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Triculture Model of In Vitro BBB and its Application
to Study BBB-Associated Chemosensitivity and Drug

Delivery in Glioblastoma

Suyeong Seo, Seung-Yeol Nah, Kangwon Lee,* Nakwon Choi,* and Hong Nam Kim*

Physiologically, brain tumors interact with surrounding vascular and

glial cells, and change their responses to survive in brain tissue-specific
microenvironments. A major difficulty in brain tumor treatment is caused

by the organism’s high resistance to pharmaceutical drugs and poor
blood-brain barrier (BBB) penetration. Therefore, mimicking the physiological
environment of brain tumors on in vitro platforms can aid in predicting the
cellular response to drugs. Here, an engineered 3D human glioblastoma

in vitro platform that is integrated with a tricultured BBB is presented.

First, the barrier function of the constructed BBB model and its reversibility
are characterized, after administrating BBB-opening agents through the
microvasculature. The brain tumor cells that are cocultured in the BBB

show a more aggressive growth pattern and high drug resistance, as well as
secreting high concentrations of inflammatory cytokines. Finally, the delivery
of BBB-nonpenetrating drugs are promoted by chemically opening the BBB.
The results of this study indicate that the platform can potentially study the
physiology of the BBB, and monitor drug responses based on the interaction

of the brain tumor and BBB.

1. Introduction

Tumors dynamically interact with the surrounding environ-
ment, and can rapidly alter and adapt their metabolism with
the microenvironment, leading to the development of resist-
ance to any therapeutic agents that limits several treatment

strategies.? The tumor microenviron-

ment (TME), comprising cellular (i.e.,
nontumorous cells interacting with cancer
cells, such as stromal and immune cells)
and noncellular components (i.e., extracel-
lular matrix, vasculature, and cytokines),
is a critical regulator of the progression
and evolution of malignancies as well as
the distant metastasis of tumor.3-% Fur-
thermore, it is involved in the acquired
resistance of tumors to therapeutic drugs
by altering relevant signaling pathways,
resulting in reduced drug delivery effi-
ciency and efficacy. Therefore, recent
studies have focused on accurately rep-
licating  organ-specific = TME, using
engineered platforms, to address the com-
plexity of the TME that significantly affects
tumor behavior, drug responses, and
patient outcomes.”-1°!

Several in vitro tumor models, which
used human umbilical vein endothelial
cells (HUVECs), human lung fibroblasts (HLFs), and cancer
cell lines in fibrin-based hydrogels to promote vascularization
around tumor spheroids, were developed to mimic the TME,
and focused on the interaction between the tumor and vascu-
lature.' However, the drawbacks of these models include
the difficulty of observing tumor-associated changes in the
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structure and function of normal blood vessels (as tumor cells
influence blood vessel formation at an early stage) and the
difficulty in controlling the vascular dimension and structure
and isolating the tumor cells for further assays.!! Further-
more, utilizing HUVEC and lung fibroblast-based models is
not suitable for investigating brain tumor pathophysiology,
because tissue-specific tumor cells usually interact with
tissue-specific microenvironmental factors.718]

In this study, we aim to replicate the complicated glioblas-
toma multiforme (GBM) microenvironment and the anatomical
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features and functionality of the in vivo blood-brain bar-
rier (BBB) (Figure 1B), and demonstrate the influence of the
GBM microenvironment on tumor behavior and drug delivery.
Thus, we fabricated a human BBB model by coculturing
BBB-composing cells within a 3D hydrogel matrix. The barrier
functions of the constructed BBB were verified by visualizing
the expression of BBB-specific markers, and by measuring the
vascular permeability. Additionally, we investigated the stimuli-
response of the BBB structure, by administering inflammatory
cytokines and BBB-opening agents. Then, we extended the
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Figure 1. Fabrication of the in vitro human BBB model. A) Timeline of fabricating in vitro human BBB chips. B) Schematic of the BBB. The BBB
comprises brain endothelial cells, pericytes, and astrocytes. The endothelial cells organized tight junctions with adjacent endothelial cells, and then,
formed a monolayer covered with pericytes and astrocytes. Pericytes shared the basement membrane with the endothelium through direct contact to
stabilize the blood vessel. Astrocytic-end feet are also in direct contact with the endothelium, to modulate the BBB in physiological and pathological
conditions. C) Schematic of the 3D culture of BBB-composing cells. The endothelium formed along the linear vessel within the collagen embedded with
pericytes and astrocytes, displaying similar anatomical structure with in vivo BBB. D) Cross-section of engineered BBB chip. The cell culture medium
was supplied to the endothelium by the gravity-driven flow. E) Live cells were stained with calcein-AM (green) and dead cells were stained with PI (red)
(scale bar: 100 um). F) Viability of all cells cultured on the chip on day 5. All cells in the blood vessel and culture within the collagen (ECM) showed
viability greater than 90% (n = 3 for each condition). G) Confocal image of the engineered BBB chip. Cocultured cells were verified by staining their
specific markers (endothelial cells: VE-cadherin, astrocyte: GFAP, pericyte: NG2) on day 5. The endothelial cells organized the vessel closely interacting
with the astrocyte and pericyte (scale bar: 100 um). Representative orthogonal views on the XZ plane show contacts by astrocyte and pericyte to the
endothelium (scale bar: 50 um). H) Physical barrier of the blood vessel was confirmed by staining tight junctions (ZO-1 and Claudin-5). The formation
of the basement membrane surrounding the blood vessel was also confirmed by staining collagen type IV and laminin. Specific transporters and efflux
pump on the endothelial cells were visualized by staining GLUT1 and P-glycoprotein (scale bar: 100 um).
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BBB chip as a human GBM model by incorporating the GBM
spheroid in the proximity of the matured BBB, promoting
BBB-GBM interaction. We monitored both GBM-induced vas-
cular changes and behavioral and drug response changes of
GBM due to cell-to-cell interactions. Finally, we demonstrated
the co-administration effect of the BBB-nonpenetrant drug and
BBB-opening agents, in an attempt to facilitate the entry of the
drug into the neuronal region.

2. Results

2.1. Fabrication of the In Vitro Human BBB Model

The proposed device is composed of three layers: a lid as the
top layer; a middle polydimethylsiloxane (PDMS) layer with a
4 x 10 mm rectangular chamber and three parallel microchan-
nels that supplies medium to cells in the hydrogel matrix; and
a sliding glass as the bottom layer (Figure 1D). A mixture of
cells, comprising human brain vascular pericyte (HBVP) and
human astrocyte (HA), and collagen was injected into the
chamber with preinserted microneedles, and incubated for
30 min. Then, after the collagen was completely gelated, the
microneedles were removed, and the human brain microvas-
cular endothelial cell (HBMEC) suspension was infused into
the channel. The seeded endothelial cells rapidly adhered to the
hollow cylindrical channel of the collagen, forming a cylindrical
brain endothelium surrounded by pericytes and astrocytes after
5 days of culture (Figure S1, Supporting Information). The
chips were maintained under gravity-driven flow providing
sufficient supply of nutrient and oxygen through the collagen
space with high Péclet number (>10%).

We evaluated the optimal concentration of collagen in
the range of 1-5 mg mL™" based on the cell morphology and
vascular integrity. The astrocytes cultured in the soft matrix
displayed more in vivo-like morphology, indicating radially-
arranged foot processes with small cell bodies (Figure S2A,
Supporting Information). Additionally, previous studies have
shown that glial cells sensitively respond to the density of the
surrounding matrix, and can change their morphologies and
the expression of inflammatory and gliosis-related genes.!>’]
Moreover, we observed a leakage of 376 Da fluorescein sodium salt
from the blood vessel within the selected range of 1-3 mg mL™
collagen concentrations (Figure S2B, Supporting Information).
The brain endothelium formed in the stiff environment
(3 mg mL™) has a tighter barrier with low permeability and
more stabilized structure than those cultured in a soft matrix

(P gt =448 X107 £2.08 x10° cm 575 P, 0= 517 x 100 +
197 x10° cm s; B, =123 x 10 £ 5.01 x 107 cm 57

3 mg m!
(Figure S2C, Supportfng Information). Therefore, we have
chosen 3 mg mL™! as the optimal collagen concentration for col-
lagen type I used in the 3D cell culture. Furthermore, we con-
firmed the viability of the cells cultured in the chips, as shown
in Figure 1E, which exhibited an excellent viability at approxi-
mately 90% at day 5 (blood vessel: 95.4 £ 3.1%; ECM: 94.6 *
2.8%) (Figure 1F). The engineered in vitro BBB was visualized
after 5 days of vascular maturation by staining all the cells with
their specific markers (endothelial cells: vascular endothelial
(VE)-cadherin; astrocytes: GFAP; pericyte: NG2) (Figure 1G).
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We observed pericytes closely distributed around the blood
vessels, which organized direct contacts, enhancing the vas-
cular integrity (Figure S3, Supporting Information). Moreover,
astrocytes encircle the endothelium by spreading their end feet.
Meanwhile, the physical barrier, localized between adjacent
endothelial cells, was verified by staining junctional proteins
(tight junction: ZO-1 and claudin-5; adherens junction: VE-
cadherin). The basement membrane remodeled by endothelial
cells was also visualized by staining collagen type 4 and the
laminin. Last, the presence of BBB functional transporters was
also confirmed through the expression of glucose transporter 1
(GLUTT1) and P-glycoprotein (P-gp) (Figure 1I).

2.2. Functional Characterization of the Engineered Human BBB

We measured the transendothelial permeability of fluorescent
dyes (molecular weights (MW): 376 Da, 4 kDa, and 40 kDa) across
the engineered brain blood vessel, to evaluate the barrier function-
ality of the BBB structure. The BBB is known to transport mole-
cules in a size-dependent manner. For example, molecules with
MW smaller than 500 Da are transported through the paracellular
pathway.'®! We evaluated the transendothelial permeability of our
engineered BBB by using three fluorescent model molecules
with MW of 376 Da, 4 kDa, and 40 kDa. The fluorescent solu-
tion was infused into the brain endothelium, and its leakage was
monitored by scanning sequential images (Figure 2A). Moreover,
we confirmed the effect of coculture on vascular permeability,
resulting in a decreasing permeability over the culture period
(days in vitro 1-5) (Figure 2B). In particular, the barrier function
was tighter in the triculture (average Pyp, o = 2.54 X 1078 £ 2.48
x 10® cm s7Y) than in the monoculture (average Pyopa mono =
140 x 1076 £ 2.39 x 107 cm s7Y) and biculture cases (average Pyp, bi
=142 x 107 £ 1. x 107 cm s7) at day 5 (Figure 2C); In the
triculture cases, various fluorescent model molecules covering
a wide range of MW over three orders of magnitude resulted
in different permeabilities, suggesting that our engineered BBB
features the capability of size-dependent paracellular transport
(P36 pa, i = 123 X 10° £ 501 x 107 cm s and Py ypa, o =
1.83 x 1078 £ 1.60 x 10® cm s7), showing approximately 100-fold
higher transendothelial permeability for 376 Da fluorescein salt
than 40 kDa fluorescein isothiocyanate (FITC)-dextran (Figure 2D).
These vascular permeability values are within the range expected
for in vivo blood vessels (=107 cm s71),2'-23] indicating that multi-
cellular interactions strengthened the integrity of the vessel to be
more impermeable to small molecules, especially in the presence
of pericytes. Additionally, considerable angiogenic sprouting was
observed in the triculture case (Figure 2E). Conversely, mono-
cultured brain endothelial cells did not show notable capability
of organizing new vascular branches within the 3D collagen.
However, when we cocultured the brain endothelial cells (bECs)
with astrocytes and pericytes, the bECs sprouted from the host
liner blood vessel (Figure 2F) and organized new vessels pos-
sessing hollow lumens. We verified the existence of perfusable
lumens by visualizing them with 4 kDa FITC-dextran (Figure S4,
Supporting Information). The cytokine assay confirmed that these
enhanced vascular functions (i.e., low transendothelial perme-
ability) and angiogenic sprouts were attributed to the production
of pro- (angiogenin, angiopoietin-2, and 4) and anti-angiogenic
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Figure 2. Examination of the functionality of our engineered BBB chip. A) Visualization of leakage of 4 kDa FITC-dextran from the blood vessel. Leakage of
dextran significantly decreased in biculture and triculture models compared to monoculture models (monoculture: HBMEC, biculture: HBMEC + HBVP,

triculture: HBMEC + HBVP + HA) (scale bar: 200 pum). B) Variation of vascular permeability over a period in culture. A longer culture period lowered the
permeability, and C) the lowest value was measured in the triculture condition on day 5 (n = 4 for each condition; significance is indicated by **** for
p < 0.0007; all by unpaired t-test). D) Measurement of vascular permeability of the matured BBB chip on day 5 using fluorescent dyes (376 Da fluorescent
sodium salt and 40 kDa FITC-dextran). The permeability was in the range of in vivo value (= 10’ cm s’) (n 6 for each condition) ) Endothelial sprouting

for p < 0.00071; all by unpaired t-test). G) Fold change of the secreted cytoklnes on the BBB chip on day 5. In particular, the secretion ofanglogenlc growth
factors were elevated compared to HBMEC monoculture models. H) Variation of permeability caused by short (2 h) and long-term (24 h) exposure of
inflammatory cytokine TNF- &z in monoculture and triculture models (n > 5 for each condition; significance is indicated by * for p < 0.05; all by unpaired
t-test). 1) Expression of the inflammatory marker of endothelial cells (intercellular adhesion molecule-1, green) when exposed to TNF- & (50 ng mL™, for

24 h) (scale bar: 100 um). J) Adhesion of human monocytic THP-1 cells (green) in the TNF-c treated vessel (scale bar: 100 um).
cells on the inflammatory endothelium (n = 6 for each condition; significance is indicated by **

factors (angiostatin and endostatin) (Figure 2G).24 Although
the recent study showed that pericytes contributed significantly
to stabilizing vascular integrity, leading to low permeability, the
capillary sprouting was notable in our system. Kim et al. reported
that even in the presence of pericytes, applying luminal flow was
crucial for suppressing capillary sprouts.?! In this study, occa-
sional luminal flow, created by regular media exchanges from
reservoirs, instead of continuous shear stress could induce the
brain endothelial sprouts into the 3D hydrogel.

We exposed the brain endothelium to tumor necrosis factor-or
(TNF-@) (50 ngmL™), to observe the inflammatoryresponse of our
BBB model to external stimuli. Interestingly, the monocultured

Adv. Funct. Mater. 2022, 32, 2106860 2106860 (4 of 14)

K) Coverage of THP-1
** for p < 0.0001; all by unpaired t-test).

brain endothelium was easily disrupted by short-term
exposure to TNF-¢, showing increased permeability (average
Peon=2.91x10°£1.95x 10 cm s and Pyegieq 20 =6.27 X107 =
2.11 x 107° cm s7Y). Conversely, the tricultured endothelium has
no significant response to the short-term TNF-ormediated
stimulation. However, the long-term TNF-o stimulation
caused vascular dysfunction (average P, = 2.52 X 107 £ 2.03 x
107 em s7% Pyegted, 2n = 398 X 107 + 212 x 107 cm s7}
Pueated, 240 = 1.17 X 107° £ 795 x 107 cm s7Y) in the tricultured
BBB models (Figure 2H), which was attributed to the BBB-
composing cells (i.e., astrocytes and pericytes) that support and
modulate the BBB functionality.?6-28] The elevated expression

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

of intracellular adhesion molezcules-1 (ICAM-1) (Figure 2I)
and adhesion of human monocytic cells (THP-1) in the TNF-o~
stimulated brain endothelium (Figure 2J,K) indicates endothe-
lial activation and vascular inflammation.

2.3. Investigation of the Temporary Opening Effect of the BBB

Several techniques for temporal opening of BBB or drug
delivery systems that can bypass the transport barrier have
emerged as innovative strategies to promote drug delivery
through the BBB and neural tissue.[?%-31

We temporarily opened the transport barrier of the engi-
neered BBB using two BBB-opening agents having different
opening mechanisms, that is, mannitol and gintonin. Mannitol
A B
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is used to reduce intracranial pressure, and osmotically opens
the BBB by inducing endothelial cell shrinkage.?”l Meanwhile,
ginseng-derived gintonin binds to the lysophosphatidic acid
(LPA) receptors of the cells, and ultimately opens the BBB
through LPA-induced Rho-pathway activation.l*¥ Both agents
increase the permeability, and facilitate molecular transport
from blood vessels (Figure 3A).

The matured BBB (day in vitro 5) was exposed to both
agents (mannitol: 1 M, gintonin: 10 ug mL™) for 60 min, and
its opening effect was verified by comparing the permeability
of 4 kDa FITC-dextran solution. As expected, the leakage
was significantly increased in the groups treated with man-
nitol or gintonin (P,mannitel = 427 X 107 £ 794 x 107 cm s7,
Pigintonin = 2.96 x 107 + 763 x 107 cm s™) compared to the
control group (P_pannitol = 277 X 107 £ 4.08 x 107 cm s7),
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Figure 3. Temporary opening effect of the BBB using BBB-opening agents (mannitol and gintonin) A) Schematic of BBB opening procedure by mannitol
and gintonin and enhanced molecular transport across the opened BBB. B) Leakage of 4 kDa FITC-dextran from the mannitol-treated and recovered
vessels (scale bar: 200 um). C) Estimated permeability of the mannitol-treated and recovered vessel (n = 4 for each condition; significance is indicated
by *** for p < 0.005; all by unpaired t-test). D) Leakage of 4 kDa FITC-dextran from the gintonin-treated and recovered vessels (scale bar: 200 um).
E) Estimated permeability of the gintonin-treated and recovered vessel (n > 4 for each condition; significance is indicated by ** for p < 0.01, *** for
p < 0.005, and **** for p < 0.0001; all by unpaired t-test). (F) Opening and recovery of adherens junction (VE-cadherin, green) when the BBB was
temporarily opened by mannitol (middle) and gintonin (bottom) (scale bar: 100 um). G,H) Inhibition of gintonin-mediated BBB opening. Pretreat-
ment of the G) LPA receptor antagonist (Ki16425) and H) Rho kinase inhibitor (Y27632) suppressed gintonin-mediated BBB opening (n = 4 for each
condition; significance is indicated by ** for p < 0.01, *** for p < 0.005, and **** for p < 0.0007; all by unpaired t-test). 1) Cytoskeleton (actin, red) of
the endothelial cells. Alignment of actin filaments in gintonin-treated endothelial cells (scale bar: 50 um).
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P_ginionin = 479 X 1078 £ 442 x 10°® cm s7') (Figure 3B-E).
Moreover, the expression of VE-cadherin, which is an adherens
junction protein in brain endothelial cells, decreased without
cell detachment when these cells were exposed to both man-
nitol and gintonin (Figure 3F). Specifically, the alignment
and bundling of actin filaments were observed in gitonin-
treated brain endothelial cells (Figure 3I). Both agents showed
a concentration-dependent BBB-opening effect. The man-
nitol induced time-dependent opening of the BBB, with the
maximum opening at 30 min; thereafter, the effect was satu-
rated (Figure S5, Supporting Information). The permeability
(Figure 3C,E) and junctional protein (Figure 3F) of the BBB
recovered in about 24 h after the removal of agents (Pmannitol,
recovered — 2.64 % 1077 138 1077 cm Sil’ P+gintonin, recovered — 1.98
%107 £ 8.91x 107 cm s7Y), indicating that the temporal opening
of the BBB did not exhibit any significant toxicity. Although
we performed experiments associated with the recovery after
the temporary opening of BBB under identical conditions for
comparative analysis of the two opening agents, recovery time
(i-e., a time frame of the temporary opening) for gintonin could
have been slightly longer than 24 h based on a statistical assess-
ment. The gintonin-induced change was blocked by pretreating
the engineered BBB with Kil6425 (LPA receptor antagonist,
6.5 um) and Y27632 (Rho kinase inhibitor, 10 pm) for 30 min,
to verify the gitonin-mediated opening pathway. As expected,
the pretreatment with Kil6425 and Y27632 blocked the gin-
tonin-associated changes of the brain endothelial cells, and
eventually neutralized the BBB-opening effect (Figure 3G,H).
We expect opening the BBB using these materials would mini-
mize adverse effect such as massive extravasation of cells and
neuronal damage caused by overdosing microbubble and thus
excessive stimulus (e.g., instantaneously detrimental local pres-
sure) generally observed in focused ultrasound (FUS)-induced
BBB opening process.?*¥] Additionally, as shown in Figure 3
and Figure S5, Supporting Information, our chips enabled
investigating the BBB opening effect depending on agent’s
concentration and exposure time, and reversibility of loosened
BBB. These results render that control of vascular perme-
ability and prediction of BBB opening effect become available
in preclinical trial with our engineered BBB chip before animal
studies. Eventually, we expect that the utilization of the BBB
chips saves time and cost and allows minimal use, if necessary,
of animal models by determining optimal dosages range pre-
venting adverse effects.

2.4. Modeling of In Vitro Human GBM Model

Next, we applied the proposed model on a physiological level,
and investigated the effect of the interaction of the BBB and
human GBM on drug responsiveness and delivery (Figure 4A).
Moreover, we embedded GBM spheroids in our BBB chip to
replicate more physiologically relevant TMEs,>3® because
TMESs and several characteristics of the GBM influence tumor
progression and drug resistance.

Two types of human glioblastoma cell lines, including T98G
(TMZ-resistant cells) and U8/MG (TMZ-sensitive cells), were
used to validate the potential of the proposed platform as a dis-
ease model.’”) Both cell lines were cultured on 3D SpheroFilm
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microwells at a density of 4 x 10° cells mL™ for 3 days, to pro-
mote the organization of the GBM spheroids. Each spheroid
was isolated and labeled using CellTracker Green for easier
fluorescence live cell imaging. Then, a mixture of GBM sphe-
roid and collagen type I solution (3 mg mL™) was injected into
the hollow side channel (with a diameter of 550 um) after the
maturation of BBB (DIV 5) (Figure S1(iv,v), Supporting Infor-
mation). Moreover, the distance between the tumor spheroids
and brain endothelium was consistently maintained at =1 mm,
because the GBM spheroids were introduced through the pre-
defined microchannel throughout the repetitive experiment.
Interestingly, both tumor cells invaded the collagen space,
showing different migratory patterns (Figure S6A, Supporting
Information). T98G cells collectively migrated by maintaining
cell-to-cell contact; however, U87MG cells spread at a single-cell
level with a 2.2 increase in the invasive distance (Figure S6B,
Supporting Information). These different behaviors are attrib-
uted to distinct tumorigenic abilities associated with growth,
metastasis, and metabolism. Additionally, US87MG cells are
more invasive, and consume more glucose than T98G cells
according to a previous report.l*’) These results suggest that our
chip has potential applications in personalized medicine, and
patient-derived cancer cells can be used in our chip to identify
patient-specific characteristics for further research.

2.5. Tumor-Induced Changes of the Brain Blood Vessel

Tumors are known to drive structural and functional changes in
the blood vessel, such as hyperpermeability, formation of new
angiogenic vessels, and instability.**J We also investigated
whether cocultured GBM spheroids caused vascular changes or
dysfunction.

In the absence of a tumor, new angiogenic vessels were barely
generated, and there was no preferred direction in the branching
from the pre-existing linear vessel. However, in the presence of
a tumor, we observed significant endothelial sprouting toward
GBM spheroids with increased length and number of angio-
genic vessels (Figure 4C,D). Additionally, we observed that the
blood vessel became dilated a day after the GBM spheroid was
added to the chip. Furthermore, we measured the vascular diam-
eter of the BBB and GBM chips on day 9 (Figure 4E), and then,
acquired the vascular change value by dividing these diameters
by the vascular diameter at day 5, to quantify the vascular vari-
ation during the culture period. Consequently, the blood ves-
sels were significantly enlarged in the presence of GBM sphe-
roids for 4 days (Figure 4F). The vascular permeability increased
(Papp chip = 2.54 X 1078 £ 248 x 1078 cm 57, Pyymor chip = 143 X
107 £ 729 x 1078 cm s7Y) within the range of in vivo blood vessels
(=107 cm s7) (Figure 4G,H). The expression of ICAM1 on the
vessels was also partially detected in the tumor chips (Figure 41).
These changes may be due to the secretion of cytokines that are
associated with tumor angiogenesis, including cyclooxygenase
(PTGS2), apelin receptor (APLNR), bone morphogenic protein
2 (BMP2), heparin-binding epidermal growth factor, and inter-
leukin 34 (IL-34),3*] from the GBM (Figure 4]). In particular,
the apelin/APJ system is known to be related to the activation of
nitric oxide (NO), resulting in the dilation of blood vessels and
the release from endothelial cells.[¥-50
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Figure 4. GBM-induced structural and functional change of the vasculature. A) Timeline for fabrication of in vitro human glioblastoma chips.
B) Schematic of tumor-induced angiogenesis. C) Formation of new vessels (yellow arrow) from pre-existing vessel toward the GBM spheroid (scale
bar: 100 um). D) Length and number of neo-vessels toward the GBM spheroid were quantified (n > 20 for each condition; significance is indicated
by **##* for p < 0.0007; all by unpaired t-test). E) Tumor-induced vascular dilation (scale bar: 200 um). F) Fold change of the vascular diameter of the
BBB and tumor chips on day 9 with respect to the BBB chip on day 5 (n =6 for each condition; significance is indicated by **** for p < 0.0001; all
by unpaired t-test). (G) Comparison of the leakage of 4 kDa-FITC dextran from the BBB and tumor chips on day 9 (scale bar: 200 um). H) Quantified
value of vascular permeability of the BBB and tumor chips (n =4 for each condition; significance is indicated by * for p < 0.05; all by unpaired t-test).
1) Expression of ICAM1 (green) in the BBB chips (day in vitro 5) and tumor chips (day in vitro 9) (scale bar, 100 um). J) Fold change of the secreted

cytokines in the tumor chips on day 9 with respect to the BBB chips on day 5.

2.6. Monitoring of the Morphological Change and Behavior
of the Tumor

T98G cells showed different morphologies and growth patterns
depending on the culture environment. In particular, they exhib-
ited a rounded shape when the GBM spheroids were cultured
without BBB, representing a low level of invasion (Figure 5A).
However, co-culturing with BBB-composing cells made the
tumor cells more invasive and aggressive with higher growth
rates (Figure 5B) and elongated morphologies (Figure 5C,D).
Considering that the GBM spheroids cultured in the BBB-con-
ditioned medium collected from the BBB chips at day 5 showed
similar morphological changes and growth patterns to the GBM
in the tumor chip, the behaviors of tumor cells, such as the
process of invasion and metastasis, are affected by neighboring
cells through paracrine effects. We collected the supernatants
from monocultured (n = 5) and cocultured (n = 5) GBM chips
to compare the level of secreted cytokines with the culture con-
ditions. An increasing production of cytokines associated with

Adv. Funct. Mater. 2022, 32, 2106860 2106860 (7 of 14)

tumor invasion and growth, including interleukin cytokines
(IL-2, 5, 6, 7, 10, 13, 15, and 21), was observed from the cytokine
array analysis (Figure 5E)."*2 Additionally, we investigated the
effect of vessel structure nearby on brain tumor growth by inten-
tionally eliminating the collagen channel around GBM spheroid
(Figure S7A, Supporting Information). Brain tumor cells’ mor-
phologies showed similarly elongated shape (Figure S7B, Sup-
porting Information); however, the invasion distance of tumor
cells more sharply increased in the presence of vessel structure
than in the absence (Figure S7C, Supporting Information). The
size of the brain tumor spheroid, including invading tumor
cells, was also more extensive when the vessel structure existed
nearby (Figure S7B, Supporting Information). These results was
attributed to enough supply of nutrient and removal of wastes:
similarly, the importance of delivery and drainage channels on
the microcirculation system was reported elsewhere.l>® Overall,
both multicellular interactions and perfusable vessels nearby
(i.e., geometrical structure) significantly influence the brain
tumor’s invasion and progression.
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Figure 5. Fabrication of human glioblastoma chip and tumor cell behavior. A) Different growth pattern of GBM spheroid (T98G) depending on the
culture conditions (monoculture versus monoculture in BBB-conditioned medium versus coculture with BBB-composing cells) (scale bar: 50 um).
B) Change in tumor spheroid invasion. In the physiologic tumor environment, the tumor cells showed more aggressive morphologies with high invasive
capacity (n =10 for each condition; significance is indicated by **** for p < 0.0001; all by unpaired t-test). C,D) Characterization of morphological
change of the GBM: C) aspect ratio and D) cell shape index (bottom) (n =10 for each condition; significance is indicated by **** for p < 0.0001; all
by unpaired t-test). E) Fold change of the secreted cytokines associated with immune response, cell migration, and inflammation on the tumor chips
with respect to monocultured GBM. F) Variation of the tumor region in response to anticancer drug (DOX and VCR) treatment. The tumor region on
day 4 (yellow dotted line) was divided by the initial tumor size on day 0 (gray region) (scale bar: 100 um). G,H) Dose-response curve with EC50 values

of G) DOX and H) VCR of monocultured GBM and cocultured GBM (n = 3 for each condition).

2.7. Assessment of Anticancer Drugs Response
of GBM Spheroid

Chemotherapeutic agents used to treat glioblastoma can be
classified according to their BBB penetrating ability. Temo-
zolomide (TMZ) can easily penetrate across the BBB owing
to its small molecular weight (194.15 g mol™}) and lipophilic
property, while vincristine (VCR) and doxorubicin (DOX)
are BBB-nonpenetrant owing to their relatively large size
(VCR: 824.958 g mol™!, DOX: 543.52 g mol™?).5*3% First,
we investigated the growth inhibition effect caused by the
drugs, depending on the BBB-GBM coculture conditions.

Adv. Funct. Mater. 2022, 32, 2106860 2106860 (8 of 14)

Then, we measured the size of the GBM spheroids (T98G;
TMZ-resistant) at days 0 and 4, and obtained a relative level of
tumor growth change for each group after introducing these
anticancer drugs through the luminal structure of the BBB,
mimicking the in vivo drug administration (Figure 5F). We
found that a higher concentration of drugs was required to
induce an identical inhibition effect in the GBM-BBB interac-
tion case compared to the GBM only case. The ECs, (the effec-
tive concentration of a drug exhibiting the half-maximal effect)
values of the VCR and DOX, observed in the GBM cocul-
tured with the BBB structure (ECsoycg = 1.14 um, ECsopox =
9.3 um), were 52.53 times (VCR) and 1.77 times (DOX) fold
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higher than the monocultured GBM case (ECsqycr = 21.7 nM,
ECso.pox = 5.24 um) (Figure 5G,H). It was thought that the
transport of VCR, which has a larger molecular weight than
DOX, was relatively strongly impeded by blood vessels. To
validate the effect of blood vessel tightness on drug delivery,
we also monitored DOX uptake in GBM spheroids and the
growth pattern of tumor cells for 4 days in BBB-intact and
BBB-opened models. In the early stage of drug exposure, in
which DOX did not present a cytotoxic effect, we observed
higher uptake of DOX in GBM spheroids in the BBB-opened
model due to facilitated delivery through loosened BBB. How-
ever, we found that the uptake level of DOX in both groups
became similar after 24 h due to the DOX-induced BBB dis-
ruption (Figure S9A,B, Supporting Information). Since the
DOX rapidly diffused in the BBB-opened model, the tumor
growth rate was retarded for up to 72 h. However, such differ-
ential effect disappeared at 96 h because the DOX was entirely
transported through the DOX-damaged BBB structure. Fur-
thermore, the nonspecific uptake of DOX by nontumorous
cells (i.e., astrocytes and pericytes; Figure 7E and Figure S11,
Supporting Information) can also contribute to the increased
EC50 value.

These results indicate that physical barriers hinder drug
delivery and cellular interactions, causing the tumor cells to
become more resistant to drugs. We also showed the growth
inhibition of the TMZ-sensitive GBM spheroids (U87MG) by the
BBB-penetrated TMZ (Figure S6C,D, Supporting Information).
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2.8. Investigation of the Role of WNT/J-Catenin Signaling
in GBM

We isolated the GBM spheroids from the tumor chip on day 9
(tumor, on day 4), as shown in Figure S8B, Supporting Infor-
mation, to analyze the RNA expression profiles. In our tumor
chip, the tumor spheroids can be harvested in an embedded
form in the hydrogel with the microchannel shape, by mechan-
ically irritating the interaction between the host and guest
hydrogels. Furthermore, other cells such as BBB-composing
cells were excluded in the retrieval process, allowing the biolog-
ical analysis of the cultured GBM under the BBB-GBM interac-
tion. We found that the GBM cocultured with BBB-composing
cells changed the gene expression associated with WNT/S-
catenin signaling, which is a well-known pathway associated
with tumor progression. The dysregulation of this pathway
in tumors makes the cells more invasive and resistant to the
drugs by inducing epithelial-to-mesenchymal transition (EMT)
with an altered expression of WNT signaling-related genes
(Figure 6A).- Coculture with BBB-composing cells upregu-
lated the expression of WNT family member 5A (WNTSA, WNT
ligand), Frizzled2 (FZD2, WNT receptor), and transcription
factor 4 (TCF4), and downregulated the expression of lymphoid
enhancer-binding factor 1 (LEF1, WNT pathway inhibitor).
WNTS5A is known to stimulate the migration of glioma cells and
induce greater drug resistance.®1 Compared to monocultured
GBM, cocultured GBM expressed high levels of cell surface
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Figure 6. WNT/[-catenin signaling pathway in GBM. A) Overview of WNT/S-catenin signaling activation. Activated WNT pathway induced the EMT of
glioblastoma to be more invasive and resistant to drugs. B) Fold change of gene expression in the cocultured GBM with respect to the monocultured
GBM. C) Expression of EMT-related markers (epithelial marker: E-cadherin, mesenchymal marker: Vimentin) in the cocultured GBM on days 0 and 4
(scale bar: 50 um): D) Expression of B-catenin in the cocultured GBM on days 0 and 4 (scale bar: 50 um). E-G) Blockage effect of WNT-signaling by
XAV939. E) When treated with XAV939, the behavior of the GBM changed (scale bar: 100 um). Inhibition of the WNT-signaling decreased F) the inva-

________

p < 0.005 and **** for p < 0.0001; all by unpaired t-test).
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receptors associated with mesenchymal stem cells, including
CD29, CD44, and CD90. Moreover, the expression of vascular
endothelial growth factor A and C (VEGFA, VEGFC), which are
responsible for tumor angiogenesis, increased (Figure 6B). We
also visualized the EMT of the GBM spheroids by staining EMT
markers (E-cadherin, epithelial marker, vimentin, and mesen-
chymal marker). During EMT, the E-cadherin was downregu-
lated, and the vimentin was highly expressed in the invading
tumor cells (Figure 6C). The activation of EMT also alters the
localization of catenin beta-1, known as S-catenin, which is a
key mediator of the WNT pathway.®?l In the WNT-off stage,
[-catenin was highly localized at the cell membrane, main-
taining its intact sphere structure before invading the collagen
at day 0; however, the EMT (WNT-on stage) led to an accumu-
lation of B-catenin in the cytoplasm (Figure 6D). This finding
suggests that multicellular environments must be mimicked in
preclinical in vitro models to accurately predict the therapeutic
effect, as the TME induced the genetic alteration of the tumor
cells to be more drug resistant. We blocked the WNT signaling
with XAV939 (10 um) and monitored the behavior of the GBM
spheroid (Figure 6E), to validate the WNT pathway-dependent
invasion of the GBM spheroid. When WNT signaling was
blocked, the invasion of the GBM spheroid was significantly
inhibited, showing round shaped morphology (Figure 6F,G).
Blocking the WNT signal caused an anticancer effect with a sig-
nificant growth inhibitory effect similar to the DOX with less
toxicity (Figure S10A,B, Supporting Information).

2.9. Enhanced Delivery of BBB-Nonpenetrant Drugs through the
Temporarily Opened BBB

We evaluated the effect of the combinatorial administration of
BBB-opening agents (mannitol and gintonin) and BBB-non-
penetrant drugs (DOX), to address and overcome the limited
delivery of drugs through the BBB. Notably, long-term exposures
to DOX (10 um for 4 days) induced cellular death in our chips
(Figure S10C, Supporting Information). Additionally, we found
that an optimal condition had to be set for accurately verifying
the effect of the BBB-opening agents in drug delivery. In terms
of the DOX-induced BBB damage, the viability of the endothe-
lial cells in the BBB was significantly reduced as the exposure
time of the DOX increased (Figure 7A), and the permeability
of the BBB has significantly increased after 9 h of exposure to
DOX (Figure 7B). The cytotoxic effects of DOX on the viability
and permeability of the blood vessels were not detected for
short-term exposures, indicating that long-term exposures are
not a suitable for investigating the drug delivery efficiency of
DOX. Therefore, the DOX was infused into the endothelium
for 3 h, washed, and incubated with fresh medium, to avoid the
adverse effects of the drugs. We pretreated the vessel with the
BBB-opening agents (mannitol (1 M) and gintonin (10 pg mL™))
for 1 h; then, a process similar to that mentioned above was
performed (Figure 7C) to enhance drug transport across the
blood vessel. Exposure to the DOX (3 h), with the pretreatment
of both BBB-opening agents, did not induce the death of the
brain endothelial cells (Figure 7D). We measured the release of
DOX through the opened BBB with fluorescence intensity, and
acquired the uptake level of DOX within the GBM spheroids.
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Notably, the DOX was rapidly delivered to the perivascular
space in 30 min when the BBB was temporarily opened, as
shown in the DOX (red signal)-uptake cells, compared to the
normal blood vessel (Figure 7E). The accelerated delivery of
DOX also significantly increased the uptake of DOX within the
GBM spheroids after 3 h (Figure 5F,G). Eventually, in the BBB-
opened models, we confirmed that the rapid delivery of DOX
resulted in a more rapid inhibitory effect on tumor proliferation
in 48 h (Figure S9C, Supporting Information).

3. Discussion

Various vascularized tumor models have been developed and
can be classified into three types: micropost-based hydrogel pat-
terning, 130364 porous membrane-based multilayered struc-
ture, 6560 and removal of templates from gelated hydrogels.[*’]
Furthermore, direct writing of 3D BBB structures were also
proposed by using two-photon lithography.®® These models
have been based on utilizing HUVECs, HLFs, and cancer cell
lines in fibrin-based hydrogels without brain-originated cells
or with animal cells, making them unsuitable for modeling
human brain-specific tumors.['-1468-70 Fyrthermore, the struc-
ture, cellular components, and barrier functions of the brain
blood vessel is different from those of the blood vessels in other
tissues.?%! In this study, we fabricated a BBB model with a per-
fusable cylindrical vessel by removing microneedles from the
gelated hydrogel to better control the vascular dimension and
systematically measure transendothelial permeability assay.
Although many studies have simulated the barrier function
of the BBB and proved its selective permeability,?>%707 the
application of a BBB model in vitro to brain tumors has drawn
little attention. To precisely model the brain tumor microen-
vironment, we used human brain-specific cells (i.e., human
brain microvascular endothelial cell, human astrocyte, and
human brain vascular pericyte) and validated BBB functionality
before applying our engineered BBB to the GBM models. The
vascular structure embedded within the soft hydrogel matrix
can dynamically remodel the surrounding matrix biochemi-
cally and structurally, confirmed by the deposition of collagen
type IV and laminin (Figure 1I), and dilation in the presence of
tumor spheroids (Figure 4E,F). Therefore, this platform is suit-
able for analyzing changes in the BBB structure and function
in response to the solid GBM.

We incorporated GBM spheroids in the form of spheroid-in-
hydrogel on DIVS5 for a sufficiently long time, to promote the
maturation of the BBB structure through the side channel. The
incorporation of the GBM spheroids after BBB maturation does
not affect early stage blood vessel formation. Furthermore, the
distance between the GBM spheroid and brain microvascula-
ture can be controlled throughout the repetitive experiments,
as the GBM spheroid is introduced through predefined chan-
nels, enabling a reliable investigation of the GBM-BBB interac-
tion. During the occurrence and progression of GBM, dynamic
interactions with the BBB constituents influence the GBM
cell phenotypes.”®l In particular, astrocytes are essential in
modeling the GBM environment because activated astrocytes
around the GBM promote WNT/f-catenin signaling and their
invasion.’*8% Endothelial cells and pericytes are also known
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Figure 7. Verification of the combination effect of the BBB-nonpenetrant drug and BBB-opening agent on the chip. A,B) Vascular toxicity caused by
the DOX. Effect of DOX (10 um) on A) viability and B) permeability of the blood vessel. The cytotoxicity of the blood vessel was proportional to the
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t-test). C) Schematic of the experimental design to enhance the DOX delivery to the GBM without vascular cytotoxicity corresponding to D) the viability
of the blood vessel (n > 3 for each condition). Pretreatment with mannitol and gintonin enhanced E) DOX delivery from the blood vessel (scale bar:

100 um) and F) cellular uptake (scale bar: 50 um).

G) Relative fluorescence intensity of the DOX inside the GBM spheroids (n > 5 for each condition;

significance is indicated by * for p < 0.05 and **** for p < 0.0001; all by unpaired t-test.

to enhance the migration of tumor cells by secreting various
molecules, such as metalloproteinases (MMPs) and interleukin
family cytokines.”®81821 The GBM spheroid can be retrieved
after paracrine-mediated communication with BBB-composing
cells for further biological analysis. Indeed, the GBM cells
showed remarkable changes in mRNA levels, especially drug
resistance, angiogenesis, and EMT (Figure 6B). Moreover, the
cellular components of the TME are critical in the progression
and drug responsiveness of tumor cells, as shown in the experi-
mental results of aggressive invasion and EMT-mediated drug
resistance. Previous studies have indicated that tumor cells
interact with TME-acquired genetic alterations to be more inva-
sive and resistant to drugs.[3*3883]

Additionally, the BBB, which is a unique property in the TME
of GBM, physically hinders the transport of drugs and even
pumps them out from the perivascular niche.”3#35 Our chips
can be used for drug delivery studies of central nervous system
(CNS)-related diseases. Several approaches, such as the tempo-
rary opening of the BBB or bypassing of the delivery barrier, have
been studied to overcome the poor penetration of drugs across
the BBB.2-31>4 Although animal models are widely used, these
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models are not cost efficient, cannot monitor drug delivery in
real time,®% and have concerning ethical issues that limit their
utilization in preclinical validation. This indicates the necessity of
reliable alternative in vitro models. Our GBM-BBB chip is cost-
effective, is employed ethically, and contains in vivo-like charac-
teristics and functionality. We verified the effect of combinatorial
administration of BBB-nonpenetrating drugs and BBB-opening
reagents, to demonstrate the applicability of our GBM-BBB
chip for drug delivery studies. The enhanced delivery across the
temporarily opened BBB and the uptake of BBB-nonpenetrating
drugs into the GBM were monitored under a microscope in real
time. It is expected that the effectiveness of various drugs and
combined therapies can be validated using our chips.

We proposed a human cell-based BBB chip, confirmed its in
vivo BBB-like functionality through a permeability assay, and
showed the importance of triculture in the recapitulation of the
barrier function. Temporal opening and subsequent recovery
were also exhibited, which is important for testing drug delivery
issues. Additionally, we demonstrated that the interaction of BBB
and GBM significantly alters both BBB functionality and GBM
phenotypes as well as the effectiveness of co-administrating
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BBB-opening agents and drugs for overcoming the transport
barrier, by incorporating the GBM spheroids after the matura-
tion of the BBB. Additionally, we expect our models to serve
as a powerful tool for companion diagnostics and personalized
medicine by using patients-derived cells and tumor organoids.
Moreover, the technique of isolating only tumor spheroid from
the cocultured chips, which is one of the key characteristics,
is promising in analyzing the biological characteristics of the
tumor and predicting their responses to drugs. Therefore, we
Dbelieve that our BBB and GBM chips can serve as robust in vitro
platforms in translational medical science to study the mecha-
nisms of CNS diseases and drug discovery and screening.

4. Experimental Section

Fabrication of the Microfluidic Device: Sylgard 184 PDMS (SYLGARD 184
silicone elastomer; Dowhitech Co., Gyeonggi, Korea) was mixed with a
curing agent at a ratio of 10:1; poured into the mold with microneedles
having diameters of 550 and 235 um (DASAN Cut, Gyeongbuk, Korea);
and then, polymerized at 80 °C for 3 h. Subsequently, the needles were
removed from the cured PDMS, which was punched with a rectangular
hole (4 x 10 mm), and then, bonded to the unpatterned PDMS layer
with a thickness of 1 mm via oxygen plasma treatment (CUTE-IMPR,
Femto Science Co., Gyeonggi, Korea). The integrated PDMS layer was
punched with circular holes (six reservoirs: 8 mm, two collagen injection
ports: 1 mm) to create medium reservoirs and collagen injection ports.
The microneedles were injected into the PDMS channel again, and then,
bonded to the glass slide via oxygen plasma treatment. A detailed process
for chip fabrication was reported in a previous study.’”] The chamber was
sequentially filled with 2 mg mL™" dopamine hydrochloride dissolved in
10 mwm tris-HCl buffer (pH 8.5) for 3 h,188 to prevent collagen detachment
from the PDMS surface. Then, the dopamine solution was aspirated, and
the chamber was washed twice with phosphate-buffered saline (PBS).

Cell Culture: HBMECs were purchased from ScienCell (San Diego,
CA, USA) and Cell Systems (Kirkland, WA, USA), and cultured in an
endothelial cell medium (ScienCell, San Diego, CA, USA) according
to the manufacturer’s protocol. HA and HBVP were also purchased
from ScienCell (San Diego, CA, USA), and cultured according to the
manufacturer’'s recommended protocol. The cells were maintained in a
humidified CO, incubator at 37 °C, and cultured in passage 8.

Human glioblastoma cell lines (T98G and U87MG) were purchased
from the Korean Cell Line Bank (Seoul, Korea), and cultured in
Dulbecco’s modified Eagle medium (DMEM, Welgene, Daegu, Korea),
which is supplemented with 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin-streptomycin in a humidified CO, incubator at 37 °C.

Collagen Preparation for 3D Cell Culture: Rat tail collagen type |
(Corning, NY, USA) was purchased and diluted to a final concentration of
3 mg mL™, by adding 10x DMEM (Sigma-Aldrich, St. Louis, MO, USA),
1x DMEM (Welgene, Daegu, Korea), and T N sodium hydroxide (NaOH)
(Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s
instructions. The entire procedure was performed on ice.

Construction of In Vitro Vasculature Within Cell-Embedded Collagen:
Both HA and HBVP were embedded in sol state collagen by mixing
them at a density of 2 X 10° cells mL™". The cell-mixed collagen, with
a final concentration of 4 x 10° cells mL™", was injected into a 4 x
10 mm rectangular hydrogel chamber containing microneedles. The
device was incubated at 37 °C for 30 min for collagen gelation to occur,
and the microneedles were removed once the collagen were gelated.
Then, hollow and cylindrical channel, with the same dimensions as
the microneedle, were formed. A high-density suspension of HBMEC
(1 x 108 cells mL™") was seeded on the luminal surface of the collagen
channel after 1 h of incubating the device with the cell culture medium.
Additionally, the medium was infused into the endothelial cell-cultured
channel, and then, changed to the optimized medium for the culture to
remove nonadherent endothelial cells.
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Estimation of Cell Viability: A staining solution for the live/dead assay
is prepared by mixing calcein-AM (C1430; ThermoFisher, Waltham,
MA, USA), propidium iodide (PI; P4564; Sigma-Aldrich, St. Louis, MO,
USA), and Hoechst 33 342 (H3570; Invitrogen, Carlsbad, CA, USA) in
the serum-free medium, with concentrations of 1 um for calcein-AM,
1 ug mL™ for PI, and 10 pug mL™" for Hoechst 33 342. On day 5, all of
the cells cultured in the chips were incubated with staining solutions
at 37 °C for 30 min, and then, washed with cell culture media before
fluorescence imaging. The cell viability was quantified by counting the
individual green (live) and red (dead) cells in the images acquired from
multiple chips (n = 3) and calculating the ratio of the number of live cells
(green) to the total number of cells.

Immunocytochemistry:  The chips were fixed with 4% (v/v)
paraformaldehyde for 30 min, and then, permeabilized with 0.3% (v/v)
Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) and 3% (w/v) bovine
serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) in PBS for
1 h. Then, they were incubated with primary antibodies diluted in the
3% (w/v) BSA solution overnight at 4 °C. Subsequently, the chips were
washed with PBS, and incubated with secondary antibodies diluted
in the 3% (w/v) BSA solution for 2 h at room temperature range of
18 to 24 °C. The 4,6-diamidino-2-phenylindole solution was added
for 30 min to stain the nuclei. Confocal z-stack images were acquired
using a Zeiss LSM700 confocal laser scanning microscope (CLSM,
Zeiss, Oberkochen, Germany). The primary and secondary antibodies
used for immunocytochemistry are listed in Table S1, Supporting
Information.

Measurement and Estimation of Vascular Permeability: Three types of
fluorescent dyes, namely 376 Da fluorescein sodium salt (Sigma-Aldrich,
St. Louis, MO, USA) along with 4 and 40 kDa FITC-dextran (Sigma-
Aldrich, St. Louis, MO, USA), were diluted in PBS at 10 um, and used to
measure the vascular permeability of the engineered brain endothelium.
The medium for each reservoir was aspirated, and the FITC-dextran
solution was induced into the endothelium. The solution filled the
channel, and diffused through the intercellular gap to the collagen
scaffold. Molecular transport was monitored by capturing the sequential
fluorescence using a Zeiss LSM700 CLSM (Zeiss, Oberkochen,
Germany). The fluorescence images were acquired at 1 min intervals for
5 min, and then, analyzed using MATLAB (MathWorks, Massachusetts,
USA). Vascular permeability was quantified using the mean fluorescence
intensity on both sides of the channel and its variation at time intervals,
as previously reported.®]

Cytokine Array: The medium soup was collected from the chip
reservoirs, to analyze the production of cytokines of BBB and GBM chips.
The medium sample was purified and measured using a human L1000
microarray (e-Biogen Inc., Seoul, Korea), following the manufacturer’s
protocol.

Inflammation Assay: TNF-¢, which is a key factor in inflammation-
associated diseases, was used to induce inflammatory conditions and
verify the protective effect of the BBB. The matured brain endothelium
was incubated with the culture medium, with 50 ng mL™" of TNF-& (R&D
Systems, Minneapolis, USA), for 2 or 24 h. Subsequently, permeability
was quantified as previously summarized.

Temporary Opening of the BBB with Mannitol and Gintonin: Both
gintonin and b-mannitol (Sigma-Aldrich, St. Louis, MO, USA) were
used for investigating the transient opening of the BBB. Gintonin,
devoid of ginseng saponins, was prepared from Panax ginseng based
on a previous study,® and dissolved in 0.9% saline. The gintonin and
D-mannitol solutions were diluted in the medium, and introduced to
the endothelium through gravity-driven flow until the medium height
of the reservoirs was balanced. The BBB-opening agent-treated brain
endothelium was incubated at 37 °C for 15, 30, or 60 min. The solution
was then washed with fresh medium. Additional incubation for 24 h
was performed to induce the recovery of the loosened barrier function.
Moreover, vascular permeability was measured to verify the opening and
recovery of the BBB similar to what is described above.

Morphological Analysis of Tumor Cells: The morphological changes of
brain tumor cells were quantitatively determined by the aspect ratio and
cell shape index (CSI) representing the elongation and circularity of the
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cells. Elongated cells exhibit a high aspect ratio and a CSI value close to
0. Both values were calculated as depicted below!®l

Aspect ratio = length / width

M
(2)

Testing of Chemotherapeutic Agents: TMZ (Sigma-Aldrich, St. Louis,
MO, USA) and VCR (Sigma-Aldrich, St. Louis, MO, USA) were dissolved
in DMSO at 10 and 5 mg mL™, respectively, to prepare the stock
solution. Additionally, DOX (Sigma-Aldrich, St. Louis, MO, USA) was
dissolved in water at a concentration of 10 mg mL™. TMZ, VCR, and
DOX were diluted to complete the cell culture medium, and infused into
the brain endothelium for 4 days.

RNA Sequencing Experiment of GBM: GBM spheroids were harvested
from the GBM chips, and used for analyzing the gene expression
via RNA sequencing. First, the channel embedded with the GBM
spheroids was exposed to 1% (w/v) Pluronic F127 solution (Sigma-
Aldrich, St. Louis, MO, USA), to facilitate the isolation. Then, the GBM
spheroid-embedded collagen was pushed by repeated pipetting in the
microchannels. This process is illustrated in Figure S8A, Supporting
Information. The isolated GBM spheroids were dissolved in TRizol
reagent (Sigma-Aldrich, St. Louis, MO, USA). Following the service
provider's protocol, the samples were purified and used for the RNA
sequencing experiments (e-Biogen Inc., Seoul, Korea).

Statistical Analysis: All quantitative data are presented as mean *
standard error of the mean values. Statistical analyses were performed
using unpaired t-tests in Prism (GraphPad, San Diego, CA, USA). The
p-values <0.05, 0.01, 0.005, and 0.001, which were considered significant,
were used for determining the statistical significance.

CSl= 47 x area / (perimeter)’
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