
communications biology Article

https://doi.org/10.1038/s42003-024-05857-8

Modular tissue-in-a-CUBE platform to
model blood-brain barrier (BBB) and brain
interaction

Check for updates

Isabel Koh 1,2 & Masaya Hagiwara 1,2

With the advent of increasingly sophisticated organoids, there is growing demand for technology to
replicate the interactions betweenmultiple tissues or organs. This is challenging to achieve, however,
due to the varying culture conditions of the different cell types that make up each tissue. Current
methods often require complicatedmicrofluidic setups, but fragile tissue samples tend not to fare well
with rough handling. Furthermore, themore complicated the human system to be replicated, themore
difficult the model becomes to operate. Here, we present the development of a multi-tissue chip
platform that takes advantage of themodularity and convenient handling ability of a CUBE device.We
first developed a blood-brain barrier-in-a-CUBE by layering astrocytes, pericytes, and brain
microvascular endothelial cells in the CUBE, and confirmed the expression and function of important
tight junction and transporter proteins in the blood-brain barrier model. Then, we demonstrated the
application of integrating Tissue-in-a-CUBE with a chip in simulating the in vitro testing of the
permeability of a drug through the blood-brain barrier to the brain and its effect on treating the
glioblastoma brain cancer model. We anticipate that this platform can be adapted for use with
organoids to build complex human systems in vitro by the combination ofmultiple simple CUBE units.

Neurological disorders are increasingly becoming contributors to a
decreased quality of life in ageing population worldwide1. Yet, progress in
drug development for neurological diseases is often hampered by diffi-
culties in getting the therapeutic substances past the blood-brain barrier
(BBB) into the central nervous system. To overcome these difficulties,
human in vitromodels of the BBB are highly desired to efficiently conduct
experiments to determine the permeability of a drug candidate through
the BBB, as well as to study its effect on the brain. Furthermore, BBB
models are also useful to test for whether drugs targeting other tissues of
interest would enter or affect the brain as a side effect. The main com-
ponents of the BBB are endothelial cells, pericytes, astrocytes, and a
basement membrane that together contribute to maintaining the barrier
function and homoeostasis of the brain via tight junction and transporter
proteins2–4. Given the complex makeup of the BBB, various models have
been established with different combinations of cellular and basement
membrane components—astrocytes, pericytes and brain endothelial cells
from primary, immortalized, or pluripotent stem cell (PSC)-derived
sources have been used with synthetic membranes or hydrogels as base-
ment membrane5–14.

Besides the cellular and structural components of the BBB, the
interaction between the BBB and the brain is also important to be taken
into consideration in developing BBB models. In neurodegenerative
diseases and in the ageing brain, a cycle of the accumulation of patho-
logical proteins such as amyloid-β in Alzheimer’s disease or Lewy bodies
in Parkinson’s disease leading to dysfunction of the BBB, leading to
further accumulation of pathological proteins and further disruption of
the BBB, is thought to contribute to the progression of the disease15–18.
Thus, to effectively develop and test drug candidates to treat these dis-
eases requires recapitulating not just the healthy BBB, but also the
dynamics of the BBB-brain interaction, particularly in the diseased state.

Organoids derived from stem cells have been shown tomimic some of
the function of native organs, and with the rapid expansion of disease-
modelling brain organoids being developed19,20, there is increasing demand
to progress in vitro BBB models to include a brain component to more
closely represent in vivo conditions. Combining different tissue models to
achieve amore physiological representation of an organ, commonly termed
Organ-on-a-Chip systems, can be achieved in twomain ways: (i) by simple
merging of the separately cultured tissues such as co-culturing retinal

1Cluster for Pioneering Research, RIKEN, Kobe, Hyogo, Japan. 2Biosystems Dynamics Research, RIKEN, Kobe, Hyogo, Japan.
e-mail: masaya.hagiwara@riken.jp

Communications Biology |           (2024) 7:177 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-05857-8&domain=pdf
http://orcid.org/0000-0002-0269-9447
http://orcid.org/0000-0002-0269-9447
http://orcid.org/0000-0002-0269-9447
http://orcid.org/0000-0002-0269-9447
http://orcid.org/0000-0002-0269-9447
http://orcid.org/0000-0002-9032-4628
http://orcid.org/0000-0002-9032-4628
http://orcid.org/0000-0002-9032-4628
http://orcid.org/0000-0002-9032-4628
http://orcid.org/0000-0002-9032-4628
mailto:masaya.hagiwara@riken.jp


organoid on a bed of retinal pigment epithelium (RPE) cells21 or brain
organoidonavascularnetwork22, or (ii) by connectingorganoids cultured in
modular components via microfluidic channels, for example by linking
multiple Transwell inserts in a gut-liver or 4-organ model23,24 or by seeding
organoids directly into the chambers of amulti-organmicrofluidic device25.

Lamentably, many of these engineered models are not widely adopted
by biology-based laboratories that study disease mechanisms or drug dis-
covery and development, ostensibly because they do not have the time or
resources for the setup processes that can be long and complicated for those
unfamiliar with the technologies. Furthermore, in most Organ-on-a-Chip
systems, the cells adhere and grow on the device, making it difficult to
retrieve the sample for later use or analysis without detaching the cells from
the device, which can cause damage to the sample. Hence, there is a need to
balance replicating in vivo complexities in the lab, but with simple setup
procedures that can be handled by researchers without an engineering
background.

In this paper, we present a highly modular and adaptable platform for
Organ-on-a-Chipdevelopment,which takes advantage of the easeof sample
handling of our previously publishedCUBE culture device26–28 to effortlessly
integrate multiple separately cultured tissue or organoidmodels in a simple
chip device (Fig. 1). The desired tissue or organoid can be reconstructed in
the CUBEwith a combination of the appropriate cell types and extracellular
matrix (ECM) hydrogel that provides a 3D scaffold for cells. As the cells are
cultured in modular units, the timing to start the experiments can be con-
trolled by accounting for different maturation times of different tissues or
organoids. Additionally, the chip device can be disassembled at the end of
the experiment to retrieve the sample for further experiments or analyses.

By employing this platform, we demonstrate the application of this
Organ-on-a-Chip platform with a BBB-brain model. We first developed
a BBB-in-a-CUBE model by co-culturing primary astrocytes and peri-
cytes in a basement membrane hydrogel (Matrigel) with iPSC-derived
BMECs seeded on the top surface of the Matrigel, and confirmed the
expression of important tight junction and transporter proteins by
immunofluorescence staining and RT-qPCR. We also validated the
function of the BBB by measuring the trans-endothelial electrical resis-
tance (TEER), as well as conducting permeability experiments with
Lucifer Yellow (passive paracellular diffusion) and Rhodamine123 (P-
glycoprotein, PGP substrate transport). Finally, as a proof-of-concept, we
designed a BBB-brain chip to contain a BBB-in-a-CUBE and a
Glioblastoma-in-a-CUBE model to demonstrate, as reported by Tivnan
et al.29, that the BBB blocking of the PGP substrate drug Vincristine into
the brain can be overcome with the addition of PGP inhibitor Reversan.
Thus, we show that this platform can be utilized to achieve complex
systems by the combination of several small and simple organoid units,
without the need for complicated external pump or power sources.

Results
The design concept for the organ-on-a-chip platform of this study was to
reconstruct separately functional tissue units of an organ in a CUBE culture

device, before integrating themtogether in a chipdevice to replicate complex
tissue-tissue interactions. To demonstrate this concept, we first developed a
BBB-in-a-CUBE model and confirmed its barrier and transport functions.
Following this, we integrated the BBB-in-a-CUBE with a Glioblastoma-in-
a-CUBE to convey the potential application of the platform in drug testing
research.

Reconstruction of BBB in a CUBE
The function and homoeostasis of the barrier between the blood and the
brain is regulated by the synergistic interaction between brain micro-
vascular endothelial cells (BMECs) with the astrocytes and pericytes that
surround them4,30–35, and most previously developed in vitro BBB models
include one or more of these three cell types in their models with or
without ECM5–14,36. In our model, we reconstruct the 3D structure of the
BBB by first embedding primary human astrocytes and pericytes in
Matrigel in the CUBE, followed by seeding hiPSC-derived BMECs on the
top surface of the Matrigel (Fig. 2a) to replicate the physiological
architecture of the BBB and the interactions between astrocytes, peri-
cytes, and BMECs. Imaging of the 3D structure of the BBB-in-a-CUBE
with astrocyte markers CX3CR1 or GFAP, pericyte markers NG2 or
PDGFRβ, and BMEC marker von Willebrand Factor (vWF) appears to
show that the cells arranged into separate layers in the BBB (Fig. 2b),
suggesting astrocytes and pericytes are migrating and self-assembling in
theMatrigel. Imaging of astrocytes and pericytes fluorescently labelled by
transfection showed that over the course of 6 days of culture, astrocytes
and pericytes were initially more rounded in shape and evenly distributed
in the Matrigel at Day 2 after seeding, but gradually elongated and
populated the area under the BMEC layer (Fig. 2c). Quantification of the
distribution of astrocytes and pericytes in BBB showed significantly
higher number of cells in the region just under the BMEC layer (top) on
Day 6 of culture compared to the deeper regions (middle, bottom) of the
gel (p = 0.011), whereas the cells in Matrigel with only astrocytes and
pericytes without BMECs showed evenly distributed cell population in
the gel (Supplementary Fig. 1). These results suggest that the presence of
BMECs stimulates the astrocytes and pericytes to migrate and elongate
towards the BMECs, indicating self-organisation of the cells to form the
BBB structure in 3D.

To further clarify the contribution of astrocytes and pericytes to the
BBB model, we performed RNA-sequencing analysis on BBB and BMEC
only samples (Supplementary Fig. 2). GO analysis of the genes in clusters
showing higher expression levels with increasing culture time and clusters
where gene expression inBBBwashigher than inBMEConly revealedmany
genes related to cellularmigration aswell as ECMand vascular remodelling,
indicating astrocytes and pericytes are involved in modulating the BBB.
Additionally, insulin-like growth factor (IGF) binding protein, which is an
important transport system utilized by drug development researchers to
deliver biologics to the brain37–39, was also more highly expressed in BBB
compared to BMEC only, suggesting that astrocytes and pericytes may be
required for the expression of some transporter proteins in the BBB.

Fig. 1 | Integration ofmultiple Tissue-in-a-CUBEs
for multi-tissue interaction. The concept of this
work was to utilise the CUBE culture device to
facilitate the modular combination of complex 3D
tissues in simple units to build complex systems. (1)
Modular tissue units are first cultured in individual
CUBEs, (2) then transferred to a chip at the appro-
priate timing to initiate tissue-tissue interaction, and
(3) at the end of the experiment, samples can be
retrieved from the chip for analyses.
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There is currently no consensus on the optimal seeding density or ratio
of the three cell types. Pericyte to BMEC ratio have been reported to be
1:1–1:3 with astrocytes covering 99% of the brain basement membrane31,40,
and varying ratios of astrocytes:pericytes:BMECshavebeenused indifferent
in vitro BBB models, including 1:1:10 by Nakagawa et al. 1:1:1 by Harding
et al. and 5:1:1 by Al Ahmad et al. and Stone et al.5,6,41,42. For our model, we

decided on a 1:1 ratio of astrocyte to pericyte, with a seeding density of
1 × 104 cells of each per CUBE as this was the density that we found did not
cause shrinkage of the Matrigel over 6 days of culture. BMECs were seeded
at 5.5 × 104 cells perCUBE as this was the number of cells required to forma
monolayer of cells that covers the entire Matrigel surface and that does not
contract and detach from the CUBE after 6 days of culture. Nevertheless,
further investigation into the most physiologically relevant composition of
the BBB by comparison with in vivo models would be required to properly
determine the ideal combination of cell types.

Matrigel was selected as the hydrogel scaffold for the cellular compo-
nents of the BBB to be grown on as it contains many of the basement
membrane components of native BBB such as collagen IV, laminin, nido-
gen, and perlecan43,44. However, the actual composition of Matrigel is not
very well-defined, and there are often reported batch-to-batch incon-
sistencies with Matrigel supply45. Additionally, though the thickness of the
in vivo basement membrane is about 30–100 nm44,46, the thickness of the
Matrigel in theBBB-in-a-CUBE is about 1.6 mm,necessitatedbecauseof the
volume required for the gel to be able to adhere on the CUBE frame by
surface tension. However, based on the Day 2 to Day 6 imaging evidence of
astrocytes and pericytesmigrating towards the surface of theMatrigel closer
to the BMECs, it appears that even in a thick Matrigel, the cells can self-
organise to form the actual BBB at the surface of the gel. Nevertheless, with
the biomaterialsfield continually evolving to develop alternative biomimetic
materials, it may be prudent in the future to consider alternatives such as
chemically defined synthetic hydrogels45 or an ultra-thin membrane with
ECM hydrogel recently developed47, as well as to identify the most appro-
priate ECM composition and property suited for the culture of in vitro BBB
that resembles the in vivo BBB.

Tight junctions of BBB-in-a-CUBE
The tight junctions of the BBB act as a physical barrier in blocking the
passive diffusion of substances from the blood to the brain48,49. Immuno-
fluorescence staining show that the BBB-in-a-CUBE expresses claudin-5
(CLDN5) and zonula occludens-1 (ZO-1) (Fig. 3a), and qPCR confirmed
the mRNA expressions of CLDN5, ZO-1, occludin (OCLN), and junctional
adhesion molecule (JAM-A) (Fig. 3b).

TEERmeasurement is a commonly usedmethod to assess the integrity
of endothelial barrier to passive ionic diffusion50. The TEER values mea-
sured for BBB-in-a-CUBEwere 202 ± 110Ω cm2 on Day 2, 299 ± 84Ω cm2

onDay 4, and 405 ± 55Ω cm2 onDay 6 (Fig. 3c), showing increasing TEER
as the cells are cultured for longer. Interestingly, BMECs cultured in
Matrigel onlywithout astrocytes and pericytes hadhigherTEER values than
BBB initially on Day 2, but did not change much over the culture period
(Supplementary Fig. 3a). Furthermore, therewas no significant difference in
TEER at Day 6 between BMEC only and BBB models, which suggests that
the astrocytes and pericytes may not be contributing directly to the
strengthening of the barrier in the BBB model in terms of tight junction.

Fig. 2 | Reconstruction of the blood-brain barrier (BBB) in a CUBE. a The
structure of the BBB was reconstructed in a CUBE using primary astrocytes and
pericytes, and iPSC-derived brain microvascular endothelial cells (BMECs). (i) Dif-
ferentiation of iPSC to BMEC was based on the protocol by Lippmann et al. (ii) BBB
was assembled in the CUBE by first seeding astrocytes and pericytes embedded in
Matrigel in the CUBE, then seeding BMECs with ROCK inhibitor Y27632 on the
surface of the Matrigel after it has been cured. b The 3D structure of the BBB-in-a-
CUBE was visualized on Day 6 by labelling BMECs with von Willebrand Factor
(vWF), astrocytes with GFAP or CX3CR1, and pericytes with PDGFRβ or NG2, then
counterstaining with DAPI. (i) was imaged at 63× magnification with 0.75 zoom factor
and (ii) was imaged at 25× magnification with 1.0 zoom factor. c BBB-in-a-CUBE on
Days 2, 4, and 6 from the side view was visualized by labelling astrocytes with CellLight
Tubulin-RFP and pericytes with CellLight Actin-GFP, then counterstaining with
DAPI. On Day 2 after seeding, the astrocytes and pericytes were evenly distributed
within the Matrigel, but from Day 4 and Day 6, they can be seen to elongate towards
and populate the region beneath the BMEC sheet, indicating self-organisation of the
BBB structure. Scalebar = 200 µm for enlarged figure and 100 µm for all others.

https://doi.org/10.1038/s42003-024-05857-8 Article

Communications Biology |           (2024) 7:177 3



These results are also much lower than the estimated 8000Ω cm2 reported
in vivo51, and are also in contrast to other BBB models using iPSC-derived
BMECwhereTEERvalues over 1000Ω cm2 are typically reported, although
these tend to peak at about day 1 or 2 before gradually decreasing7,47,52–54. To
confirm that the difference in our TEER values compared to that in the
original differentiation protocol stem from differences in the BBB culture
system and not due to differences in differentiation protocol, we performed
TEERmeasurement of our BMECs in the Transwell system. Our Transwell
measured TEER showed a peak of 904 ± 477Ω cm2 (Supplementary
Fig. 3b). Considering differences in insert size, where TEER measured in
6.5mm inserts was reported by Vigh et al. 55 to be two times lower than the
12mm inserts used in the protocol by Lippmann et al., our BMECs have
comparable TEER to the Lippmann protocol when cultured in Transwells.

The movement of small hydrophilic molecules such as Lucifer Yellow
(LY) across the BBB is also often used as an indicator of barrier integrity to
passive diffusion of non-electrolytes50,56. The LY apparent permeability
(Papp) of BBB-in-a-CUBE was 1 ~ 5 × 10−6cm/s at Day 2, 1 ~ 2 × 10−6cm/s
at Day 4, and <1 × 10−6 cm/s at Day 6 (Fig. 3d). Inversely correlating to the
increasing TEER fromday 2 to day 6 of culture, the Papp of BBB-in-a-CUBE
to LY decreases and also shows lower variability with longer culture, indi-
cating strengtheningof barrier function.Asbarrierpermeability of about 1×
10−6 cm/s are typically used for drug permeability assessments52,57, BBB-in-

a-CUBE at Day 6were used for subsequent studies. To confirm that the low
permeability results were not due to accumulation of LY in theMatrigel, LY
permeability in Matrigel only without cells was also assessed and showed
much higher permeability than BBB-in-a-CUBE samples (Fig. 3e). The
decreasingLYpermeability from15min to 120min in sampleswithout cells
maybedue to thenegatively chargedLYbecoming trapped in the gel58,59, but
the amount of LY build-up required for this effect is much higher than the
amount that passes through the BBB, so we can consider that the low
permeability of BBB-in-a-CUBE was a result of BBB function and not
because of LY accumulation in Matrigel.

Transporters of BBB-in-a-CUBE
The transporters of the BBB mediate the movement of essential nutrients
from the blood to the brain, as well as the efflux of toxic or unwanted
substances from the brain into the bloodstream to be eliminated48,49.
Immunofluorescence imaging with scanning from the top BMEC side
shows that the BBB-in-a-CUBE expresses multidrug resistance protein 1,
also known as p-glycoprotein (MDR1/PGP/ABCB1), multidrug resistance-
associated protein 1 (MRP1/ABCC1), breast cancer resistance protein
(BCRP/ABCG2), glucose transporter 1 (GLUT1/SLC2A1), large aminoacid
transporter 1 (LAT1/SLC7A5), monocarboxylate transporter (MCT1/
SLC16A1), organic anion transporter (OAT3/SLC22A8), and serotonin

Fig. 3 | Tight junctions of BBB-in-a-CUBE. a Immunofluorescence staining of the
tight junction proteins claudin 5 (CLDN) and zonula occludens-1 (ZO-1) with von
Willebrand Factor (vWF) marking the BMECs. Scalebar = 50 μm. b mRNA
expression levels of ZO-1, CLDN5, occludin (OCLN), and junctional adhesion
molecule (JAM-A) by RT-qPCR. Expression levels were normalized to that ofCD31.
Blue = Day 2, Orange = Day 4, and Yellow = Day 6. c Measurement of trans-
endothelial electrical resistance (TEER) as a representation of the strength of BBB
tight junction showed increasing TEER values over 6 days of BBB-in-a-CUBE cul-
ture, indicating stronger barrier formation.dThe apparent permeability (Papp) of the
BBB-in-a-CUBE to small hydrophilic molecule Lucifer Yellow (LY) decreased over

the course of 6 days of culture, confirming the strengthening of tight junction
function. Blue = Day 2, Purple = Day 4, and Yellow =Day 6. e Themuch higher Papp
values obtainedwhen the LYpermeability experimentwas performed usingMatrigel
without any cells confirmed that the low Papp values were not due to accumulation of
LY inMatrigel. Datawere collected from3 independent experimentswith 6 technical
replicate each for TEER and LY permeability with BBB-in-a-CUBE, and from 1
independent experiment with 10 technical replicates for LY permeability without
cells. Bar graph shows average, error bars show standard deviation, and p value was
calculated by Kolmogorov-Smirnov (KS) test.
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(SERT) (Fig. 4a), and qPCR confirmed the mRNA expressions of PGP,
MRP1, BCRP, GLUT1, LAT1, MCT1, OAT3, and aquaporin 4
(AQP4) (Fig. 4b).

The localization of transporters in a cell is also important for its
proper functioning. To examine the localization of transporters in BBB-in-

a-CUBE, the sample was removed from the CUBE frame and embedded in
1.5% agarose to image the cells from the side view. Immunofluorescence
staining results of the samples show that PGP, BCRP, MRP1, and OAT3,
which are efflux transporters, had higher expressions on the luminal
(blood) side, while GLUT1, MCT1, SERT, and LAT1 were expressed on
both luminal and abluminal (brain) sides of the BMECs (Supplementary
Fig. 4). Quantification of the intensity of efflux transporter markers con-
firmed higher expression on the luminal side of BMEC (Supplementary
Fig. 5), showing agreement with literature reporting luminal localisation of
efflux transporters56,60–62.

The permeability of Rhodamine123 (Rho123), a PGP substrate, across
the BBB barrier is oftentimes used as an indicator of PGP transporter
function5,7,47,63. The common method is to measure the efflux ratio of
Rho123, which is the ratio of basal-apical flux to apical-basal flux. However,
due to the thickness of the Matrigel and potential accumulation of Rho123
in the Matrigel, the efflux ratio may not be representative of the PGP
transporter function. Instead, we used the method comparing the perme-
ability ofRho123with andwithout thePGP inhibitorReversan.TheRho123
Papp of BBB-in-a-CUBE increased with the addition of Reversan (Fig. 4c),
indicating the presence and function of PGP. It should be noted, however,
that Reversan is also an inhibitor for MRP129,64 and Rho123 has been
reported to be a substrate for organic anion transporting polypeptide
(OATP) and organic cation transporters (OCT) transporters65,66. Never-
theless, the significant difference between Papp of Rho123 with and without
Reversan (p = 0.0019 ~ 0.023) show that the BBB-in-a-CUBE possesses
functioning transporters. More specific investigations beyond the scope of
this study, given the large number of transporters that exist, would be
required to ascertain whether certain transporters are expressed and func-
tioning in BBB-in-a-CUBE.

BBB-Glioblastoma interaction
To demonstrate the application of BBB-in-a-CUBE in drug testing, we
designed a chip to contain a BBB-in-a-CUBE and a Glioblastoma-in-a-
CUBE as a brain cancer model to test the permeability and effect of the
chemotherapy drug Vincristine, based on the study of Tivnan et al. 29 that
reported that inhibition of PGP and MRP1 transporters by Reversan
increased the effect of vincristine, a PGP and MRP1 substrate5,7,60, on
glioblastoma cell death. At the appropriate timing to start the drug testing
experiment, the two CUBEs were assembled side-by-side in the chip, and
vincristine drug added to the BBB side of the assembly (Fig. 5a). As a
control, a CUBE containing only Matrigel without the cellular compo-
nents of the BBBwas used in place of the BBB-in-a-CUBE. After 4 hrs, the
Glioblastoma-in-a-CUBE was retrieved from the chip and cell death
confirmed by live/dead staining. Without the presence of BBB, the per-
centage of dead T98G glioblastoma cells in Glioblastoma-in-a-CUBE was
9.6%, whereas with BBB-in-a-CUBE, only 6.1% of cells were dead. When

Fig. 4 | Transporters of BBB-in-a-CUBE. a Immunofluorescence staining of the
transporters multidrug resistance protein 1 (MDR1/PGP/ABCB1), multidrug
resistance-associated protein 1 (MRP1/ABCC1), breast cancer resistance protein
(BCRP/ABCG2), glucose transporter 1 (GLUT1/SLC2A1), large amino acid trans-
porter 1 (LAT1/SLC7A5), monocarboxylate transporter (MCT1/SLC16A1), organic
anion transporter (OAT3/SLC22A8), and serotonin (SERT) with von Willebrand
Factor (vWF)marking the BMECs. Optical zoom = 2 for BCRP and LAT1, and 1 for
others; Scalebar = 25 μm for BCRP and LAT1, and 50 μm for the others. b RT-qPCR
confirmed the mRNA expressions of MDR1,MRP1, BCRP, GLUT1, LAT1, MCT1,
OAT3, and aquaporin 4 (AQP4). Expression levels were normalized to that ofCD31.
Blue = Day 2, Orange = Day 4, and Yellow = Day 6. c The apparent permeability
(Papp) of the BBB-in-a-CUBE to the PGP substrate Rhodamine123 (Rho123)
increased with the addition of the PGP inhibitor Reversan, indicating that BBB-in-a-
CUBE expresses functioning PGP transporters. Blue = BBB without Reversan and
Yellow = BBB with Reversan. For Rho123 permeability with BBB-in-a-CUBE, data
was collected from 3 independent experiment with 6 technical replicates for each
experiment. Bar graph shows average, error bars show standard deviation, and p
value was calculated by Kolmogorov-Smirnov (KS) test.
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Reversan was added with vincristine, the percentage of dead increased to
8.9% (Fig. 5b). The barrier function towards small water-soluble mole-
cules and PGP substrates had been confirmed, respectively, with the LY
and Rho123 (~400 Da) permeability tests above. Hence, the significant
increase in dead cellswhenPGP transporterwas inhibited (p = 6.4 × 10−4),
which was about the same amount as when there was no BBB
(p = 9.9 × 10−6), must be due to the movement of vincristine through the
disruption of PGP transporter function. These results were in agreement
with the report that the inhibition of PGP and MRP1 transport allowed
vincristine to pass through the BBB and into the brain where it could exert

its effect on the brain cancer. Additionally, the multi-tissue platform
developed here requires no pump systems or external power source, thus
eliminating the complicated setup often associated with microfluidic
devices.

Discussion
Besides its potential application in testing the barrier permeability of a drug
and its effect on the target organ, we also envision usage of this platform to
study the interaction of different tissues in healthy and diseased states. For

Fig. 5 | BBB-Glioblastoma interaction.
a Conceptual diagram of how multi-organ interac-
tion can be achieved by integrating Tissue-in-a-
CUBEs together in a chip device. A BBB-in-a-CUBE
and a Glioblastoma-in-a-CUBE are positioned
together in a chipwith their respective growthmedia
in the respective media chambers. Drugs to model
the treatment of glioblastoma are then added to the
BBB side to determine if they can pass through the
BBB, and their effects on the glioblastoma. b The
proof-of-concept was performed using T98G glio-
blastoma cells with vincristine, a PGP substrate
chemotherapy drug used to treat glioblastoma, as
the test drug. The percentage of dead cells was higher
when there was no BBB and when the PGP trans-
porter was inhibited with Reversan, compared to
when a BBBwas present, showing that the drug does
not pass through the BBB easily but can be permitted
through when the transporter function is inhibited.
The results also demonstrated that the effects of the
drug on the glioblastoma can be determined by
retrieving and analysing the Glioblastoma-in-a-
CUBE post experiment. Data was collected from 3
independent experiments with 4–5 technical repli-
cates for each experiment for live/dead imaging in
each condition. Bar graph shows average, error bars
show standard deviation, and p value was calculated
by Kolmogorov-Smirnov (KS) test.
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example, proper functioning of the BBB is necessary to maintain a healthy
brain by regulating homoeostasis and clearing substances harmful from the
brain. However, when the BBB becomes disrupted in diseases such as in
neurodegenerative diseases, these harmful substances build up in the brain
and further disrupts the BBB, causing the disease to worsen
progressively3,15,67. By culturing the BBB together with a brain organoid
developed from iPSCs of a diseased patient in this multi-organ platform, it
would be possible to investigate the interplay between thediseasedbrain and
BBB, and vice versa.

The advantage of this platform is that the tissue samples can be cultured
separately as individual components before being integrated into a chip
device for experiments; this is particularly relevant for tissues that require
long culture times. The differentiation of stem cells to organoids typically
requires weeks to months of culture for the organoids form, and not all
organoids mature successfully. By culturing organoids in the CUBE device,
only organoids that are deemed to have matured successfully can be selected
to be incorporated in themulti-organ chip at the appropriate timing, thereby
reducing wastage compared to if the organoid had been cultured in the chip
from the beginning. Furthermore, the modularity of the tissue samples
means that they can be easily retrieved later on for further experiments or
post-experiment analyses, increasing the usability of each sample.

When co-culturing organoids that have varying differentiation media
requirements, the typical approaches to satisfy the needs of both organoids
are to mix both types of media, or to apply a constant flow of the different
media in separate channels using a microfluidic device. In the setup of this
platform, an O-ring is attached to the CUBE to minimise the leakage of
medium from one chamber to the other through the gaps between the
CUBE and the PDMS chip. Hence, when two organoids with differing
differentiation media are integrated together in the chip, they can continue
to be cultured with their respective media in the separate media chambers,
without the need for complicated flow setups in microfluidic devices with
pumps of syringes.

One of the disadvantages of this platform in its current form is the low
throughput due to the design of the chip - the commercially available clamp
holder required to make the device water-tight and prevent leakage around
the CUBE during drug testing could only allow us to fit two sets of test
chambers in the device. However, we anticipate increasing the number of
test chambers with future customisation and improvement of clamp holder
and chip designs to enable higher throughput.

Despite the many advantages of PDMS including biocompatibility,
permeability to most gases, optical clarity, and simple fabrication method,
the use of hydrophobic PDMS as a material component of the CUBE and
chip may also be a cause of concern as proteins and small molecules have
been known to be absorbed on the surface of PDMS68–70. Nevertheless,
several methods have been reported to overcome this issue, including
adding poly(ethylene glycol) (PEG) to PDMS to increase its hydrophilicity71

or applying Teflon, 2-methacryloyloxyethyl phosphorylcholine (MPC)
polymer or paraffin wax as a coating72–74. Furthermore, the CUBE and chip
can also be fabricated using acrylic, which although reduces slightly the
optical clarity of the devices, does not absorb proteins on its surface.

BMECs tend to form tubular network structures instead ofmonolayers
when seeded on Matrigel-coated dishes with the addition of vascular
endothelial growth factor (VEGF); tube formation did not occur on
Matrigel-coated dishes without the VEGF7,75,76. Yet, in our BBB-in-a-CUBE
model, BMECs formed tube-like structures even without the addition of
VEGF. This is likely because of the softer substrate stiffness of a thick
Matrigel in the CUBE leading to tube formation compared to uniformly
distributed cells on stiffer dish substrate, as substrate stiffness has been
reported to affect tubular network formation in endothelial cells77.However,
we found that the addition of the selective Rho-associated protein kinase
(ROCK) inhibitor Y-27632, which has been shown to enhance endothelial
cell adhesion to substrates and promote wound healing78,79, enabled the
seeding of BMECs as amonolayer onMatrigel. RhoA/ROCK inhibition has
been reported to suppress VEGF-induced endothelial migration and tube
formation in BMEC but did not affect basal endothelial cell migration80–82,

whichmay be the reason that BMECs could adhere toMatrigel in theCUBE
as amonolayer instead of forming tubular networks.Nevertheless, as RhoA/
ROCK activity is involved in many endothelial and vascular processes such
as migration, proliferation, inflammation, and maintenance of barrier
integrity, Y-27632 was only included in the first day of culture.

Although primary or immortalized cell lines of animal origin were
commonly used in many previous BBB models due to their easier avail-
ability, high TEER and low permeability values compared to human cells50,
iPSC-derived cells, particularly iPSC-derived BMECs based on the work by
Lippmann et al.7,53, are currently the preferred cell source due to their
essentially unlimited supply obtainable by simple differentiation protocols
and negation of human-animal species differences, whilst still having high
TEER and low permeability.

Some studies have recently claimed that the BMECs obtained based on
the protocol established by Lippmann et al. also possess an epithelial profile
in addition to endothelial profile83–85. Nevertheless, Lippmann et al. asserted
in a commentary that the iPSC-derived BMECs still possess vascular profile
and function despite also having an epithelial profile, and care should be
taken in choosing BMEC derivation protocols depending on the experi-
mental purposes86. As the main concept of this study was to develop a
modularCUBEplatform to replicate tissue–tissue interactions, the choice of
BMECs (or other cell types) can be customised depending on the user’s
requirements. Interestingly, however, when we extracted endothelial and
epithelial markers described in the article by Lu et al. 83 from the RNA-seq
data, we found that in our BBB model, expression of endothelial markers
such as vWF, ETS1, FLI1, and ERG increased over the 6-day culture period
while the epithelial markers such as FREM2, EPCAM, TRPV6, and KRT8
decreased (Supplementary Fig. 6). This suggests that longer culture in the
appropriate environment (co-culture with astrocytes and pericytes in a
basement membrane hydrogel) may play a role in guiding the BMECs to
acquire characteristics more representative of the in vivo conditions,
although further investigation into this is beyond the scope of this paper.
Thus, the choice of differentiation and culture protocol should be chosen
depending on the desired properties of the BBB that is the priority, whether
that be the highest TEER value, expression and function of certain trans-
porter proteins, or having fully endothelial transcriptomic profile.

A possible reason for the TEER difference is the substrate onwhich the
cells are seeded. Prevailing TEER measurement is based on the equation;
TEER = (R – Rblank) × SA. Subtracting the electrical resistance force in the
blank condition from the measured sample resistance removes the electric
noise in the experimental system (e.g. Transwell culture, microfluidics,
CUBE) but does not fully take into account pore size differences. While
TEER calculations are based on cell seeding area, in the other studies,
BMECs were seeded on a porous synthetic membrane, where only 10–15%
of the seeding area is actually permeable to ions. On the other hand, BMECs
in BBB-in-a-CUBE were seeded on Matrigel only where the whole surface
area is permeable to ion movement. In fact, there are increasingly concerns
being raised aboutmethods of TEERmeasurements and calculations, as it is
difficult to make comparisons between TEER values reported in different
papers due to the results being easily affected bymany parameters including
substrate porosity, surface area, and stiffness, as well as measurement
equipment55,87–89. The higher resistance of syntheticmembranes to electrical
currentmay also explain the higherTEERvalues compared tohydrogel only
substrate. Furthermore, it has been reported that BMECs cultured on col-
lagen gels in Transwells (~840Ω cm2) showed lower TEER than those
cultured directly on Transwells (~5500Ω cm2)90, indicating that the com-
position and stiffness of the substrate may also contribute phenotypic
changes to the cells andmay require further investigations in futurework, as
discussed in the previous section. Regardless of issues that may arise from
methods to determine TEER, since establishing a new TEER measurement
method is not within the scope of this paper, we utilized the current TEER
method as ameasure of tight junction barrier function over the BBB culture
period. Although the TEER valuesmeasured in this study are low compared
to those reported in vivo or other iPSC-derived BMEC papers, the low
permeability to LY shows that BBB-in-a-CUBE possesses sufficient barrier
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function. This claim can be backed up by evidence that shows that even
though TEERvalue becomes greater than 150Ω cm2, the supposed increase
in barrier tightness was not reflected in further decreases in permeability
measurements91.

Although astrocytes and pericytes have been included in several BBB
models and resulted in tighter barrier function, the astrocytes and pericytes
were often in separate compartments of the Transwell and not interacting
directly with one another or with the basement membrane5,7,53. In the BBB-
in-a-CUBE model, the close interaction of the three cell types with the
basementmembranemayhave allowed the cells tomature and self-organise
to form a more stable BBB. On the one hand, the increase in TEER over
6 days of culture in the BBB model may be due to the physical presence of
astrocytes and pericytes that have migrated close to the BMEC layer, thus
increasing electrical resistance of the tissue. Given that there was no sig-
nificant difference in the TEER values at Day 6 between BBB and BMEC
only models (Supplementary Fig. 3a), and the expressions of tight junction
and transporter markers in BBB remained stable over the culture period
(Figs. 3b and 4b), it suggests that astrocytes and pericytes do not contribute
directly to the tightness of the barrier function, at least in terms of the
parameters in these particular experiments. On the other hand, the astro-
cytes and pericytes may also be contributing other biological functions
important to BBB function, as RNA-seq analysis revealed increases inCD31
and CLDN5 expressions in BBB compared to BMEC only (Supplementary
Fig. 6) as well as in IGF transporter and ECM remodelling related expres-
sions (Supplementary Fig. 2). Thus, the choice of BMEConly or BBBmodel
to use depends on the purpose of the experiment to be conducted and
whether astrocyte and pericyte interaction with BMEC is an important
factor to answer the research question. This may also be an interesting
avenue topursue in futurework investigating thepotential synergistic effects
of BBB components in health or disruptive effects in disease.

With differentiation protocols for iPSC-derived astrocytes and peri-
cytes also increasingly being developed92–96, ideally fully iPSC-derived
models, particularly patient-derived models, could be developed to study
humandiseases in vitro andprovide for personalizedmedicine in the future.
However, for this study, primary astrocytes and pericytes were used because
the differentiation protocols for iPSC-derived astrocytes and pericytes
typically require weeks to months of culture, while commercially available
iPSC astrocytes and pericytes cannot be passaged and expanded, rendering
both options unsuitable for the purposes of this study in terms of cost.

In this study, we established an Organ-on-a-Chip platform utilizing
our previously developedCUBE culture device to culturemodular tissues or
organs that can be assembled in a chip to recapitulate multi-organ inter-
actions. Compared to traditional Transwell systems, the CUBE and chip
platform enables the reconstruction of complex 3D tissues or organoids in
the CUBE device and the integration of multiple CUBEs to achieve even
higher complexity. It is anticipated that the platform can be widely adopted
by biology-based researchers and further developed into complex in vitro
model systems that can reduce the reliance of animal models in both basic
research and drug testing.

Methods
CUBE and chip fabrication
CUBEs, moulds to fabricate the chip, and chip base holders were designed
using Rhinoceros 3D software (Robert McNeel & Associates) and ordered
from a machining company (Proto Labs Japan). All CUBEs, chip moulds,
and chip base holders were made of aluminium. Design dimensions and
methods to fabricate PDMS are shown in Supplementary Fig. 7.

The original CUBE design was modified with a thicker frame on the
top side of the CUBE to allow the attachment of a nitrile O-ring (AS ONE,
62-3049-63) to the CUBE, which was necessary to ensure a tight seal
between CUBE and chip28. Two types of CUBEs were used in this study: (i)
for BBB-in-a-CUBE, the bottom half of the CUBE was removed to reduce
the amount of Matrigel used, and (ii) for Glioblastoma-in-a-CUBE, the
sidewalls of the CUBE were covered with PDMS (Supplementary Fig. 7a).
PDMS (Silpot 184, Dow Toray, 04133124) was prepared by mixing the

elastomer base with the curing reagent at a 10:1 ratio. To make PDMS
sidewall with a thickness equivalent to that of the CUBE frame (0.75mm),
~2.8 g of the mixture was spread out in a 100mm dish and degassed to
remove air bubbles, before placing CUBE frames on the dish. The PDMS
was degassed again and baked at 85 °C for 20–30min. After curing, excess
PDMS was trimmed from the frames with a scalpel, and the process repe-
ated for the remaining three adjacent sides of the CUBE, leaving the top and
bottom surfaces open (Supplementary Fig. 7b).

Two types of chips were used in this study: (i) for TEERmeasurements
andpermeability tests, the chipmouldswere designed tohold the BBB-in-a-
CUBE with two media chambers at the top and bottom sides of the CUBE,
and (ii) for BBB-brain interaction experiments, the chip moulds were
designed to fit BBB-in-a-CUBE and Glioblastoma-in-a-CUBE together,
with media chambers on the two ends of both CUBEs (Supplementary
Fig. 7c). Each chip comprises a base componentwhichholds theCUBEs and
media compartments, anda lid componentwith access ports to seal the chip.
PDMS chips were made by pouring uncured PDMS into the mould,
degassing to remove air bubbles, then baked at 85 °C for about 1 h. After
curing, the PDMS chips were pried out of the mould (Supplemen-
tary Fig. 7d).

Prior to use with cell culture, CUBEs and chips were washed with
ultrasonication once in MilliQ water and twice in isopropanol (IPA), for
10min each wash, then dried in the oven for 2 h. O-ring was washed as
follows: soak in acetone for ~4 h, discard acetone and replace with fresh
acetone to soak overnight, discard acetone and ultrasonicate with IPA for
10min, discard IPA and ultrasonicate with autoclaved MilliQ water for
10min, then spread O-rings out in a dish and leave to dry overnight. To
assemble theCUBEand chip setup, a double-sided adhesivefilm (NSD-100,
NIPPA)was attachedonto the lid component of the chip andholes punched
in the access ports to allowmedia to be added to the chip later. The chip base
was placed in a holder to prevent it from overexpanding when it is sealed.
Then, the CUBEs were placed in the base component, and the adhesive lid
placedon topof thebase to seal the chip.The sealed chipwas thenplaced in a
clamp holder to ensure a tight seal of the PDMS chip, and media can be
added to the media chambers via the access ports. The clamp holder was
purchased from Micronit (Fluidic Connect PRO Chipholder Frame;
FCPROCH) with an attachment customized to fit our chip design ordered
from a microfabrication company (Icomes Lab, Japan) (Supplementary
Fig. 7e, Supplementary Movie 1).

Cell culture
Primary normal human astrocytes (NHA; Lonza, CC2565) were cultured
in astrocyte growth medium (AGM Bulletkit; Lonza, CC3186) supple-
mented with 0.7% Penicilin-Streptomycin (PS; Gibco, 15140122). Primary
human brain vascular pericytes (HBVP; ScienCell, 1200) and glioblastoma
multiforme cell line T98G (RIKEN Cell Bank, RCB1954) were cultured in
DMEM/F12 with GlutaMAX supplement (Gibco, 10565018) supple-
mented with 10% foetal bovine serum (FBS; Cytiva, SH30396.03) and 1%
PS. NHA, HBVP, and T98G were dissociated using 0.25% Trypsin-EDTA
(Gibco, 25200-056) and trypsin neutralizing solution (TNS; Kurabo,
HK3220). NHA and HBVP were used within passages p4–7, and T98G
used within p7–13 in experiments. IMR90-4 iPSCs (WiCell, WB65317;
karyotyped as normal by supplier) between passages p35–45 were main-
tained on Matrigel-coated dishes in mTeSR Plus medium (STEMCELL
Technologies, 100-0276) and dissociated using ReLeSR (STEMCELL
Technologies, 05872). For Matrigel coating, hESC-qualified Matrigel
(Corning, 356231) was diluted 1:100 in DMEM/F12, and 1mL of the
diluted Matrigel was used to coat one 35mm culture dish. The dish was
incubated at room temperature for one hour, and rinsed once with 1×
DPBS (Gibco, 14190) before use. For use in differentiation, IMR90-4 were
dissociated using Accutase (Invitrogen, 00-4555-56) and plated with
mTeSR Plus with 10 μM Rock inhibitor (Y27632; Nacalai Tesque, 08945-
84) for the first 24 hr, then without Y27632 from the next day. When the
IMR90-4 reached ~70% confluency, differentiation to BMEC was initiated
according to the protocol of Lippmann et al.7,53. On Day 0 of
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differentiation, medium was switched to neural-endothelial differentiation
medium which was DMEM/F12 Ham without L-glutamine (Sigma-
Aldrich, D6421) supplemented with 20% KnockOut serum replacement
(KOSR; Life Technologies, 10828010), 0.1mM 2-mercaptoethanol
(Nacalai Tesque, 21438-82), 1% MEM non-essential amino acid (NEAA;
Nacalai Tesque, 06344-56), and 1% GlutaMAX supplement (Gibco,
35050061). After 6 days of neural-endothelial differentiation, the medium
was switched to BMEC maturation medium, which comprises human
endothelial serum-free medium (hESFM; Gibco, 11111044) with 1%
human platelet poor-derived serum (HS; Sigma-Aldrich, P2918), 20 ng/mL
basic FGF (bFGF; FujifilmWako, 060-04543), and 10 μM all-trans retinoic
acid (ATRA; Nacalai Tesque, 36331-44). To coat a dish with collagen IV
(COL IV) and fibronectin (FN), 4mL of a mixture of 50 μg/mL COL IV
(Sigma-Aldrich, C7521) and 25 μg/mL FN (Sigma-Aldrich; F2006) in
DPBS was used to coat one 100mm culture dish and incubated at 37 °C for
at least 2 h. The excess solution was aspirated and left to dry overnight
before use. After 2 days of BMEC maturation, cells were dissociated using
Accutase for 20–25min and re-plated on COLIV+ FN-coated dishes in
BMEC maturation medium and incubated for 1 h. After 1 h, the cells were
washed twice gently with 1× DPBS, then fresh BMECmaturation medium
was added, and the cells incubated for another day before use in making
BBB. For experiments to visualize the movement of astrocytes and peri-
cytes in the BBB model over the course of the culture period, astrocytes
were labelled with CellLight Tubulin-RFP (Invitrogen, C10614) and peri-
cytes with CellLight Actin-GFP (Invitrogen, C10582), overnight prior to
making BBB-in-a-CUBE, according to the manufacturer’s protocol.

BBB-in-a-CUBE
Before seeding cells in the CUBE, anO-ring was attached to the thicker part
of the CUBE frame. Astrocytes (0.5 × 106 cells/mL) and pericytes (0.5 × 106

cells/mL) were suspended inMatrigel, and 20 μL of the cell suspension was
added to each CUBE, before incubating at 37 °C for 25min for Matrigel to
cure. After Matrigel has cured, 10 μL of BMEC (5.5 × 106 cells/mL sus-
pended in BMECmaturation medium with 10 μMY27632) was seeded on
the top surface of the gel, then incubatedat 37 °C for 1 hr forBMECto attach
onto theMatrigel. After BMECs have adhered, the CUBEs were transferred
to a 48-well plate containing BMEC maturation medium with 10 μM
Y27632. The following day, medium was switched to BBB medium which
comprises a 1:1 mix of ECmedium (hESFM+1%HS) and AGM.Medium
was changed every other day (onDays 3 and 5) by discarding and replacing
with freshhalf the volumeofmedium.BBB-in-a-CUBEwere usedatDays 2,
4, and 6 for TEERmeasurements and Lucifer Yellow permeability tests, and
at Day 6 for Rhodamine123 permeability tests and BBB-brain experiments.
BMEConly controlwasmadewith the samemethod asBBBbutwithout the
addition of astrocytes and pericytes. A/P only sample was made with the
same method as BBB but without the addition of BMEC. A CUBE with
20 μL Matrigel only without cells was used as a No Cell control condition.

Glioblastoma-in-a-CUBE
Before seeding cells in the CUBE, anO-ring was attached to the thicker part
of theCUBE frame. T98G cellswere suspended inMatrigel at 1.0 × 106 cells/
mL, then added to theCUBE and incubated at 37 °C for 25min forMatrigel
to cure. After curing, the CUBEs were transferred to a 48-well plate con-
taining T98G medium. Glioblastoma-in-a-CUBE were used at Day 3 for
BBB-brain experiments.

Immunofluorescence staining
To fix the cells, BBB-in-a-CUBE samples were washed with DPBS twice,
fixed with 4% paraformaldehyde for 20min, then washed with DPBS for
10min twice. For immunofluorescence staining, permeabilization was
performed by incubating samples in 0.5% Triton X-100 for 20min, then
washingwith 100mMGlycine for 10min three times. Immunofluorescence
buffer (IF buffer) consisted of 0.5% Tween20, 2% Triton X-100, and 10%
bovine serum albumin (BSA; Sigma, 126615) in DPBS. Samples were
blocked in IF buffer with 10% goat serum (Gibco, 16210064) (IF+G) for

30min, followed by IF+G with 1% goat anti-mouse IgG (Bethyl Labora-
tories, A90-116A) for 20min. Antibodies were prepared according to the
dilutions in Table 1 in IF+G with 1% goat anti-mouse IgG. Primary
antibody incubation was overnight at 4 °C and secondary antibody incu-
bation was 2 h at RT. After each antibody incubation, samples were washed
with IF buffer for 15min three times. Nuclei were stained with DAPI for
20min, then washed with DPBS for 5min three times. For imaging of the
3D structure of BBB, samples were treated with RapiClear clearing solution
(SUNJin Lab, RC149001) overnight prior to imaging.

Imaging and Quantification
Samples to be imaged were removed from the CUBE using a 3D-printed jig
as described previously28 and embedded in 1.5% agarose.When the agarose
has cured, samples were rotated onto their sides in the imaging chamber
(Ibidi µ-Slide 8Well, 80826-90) containing DPBS to image the side view of
the BBB (Supplementary Fig. 8a). Imaging was performed using a confocal
microscope (Leica Microsystems, TCS SP8 Lightning). 25× lens (FLUO-
TAR VISIR 25×/0.95 water) was used for astrocyte and pericyte migration,
3D structure of BBB, and side-view transporter imaging, and 63× lens (HC
PL APO CS2 63×/1.30 GLYC) with Type G immersion liquid (Leica
Microsystems, 11513910) was used for top-view tight junction and trans-
porter imaging.

For the quantification of astrocyte and pericyte distribution and
migration in Matrigel, a region of 600 µm× 200 µm was cropped 20 µm
from the border of the Matrigel to exclude the BMEC layer. The cropped
region was then divided into 3 sections of 200 µm × 200 µm and the
“Histogram” function of ImageJ used to obtain the highest and lowest count
value after adjusting the threshold of the image. The percentage area
occupied by cells was calculated by dividing the lowest count value by the
total count value (highest+ lowest) (Supplementary Fig. 1a). Imaging was
performed on 4 technical replicates from 2 independent experiments.

Toquantify localisationof efflux transporters (PGP,BCRP,MRP1, and
OAT3), an area of an individual cell was cropped and the transporter
intensity across the cropped area measured using “Plot Profile” in ImageJ.
Each cell image was divided into 3 regions of equal size and the average
intensity of each region calculated (Supplementary Fig. 5a). Imaging was

Table 1 | List of antibodies for immunofluorescence staining

Reagents Source, Identifier Dilution

Anti-SLC7A5/LAT1 Rabbit monoclonal Abcam, ab208776 1:200

Anti-MRP1 Rabbit monoclonal Abcam, ab23383 1:100

Anti-GLUT1 Rabbit monoclonal Abcam, ab115730 1:100

Anti-BCRP/ABCG2 Rabbit monoclonal Abcam, ab207732 1:100

Anti-PGP/MDR1 Rabbit polyclonal Abcam, ab235954 1:100

Anti-OAT3 Rabbit polyclonal Abcam, ab247055 1:100

Anti-Serotonin Rabbit polyclonal Abcam, ab272912 1:500

Anti-MCT1 Rabbit polyclonal Abcam, ab85021 1:20

Anti-ZO1 Rabbit polyclonal Abcam, ab216880 1:200

Anti-Claudin5 Rabbit polyclonal Abcam, ab15106 1:200

Anti-von Willebrand Factor Sheep polyclonal Abcam, ab111713 1:50

Anti-CX3CR1 Goat polyclonal R&D Systems, AF5825 2 µg/mL

Anti-GFAP Chicken polyclonal Abcam, ab4674 1:500

Anti-NG2 Rabbit polyclonal Abcam, ab129051 1:200

Anti- PDGFRβ Rabbit monoclonal Abcam, ab32570 1:100

Goat anti-rabbit AF488 Invitrogen, A32731 1:200

Goat anti-rabbit AF647 Invitrogen, A32733 1:200

Goat anti-chicken AF647 Invitrogen, A21449 1:200

Donkey anti-goat AF488 Invitrogen, A11055 1:200

Donkey anti-sheep AF555 Invitrogen, A21436 1:200
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performed on 5 technical replicates from 2 independent experiments and
3– 5 cell images were analysed from each replicate.

Reverse transcription quantitative polymerase chain reaction
(RT-qPCR)
Cells were harvested from BBB-in-a-CUBE by detaching the BBB from
the CUBE into cold DPBS in a dish, then transferring the BBB to a tube
with Cell Recovery Solution (Corning, 354253) for 20min on ice. Cells
were pelleted by centrifugation, and washed with cold DPBS after dis-
carding the supernatant. Centrifugation and DPBS wash steps were
repeated before proceeding with RNA extraction. Total RNA was
extracted using Total RNA Extraction Miniprep System (Viogene,
GR1001) and quantified using Eppendorf BioSpectrometer basic. 8
technical replicates from one independent experiment were pooled
together in one tube, and the total RNA was used to prepare the cDNA
using SuperScript IV VILO Master Mix with ezDNase Enzyme (Invi-
trogen, 11766050) according to the manufacturers’ protocols; 3 inde-
pendent experiments were performed in this study. qPCR was carried out
using SYBR Green Realtime PCR Master Mix (Toyobo, QPK-201)
according to the manufacturer’s protocol for use with amplification and
detection by Analytik Jena qTower3: 95 °C for 1 min, and 40 cycles of
95 °C for 15 s, 60 °C for 30 s, and 72 °C for 1 min. Primer sequences are
listed in Table 2. Primers were ordered from Eurofins Scientific with
sequences obtained from OriGene Technologies. The mRNA expression
level was calculated as the fold change 2-ΔΔCt, where ΔΔCt is obtained by
subtracting ΔCt of the reference gene CD31 from the ΔCt of the target
gene. To identify a suitable reference gene, qPCR was performed with
endothelial markers CD31, CD146, and eNOS (Supplementary Fig. 8b),
and CD31 was selected as the most stable based on evaluation by
RefFinder (http://blooge.cn/RefFinder/).

RNA-sequencing and analysis
Total RNA was extracted using as above for BBB days 2, 4, and 6; BMEC
only days 2, 4, and 6; A/P only day 6. Library preparation (Stranded RNA-
seq library) and sequencing (NextSeq2000, P2, 100 cycles) were outsourced
to the Laboratory for Developmental Genome System, RIKEN BDR. To
investigate the contribution of co-culturing astrocytes and pericytes with
BMEC to BBB maturation, genes with significantly (false discovery rate,
FDR < 0.05) higher expression levels in day 6A/P only compared to day 6
BMEC only were first identified (2966 genes) and excluded to eliminate the
effects from just having the presence of astrocytes and pericytes. Then, genes

that were consistently higher or lower in day 2, 4, and 6 BBB compared to
day 2 BMEC only were extracted (114 genes) to study the synergistic effects
of co-culturing BMEC with astrocytes and pericytes over the 6-day culture
period. Heatmap was generated using Heatmapper (http://www.
heatmapper.ca/) with complete linkage clustering and Pearson distance
measurement. GO analysis was performed using g:GOSt functional profiling
in g:Profiler (https://biit.cs.ut.ee/gprofiler/gost). To investigate endothelial
and epithelial marker expressions in BBB and BMEC only, 12 epithelial
markers and 11 endothelial markers from Lu et al. 83 were extracted from the
whole gene list and a heatmap generated using Heatmapper with single
linkage clustering and Kendall’s Tau distance measurement.

Trans-endothelial electrical resistance (TEER) measurement
Assay buffer comprised 0.01M HEPES (Gibco, 15630-080), 1mM sodium
pyruvate (Nacalai Tesque, 06977-34), and 0.5% dimethyl sulfoxide (DMSO;
Nacalai Tesque, 13445-74) in HBSS buffer (Nacalai Tesque, 09735-75), pH
7.4. To measure TEER, CUBEs were transferred into the TEER chip and
assembled as described above. 200 μL of assay buffer warmed to 38 °C was
added to each medium chamber and electrical resistance, R was measured
using Millicell ERS-2 Volt/Ohmmeter (Merck, MERS00002). All procedures
were performed on a 38 °C hotplate. TEER was calculated by subtracting the
resistance of the BBB sample (RBBB) by that of the No cell control sample
(Rblank) and multiplying by the surface area of the gel (SA = 0.1225 cm2).
TEER was measured for Days 2, 4, and 6, and the samples were used for
Lucifer Yellow permeability tests immediately after TEER measurements.
For BBB samples, 2 ~ 6 technical samples were measured in each indepen-
dent experiment, and 3 independent experiments were performed. For blank
samples, 6 samples were measured 3 times each. To confirm that our iPSC-
derived BMECs has similar TEER to that in the original differentiation
protocol, BMECs were seeded in 6.5mm polyester membrane Transwell
with 0.4 µm pore size (Corning, 3470), cultured in ECM+AGM medium,
and TEER measured every day for 4 days. 6 technical replicates from one
independent experiment were measured for the Transwell experiment.

Permeability Test
The setup for permeability tests is the same as for TEER as described above.
200 μLof assay bufferwarmed to 38 °Cwas added to eachmediumchamber
and the samples incubated at 37 °C for 30min prior to permeability
experiment. To start the permeability test, the assay buffer was discarded,
and fresh assay buffer added to the basal (astrocyte/pericyte) side of the
CUBE while assay buffer with 10 μM Lucifer Yellow (LY; Fujifilm Wako,
125-06281) or Rhodamine123 (Rho123; Fujifilm Wako, 187-01703) was
added to the apical (BMEC) side. For Rho123 experiments, samples were
incubated with 40 μM PGP inhibitor Reversan (Sigma-Aldrich, SML0173)
or an equal volume of DMSO as control for 4 hr prior to permeability
experiments. At the designated time points (15, 30, 60, and 120min), 50 μL
of assay buffer was collected from the basal side for fluorometric mea-
surement and replaced with the same volume of fresh buffer. A microplate
reader (Molecular Devices, SpectraMax iD3) was used to measure the
concentration of LY (Ex. 488 nm; Em. 575 nm) and Rho123 (Ex. 428 nm;
Em. 536 nm). Apparent permeability, Papp was calculated as follows:

Pappðcm=sÞ ¼ Basal concentration×Basal volume
SA× Initial concentration ×Time

6 technical samples were measured in each independent experiment,
and 3 independent experiments were performed in this study. Sampleswith
abnormally high concentration at t = 15min (greater than 0.01 μM) were
considered to have suffereddamage or therewas leakage in the chip, and the
results were discarded.

Tissue-tissue interaction
For BBB-Glioblastoma experiments, BBB-in-a-CUBE at Day 6 were incu-
batedwith 40 μMReversan or an equal volume ofDMSOas control for 4 hr
before being transferred to a chip with Glioblastoma-in-a-CUBE at Day 3,

Table 2 | Forward and reverse primer sequences for qPCR

Gene Forward (5’-3’) Reverse (5’-3’)

ZO-1 GTCCAGAATCTCGGAAAAGTGCC CTTTCAGCGCACCATACCAACC

CLDN5 ATGTGGCAGGTGACCGCCTTC CGAGTCGTACACTTTGCACTGC

OCLN ATGGCAAAGTGAATGACAAGCGG CTGTAACGAGGCTGCCTGAAGT

JAM-A GTGAAGTTGTCCTGTGCCTACTC ACCAGTTGGCAAGAAGGTCACC

PGP ACAACCGGCTTCCGCTTGAGAA ACGCAGTCGAAAATGAAGCGGC

MRP1 CCGTGTACTCCAACGCTGACAT ATGCTGTGCGTGACCAAGATCC

BCRP GTTCTCAGCAGCTCTTCGGCTT TCCTCCAGACACACCACGGATA

GLUT1 TTGCAGGCTTCTCCAACTGGAC CAGAACCAGGAGCACAGTGAAG

LAT1 GCCACAGAAAGCCTGAGCTTGA ATGGTGAAGCCGATGCCACACT

MCT1 TTGTTGGTGGCTGCTTGTCAGG TCATGGTCAGAGCTGGATTCAAG

OAT3 CAACAGCACCAAGGACTCCATTG CTGTCAGACAGGTCTCCAAGCA

AQP4 GCCATCATTGGAGCAGGAATCC ACTCAACCAGGAGACCATGACC

CD31 AAGTGGAGTCCAGCCGCATATC ATGGAGCAGGACAGGTTCAGTC

eNOS GAAGGCGACAATCCTGTATGGC TGTTCGAGGGACACCACGTCAT

CD146 ATCGCTGCTGAGTGAACCACAG CTACTCTCTGCCTCACAGGTCA

TATA TGTATCCACAGTGAATCTTGGTTG GGTTCGTGGCTCTCTTATCCTC
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and the chip was assembled as described above. Glioblastoma mediumwas
added to the basal side and BBB medium with 5 μM Vincristine (Tocris,
1257) added to the apical side. Following a 4 hr incubation at 37 °C, the
media were discarded and Glioblastoma CUBEs retrieved from the chip.
The CUBEs were washed once in live cell imaging solution (LCIS; Invi-
trogen, A14291DJ), then incubated with 1.5 μM Calcein-AM (Nacalai
Tesque, 19177-14) and 1.5 μM propidium iodide (Nacalai Tesque, 19174-
31) diluted in LCIS for 20min at 37 °C. Samples were washed once in LCIS
before LIVE/DEAD imaging using a fluorescence microscope with sec-
tioning function (BZX-700, Keyence) equipped with 10× lens (NIKON
PlanFluor 10×/0.30). Projection image of 3 slices with 20 µm pitch (40 µm
total thickness) was taken from the side closest to the BBB for analysis. The
number of live and dead cells were counted using Imaris software (Bitplane,
v9.0.2).4–5 technical samples were measured in each independent experi-
ment, and 3 independent experiments were performed in this study.

Statistics and reproducibility
Number of independent experiment repeats and technical replicates are
described in themethod description of each experiment above and in figure
legends. Standard deviation and p value were calculated using the standard
deviation “std” and two-sample Kolmogorov-Smirnov (KS) test “kstest2”
functions in MATLAB, respectively.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request. Source data underlying
graphs are provided in Supplementary Data 1 and Supplementary Data 2.
The sequencing data supporting this study has been submitted to the Gene
ExpressionOmnibus (GEO)database under accessionnumberGSE253222.

Received: 27 February 2023; Accepted: 26 January 2024;

References
1. Feigin, V. L. et al. Global, regional, and national burden of neurological

disorders, 1990–2016: a systematic analysis for the Global Burden of
Disease Study 2016. Lancet Neurol. 18, 459–480 (2019).

2. Bhalerao, A. et al. In vitro modeling of the neurovascular unit:
advances in the field. Fluids Barriers CNS 17, 1–20 (2020).

3. Sweeney,M.D., Zhao,Z.,Montagne,A.,Nelson,A.R.&Zlokovic,B.V.
Blood-brain barrier: From physiology to disease and back. Physiol.
Rev. 99, 21–78 (2019).

4. Abbott, N. J., Rönnbäck, L. & Hansson, E. Astrocyte-endothelial
interactions at the blood-brain barrier. Nat. Rev. Neurosci. 7,
41–53 (2006).

5. Nakagawa, S. et al. A new blood-brain barrier model using primary rat
brain endothelial cells, pericytes and astrocytes. Neurochem. Int. 54,
253–263 (2009).

6. Stone, N. L., England, T. J. & O’Sullivan, S. E. A novel transwell blood
brainbarriermodel usingprimaryhumancells.FrontCell Neurosci.13,
1–11 (2019).

7. Lippmann, E. S. et al. Derivation of blood-brain barrier endothelial cells
from human pluripotent stem cells.Nat. Biotechnol. 30, 783–791 (2012).

8. Urich, E. et al. Multicellular self-assembled spheroidal model of the
blood brain barrier. Sci. Rep. 3, 1500 (2013).

9. Wevers, N. R. et al. A perfused human blood-brain barrier on-a-chip
for high-throughput assessment of barrier function and antibody
transport. Fluids Barriers CNS 15, 1–12 (2018).

10. Cho, H. et al. Three-dimensional blood-brain barrier model for in vitro
studies of neurovascular pathology. Sci. Rep. 5, 1–9 (2015).

11. Cucullo, L. et al. Immortalized human brain endothelial cells and flow-
based vascular modeling: a marriage of convenience for rational
neurovascular studies. J. Cereb. Blood Flow. Metab. 28,
312–328 (2008).

12. DeStefano, J. G., Xu, Z. S., Williams, A. J., Yimam, N. & Searson, P. C.
Effect of shear stress on iPSC-derived human brain microvascular
endothelial cells (dhBMECs). Fluids Barriers CNS 14, 1–15 (2017).

13. Adriani, G., Ma, D., Pavesi, A., Kamm, R. D. & Goh, E. L. K. A 3D
neurovascular microfluidic model consisting of neurons, astrocytes
and cerebral endothelial cells as a blood-brain barrier. Lab Chip 17,
448–459 (2017).

14. Maoz, B. M. et al. A linked organ-on-chip model of the human
neurovascular unit reveals the metabolic coupling of endothelial and
neuronal cells. Nat. Biotechnol. 36, 865–877 (2018).

15. Erickson, M. A. & Banks, W. A. Blood-brain barrier dysfunction as a
cause and consequence of Alzheimer’s disease. J. Cereb. Blood
Flow. Metab. 33, 1500–1513 (2013).

16. Wang, D. et al. Relationship between amyloid-β deposition and
blood–brain barrier dysfunction in Alzheimer’s disease. Front Cell
Neurosci. 15, 695479 (2021).

17. Desai, B. S., Monahan, A. J., Carvey, P. M. & Hendey, B. Blood-brain
barrier pathology in Alzheimer’s and Parkinson’s disease:
implications for drug therapy. Cell Transpl. 16, 285–299 (2007).

18. Montagne, A. et al. Blood-Brain barrier breakdown in the aging human
hippocampus. Neuron 85, 296–302 (2015).

19. Bose, R., Banerjee, S. & Dunbar, G. L. Modeling neurological
disorders in 3D organoids using human-derived pluripotent stem
cells. Front Cell Dev. Biol. 9, 1–17 (2021).

20. Wray, S.Modelling neurodegenerative disease using brain organoids.
Semin Cell Dev. Biol. 111, 60–66 (2021).

21. Achberger, K. et al. Merging organoid and organ-on-a-chip
technology to generate complexmulti-layer tissuemodels in a human
retina-on-a-chip platform. Elife 8, 1–26 (2019).

22. Salmon, I. et al. Engineering neurovascular organoids with 3D printed
microfluidic chips. Lab Chip 22, 1615–1629 (2022).

23. Trapecar, M. et al. Gut-liver physiomimetics reveal paradoxical
modulation of IBD-related inflammation by short-chain fatty acids.
Cell Syst. 10, 223–239.e9 (2020).

24. Maschmeyer, I. et al. A four-organ-chip for interconnected long-term
co-culture of human intestine, liver, skin and kidney equivalents. Lab
Chip 15, 2688–2699 (2015).

25. Rajan, S. A. P. et al. Probing prodrug metabolism and reciprocal
toxicity with an integrated and humanized multi-tissue organ-on-a-
chip platform. Acta Biomater. 106, 124–135 (2020).

26. Hagiwara, M., Kawahara, T. & Nobata, R. Tissue in cube: in vitro 3D
culturing platform with hybrid gel cubes for multidirectional
observations. Adv. Health. Mater. 5, 1566–1571 (2016).

27. Hagiwara, M., Nobata, R. & Kawahara, T. Large scale imaging by fine
spatial alignment of multi-scanning data with gel cube device. Appl.
Sci. (Switzerland) 8, (2018).

28. Koh, I. & Hagiwara, M. Gradient to sectioning CUBE workflow for the
generation and imaging of organoids with localized differentiation.
Commun. Biol. 6, 299 (2023).

29. Tivnan, A. et al. Inhibition of multidrug resistance protein 1 (MRP1)
improves chemotherapy drug response in primary and recurrent
glioblastoma multiforme. Front Neurosci. 9, 1–10 (2015).

30. Winkler, E. A., Bell, R. D. & Zlokovic, B. V. Central nervous system
pericytes in health and disease.Nat. Neurosci. 14, 1398–1405 (2011).

31. Armulik, A. et al. Pericytes regulate the blood-brain barrier. Nature
468, 557–561 (2010).

32. Mathiisen, T. M., Lehre, K. P., Danbolt, N. C. & Ottersen, O. P. The
perivascular astroglial sheath provides a complete covering of the
brain microvessels: an electron microscopic 3D reconstruction. Glia
58, 1094–1103 (2010).

https://doi.org/10.1038/s42003-024-05857-8 Article

Communications Biology |           (2024) 7:177 11



33. Abbott, N. J., Patabendige, A. A. K., Dolman, D. E. M., Yusof, S. R. &
Begley, D. J. Structure and function of the blood-brain barrier.
Neurobiol. Dis. 37, 13–25 (2010).

34. Barichello, T., Collodel, A., Hasbun, R. & Morales, R. An Overview of
the Blood-Brain Barrier. Neuromethods vol. 142 (2019).

35. Bonkowski, D., Katyshev, V., Balabanov, R. D., Borisov, A. & Dore-
Duffy, P. The CNS microvascular pericyte: Pericyte-astrocyte
crosstalk in the regulation of tissue survival. Fluids Barriers CNS 8,
1–12 (2011).

36. Wolff, A., Antfolk,M., Brodin, B. & Tenje,M. In vitro blood-brain barrier
models - an overview of established models and new microfluidic
approaches. J. Pharm. Sci. 104, 2727–2746 (2015).

37. Shin, J.W. et al. GrabodyB, an IGF1 receptor-based shuttle,mediates
efficient delivery of biologics across the blood-brain barrier.Cell Rep.
Methods 2, 100338 (2022).

38. Alata, W. et al. Targeting insulin-like growth factor-1 receptor (IGF1R)
for brain delivery of biologics. FASEB J. 36, e22208 (2022).

39. Bake, S., Okoreeh, A. K., Alaniz, R. C. &Sohrabji, F. Insulin-like growth
factor (IGF)-I modulates endothelial blood-brain barrier function in
ischemic middle-aged female rats. Endocrinology 157, 61–69 (2016).

40. Pardridge, W. M.Molecular biology of the blood-brain barrier.
Methods Mol. Med. 89 (2003).

41. Harding, I. C. et al. Developing a transwell millifluidic device for
studying blood-brain barrier endothelium. Lab Chip 18, (2022).

42. Al Ahmad, A., Taboada, C. B., Gassmann, M. & Ogunshola, O. O.
Astrocytes and pericytes differentially modulate blood-brain barrier
characteristics during development and hypoxic insult. J. Cereb.
Blood Flow. Metab. 31, 693–705 (2011).

43. Kleinman, H. K. & Martin, G. R. Matrigel: basement membrane matrix
with biological activity. Semin Cancer Biol. 15, 378–386 (2005).

44. Xu, L., Nirwane, A. & Yao, Y. Basement membrane and blood-brain
barrier. Stroke Vasc. Neurol. 4, 78–82 (2019).

45. Aisenbrey, E. A. & Murphy, W. L. Synthetic alternatives to matrigel.
Nat. Rev. Mater. 5, 539–551 (2020).

46. Nag, S. Morphology andmolecular properties of cellular components
of normal cerebral vessels. Methods Mol. Med. 89, 3–36 (2003).

47. Choi, J. W., Youn, J., Kim, D. S. & Park, T. E. Human iPS-derived
blood-brain barrier model exhibiting enhanced barrier properties
empowered by engineered basement membrane. Biomaterials 293,
121983 (2023).

48. Luissint, A.-C., Artus, C., Glacial, F., Ganeshamoorthy, K. & Couraud,
P.-O. Tight junctions at the blood brain barrier: physiological
architecture and disease-associated dysregulation. Fluids Barriers
CNS 9, 23 (2012).

49. Lochhead, J. J., Yang, J., Ronaldson, P. T. & Davis, T. P. Structure,
function, and regulation of the blood-brain barrier tight junction in
central nervous system disorders. Front Physiol. 11, 914 (2020).

50. Srinivasan, B. et al. TEERmeasurement techniques for in vitro barrier
model systems. J. Lab Autom. 20, 107–126 (2015).

51. Pardridge, W. M. Blood-brain barrier biology and methodology. J.
Neurovirol. 5, 556–569 (1999).

52. Katt, M. E., Xu, Z. S., Gerecht, S. & Searson, P. C. Human brain
microvascular endothelial cells derived from the BC1 iPS cell line
exhibit a blood-brain barrier phenotype. PLoS ONE 11, 1–18 (2016).

53. Lippmann, E. S., Al-Ahmad, A., Azarin, S. M., Palecek, S. P. & Shusta,
E. V. A retinoic acid-enhanced, multicellular human blood-brain
barriermodel derived fromstemcell sources.Sci. Rep. 4, 1–10 (2014).

54. Bosworth, A. M. et al. Influence of substrate stiffness on barrier
function in an iPSC-derived in vitro blood-brain barrier model. Cel.
Mol. Bioeng. 15, 31–42 (2022).

55. Vigh, J. P. et al. Transendothelial electrical resistance measurement
across the blood–brain barrier: a critical review of methods.
Micromachines 12, 685 (2021).

56. Sharma, B., Luhach, K. & Kulkarni, G. T. In vitro and in vivo models of
BBB to evaluate brain targeting drug delivery. Brain Targeted Drug

Delivery System (Elsevier Ltd. https://doi.org/10.1016/b978-0-12-
814001-7.00004-4 (2019).

57. Domenger, D. et al. Food-derived hemorphins cross intestinal and
blood-brain barriers in vitro. Front Endocrinol. (Lausanne) 9,
1–12 (2018).

58. Lieleg, O., Baumgärtel, R. M. & Bausch, A. R. Selective filtering of
particles by the extracellular matrix: An electrostatic bandpass.
Biophys. J. 97, 1569–1577 (2009).

59. Stewart, W. W. Functional connections between cells as revealed by
dye-coupling with a highly fluorescent naphthalimide tracer. Cell 14,
741–759 (1978).

60. Ohtsuki, S. & Terasaki, T. Contribution of carrier-mediated transport
systems to the blood-brain barrier as a supporting and protecting
interface for the brain; importance for CNS drug discovery and
development. Pharm. Res. 24, 1745–1758 (2007).

61. Worzfeld, T. & Schwaninger, M. Apicobasal polarity of brain
endothelial cells. J. Cereb. Blood Flow. Metab. 36, 340–362 (2016).

62. Kadry, H., Noorani, B. & Cucullo, L. A blood–brain barrier overview on
structure, function, impairment, and biomarkers of integrity. Fluids
and Barriers of the CNS 17, 69 (2020).

63. Fontaine, M., Elmquist, W. F. & Miller, D. W. Use of rhodamine 123 to
examine the functional activityofP-glycoprotein inprimaryculturedbrain
microvessel endothelial cell monolayers. Life Sci. 59, 1521–1531 (1996).

64. Burkhart, C. A. et al. Small-molecule multidrug resistance-associated
protein 1 inhibitor reversan increases the therapeutic index of
chemotherapyin mouse models of neuroblastoma. Cancer Res. 69,
6573–6580 (2009).

65. Jouan, E., Le Vee, M., Denizot, C., Da Violante, G. & Fardel, O. The
mitochondrial fluorescent dye rhodamine 123 is a high-affinity
substrate for organic cation transporters (OCTs) 1 and 2. Fundam.
Clin. Pharm. 28, 65–77 (2014).

66. Forster, S., Thumser, A. E., Hood, S. R. & Plant, N. Characterization of
rhodamine-123asa tracerdye for use in in vitrodrug transport assays.
PLoS ONE 7, e33253 (2012).

67. Storck, S. E. & Pietrzik, C. U. The blood brain-barrier and its role in
Alzheimer’s disease. Neuroforum 24, A197–A205 (2018).

68. Chumbimuni-Torres, K. Y. et al. Adsorption of proteins to thin-films of
PDMS and its effect on the adhesion of human endothelial cells. RSC
Adv. 1, 706–714 (2011).

69. Toepke, M. W. & Beebe, D. J. PDMS absorption of small molecules
and consequences in microfluidic applications. Lab Chip 6,
1484–1486 (2006).

70. Li, N., Schwartz, M. & Ionescu-Zanetti, C. PDMS compound
adsorption in context. J. Biomol. Screen 14, 194–202 (2009).

71. Gökaltun, A. et al. Simple surface modification of
poly(dimethylsiloxane) via surface segregating smart polymers for
biomicrofluidics. Sci. Rep. 9, 1–14 (2019).

72. Ren, K., Zhao, Y., Su, J., Ryan, D. & Wu, H. Convenient method for
modifying poly(dimethylsiloxane) to be airtight and resistive against
absorption of small molecules. Anal. Chem. 82, 5965–5971 (2010).

73. Ishihara, K., Fukumoto, K., Iwasaki, Y. &Nakabayashi, N.Modification
of polysulfone with phospholipid polymer for improvement of the
blood compatibility. Part 1. Surf. Charact. Biomater. 20,
1545–1551 (1999).

74. Shin, S., Kim, N. & Hong, J. W. Comparison of surface modification
techniques on polydimethylsiloxane to prevent protein. Adsorption.
Biochip J. 12, 123–127 (2018).

75. Belair, D. G. et al. Human vascular tissue models formed from human
inducedpluripotent stemcell derived endothelial cells.StemCell Rev.
Rep. 11, 511–525 (2015).

76. Qian, T. et al. Directed differentiation of human pluripotent stem cells
to blood-brain barrier endothelial cells. Sci. Adv. 3, e1701679 (2017).

77. Califano, J. P. & Reinhart-King, C. A. A balance of substrate
mechanics and matrix chemistry regulates endothelial cell network
assembly. Cell Mol. Bioeng. 1, 122–132 (2008).

https://doi.org/10.1038/s42003-024-05857-8 Article

Communications Biology |           (2024) 7:177 12

https://doi.org/10.1016/b978-0-12-814001-7.00004-4
https://doi.org/10.1016/b978-0-12-814001-7.00004-4


78. Okumura, N. et al. ROCK inhibitor converts corneal endothelial cells
into a phenotype capable of regenerating in vivo endothelial tissue.
Am. J. Pathol. 181, 268–277 (2012).

79. Pipparelli, A. et al. ROCK inhibitor enhances adhesion and wound
healing of human corneal endothelial cells. PLoSONE 8, 1–19 (2013).

80. He, Q. W. et al. Astrocyte-derived sonic hedgehog contributes to
angiogenesis in brainmicrovascular endothelial cells via RhoA/ROCK
pathway after oxygen-glucose deprivation. Mol. Neurobiol. 47,
976–987 (2013).

81. Van Nieuw Amerongen, G. P., Koolwijk, P., Versteilen, A. & Van
Hinsbergh, V. W. M. Involvement of RhoA/Rho kinase signaling in
VEGF-induced endothelial cell migration and angiogenesis in vitro.
Arterioscler Thromb. Vasc. Biol. 23, 211–217 (2003).

82. Bryan, B. A. et al. RhoA/ROCK signaling is essential for multiple
aspects of VEGF‐mediated angiogenesis. FASEB J. 24,
3186–3195 (2010).

83. Lu, T. M. et al. Pluripotent stem cell-derived epithelium misidentified
as brain microvascular endothelium requires ETS factors to acquire
vascular fate. Proc. Natl Acad. Sci. USA 118, e2016950118
(2021).

84. Delsing, L. et al. Barrier properties and transcriptome expression in
human iPSC-derived models of the blood–brain barrier. Stem Cells
36, 1816–1827 (2018).

85. Vatine, G. D. et al. Human iPSC-derived blood-brain barrier chips
enable disease modeling and personalized medicine applications.
Cell Stem Cell 24, 995–1005.e6 (2019).

86. Lippmann, E. S., Azarin, S. M., Palecek, S. P. & Shusta, E. V.
Commentary on human pluripotent stem cell-based blood–brain
barrier models. Fluids and Barriers of the CNS 17, 64 (2020).

87. Karakocak, B. B. et al. Rethinking of TEERmeasurement reporting for
epithelial cells grown on permeable inserts. Eur. J. Pharm. Sci. 188,
106511 (2023).

88. Yeste, J. et al.Geometric correction factor for transepithelial electrical
1 resistance measurements in Transwell and microfluidic cell 2
cultures.

89. Khire, T. S. et al. Finite element modeling to analyze TEER values
across silicon nanomembranes. Biomed. Microdev. 20, 1–11
(2018).

90. Katt, M. E., Linville, R. M., Mayo, L. N., Xu, Z. S. & Searson, P. C.
Functional brain-specific microvessels from iPSC-derived human
brain microvascular endothelial cells: The role of matrix composition
on monolayer formation. Fluids Barriers 15, 1–12 (2018).

91. Gaillard, P. J. & Gerrit De Boer, A. Relationship between permeability
status of the blood-brain barrier and in vitro permeability coefficient of
a drug. Eur. J. Pharm. Sci. 12, 95–102 (2000).

92. TCW, J. et al. An efficient platform for astrocyte differentiation from
human induced pluripotent stem cells. Stem Cell Rep. 9,
600–614 (2017).

93. Soubannier, V. et al. Characterization of human iPSC-derived
astrocytes with potential for disease modeling and drug discovery.
Neurosci. Lett. 731, 135028 (2020).

94. Kumar, A. et al. Specification and Diversification of Pericytes and
Smooth Muscle Cells from Mesenchymoangioblasts. Cell Rep. 19,
1902–1916 (2017).

95. Patsch, C. et al. Generation of vascular endothelial and smooth
muscle cells from human pluripotent stem cells. Nat. Cell Biol. 17,
994–1003 (2015).

96. Aisenbrey, E. A. et al. A protocol for rapid pericyte differentiation of
human induced pluripotent stem cells. STAR Protoc. 2, 100261
(2021).

Acknowledgements
This research was supported by funds from JST START Program grant
JPMJST1911, and JSPS KAKENHI grants 21H01299, 21K18048 and
23H04723. Library preparation and sequencing for RNA-sequencing was
performed by Kaori Tatsumi, Osamu Nishimura, Mitsutaka Kadota, and
TakefumiKondo in theLaboratory forDevelopmentalGenomeSystem,RIKEN
BDR. RefFinder (http://blooge.cn/RefFinder/) was used to identify a suitable
reference gene for qPCR. Some illustrations were generated using Biorender.

Author contributions
I.K. and M.H. conceived the study, designed and conducted experiments,
analysed the results, and wrote and edited the manuscript. All authors read
and approved the submitted manuscript.

Competing interests
The authors hold the following patents: (i) Relating to CUBE device -
Approved: 6877009 (Japan), US 11,155,775 B2 (USA); Pending:
201680069487.6 (China); Applicant: Osaka Metropolitan University and
Kyushu Institute of Technology; Inventors:Masaya Hagiwara and Tomohiro
Kawahara, (ii) Relating to CUBE device and fluidic device - Approved:
7055386 (Japan); Pending: 16/484,506 (USA), 16/484,506 (E.P.), 2021-
507340 (Japan), 17440996 (USA), 20773056 (E.P.); Applicant: Osaka
Metropolitan University; Inventor: Masaya Hagiwara, (iii) Relating to sec-
tioning of CUBE device - Pending: 2022-140997 (Japan); Applicant: RIKEN;
Inventors: Masaya Hagiwara, Isabel Koh. Patent 6877009 is licensed to
Nippon Medical & Chemical Instruments Co., Ltd.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-024-05857-8.

Correspondence and requests for materials should be addressed to
Masaya Hagiwara.

Peer review information Communications Biology thanks Adithya Sridhar
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Primary Handling Editors: Ivo Lieberam and Anam
Akhtar.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s CreativeCommons license and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s42003-024-05857-8 Article

Communications Biology |           (2024) 7:177 13

http://blooge.cn/RefFinder/
https://doi.org/10.1038/s42003-024-05857-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Modular tissue-in-a-CUBE platform to model blood-brain barrier (BBB) and brain interaction
	Results
	Reconstruction of BBB in�a CUBE
	Tight junctions of BBB-in-a-CUBE
	Transporters of BBB-in-a-CUBE
	BBB-Glioblastoma interaction

	Discussion
	Methods
	CUBE and chip fabrication
	Cell culture
	BBB-in-a-CUBE
	Glioblastoma-in-a-CUBE
	Immunofluorescence staining
	Imaging and Quantification
	Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
	RNA-sequencing and analysis
	Trans-endothelial electrical resistance (TEER) measurement
	Permeability�Test
	Tissue-tissue interaction
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




