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ABSTRACT

The blood-brain barrier (BBB) is composed of brain microvascular endothelial cells (BMECs) that regulate brain homeostasis, and astrocytes
within the brain are involved in the maintenance of the BBB or modulation of its integrity in disease states via secreted factors. A major
challenge in modeling the normal or diseased BBB is that conventional in vitro models lack either the physiological complexity of the BBB
or key functional features such as formation of a sufficiently tight barrier. In this study, we utilized human induced pluripotent stem cell
(hiPSC)-derived BMECs in a BBB-on-a-chip device that supports flow and coculture with an astrocyte-laden 3D hydrogel. The BMECs are
separated from the hydrogel by a porous membrane with either 0.4 or 8.0um pore size, making the device suitable for studying the
transport of molecules or cells, respectively, across the BBB. In addition, all cells seeded in the device are differentiated from the same hiPSC
line, which could enable genetic and rare disease modeling. Formation of a confluent BMEC barrier was confirmed by immunocytochemistry
of tight junction proteins and measurement of fluorescein permeability. Integrity of the barrier was further assessed by performing impedance
spectroscopy in the device. Finally, the ability of this device to recapitulate a disease model of BBB disruption was demonstrated, with apical
addition of TGF-P1 leading to transendothelial electrical resistance reduction and indicators of astrocyte activation. These results demonstrate
the utility of the fabricated device for a broad range of applications such as drug screening and mechanistic studies of BBB disruption.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123476

INTRODUCTION

In recent years, there has been increasing interest in the devel-
opment of physiologically relevant in vitro models of human
tissues and organs for drug development and disease modeling,
mainly due to the failure of animal models to recapitulate the
physiology of the human body. In fact, 90% of drugs fail in early
clinical trials because they elicit toxic responses in humans or they
do not demonstrate the same efficacy observed in animal models."
Different individuals may also exhibit heterogeneous responses to
certain therapeutics as a result of genetic variability.”” The use of
human induced pluripotent stem cells (hiPSCs) to develop in vitro

Utilizing microfluidic platforms for cell culture can address
these limitations. Hence, integration of hiPSC-derived cells and
microfluidic platforms to create in vitro models of human tissues is
a promising alternative to animal models and traditional 2D in
vitro models for human disease modeling and drug discovery. The
blood-brain barrier (BBB) has been a particularly challenging part
of the body to model in vitro since none of the available immortal-
ized human brain-specific microvascular endothelial cell (BMEC)
lines or primary BMECs are able to mimic the in vivo barrier prop-
erties of the BBB.”® hiPSC-derived BMECs, on the other hand,
have been shown to better mimic the characteristics of the in vivo
BBB, such as possessing high transendothelial electrical resistance

models of human tissues is a promising approach to overcome the
aforementioned issues. Harvesting cells from the skin or blood
of patients and reprogramming them into pluripotent stem cells,
which have a high self-renewal capacity and ability to differentiate
into most human cell types, enables the establishment of patient-
specific in vitro models of various organs. However, the conventional
static, 2D cell cultures lack certain important characteristics of the
human body such as biomechanical forces, three-dimensionality,
and relevant surface-to-volume ratios.””

(TEER) and expressing all of the crucial tight junction proteins,
efflux transporters, and solute carriers that are found in the BMECs
lining human brain microvessels.” '’ Further, it is not fully under-
stood whether BBB disruption is the cause or consequence of
various neurodegenerative diseases,’’ and isogenic hiPSC-based
models of the neurovascular unit can be used to address this ques-
tion, as protocols have been established to differentiate multiple cell
types of the neurovascular unit from hiPSCs, including astrocytes,

. . . 12,13 . L.
microglia, and, recently, pericytes. For instance, it is reported
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that hiPSC-derived astrocytes from patients with Alzheimer’s
disease'*™'* or multiple sclerosis'’ exhibit genetic and molecular
differences compared to those derived from healthy individuals.
Isogenic models that combine multiple patient-derived cells of the
neurovascular unit could enable studies to determine whether these
changes affect barrier properties of the BBB.

The BBB-on-a-chip platforms that have been developed can be
categorized into extracellular matrix (ECM)-based and membrane-
based devices.'” In one type of ECM-based device, BMECs are
cultured on a hydrogel, with the BMEC monolayer perpendicular to
the bottom surface of device. While it is possible to culture the other
cell types, such as astrocytes and neurons, in 3D in these types of
devices, the orientation of the BMECs makes imaging of the cells
and tight junction proteins as well as measuring TEER challenging.
In addition, a recent study has shown that the direct seeding of
hiPSC-derived BMECs onto hydrogels significantly reduces their
barrier tightness.” In another type of ECM-based device, a cylindri-
cal lumen structure is fabricated in a hydrogel to better mimic the
geometry of human vessels. However, since previous studies have
reported a lack of response by the BMECs to flow and curvature,”’~**
geometry might not be a crucial factor in improving the functionality
of these cells. Membrane-based devices, in which the BMECs are
cultured on a membrane sandwiched between two layers, provide
better control over the surface area of the BMEC monolayer and
enable measurement of TEER as well as easy visualization of the
BMECs. However, in most membrane-based devices, cells are cul-
tured in 2D on each side of the membrane. Recently, models
constructed using self-organized microvessels in ECM have been
developed that possess in vivo-like geometry.”>”* Nevertheless, it is
challenging to quantify the barrier properties of the BMECs in these
devices. While primary and immortalized human cell lines have
been used in the majority of BBB-on-a-chip devices,”™” in recent
years, a few studies have reported the use of hiPSC-derived BMECs
in fabrication of their devices. However, these systems use either
BMECs alone'™™* or BMECs cocultured in 2D with primary
rat astrocy‘[es35 or primary human astrocytes and pericy‘[es.%’37
Astrocytes are the most abundant cells in the brain™ that are located
in close proximity to the brain microvasculature. Covering 99% of
the microvasculature surface in the brain by their endfeet,” astro-
cytes play a key role in controlling the permeability of the BBB by
secreting various factors during BBB homeostasis or upon stimula-
tion in different disease conditions.” Therefore, incorporation of
human astrocytes into BBB-on-a-chip devices is essential to appro-
priately model regulation of the healthy and diseased BBB. Recently,
prerosette neural progenitor cells derived from hiPSCs were used in
a device in coculture with BMECs,”” but they were maintained in 2D
and contained a mixture of multiple cell types.

Here, we report an isogenic hiPSC-derived BBB-on-a-chip
platform consisting of a BMEC monolayer and astrocytes cultured
in 3D. Our device design incorporates elements of both membrane-
based and ECM-based devices, enabling us to make use of the
advantages of both types of devices. Three-dimensional culture of
astrocytes has been shown to be more physiologically relevant than
the 2D culture, thereby improving functionality of these cells.***’
The 3D culture of astrocytes has also been shown to differentially
modulate BBB integrity compared to the 2D culture of astrocytes.*”
Hence, in this study, the astrocytes were cultured in a 3D hydrogel
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with nutrients to support their culture provided by medium in
adjacent channels. BMECs were cultured on a membrane located
on top of the hydrogel channel, enabling easy visualization and
control over the surface area of the BMEC monolayer. Membranes
with 0.4um or 8.0um pore diameters were used to fabricate the
devices. Use of membranes with 8.0 um pore diameter allows for
the study of transmigration of cells into the brain, while mem-
branes with 0.4 um pore diameters are commonly used to investi-
gate molecule transport across the BBB. We also demonstrated the
ability to evaluate the electrical properties of the BMEC monolayer
in our model using impedance spectroscopy. Finally, as an example
of utilizing this device for disease modeling, the effects of apical
delivery of TGF-B1 on BBB integrity and astrocyte activation were
shown, as high levels of TGF-B1 in the plasma are implicated in
BBB disruption in various diseases, including acute liver failure
and melanoma.””™ This hiPSC-derived model recapitulates key
characteristics of the in vivo BBB and thus is suitable for various
applications including disease modeling, mechanistic studies of
BBB disruption, and therapeutic discovery.

MATERIALS AND METHODS
Microfluidic device design and fabrication

Top and front view schematics of the fabricated BBB-on-a-chip
device are shown in Figs. 1(a) and 1(b), respectively. The device used
in this study consists of a track-etched 0.4 um or 8.0 um polyethylene
terephthalate (PET) membrane sandwiched between two polydime-
thylsiloxane (PDMS) layers. The bottom layer (basolateral or “brain”
side) includes three channels: a middle channel composed of a
hydrogel and two adjacent channels containing medium that are
separated from the hydrogel channel by PDMS posts. The PDMS
posts secure the hydrogel in the middle channel while allowing it to
maintain contact with the cell culture medium. This prevents dehy-
dration of the hydrogel and provides the astrocytes encapsulated in
the hydrogel with the required nutrients. Additionally, electrodes
can be inserted into the medium-containing channels for TEER
measurements across the BMEC monolayer. The medium in these
channels can also be used to measure the levels of cytokines and
growth factors secreted by astrocytes upon stimulation. The large
size of the astrocytes cultured in the hydrogel channel and the effect
of channel height on current distribution in impedance analysis*®
were taken into account when designing the channel heights
[Fig. 1(b)]. The top layer (apical or “blood” side) has a single rectan-
gular channel in which the differentiated BMECs are cultured on a
collagen IV and fibronectin-coated PET membrane. As components
of the basement membrane in the brain,”” these proteins enhance
the adhesion of BMECs to the membrane by providing an in vivo-
like surface for the cells. The length of the straight part of this
channel is 7 mm, and the surface area of the membrane in contact
with both the basolateral and apical sides of the device is 0.065 cm™
Figure 1(c) contains images of the fabricated device showing the
position of each channel.

Two different masters for the top and bottom layers of the
device were fabricated using SU-8 2100 (MicroChem Corporation)
following the manufacturer’s procedures to achieve structures with
the desired thickness. In order to fabricate the top and bottom
layers, Sylgard 184 (Corning, USA) prepolymer and cross-linker
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FIG. 1. Schematics and images of the fabricated BBB-on-a-chip device. (a) Top view schematic of the device and the positions of the channels. (b) Cross-sectional view
schematic of the fabricated device and the channel dimensions. (c) Images of the fabricated device, with different colored dyes used to visualize the various channels. The
hydrogel channel is shown in yellow, the BMEC channel in orange, and the medium channels adjacent to the hydrogel channel in blue.

were mixed at a 1:10 ratio and subsequently defoamed using a
THINKY planetary centrifugal mixer. Next, this mixture was cast
on the fabricated masters and degassed for more than 1h in a des-
iccator prior to baking in a 75 °C oven for at least 2 h to cross-link
the prepolymer. The cross-linked PDMS was peeled off of the
masters and cut into rectangular pieces. Holes were punched at the
ends of each channel using biopsy punches.

Polyethylene terephthalate (PET) membranes with pore sizes
of either 0.4 um or 8.0 um were sandwiched between the fabricated
PDMS layers using the method developed by Aran et al.*® In brief,
membranes were first cut out with a scalpel from BD Falcon Cell
Culture Inserts (6-well plate inserts) and then oxygen plasma-
treated, followed by wet chemical silanization in the 3-amino-
propyltriethoxysilane (APTES) solution. Next, PDMS pieces were
plasma oxygen-activated, and the silanized membrane was directly
bonded to the top layer, followed by bonding of the top PDMS
layer-membrane complex to the bottom PDMS layer. Finally,
the assembled devices were attached to No. 1 microscope coverslips
by oxygen plasma treatment of both the devices and the coverslips.
For devices with hydrogels, the hydrogel channel in the bottom
layer was coated with poly-p-lysine in order to enhance the
adhesion of the hydrogel to the PDMS posts by establishing
stronger physical interactions between the hydrogel and the PDMS
surface.

BMEC differentiation and culture

The protocol developed by Hollmann et al.'® was used to

differentiate hiPSCs to BMECs. In summary, IMR90-4 hiPSCs were
maintained on 6-well plates coated with hESC-qualified Matrigel
(Corning) in the TeSR-E8 medium (STEMCELL Technologies)
until they reached about 80% confluency. At this point (day-1),

cells were detached and singularized using Accutase (STEMCELL
Technologies) and seeded at 160000 cells per well in Matrigel-
coated 6-well plates using the TeSR-E8 medium supplemented with
10 uM Y-27632 (STEMCELL Technologies). The next day (day 0),
the medium was switched to TeSR-E6 (STEMCELL Technologies),
and the medium was changed every day for the next 3 days (days
1-3). On day 4 of differentiation, the medium was switched to
human endothelial serum-free medium (Thermo Fisher Scientific)
containing 1% bovine platelet poor plasma-derived serum (Fisher
Scientific), which is referred to as the EC medium throughout the
text, supplemented with 10 uM retinoic acid (MilliporeSigma) and
20 ng/ml human basic fibroblast growth factor (Peprotech). On day
6, cells were subcultured onto 6-well plates that were coated with
collagen IV and fibronectin to purify BMECs through selective
adhesion. One day after subculture, BMECs were ready to be
seeded in the devices.

Astrocyte culture

Differentiated astrocytes were a kind gift from Dr. Ethan
S. Lippmann (Vanderbilt University). Astrocytes were also differen-
tiated from IMR90-4 iPSCs using the protocol developed by
Hollmann et al.'’ This differentiation protocol produces a mixture
of astrocytes and glial progenitors. Since the majority of these cells
express glial fibrillary acidic protein (GFAP), an astrocyte marker,
they are referred to as astrocytes throughout the text. A vial of differ-
entiated astrocytes was thawed and cultured on Matrigel-coated
6-well plates in the TeSR-E6 medium supplemented with recombi-
nant human epidermal growth factor (Peprotech) and recombinant
human ciliary neurotrophic factor (Peprotech). The medium was
changed every other day until the cells were seeded into the fabri-
cated device.
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Seeding cells in the device

Devices with or without hydrogels in the middle bottom channel
were used to study the biocompatibility of the chemically modified
membrane for culture of BMECs and to confirm the formation of a
barrier on the membrane. Devices with hydrogels either contained
astrocyte-laden hydrogels (referred to as coculture with astrocytes) or
blank hydrogels without cells (referred to as monoculture). Fabricated
devices were sterilized by adding 70% ethanol to the channels,
followed by aspirating the ethanol and drying in a biosafety cabinet
under laminar flow. The membrane in the top channel was coated
with collagen IV (0.8 mg/ml, MilliporeSigma) and fibronectin
(0.2 mg/ml, MilliporeSigma) for 4h. For devices with a hydrogel in
the bottom channel, the astrocyte-laden or blank hydrogel was then
introduced into the hydrogel channel and incubated at 37°C for
30 min to cross-link the hydrogel. The hydrogel consisted of collagen
type I (4 mg/ml, Corning), growth factor reduced Matrigel (2 mg/ml,
Corning), and Glycosil hyaluronic acid (2 mg/ml, MilliporeSigma).
This optimized hydrogel was previously shown to support the physio-
logically relevant culture of human astrocytes and minimize their
activation in vitro.”” Next, the EC medium was introduced into the
two channels adjacent to the hydrogel. For devices without hydrogels,
the EC medium was placed in the middle bottom channel.

Purified BMECs were treated with Accutase until about 90%
of cells were visually detached from the surface. The detached cells
were centrifuged and seeded in the device at a ratio of 1 well of a
6-well plate to 3 microfluidic devices (around 500000 cells per
device) by directly adding 100 ul of cells in the EC medium to the
reservoirs in the top channel. These reservoirs consisted of 1000 ul
pipette tips inserted into the inlet and outlet of the channel, which
facilitated the cell seeding process and allowed for culture of cells
under both static and dynamic conditions. Cells were allowed to
attach to the coated membrane for at least 1 h, followed by removal
of nonadherent cells by introducing the EC medium to the reser-
voirs to apply flow and collecting the nonadherent cell solution
from the outlet reservoir. At this point, the devices could be con-
nected to a syringe pump for dynamic culture or they could remain
under static culture. For experiments that involved flow, namely, the
addition of TGF-B1 to the apical channel to determine its effect on
barrier properties and astrocyte activation, the BMECs were kept in
static culture prior to initiating the experiment. BMEC barrier for-
mation was confirmed by TEER measurements under both dynamic
and static cultures in the device. Differences were not expected, as it
has been previously shown that the hiPSC-derived BMECs do not
align and elongate and their barrier properties do not change under
dynamic culture,”’~*>**

Immunostaining and imaging of cells

BMECs were stained with calcein AM (Thermo Fisher
Scientific) following the manufacturer’s protocol to visualize live
cells. BMECs that were cultured in the fabricated devices were fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS) for
10 min. Then, the cells were permeabilized with 0.2% Triton X-100
in PBS for an additional 5 min. Next, the cells were blocked in 10%
normal goat serum for 1h before they were incubated with primary
antibodies, namely, occludin (1:200, mouse monoclonal OC-3F10,
Invitrogen), claudin-5 (1:200, mouse monoclonal 4C3C2, Invitrogen),
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VE-cadherin (1:50, mouse monoclonal BV9, Santa Cruz), or ZO-1
(1:200, rabbit polyclonal, Invitrogen) at 4 °C overnight. The next day,
the cells were washed three times with PBS prior to adding the
secondary antibodies. Goat antirabbit Alexa Fluor 594 (1:200,
Invitrogen) or goat antimouse Alexa Fluor 488 (1:200, Invitrogen)
were incubated for 1h at room temperature. Finally, the cells were
washed three times with PBS before imaging. F-actin staining was
conducted using Alexa Fluor 488-conjugated phalloidin (Invitrogen)
following the manufacturer’s protocol for staining of fixed cells.
Astrocytes were either prestained with membrane dyes, Cellbrite
Green or Texas Red-conjugated Wheat Germ Agglutinin (WGA), or
stained after fixation following the manufacturer’s protocol. In order
to stain for GFAP, astrocytes were fixed with 4% paraformaldehyde
for 15min and then permeabilized with 0.2% Triton X-100 in PBS
for 7 min. The blocking and primary antibody incubation steps were
the same as for the BMEC staining. GFAP antibody (1:500, rabbit
monoclonal EPR1034Y, Abcam) and goat antirabbit Alexa Fluor 488
(1:500, Abcam) were the primary and secondary antibodies used for
astrocyte staining. The cells were incubated with secondary antibodies
for 2 h followed by three PBS washes. All steps for astrocytes staining
in the device were conducted using the pipette tip reservoirs con-
nected to the medium channels adjacent to the hydrogel channel,
while all solutions for BMEC staining were added to the apical
channel. Calcein AM and phase contrast imaging in the device and
2D astrocyte imaging were performed using the EVOS FL Auto
microscope (Thermo Fisher Scientific). All the other imaging in the
device was performed with the Nikon A1Rsi Confocal microscope
with SIM super resolution.

Efflux transporter activity assay

Two days after seeding the BMECs in the devices, the medium
was removed and the cells were washed once with HBSS (Thermo
Fisher Scientific). Next, the devices were treated for 15 min with
100 M verapamil (Abcam) in HBSS with 25 mM HEPES (Thermo
Fisher Scientific). The control devices received HBSS with 25 mM
HEPES. Subsequently, devices were incubated with 2 uM of calcein
AM for 20 min. Then, calcein AM was removed and the cells were
washed with HBSS prior to imaging with the EVOS Fl Auto micro-
scope. Three devices were tested per condition, and three images
were taken for each device using the 20x objective. The fluores-
cence intensity was evaluated by calculating average pixel intensity
for each image using Image].

Impedance spectroscopy

Two sintered Ag/AgCl electrode pellets (1 mm diameter,
Harvard Apparatus) were used to measure the electrical impedance
across the BMEC monolayer. These electrodes were connected to
an LCR meter (Keysight Technologies, E4980AL/032), and imped-
ance magnitude and phase angle were recorded in the range of
20 Hz to 100 kHz. In order to account for the electrode impedance,
first the electrode impedance across a membrane coated with colla-
gen IV and fibronectin (blank device) was measured by immersing
the electrodes in the medium reservoirs. Based on the type of the
device (with hydrogel or without hydrogel), the appropriate pair of
reservoirs was chosen, with one reservoir connected to the apical
channel and the other connected to the basolateral part of the
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device. For devices with hydrogels, the basolateral reservoir was
connected to one of the adjacent medium channels, and for devices
without hydrogels, the reservoir was connected to the middle
channel, which was filled with the medium. After cell seeding and
formation of a confluent monolayer, the same procedure was
repeated for devices with BMECs. Based on an electrical circuit
model, the electrode impedance was extracted. Next, by knowing
the electrode impedance, the values of other elements were deter-
mined by fitting the measured impedance magnitude and phase
angle to the proposed model using a least-squares optimization
method. The detailed procedure can be found in the supplementary
material (Supplementary Methods and Fig. S1).

Fluorescein permeability measurement

In order to determine the permeability of fluorescein mole-
cules across the BMEC monolayer, sodium fluorescein powder was
dissolved in the EC medium and filter sterilized. A 10 uM fluores-
cein solution was introduced to the top channel using the medium
reservoirs, while the bottom channel was filled with the EC
medium without sodium fluorescein. The amount of the medium
in the reservoirs was adjusted such that the height of the medium
in each reservoir was approximately equal in order to minimize the
effect of fluorescein transfer across the channel due to pressure
differences. After 1h, the medium from the bottom channel was
removed, and the concentration of sodium fluorescein was deter-
mined using a Synergy HI hybrid multimode plate reader
(BioTek). Approximating that the concentration throughout the
top channel remains relatively constant, the permeability of the cell
monolayer can be found using Eq. (1). In this equation, Cpg, is the
concentration of fluorescein in the basolateral part of the device
after 1 h (found from a calibration curve), V., is the volume of
the EC medium in the basolateral channel, Cypicq is the concentra-
tion of fluorescein that was introduced in the apical channel, A is
the common surface area between apical and basolateral channel,
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and ¢ is the incubation time. After determining the permeability of
the devices with BMECs and blank devices (without BMECs), the
permeability of the BMEC layer can be found using Eq. (2),

pP— Chaso X Viaso , (1)
Capical X A Xt
1 1 1

PBMEC Protal  Phlank

@

TGF-B1 treatment of BMECs

For the devices that were treated with TGF-f1, the EC medium
containing 25ng/ml recombinant human TGF-B1 (Abcam) was
added to the apical part of the device under 4 ul/min flow, while the
same flow rate of the EC medium was applied to the control devices.
The flow was stopped after 6 h, and the reservoirs were connected to
the devices for impedance spectroscopy. After impedance spectro-
scopy, the devices were reconnected to the syringe pump until the
next day (32 h after introducing TGF-B1), when the cells were fixed
and permeabilized for immunostaining.

RESULTS AND DISCUSSION
Culture of BMECs in the device

Due to the difference in the surface chemistry of the mem-
brane in the device compared to the standard cell culture PET
membrane and the changes in culture conditions in the microflui-
dic device as compared to the standard 2D systems, the compatibil-
ity of the fabricated devices for the culture of BMECs and
formation of a confluent BMEC monolayer was assessed. Purified
BMECs were attached to the collagen IV- and fibronectin-coated
membranes and formed a confluent layer 1 day after seeding
[Figs. 2(a) and 2(d)], and the cells remained viable and confluent 2

FIG. 2. BMECs cultured in the device
remain viable and form a confluent
monolayer in devices with a hydrogel.
(a)-(c) The phase contrast image (a)
and calcein AM staining [(b) and (c)] of
BMECs in devices with a 0.4 um mem-
brane. (d)-(f) The phase contrast
image (d) and calcein AM staining [(e)
and (f)] of BMECs in devices with an
8.0um membrane. All images show
full coverage of the membrane with live
cells. Phase contrast imaging was per-
formed 1 day after seeding, and live
cell staining was performed 2 days
after seeding. Scale bars for (a), (b),
(d), and (e) indicate 400 um, and scale
bars for (c) and (f) indicate 1000 zm.
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days postseeding on the 0.4um [Figs. 2(b) and 2(c)] and 8.0um
[Figs. 2(e) and 2(f)] membranes. For the 0.4 um membrane, mono-
layer formation was observed in both devices with and without a
hydrogel in the bottom channel. However, for devices with the
8.0um membrane, having a hydrogel in the bottom channel was
necessary to form a confluent layer. In the absence of a hydrogel,
the BMECs migrated through the membrane pores and either
detached from the membrane or in some locations formed a
double BMEC layer. To our knowledge, this is the first report dem-
onstrating culture of hiPSC-derived BMECs on a membrane with
8.0 um pore size that results in a successful formation of a cellular
monolayer with requisite BMEC barrier properties, which is essen-
tial for studies concerning transport of cells such as cancer cells
and immune cells across the BBB.

Characterization of hiPSC-derived astrocytes and their
culture in the device

Immunofluorescence analysis of differentiated astrocytes
and glial progenitors grown in the 2D culture was performed to
evaluate expression of GFAP [supplementary material, Fig. S2(a)].
Quantification of the images by evaluating the ratio of
GFAP-expressing cells to total cells showed that 75.8 +5.7% of the
cells were GFAP-positive, which was expected as the differentiation
protocol used to derive these cells produces a mixed population of
astrocytes and glial progenitors.”” The astrocytes were cultured in a
hydrogel that was introduced to the basolateral channel of the
device. Imaging of the astrocyte-laden hydrogel demonstrated that
it remained confined to the middle channel in the bottom layer
of the device [supplementary material, Figs. S2(b) and S2(c)],
which was in contact with the membrane on which the BMECs
are seeded. Partial contact between astrocyte endfeet and BMECs
was observed in 8.0um membrane devices, as shown in the
supplementary material, Fig. S2(d). Astrocytes cultured in the
device developed expected morphologies for astrocytes cultured in

FIG. 3. Visualization of astrocyte morphology and localization in the device. (a)
The Z-stack image of the astrocytes cultured in the device and stained with
WGA Texas Red-X conjugate demonstrates development of physiological mor-
phology of astrocytes in the hydrogel. Scale bar indicates 200 um. (b) The 3D
image of the device with astrocytes stained with Cellbrite Green (membrane
dye) and BMECs stained with Cell Tracker Red. Scale bars in the x, y, and z
directions indicate 200 um.
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3D (mostly stellate, but others bipolar or round™”") and remained
alive for at least 3 days in the device [Fig. 3(a)]. A 3D image of the
device containing differentiated astrocytes and BMECs is shown in
Fig. 3(b), demonstrating the localization of each cell type in the
isogenic BBB-on-a-chip device.

Efflux transporter activity

Calcein AM diffuses into the cells through the plasma mem-
brane. After being metabolized by esterases inside the cells, it
becomes fluorescent and hydrophilic and thus is unable to diffuse
out of the cells.”” Calcein AM is a substrate of the efflux pumps mul-
tidrug resistance-associated protein 1 (MRP1) and P-glycoprotein 1
(P-gp or MDRI1), which can actively pump this molecule out of the
cells.”” As a result, calcein AM can be used to study the efflux trans-
porter activity. Verapamil, which inhibits the activity of both MRP1
and P-gp,”* was used to evaluate the efflux transporter activity
within the device. The cells that were treated with verapamil showed
53% higher fluorescence intensity, indicating higher calcein AM
retention in the cells when the efflux transporter activity was
inhibited [supplementary material, Figs. S3(a) and S3(b)]. These
results demonstrate that the BMECs retain the functional efflux
activity when cultured in the device.

Expression of tight junction proteins

Immunocytochemistry of tight junction proteins is commonly
used to visualize and quantify the expression of these molecules as
well as to determine their localization.”® The horizontal place-
ment of the BMEC layer on the membrane in our device enables us
to utilize this approach to visualize the tight junction molecules
and to study alterations in their expression or localization. Two
days after seeding the device, the confluent BMEC monolayer was
fixed and stained for ZO-1, occludin, and claudin-5, the tight junc-
tion proteins that are responsible for the low permeability of the
BBB.” Figures 4(a)-4(f) show the requisite expression and contin-
uous junctional localization of these proteins on BMECs through-
out the membrane in devices with 0.4 um and 8.0 um membranes.

Evaluating permeability of the BMEC monolayer
within the device

In order to demonstrate the formation of a tight barrier in the
fabricated device seeded with BMECs, we quantified the permeabil-
ity of sodium fluorescein across the cell layer by introducing a solu-
tion of this molecule to the apical channel of the devices without
hydrogels and measuring the fluorescence intensity of the solution
in the bottom channel. As shown in the supplementary material,
Fig. S5(a), the permeability of the cell monolayer remains below
10~%cm/s for at least 2 days, which is within the same order of
magnitude as hiPSC-derived BMECs cultured on Transwells.'” This
shows the suitability of the fabricated device for culture of BMECs,
and its ability to support the formation of a cellular barrier that
mimics the in vivo characteristics of the BBB. The ability to quan-
tify permeability of the BMEC monolayer to different molecules of
interest is important for drug delivery applications. It is also possi-
ble to determine the permeability of the BMEC monolayer in a
device with a hydrogel using confocal laser scanning microscopy if
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FIG. 4. BMECs seeded in devices with a hydrogel show proper tight protein expression. Immunostaining of the BMEC layer on a 0.4 um (a)—(c) or 8 um (d)—(f) membrane
for ZO-1 [(a) and (d)], occludin [(b) and (€)], and claudin-5 [(c) and (f)]. Scale bars indicate 200 um.

the ECM diffusivity is known, and there is no pressure difference
across the BMECs monolayer.”® However, this assay might not be
ideal for characterizing barrier properties of the BMEC layer at
various time points because it is invasive, time consuming, and
prone to error due to possible batch to batch variability in hydrogel
properties, limitations of the confocal optical section thickness, and
photobleaching of fluorescent molecules.

Impedance spectroscopy to determine TEER and
membrane capacitance

Evaluating the electrical resistance across a monolayer of cells
is a standard and noninvasive alternative assay to assess the integ-
rity of cellular barriers. Two approaches are commonly used to
determine the TEER in microfluidic devices: (1) measuring the
difference in impedance “magnitude” at two selected frequencies”™ to
compare the high- vs low-frequency response or (2) measuring the
complex impedance (magnitude and phase) at a constant frequency
for a device without cells and devices with cells and calculating the
difference due to the addition of cells to the system.””*>°"~* These
approaches, however, can produce inaccurate results because small
geometric variabilities between the devices at the microscale inherent
to the fabrication process can cause large differences in the measured
impedance values. The impedance of different components of the
device (e.g., electrodes vs cell membrane) will have different fre-
quency responses, so selecting only one or two frequencies may not
provide an accurate measurement of the TEER and cell membrane
capacitance. Furthermore, impedance analyzers often exhibit lower
accuracy at very low or very high frequencies, so simply selecting
the largest possible frequency range will often produce more

error in the TEER calculation. An alternative approach is to use
impedance spectroscopy, which measures the magnitude and phase
of the complex impedance at many frequencies, typically covering
several orders of magnitude in the frequency response of the device.
Impedance spectroscopy is able to determine the electrical properties
of a given device in a more accurate way because it accounts for
device variability and the frequency response of each component.
There are several studies that have reported employing imped-
ance spectroscopy to find TEER.>"* In this study, a 2-probe
impedance spectroscopy method was applied using two sintered
Ag/AgCl electrodes. Different inlets, one located on the top layer
and the other on the bottom layer, were used to insert the elec-
trodes and measure the impedance across the cellular barrier. Two
measurements were conducted for each device and based on the
type of the device used for the experiment, electrodes were inserted
to the appropriate pair of reservoirs connected to the inlets, I and
II or IIT and IV, as shown in Figs. 5(a) and 5(b). Our method offers
several advantages over previous studies. First, inserting electrodes
into the channel inlets eliminates the need for printing or embed-
ding electrodes into the device, which simplifies the device fabrica-
tion process without sacrificing accurate determination of both cell
membrane capacitance and TEER. Second, as opposed to previous
applications of impedance spectroscopy to these systems®>*® that
neglect phase information, both impedance magnitude and phase
angle are used to calculate TEER and cell membrane capacitance in
this study, which improves the precision of calculated parameters.
The phase angle of the complex impedance is related to energy
storage capacity, so including the phase angle in this analysis is
especially important when calculating cell membrane capacitance.”
Finally, error due to nonuniformity of current distribution in our

Biomicrofluidics 13, 064119 (2019); doi: 10.1063/1.5123476
Published under license by AIP Publishing.

13, 064119-7


https://aip.scitation.org/journal/bmf

Biomicrofluidics

ARTICLE scitation.org/journal/bmf

Cell Membrane

Reduced Electrical
Circuit Model

@ Zg

@ AC Voltage

Sintered Ag/AgCl

SR

Rm
=== -
. 1
I Cell Membrane ;§ E E TEER I
Constant CPE g 1
'»' Phase Element —~  Tight Junction . .
(CPE) = Proteins I 1
___________ T — i

MWW~ Resistor =3

smec | ]

Electrode

FIG. 5. Electrode placement for 2-point impedance spectroscopy and the electrical circuit model of the device. (a) and (b) Schematics showing the inlets used for place-
ment of electrodes for devices without a hydrogel (a) and with a hydrogel (b). For the two-probe measurement, measurements are made by inserting the electrodes into
reservoirs | and Il (solid arrows) or Ill and IV (dashed arrows). (c) The electrical circuit diagram for the device with BMECs showing the various elements that contribute to
the overall impedance. (d) The reduced electrical circuit model that was used for fitting the measured data and finding the electrical properties of the cellular barrier.

device is negligible due to the high TEER values of the BMECs
incorporated in our system and the relatively large height of the
channels, as discussed elsewhere.®®

The various elements of the device that contribute to the total
impedance and the reduced circuit model are shown in Figs. 5(c)
and 5(d), respectively. The same pair of electrodes and the same
electrolyte (EC medium) were used to record the impedance values
for all the devices, so the impedance of the electrodes is theoreti-
cally the same for all samples. The cell monolayer behaves as a
capacitor due to the very thin plasma membrane of cells composed
of an insulating phospholipid bilayer that separates the ions located
inside and outside the cells. This can be modeled as a nonideal
capacitor, commonly known as a constant phase element
(CPE).*>° The junctional proteins that firmly link the BMECs
together act like an electrical resistor that impedes the movement of
ions across the BMECs monolayer. This electrical resistor is in par-
allel with the CPE of the cell membrane, while other electrical com-
ponents of the device such as medium resistance and electrode
impedance are in series with the cell layer components. First, the
effect of culturing BMECs in the device on the impedance between
the two points, one located in the apical reservoir and the other in
the basolateral reservoir, was evaluated by measuring impedance
magnitude and phase angle as a function of frequency before and
after seeding BMEC:s in the device. As shown in the supplementary
material, Figs. S4(a) and S4(b), the formation of a cellular barrier
by BMECs cultured on the membrane causes an increase in the
measured impedance magnitude, as well as a negative, frequency-
dependent phase angle.

Subsequently, in order to determine the important electrical
parameters of the monolayer—TEER and cell membrane capaci-
tance—the data were fit to a circuit model using the least-squares
fitting method in MATLAB. The detailed procedure for isolating
the electrical components of the cell layer can be found in the
supplementary material. In summary, the impedance of the elec-
trodes was first determined in a blank device, which refers to the
same type of device without BMECs for each group. Next, using
the same electrodes in the same electrolyte, the impedance over fre-
quency for the devices with BMECs was recorded. By subtracting
the impedance of the electrodes and fitting the real and imaginary
parts of the measured impedance to the equivalent electrical
circuit, TEER, membrane capacitance, and medium resistance
could be found. An example of the fitted data is demonstrated in
Figs. 6(a) and 6(b). The normalized TEER and membrane capaci-
tance for this device are 1401 Q cm® and 0.79 uF/cm?, respectively.
TEER and capacitance were evaluated for devices with hydrogels
[Figs. 6(c) and 6(d)] and without hydrogels [supplementary
material, Fig. S5(b)]. The average TEER values on day 1 for BMECs
cultured in devices with a hydrogel using the 0.4um or 8.0um
membrane were 1590 +214 Q cm® and 1369 + 134 Q cm?, respec-
tively, showing the formation of a tight barrier as early as 1 day
after cell seeding. The TEER value remained in an acceptable range
for studying transport of small and large drug molecules” for at
least 3 days, after which the TEER typically drops but remains
above 400 Q cm? (data not shown). The effect of coculture with
astrocytes on the TEER value is shown in the supplementary
material, Fig. S6, 1 day after initiating culture of cells in the device.
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(indicated by the fitted curve) based on the fitted values for impedance magnitude (a) and phase angle (b) as a function of frequency for devices with BMECs. (c) and (d)
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uated 1, 2, and 3 days after seeding BMECs in the devices. Each group consists of 3 devices (* indicates P < 0.01 compared to the previous day).

While there is an increase in the average TEER value for devices
that are cocultivated with astrocytes, the difference between two
groups is not statistically significant. This is in agreement with
reported TEER results using the same cell types in a Transwell
system for the first 3 days of coculture.'’ The calculated normalized
cell membrane capacitance in the device [Figs. 6(c) and 6(d)] is
within the range of reported cell membrane capacitance values for
different cell types (approximately 0.5-2uF/cm?).”"”* While cell
membrane capacitance has not traditionally been quantified in
BBB-on-a-chip devices, evaluating capacitance of the cellular layer
could potentially be used to study physiological phenomena involv-
ing alteration of the cell membrane surface area, such as endocyto-
sis and exocytosis.”>’* Impedance spectroscopy can also be used to
distinguish between paracellular and transcellular resistance and
the difference between apical and basolateral membrane capaci-
tance upon stimulation by various factors.”””°

Effect of TGF-p1 on TEER in the BBB model

TGEF-B1 is known to be present at higher levels in the plasma
of patients suffering from acute liver failure as well as melanoma
patients. The high level of TGF-fl in the plasma results in
increased permeability of the BBB in the case of liver failure™””
and is thought to be involved in extravasation of melanoma cells to
the brain by causing BMECs to undergo an endothelial to

mesenchymal transition.”* In order to recapitulate the effect of
TGF-B1 on BBB permeability, 25 ng/ml TGF-B1 was added to the
apical part of the device at a flow rate of 4 ul/min, and both TEER
and expression of F-actin and junctional proteins were evaluated
6h after TGF-B1 administration [Figs. 7(a) and 7(b)]. Similar to
other reports,”® F-actin staining indicated formation of stress fibers
in the treated samples, which commonly results in increase in per-
meability of endothelial layers’” [Fig. 7(a)]. In addition, staining for
VE-cadherin and claudin-5 showed decreased junctional localiza-
tion of these proteins upon TGF-B1 treatment [Fig. 7(a)]. Finally,
even though ZO-1 expression remained junctional, more regions of
discontinuity and frayed junctions (shown with white arrows) were
evident in the treated samples [Fig. 7(a)]. The addition of TGF-B1
to the apical channel decreased the TEER in devices with BMECs
alone as well as in devices containing cocultures of astrocytes and
BMECs by 24% and 28%, respectively [Fig. 7(b)], further confi-
rming disruption of the BBB after treatment with TGF-p1.

Evaluation of astrocyte activation in the basolateral
channel

Astrocyte activation or reactive gliosis is observed in various
pathologies of the central nervous system®’ and is thought to be a
promising therapeutic target."’ Astrocyte activation is characterized
by hypertrophy of astrocyte processes and upregulation of multiple
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FIG. 7. Studying changes in barrier properties and junctional protein expression of BMECs and activation of astrocytes after TGF-B1 treatment. (a) The effect of TGF-31
on the formation of stress fibers and junctional protein expression. White arrows show frayed junctions in ZO-1 staining. (b) The effect of TGF-B1 on TEER of the BMEC
layer for devices with only BMECs (monoculture) and coculture of BMECs and astrocytes (* indicates P < 0.05 compared to control). (c)-(e) Astrocytes cultured in an
untreated device fixed and stained with WGA (c) and for GFAP (d). (e) The 3D image of the astrocytes stained for GFAP (green) and cell membrane (WGA,; red) in an
untreated device. (f)—(h) Astrocytes cultured in devices treated with TGF-B1 in the apical channel fixed and stained with WGA (f) and for GFAP (g). (h) The 3D image of
astrocytes stained for GFAP (green) and cell membrane (red) in a treated device showing upregulation of GFAP expression in the astrocytes. Scale bars indicate 200 um.

markers including GFAP, vimentin, and leOB.'“)’g”’S" Staining
astrocytes for GFAP expression in order to detect their activation
during various brain pathologies is a standard in vivo assay.
However, using this assay in conventional in vitro platforms is chal-
lenging since astrocytes cultured in 2D are already in a highly reac-
tive state,’”*>*® and thus it is difficult to monitor changes in their
activation. Moreover, reactive gliosis is a heterogeneous state and
depending on the stimulus causing activation, the response from
astrocytes is different.”” Therefore, starting from an already reactive
population of astrocytes complicates the analysis. The use of a
previously optimized hydrogel for culturing human astrocytes in

this study enables evaluation of changes in GFAP expression and
astrocyte morphology in order to study astrocyte activation due to
different factors, since basal astrocyte reactivity markedly decreases
when cultured in 3D in the hydrogel.*’

As TGF-BI is unable to cross an intact BBB,”® we hypothe-
sized that the disruption of the BMEC barrier observed upon
TGF-B1 addition to the apical channel of the devices would facili-
tate the transport of TGF-B1 to the hydrogel channel due to the
increase in permeability. In order to test this hypothesis, devices
that were treated with 25ng/ml of TGF-Bl were fixed, and the
astrocytes in the basolateral channel were stained for GFAP and
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labeled with WGA TX-Red®-X conjugate after 32h of treatment.
Using confocal microscopy, an increase in expression of GFAP by
astrocytes in the devices that were treated with TGF-Bl was
observed, indicating activation of the astrocytes and consistent with
previous reports that TGF-B1 induces upregulation of GFAP in
astrocytes [Figs. 7(c)=7(h)].**88992 These results are also in agree-
ment with the mechanism proposed by McMillin et al. in which
high levels of TGF-B1 on the blood side of the BBB due to acute
liver failure result in the penetration of TGF-B1 and other toxins
into the brain through disruption of the BBB integrity."** These
results indicate the utility of this model for screening for astrocyte
activation, and future studies could utilize activated astrocytes in
the model to understand their role in the BBB modulation.

CONCLUSIONS

Incorporation of hiPSC-derived cells in a microfluidic device
is a promising approach toward the establishment of tissue-on-chip
platforms that can better resolve the current limitations associated
with animal studies. Here, we report a BBB-on-a-chip platform that
is composed of BMECs that form a highly selective barrier and
astrocytes, the most abundant cells in the brain and active players
in central nervous system diseases. The BMECs and astrocytes that
were utilized in our device were differentiated from the same hiPSC
cell line to establish an isogenic in vitro model of the BBB. This
is particularly important for personalized medicine applications
since it demonstrates the possibility of creating patient-specific
BBB-on-a-chip platforms. BMECs can be cultured and form a
monolayer barrier on membranes with 8.0 um pore size, which can
be used to study the interaction of immune cells and cancer cells
with the BMECs and astrocytes during their adhesion to the BMEC
layer and their transmigration into the brain. We also report the
ability to measure TEER in the device using impedance spectro-
scopy via a 2-probe method. Furthermore, capacitance of the cell
monolayer, another useful characteristic of the cellular barrier, can
be determined using this approach. As an example of modeling a
disease condition, we demonstrate that high levels of TGF-B1 in the
apical channel of the device decrease the TEER and can activate
the astrocytes in the basolateral part of the device, which are seeded
in 3D in a hydrogel for physiologically relevant culture. Further
molecular assays to study the role of astrocytes in different diseases
could be conducted in our fabricated platform. The use of
hiPSC-derived cells also enables the study of rare diseases and the
examination of potential therapeutic strategies in a dynamic
system. Other hiPSC-derived cell types found in the neurovascular
unit such as pericytes, neurons, and microglia that play a vital role
in certain diseases could also be added to the basolateral part of the
device if desired. Overall, we believe this device has the potential to
be incorporated in many in vitro studies due to its ability to
support various standard in vitro assays such as immunocytochem-
istry, TEER and permeability measurement, and ELISA assays on
the conditioned medium, while the cells are cultured in 3D in the
presence of flow.

SUPPLEMENTARY MATERIAL

See the supplementary material for supplementary methods
describing calculation of TEER and cell membrane capacitance

ARTICLE scitation.org/journal/bmf

from impedance spectroscopy and for Figs. S1-S5. Figure S1 sum-
marizes the approach used to find TEER and capacitance.
Figure S2 provides images of astrocytes in both 2D and 3D culture
in the device and visualization of partial contact between astrocyte
endfeet and BMECs. Figure S3 shows the efflux transporter activity
of BMECs in the device. Figure S4(a) shows the effect of BMECs
on the measured impedance of the device. Figure S5 includes quan-
tification of sodium fluorescein permeability as well as TEER and
capacitance of the BMEC monolayer in devices without a hydrogel.
Figure S6 demonstrates the effect of coculture with astrocytes on
TEER values of the BMEC monolayer in the device.
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