-AM (green), PI
(red), and Hoechst 33342 (blue) on Days 5 and 8. (f) Proportion of living cells (n=3). (g) Analysis of cell proliferation (n=3). Scale bar:
200 pm. Data are expressed as mean+standard deviation. ***p<0.001. N.S.: no significance
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red fluorescence of the HUVECS inside the pre-spheroids
looks weak; the pre-vascularization can be observed more
clearly in Fig. S2 in the supplementary information). The
statistical results revealed that the increase in the diameter
(Fig. 2c¢) or the area (Fig. 2d) of the spheroid was rela-
tively slow at the early stage of culture (i.e., from Day 4 to
Day 6) but was rapid at the later stage of culture (i.e.,
from Day 6 to Day 8), which may be due to the limited
height of the chip. To evaluate cell viability, cells on the
chip were stained with calcein-AM and PI dyes (Fig. 2e;
Fig. S5 in the supplementary information). The results
showed that as NE-4Cs and HUVECs proliferated rapidly,
the proportion of living cells decreased slightly (Fig. 2f),
possibly as a result of the limited supply of nutrients; how-
ever, the proliferation ability of the cells was maintained
(Fig. 2g).

3.2 Mimicked vascularization of the
embryonic brain on the chip

The vascularization of the human embryonic brain is a
highly complex process. Recent studies have confirmed
that neural spheroids obtained by coculturing NSCs with
HUVECsS can recapitulate embryonic neocortical develop-
ment and may serve as a platform to investigate neurovascu-
lar diseases and injuries [35, 45]. To characterize the vascu-
larization of the neural spheroid on the chip, the neurons
were stained with beta III, while the capillaries were stained
with SMA (Fig. 3a). The results showed that the periphery
of the neural spheroid was surrounded by abundant capillar-
ies, reflecting the cerebral cortex wrapped by the pial capil-
lary anastomotic plexus at the early stage of embryonic de-
velopment [46]. In the cell culture plates where the neural
spheroids were cocultured with HUVECs, a few cells in the
spheroids differentiated into neurons, suggesting that the
chip significantly promoted the association of neural spher-
oids with endothelial cells (Fig. S6 in the supplementary in-
formation). We also constructed 3D images to exhibit the
spatial distribution characteristics of the formed microvascu-
lar network (Fig. 3b). Interestingly, compared to the micro-
vascular network without neural spheroids (Fig. S7 in the
supplementary information), the capillaries cocultured with
neural spheroids had smaller diameters and shorter branches
(Fig. S8 in the supplementary information), similar to the
situation in vivo, verifying the role of astrocytes in con-
structing capillaries [16].

The characteristics in the three stages of vascularization
were well recapitulated and were similar to the real physi-
ological vascularization process in vivo [46]. The character-
istics were as follows:

(1) At the early stage, endothelial cells were in close con-
tact with the periphery of spheroids (Fig. 3c), indicating
the fusing stage where capillaries contact with the cortex
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external glial limiting membrane (EGLM) with fusion of
the vascular and glial basal laminae [46].

(2) In the middle stage, the spheroid was invaded by the
tapered tips of angiogenic sprouts (Fig. 3d), indicating the
inserting stage where the filopodium of the endothelium is
inserted into the fused laminae and then gradually enters
into the nervous tissue [46]. The morphology of the
endothelial cells was similar to that of the tip cells, which
are a subtype of endothelial cells that are highly enriched
near the active neurogenesis zone [47]. This phenomenon
also agreed with the results presented in Fig. 3a.

(3) At the final stage, the whole capillary penetrated into
the nervous tissue (Fig. S9 in the supplementary informa-
tion), indicating the penetrating stage where the whole capil-
lary penetrates into the cortex and establishes an extravascu-
lar Virchow—Robin compartment [46].

To quantify the progression of vascularization at different
developmental stages, the coverage rate of the microvascu-
lar network around the neural spheroid (for evaluating the
efficiency of capillaries fusing with neural tissue) was calcu-
lated (Fig. 3e), and the number of angiogenic sprouts that
entered into the neural spheroid (for evaluating the effi-
ciency of capillary inserting into neural tissue) was counted
(Fig. 3f). The results showed that without external interven-
tion (i.e., inflammation-induced neurodevelopmental
disorders), the angiogenesis process progressed uniformly,
and the neural spheroids showed abundant vascularization
characteristics after five days.

3.3 Differentiation of the NSC spheroids on
the chip

To confirm the differentiation status of the neural spher-
oids, the expression of specific biomarkers was analyzed.
Before loading of the spheroid, in the cell culture plate,
neural stem cells inside the spheroid were undifferenti-
ated (nestin and SOX2, two neural stem cell markers,
were detected, as shown in Figs. 4a and 4b), whereas after
loading and culturing on the chip, they were differentiated
into astrocytes and neurons (GFAP, a specific biomarker
of astrocytes, and beta III, a specific biomarker of neu-
rons, were observed, as shown in Fig. 4c and Fig. S10 in
the supplementary information). In addition, compared
with the neural spheroids cultured off the chip (Fig. 4d),
the edges of the spheroids on the chip turned from clear
and smooth to irregular due to cell migration and differen-
tiation (Fig. 4e).

To show the degree of differentiation of the neural spher-
oids on the chip, the intensities of beta III (Fig. 4f) and
GFAP (Fig. 4g) fluorescence were measured. The specific
expression of both proteins was very low on Day 3, but
high on Day 8 (comparatively, in the plate, the expres-
sion of both proteins was extremely low on both Day 3
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and Day 8; Figs. S6 and S11 in the supplementary infor-
mation), further confirming that the five-day on-chip cul-
ture promoted the differentiation of neural spheroids. We
also reconstructed 3D images of GFAP and beta III to
show the spatial distribution of astrocytes and neurons
(Fig. 4h), and the images suggested the establishment of
a complex patterned architecture linking astrocytes and
neurons.

3.4 Engineered inflammation-induced
neurodevelopmental disorders using the
NVU-on-a-chip

Recently, a damaging inflammatory response has been de-
tected in brains with perinatal injuries such as FGR [48-50],
hypoxic-ischemic encephalopathy [8], and cerebral palsy [9],
which has been proven to be directly related to neuronal

damage and reduced permeability of the BBB [51, 52]
(Fig. 5a).

To engineer inflammation-induced neurodevelopmental
disorders on the chip, two proinflammatory cytokines,
TNF-a and IL-6 [53], were introduced on Day 5 (Fig. 5b).
Before the introduction (i.e., on Day 4), the NI (neuroin-
flammation) and IBU (ibuprofen; a promising drug for
neuroinflammation [54]) groups expressed similar levels
of inflammation. After 24 h of exposure to low-dose
inflammatory stimuli, the concentration of proinflammatory
cytokines increased significantly, suggesting that we suc-
cessfully modeled the inflammatory response in the early
neurodevelopment period (some previous studies showed
changes in IL-6 in the serum of pregnant women with
FGR [55, 56]; in this study, the changing trend of IL-6 was
consistent with the conclusion from the placental tissue of
FGR [57, 58]). In the IBU group, the concentrations of
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TNF-a (Fig. 5¢) and IL-6 (Fig. 5d) presented a downward
trend, suggesting that ibuprofen has good anti-inflammatory
ability (it should be noted that because NE-4Cs and HUVECs
come from different species, the coculture caused the secre-
tion of a certain quantity of proinflammatory cytokines
(Fig. S12 in the supplementary information) and consequently,
it is infeasible to set the group without inflammation). To
further confirm the engineered inflammation-induced disor-
ders, we also validated the changes in gene expression (i.e.,
IL-1p, IL-10RA, IL-18, TNF-a, and TGF-f}) associated with
inflammation modeling via RT-qPCR (Fig. S13 in the
supplementary information).

In terms of the proportion of living cells (Fig. Se;
untreated group in Fig. 2f) and the proliferation of cells
(Fig. 5f; untreated group in Fig. 2g), the anti-inflammatory

@ Springer

p<0.001

ability of ibuprofen was also confirmed. The images
(Fig. 5g) showed that inflammation also affected the out-
ward migration of NE-4Cs (Figs. 5h and 5i; untreated
groups in Figs. 2¢ and 2d) and the assembly of the micro-
vascular network, verifying the inhibitory activity of neuro-
inflammation on fetal or neonatal brain size, which is the
simplest and most intuitive indicator for clinical judgment
of growth restricted fetuses [7]. Here, we aimed to construct
an in vitro model for replicating the basic features of
inflammation-induced neurodevelopmental disorders in the
early period and then replacing conventional animal models
rather than studying the changes in cytokines. Therefore,
the changes in cytokines before and after drug delivery
need to be studied in depth in the future.
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3.5 Microvascular changes under
neuroinflammation

To demonstrate the effect of neuroinflammation on angio-
genesis, we compared the microvascular morphologies be-
tween the NI and IBU groups on Day 8 (Fig. 6a). Under
neuroinflammation, the coverage of the neural spheroid by
the microvascular network was decreased (Fig. 6b; un-
treated group in Fig. 3e), and the number of angiogenic
sprouts entering the interior of the spheroid was reduced
(Fig. 6¢; untreated group in Fig. 3f). The results confirmed
that neuroinflammation significantly disrupted the fusing
and inserting stages of vascularization (i.e., inhibiting angio-
genesis), and that the timely anti-inflammatory administra-
tion of drugs such as IBU could remedy this situation. Un-
der neuroinflammation, the microvessels were slender and
hardly formed a stable connection (Fig. 6d). In the case of

“p<0.01; "p<0.001. N.S.: no significance

IBU administration, the density of the microvessels
(Fig. 6e), the number of vascular nodes (Fig. 6f), and the
number of branches around the spheroid (Fig. 6g) increased
significantly. In addition, using the method proposed in
the literature [59], we found that the tight junctions be-
tween cells were greatly reduced under neuroinflammation
(Figs. 6h and 6i1), which may cause BBB leakage [60, 61].

3.6 Neural cell changes under
neuroinflammation

To demonstrate the effects of neuroinflammation on differ-
entiated astrocytes and neurons, we compared the neurovas-
cular units in the NI and IBU groups. Under neuroinflam-
mation, the astrocytes were sharp and scattered between the
capillaries (Fig. 7a), whereas under IBU administration, the
astrocytes were regular (Fig. 7b) and capillaries were
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wrapped around the spheroids (Fig. 7c¢, which infers the po-
sition of astrocytes and capillaries, according to the method
proposed in [16]). The results indicated that neuroinflamma-
tion disrupted the structure of the neurovascular units, caus-
ing astrocytes to lose their ability to regulate the capillaries.
Neuroinflammation also led to a significant increase in the
differentiation of NSCs into astrocytes (Figs. 7d and 7e),
which is similar to the inflammatory response of glial cells
found in vivo [11, 62].

Under neuroinflammation, the neurons were shriveled
and hollowed (Fig. 7f), whereas under IBU administration,
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dense and clear neurons were observed (Fig. 7g). In addi-
tion, the axons in the IBU group extended along the
branches of the blood vessels and were curved at the bifur-
cations of the capillaries (Fig. 7h), whereas those in the NI
group were shorter (Fig. 7i). This phenomenon revealed the
disruption of the interaction between neurons and capillar-
ies by neuroinflammation and validated the guidance of cap-
illaries to axon localization [63—-65]. We also replicated neu-
ron damage, manifested as changed morphology (Fig. 7g), a
decreased number of neurons (Fig. 7j), and reduced thick-
ness of the neuron layer (Fig. 7k). It should be noted that
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p<0.001

although we used NE-4Cs and HUVECs on the chip, the
obtained phenomena were similar to the results from animal
models with neuroinflammation [11, 14, 15].

4 Discussion

Neurodevelopmental disorder is a slowly progressive and
restrictive disease [66—68]. In the early stages of neural

development, brain injuries are usually undetectable in
vivo; thus, the inflammation-caused changes in vasculariza-
tion and the differentiation of neural stem cells during the
early neurodevelopment period remain unclear. In this
study, for the first time, we attempted to model a
neuroinflammation-induced neurodevelopmental disorder
on a self-developed NVU-on-a-chip.

In the clinic, neuroinflammation is a signature of many
neurodevelopmental disorders [3]. In this study, our model
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expressed highly similar disease features to those in animal
models with neuroinflammation [11-13], including proin-
flammatory cytokine upregulation, astrocyte activation and
proliferation, neuron damage, and capillary injury. Thus,
our model was able to replicate some features of perinatal
brain injury related to neuroinflammation.

Brain sections from animal models can only provide
structural information about the brain in the postpartum pe-
riod. In contrast, our chip is a novel platform for real-time,
dynamic visualization of disease progression during early
development, providing rich and exact information on neu-
roinflammation treatment at the cell-tissue level. Our find-
ings revealed the detailed features of angiogenesis and the
interactions between the neurovascular units under patho-
logical and normal states. In addition, our results suggested
that small inflammatory stimuli may lead to neurodevelop-
mental disorders at the early stage of embryonic brain de-
velopment, and that timely anti-inflammatory intervention
with ibuprofen may effectively improve neurodevelopmen-
tal outcomes. It should be noted that although the ECM
(fibrinogen conjugated with thrombin) we adopted pro-
motes angiogenesis, it may also increase the risk of neuro-
inflammation [69, 70]. However, according to a previous
study [39], the inflammatory cytokines induced by the
ECM are negligible compared with the inflammatory levels
in this study.

For the on-chip neurodevelopmental disorder we mod-
eled, there is space for optimization. First, due to the limited
source of human brain cells, mouse neural stem cells and
HUVECs were adopted; consequently, some phenomena
may have been missed due to the cross-species coculture of
cells. In future work, human pluripotent stem cell-derived
neural cells and endothelial cells (even neural organoids)
should be used. Thus, the functions of other neural cells
(such as oligodendrocytes and microglia) and cerebral mi-
crovessels can be determined [71, 72]. Second, it is cur-
rently challenging to spontaneously form a perfusable mi-
crovascular network in a complex coculture system [73]. To
better simulate brain development on a microfluidic chip, a
solution for forming perfusable microvascular networks
needs to be proposed. Third, to simplify the experiments,
we examined only the morphology of differentiated neural
cells under neuroinflammation. By integrating the micro-
electrodes on the chip, the electrophysiological function and
BBB integrity of the NVU-on-a-chip can be deeply evalu-
ated [16, 74-77]. Fourth, based on a previous study [22],
we quantified only typical inflammatory cytokines in the
neurodevelopmental disorder. In future work, more cyto-
kines and/or changes in gene expression will be analyzed to
consolidate our findings and to discover other mechanisms
of neurodevelopmental disorders.

@ Springer

5 Conclusions

In this study, we modeled an inflammation-induced neuro-
developmental disorder using a self-developed NVU-on-a-
chip, visualized the features of neurodevelopment, and pre-
sented the outcomes of anti-inflammatory intervention with
ibuprofen. The results revealed that neuroinflammation hin-
dered the expansion of neural spheroids and inhibited the
angiogenic process, leading to astrocyte activation and pro-
liferation, neuron damage, and capillary injury. Neuroin-
flammation also disrupted the interactions between capillar-
ies and neurons/astrocytes, resulting in damage to the neuro-
vascular unit and neurovascular coupling failure. This study
lays a foundation for discovering the early-stage progres-
sion of neurodevelopmental disorders.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2400107.
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