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ABSTRACT

To clarify the physiological and pathological roles of gut-liver-axis (GLA) in the human body, a GLA microphysiological system (GLA-MPS)
holds great potential. However, in current GLA-MPSs, the importance of a physiologically relevant flow for gut and liver cells’ cultivation is
not fully addressed. In addition, the integration of individual organ perfusion, circulation flow, and organ tissue functions in a single device
has not been achieved. Here, we introduce a GLA-MPS by integrating two cell-culture chambers with individually applied perfusion flows
and a circulation channel with an on-chip pneumatic micropump under cell-culture chambers via a porous membrane for interconnecting
them. We analyzed the fluid shear stress (FSS) with computational fluid dynamics simulations and confirmed that the physiologically relevant
FSS could be applied to the gut (Caco-2) (8 × 10−3 dyn cm−2) and liver (HepG2) cells (1.2 × 10−7 dyn cm−2). Under the physiologically rele-
vant flow, the Caco-2 and HepG2 cells in the GLA-MPS maintained a cell survival rate of 95% and 92%, respectively. Furthermore, the
expression of functional proteins such as zonula occludens 1 (in Caco-2) and albumin (in HepG2) was enhanced. To demonstrate the GLA
interaction, the inflammatory bowel disease was recapitulated by applying lipopolysaccharide for only Caco-2 cells. The inflammatory pro-
teins, such as inducible nitric oxide synthase, were induced in Caco-2 and HepG2 cells. The presented GLA-MPS can be adapted as an
advanced in vitro model in various applications for disease modeling associated with inter-tissue interactions, such as inflammatory disease.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0088232

I. INTRODUCTION

Gut-liver-axis (GLA) is a bidirectional interaction between the
gut and liver mediated by dietary, genetic, and environmental
factors1 that regulates the absorption/prevention of exogeneous
agents at the gut barrier and metabolic processes in the liver.2,3 The
disruption of GLA functions leads to liver disease progression and
gastrointestinal disorders.4 Therefore, there are ongoing trends in the
study of GLA for disease modeling and drug discovery. However,
using experimental animal models does not yield clear information
about GLA because they have a whole set of organs that show

complicated interactions in addition to GLA. Therefore, it is neces-
sary to establish an in vitro model to better understand GLA.

Microphysiological systems (MPSs) or organs-on-chips
(OoCs) recapitulate pathophysiological conditions in vitro by utiliz-
ing micro/nanotechnology approaches for applications in drug dis-
covery. The MPSs provide physiologically relevant cellular
microenvironments (i.e., soluble factors, perfusion, extracellular
matrices, tissue-like structures, and physical stimuli) for cells and
organs,5 and interconnecting organs via flow channels and con-
trols.6 These features are critical to investigating the absorption,
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distribution, metabolism, excretion, and toxicity (ADME-T) of the
drug candidate and for also disease modeling.6 Therefore, MPSs are
suitable for recapitulating GLA in vitro.

Thus far, several MPSs as an in vitro GLA model (GLA-MPS)
have been reported, such as GLA for metabolism and inflammation
axes.3,7–11 They showed better predictive capabilities of
organ-to-organ interaction compared to normal static cell-culture
models. However, there remain several concerns of flow perfusion
control, organ functions, and inter-tissue interaction that need to
be addressed for GLA-MPS. First, gut and liver cells have different
physiologically relevant flow perfusion to be realized via a precise
flow control in the chip. Second, gut and liver cells have cellular
polarity, which should be functionalized in molecular transporta-
tion. Third, circulation flow needs to connect two organs for inter-
tissue interactions. The current GLA-MPSs are based on two
approaches: the cell-culture insert in the microtiter plates7,11 and
microfluidic devices.12,13 For the cell-culture insert system, cellular
uptake and transport across the cell barrier (e.g., endothelial cells
and intestinal epithelial cells) can be studied with the porous mem-
brane; under porous membranes, a circulation channel could be
used to connect two organs and apply flow perfusion. However, it
is difficult to apply an appropriate uniform perfusion flow for the
surface of each organ within the insert precisely, because of its
macroscopic scale in the millimeter range and lack of a perfusion
controlling system. To express their organ cell functions, gut epi-
thelial cells require physiological relevant fluid shear stress (FSS)
from the perfusion flow.14,15 In contrast, using a microfluidic
device allows the control of perfusion flow in the planar compart-
mentalized chambers and the interconnection of two or more
tissue cells via a microfluidic channel with an on-chip micro-
pump.12,13,16 These microfluidic devices have some issues to be
addressed; for example, we can apply only one flow rate for the
introduced tissues, although the gut and liver require different flow
rates to execute their functions properly.17,18 Furthermore, the
device cannot be applied to study organ molecular transport func-
tions across the gut barrier because it does not have an apical to
basal side transport structure such as a porous membrane substrate
on the bottom channel.12 Thus, there is an urgent need to fulfill
these requirements for establishing an advanced in vitro GLA
model that (i) enables the application of an appropriate perfusion
flow for the gut and liver, (ii) studies molecular transports across
the gut barrier, and (iii) interconnects the gut and liver to study
their interactions within a single microfluidic device.

Here, we present a GLA-MPS device that can achieve individ-
ual physiological flow perfusion for each organ in the cell-culture
chamber, form barrier tissue structures on a porous membrane,
and connect two organs with circulation flow. The device is fabri-
cated with four-layered microfluidic structures such as a cell-culture
layer, porous membrane, circulation layer, and control layer with
an on-chip micropump structure. The FSS on cells is estimated by
the computational fluid dynamic simulation. The Caco-2 intestinal
epithelial and HepG2 hepatocyte-like cells are applied to their own
physiologically relevant FSSs to enhance their functions. The circu-
lation flow controlled by the micropump performed closed-loop
circulation to interconnect the Caco-2 and HepG2 cell-culture
chambers via a porous membrane. The lipopolysaccharide (LPS)
and dexamethasone (Dex) were used to stimulate the GLA

communications. This device allows modeling the GLA interaction
as an in vitro model.

II. MATERIALS AND METHODS

A. Device concept and structure

The GLA-MPS device was designed as shown in Figs. 1(a)
and 1(b). The GLA-MPS device comprises four layers made of
polydimethylsiloxane (PDMS) and a glass substrate [Fig. 1(c) and
Fig. S1 in the supplementary material]. The four PDMS layers work
as a cell-culture layer, porous membrane, circulation layer, and
control layer integrated with a micropump. The PDMS meets the
requirements as a structural material owing to its biocompatibility,
gas permeability, and elasticity to realize micropumping.19 The cell-
culture layer contains cell-culture chambers (length: 5.3mm, width:
2 mm, height: 360 μm). A porous membrane has holes with a hole
size of 5 μm, pitch of 20 μm, and thickness of 20 μm to prevent cell
penetration through the holes and reduce the FSS for cells from the
basal side. This membrane separates the cell-culture chamber and
circulation channel to perform two different flows; soluble factors are
transported via holes. An on-chip micropump was integrated into
the control layer to perform closed-loop circulation. Furthermore,
the external pump was connected to the inlet of the gut chamber to
apply the FSS on the apical side of the gut epithelial cells.

B. Micropump actuation for closed-loop circulation

An approach that uses a pneumatic micropump enabled integra-
tion with a microfluidic device. We fabricated a pneumatic micro-
pump, which is a modified version of Quake’s microvalve pump20 to
perform closed-loop circulation [Fig. 1(d)]. The microvalve is inte-
grated into the control layer, consisting of a flexible PDMS membrane
and an underlying control channel. Membrane actuation is achieved
by varying the positive hydraulic pressure from the control channel,
bending toward the circulation channel. This micropump uses three
adjacent microvalves of the membranes in combination with a larger
size (diameter: 1 mm) and two smaller ones (diameter: 0.6mm), con-
nected to a diffuser and nozzle structure16 for increasing the one-
directional flow by reducing backward flow. The purpose of this “two
phase” actuating method is to simplify the actuating sequence, which
reduces the efforts of frequency and pressure control from the pneu-
matic system. Here, circulatory perfusion flow is controlled by selec-
tively releasing (“0”) and actuating (“pressure”) microvalves in the
membrane “push-up” configuration. “sequence-1” represents actuat-
ing both valves 1 and 2 simultaneously, which keeps valve 3 free.
Then, “sequence-2” represents the state where only valve 3 is actuat-
ing. The actuation time of the 1-mm microvalve is slower than that of
the 0.6-mm microvalves because the larger volume of the control
layer chamber leads to a high inertial mass.21 Thus, valve 2 is slower
than that of valves 1 and 3, which leads to a peristaltic valve motion
to generate output flow in one direction during actuation.

C. Chip fabrication

The GLA-MPS device was fabricated using multilayer soft-
lithography (Fig. 2).22 For the resist mold of the cell-culture layer, a
dry-film type negative photoresist (45 μm; TMMF S2045TM, Tokyo
Ohka Kogyo) was laminated eight times to achieve a thickness of
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360 μm; similarly, the TMMF was laminated two times to achieve a
thickness of 90 μm for fabricating the resist mold of the circulation
and control layers. The resist mold of the porous membrane layer
was fabricated using a spin-coated 25-μm-thick negative photoresist
(TMMR S2000TM, Tokyo Ohka Kogyo). UV exposure was per-
formed using a mask aligner (MUM-1000 Series, Japan Science
Engineering Co. Ltd.)23,24 with Cr-patterned glass masks for the
corresponding molds of each layer (cell-culture layer:
1000 mJ cm−2, porous membrane: 1500 mJ cm−2, and circulation
layer and control layers: 500 mJ cm−2). For the development, the
resist molds were put in a propylene glycol monomethyl ether
acetate (PGMEA) solution [PM Thinner, Tokyo Ohka Kogyo)] at
23 °C for 20 min.23,24 The PDMS base and curing agent (Sylgard
184, Dow Silicones) mixed in a ratio of 5:1 (w/w) for the porous
PDMS membrane and 10:1 for other layers were poured onto resist
molds and cured at 25 °C for 48 h. The designed membrane thick-
nesses were tuned by spin coating to 25 μm for the porous PDMS
membrane and 60 μm for the pump membrane. The cured PDMS
layer of the porous membrane was etched with a 5-μm thickness
using the O2 plasma (power 100W: pressure 50 Pa: flow rate
50 SCCM; FA-1, Samco Inc.) to open the through holes (Fig. S2 in
the supplementary material). The cell-culture layer was bonded to
the porous PDMS membrane, whereas the control layer was

bonded to the circulation layer. The two assembled structures were
peeled off from the substrate and bonded together using VUV
surface activation (Min-Excimer SUS713, Ushio Inc.). Finally, the
bonded PDMS layers were bonded on the glass substrate and cured
in an oven at 45 °C for 24 h. Low-temperature bonding causes less
deformations on the PDMS block, which prevents shrinkage and
bending, and leads to flat surfaces for multilayer bonding.

D. Evaluation of micropump flow rate

Microbead tracing (4.5 μm in diameter) was used for visualizing
the culture medium flow to characterize the flow rate generated by
the on-chip micropump; the flow distances of the beads were mea-
sured. Before the experiments, the microfluidic channel was coated
with 1% (w/v) bovine serum albumin (BSA, Sigma-Aldrich) in PBS
for 2 h at 25 °C to prevent the nonspecific adhesion of beads on flow
channels and cell-culture chambers. The beads were suspended in a
1% (w/v) BSA solution at 1 × 106 beadsml−1; subsequently, a bead-
suspended solution was introduced into the device. The movement of
the microbeads was captured using a CMOS camera (EO-4010M,
Edomond Optics) equipped with a microscope (GX53, Olympus); the
bead velocities for flow velocity were analyzed using a custom-made
MATLAB program (R2020b, MathWorks). The volumetric flow rates

FIG. 1. Conceptual illustration of the gut-liver-axis (GLA)-MPS. (a) Photograph of the GLA-MPS with three sets of in vitro GLA and an integrated micropump. (b)
Illustration of microfluidic flow channels for establishing GLA-MPS. Gut epithelial cells and liver hepatocytes are cultured in corresponding cell-culture chambers, applied
optimal perfusion flow for each cell type, and interconnected by circulation flow. (c) Illustration of the GLA-MPS that comprises four PDMS layers and the bottom glass
layer. (d) Schematic of the actuating micropump.
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were calculated by multiplying the flow velocity by the cross-sectional
area of the microfluidic channel.

E. Computational fluid dynamics for fluid shear stress

Computational fluid dynamics analysis was used to estimate
the FSS of the cell surface using COMSOL Multiphysics (Ver. 5.6,
COMSOL Inc.). The center cross section along the gut chamber
perfusion direction was used in the calculation; the microhole
structure of the porous membrane was incorporated. The cell-
culture medium was considered an incompressible and homoge-
neous Newtonian fluid with conditions similar to water at 37 °C
(density: 997 kg m−3, viscosity: 6.9 × 10−4 Pa s−1). A 10-μm-thick
layer covered the upper side of the porous membrane with no
direct flow across via the interior wall setting to model the cell
layer. No-slip boundary conditions were applied to the channel
walls. A laminar flow/stationary library was used to determine the
shear rate ( _γ), and the FSS (τ) was calculated by multiplying the
shear rate with the dynamic viscosity of water.

F. Cell culture

HepG2 human hepatocellular carcinoma and Caco-2 human
colorectal adenocarcinoma cell lines were obtained from the
American type culture collection (ATCC). Cells were maintained in
the cell-culture medium containing Dulbecco’s modified Eagle
medium (DMEM) (Sigma-Aldrich) supplemented with 10% (v/v)
fetal bovine serum (FBS, Cell Culture Bioscience), 1% (v/v) nones-
sential amino acids (NEAA, Thermo Fisher Scientific), and 1%
(v/v) penicillin/streptomycin (P/S, Thermo Fisher Scientific) in a
humidified incubator at 37 °C with 5% (v/v) CO2. HepG2 and
Caco-2 cells were passaged with trypsin/EDTA (0.04%/0.03%[v/v])
solution every 3 and 7 days, respectively.

G. Cell culture on a chip

The chips were sterilized with 70% (v/v) ethanol and ultraviolet
light in a biosafety cabinet at 25 °C for 40min prior to the cell culture
on the chips. Then, two chambers in the cell-culture-chamber layer

FIG. 2. Fabrication procedure of the GLA-MPS. (1) Each mold was fabricated with photolithography. (2) Pre-PDMS mixture was poured on the molds and cured. (3)
Solidified PDMS structures of the cell-culture layer and control layer were peeled off from the molds and bonded to the porous membrane layer and circulation layer,
respectively. (4) The bonded layers were peeled off from the mold, and then (5) the layers were assembled on the glass substrate using VUV bonding.
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were filled with a 1.3% (v/v) Matrigel hESC-qualified matrix
(Corning) in DMEM/F12 (Sigma-Aldrich) at 25 °C for 2 h. The cell
culture and circulation chambers were washed and filled with a cell-
culture medium. The chips were incubated at 4 °C for 16 h to remove
all air bubbles from the chips. The next day, after washing the chips
with a cell-culture medium warmed at 37 °C, 3 μl of cell suspensions
of Caco-2 and HepG2 cells (5 × 106 cells ml−1) were introduced into
the corresponding cell-culture chamber chips; the cell density was
1800 cells mm−2. The chips were placed in a humidified incubator at
37 °C with 5% (v/v) CO2. After 24 h, the cell-culture medium was
changed to remove the floating dead cells. For circulation and perfu-
sion, the inlet of the gut culture chambers was connected to a syringe
pump (KDS LEGATO 210, KD Scientific Inc.); the micropump was
actuated for medium recirculation. For a static cell culture, the cell
culture and circulation chamber layers were changed with the cell-
culture medium every 6 h. The total cell culture on the chip was
maintained for up to 10 days.

H. Live/dead cell assay

A cell viability assay was conducted using the NucleoCounter
NC-200, Via1-CassetteTM (Chemometec). After the cell culture or
treatment, cells in the chips were washed with PBS once by adding
50 μl PBS through the cell-culture chamber and the circulation
channel. Then, 20 μl of the trypsin/EDTA solution was added
through the cell-culture chambers and incubated at 37 °C for
10 min. After cell detachment, cells in both chambers were sepa-
rately harvested into a 1-ml tube and diluted to 200 μl with the cell-
culture medium. The homogeneous cell suspension was aspirated
into a Via1-CassetteTM to count the number and ratio of dead/live
cells.

I. Immunocytochemistry

After the cell culture and treatment, the cell-culture chambers
and circulation layer were washed twice with PBS containing 50 μl
of PBS. The cells were fixed with 4% paraformaldehyde (PFA,
FUJIFILM Wako Pure Chemical) in PBS for 15 min at 25 °C and
permeabilized with 0.1% (v/v) Triton X-100 in PBS for 30 min at
25 °C. The cells were then incubated in a blocking buffer (5%
normal goat serum, Vector; 5% normal donkey serum, Wako; 3%
BSA, Sigma-Aldrich; and 0.1% Tween-20, Nacalai Tesque, Inc., in
PBS) at 4 °C for 16 h. After blocking, the cells were incubated with
primary antibodies such as rabbit anti-human ZO-1 IgG (Thermo
Fisher Scientific), mouse anti-human albumin IgG (Thermo
Fisher Scientific), and mouse anti-human inducible nitric oxide
synthase (iNOS) IgG (R&D Systems) in a blocking buffer at 4 °C
for 16 h. After washing the primary antibodies with PBS-T twice,
the cells were incubated with secondary antibodies such as Alexa
Fluor 488-labeled donkey anti-rabbit IgG and Alexa Fluor 647-
labeled donkey anti-mouse IgG H&L (Jackson ImmunoResearch)
in a blocking buffer at 25 °C for 1 h. The cell nuclei were stained
with 300 nM 4,6-diamidino-2-phenylindole (DAPI, Dojindo
Laboratories). The DAPI solution (50 μl) was introduced into the
chambers and incubated at 25 °C for 30 min; the chambers were
washed with PBS.

J. Imaging acquisition

Confocal microscopic imaging was performed using an Andor
Dragonfly 502 system (Andor, UK). This system is built on a
Nikon ECLIPSE Ti2-E inverted fluorescence microscope (Nikon)
and equipped with a Zyla 4.2 Plus scientific complementary metal
oxide semiconductor (sCMOS) camera (Andor) driven by Fusion
(Andor), a CFI Plan Apochromat Lambda 10× dry/0.45 NA
(Nikon), motorized XY stage and stage piezo (Applied Scientific
Instrumentation), and three lasers (405, 488, and 637 nm). For
image acquisition, the lasers were set to 488 nm for ZO-1, 637 nm
for albumin, and 405 nm for DAPI.

K. Imaging quantification

The imaging data quantification process was conducted
using the CellProfilerTM (the Broad Institute of Harvard and
MIT, version 4.07). To reduce the background staining effect,
a mathematically subtracting of the background signal was
applied in every image in every calculating cycle using the
correctilluminationCalcuate and correctilluminationApply func-
tions (Median filter, 50). Using IdentifyPrimaryObjects, DAPI
images were selected and nuclei were identified. The parameters
were set as follows: typical diameter of objects from 10 to 40;
threshold smoothing scale of 0.5; threshold correction factor of
1; lower and upper bounds on the threshold of 0 and 1; method
to distinguish clumped objects, intensity; method to draw divid-
ing lines between clumped objects, intensity; default values were
used for the other parameters. In IdentifySecondaryObjects,
stained total cell images were selected, and nuclei, as the input
objects, were selected. The parameters were set as follows:
method to identify the secondary objects, propagation; threshold
strategy, global; thresholding method, Otsu with two classes;
threshold smoothing scale of 0; threshold correction factor of 1;
lower and upper bounds on the threshold of 0 and 1; regulariza-
tion of 0.05. Holes were filled in the identified objects. Objects
touching the border of images were not discarded. In
MeasureObjectIntensity, the intensity of nuclei and cells of iden-
tified objects was measured.

L. Permeability assay across cell barrier

FITC-dextran (4 kDa, Sigma-Aldrich) was used for the per-
meability assay.25 It was dissolved into a cell-culture medium at a
concentration of 1 mg ml−1 as the working solution. The working
solution was introduced into the gut cell-culture chamber and
incubated for 4 h. The FITC-dextran in the medium of the cell-
culture chamber and circulation channel was separately collected
and measured using the Synergy HTX microplate reader (BioTek
Instruments). The hydraulic conductivity Kdextran was calculated
using

Kdextran ¼ 1
A � C0

� dQ
dt

, (1)

where A, C0, and dQ/dt represent the transporting surface area of
the porous membrane (5.3 × 2 mm2), original concentration of
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the FITC-dextran in the gut apical chamber, and amount of
FITC-dextran transported across the membrane over the respec-
tive time interval, respectively.

M. Cell treatment in GLA-MPS

LPS (Escherichia coli O111:B4, Sigma-Aldrich) and Dex
(Wako) were used to treat Caco-2 cells. LPS and Dex were dissolved
in a cell-culture medium at 1 mgml−1 and 200 μM, respectively, as
the treatment solutions. After 9 days of culturing in the GLA-MPS,
only Caco-2 cells were treated with the treatment solutions for 4
days.

N. Enzyme-linked immunosorbent assays

Enzyme-linked immunosorbent assay (ELISA) was performed
to measure TNF-α secreted from the cells by following the manu-
facturer’s instructions of RayBio Human TNF-α ELISA kit
(RayBiotech). During 4-day stimulation, the cell-culture medium
from cell-culture chambers and the circulation channel were col-
lected, and the secreted TNF-α was measured at 450 nm absor-
bance by the Synergy HTX microplate reader (BioTek
Instruments).

O. Statistical analysis

The Student’s t-test, asymptotic Wilcoxon signed-rank test,
and Tukey’s multiple comparison test were conducted using R soft-
ware (ver. 3.5.2; https://www.r-project.org/).

III. RESULTS AND DISCUSSIONS

A. Computational estimation of shear stress and flow
rates in GLA-MPS

The FSS was one of the most important physical factors affect-
ing the cell function and morphology,18,26 but the previous
GLA-MPSs faced challenges in the control. The flow perfusion con-
ditions should be investigated for each organ cell. In this device, we
estimated the FSS and flow rates using COMSOL simulation to
investigate whether the GLA-MPS provides proper FSS on cells
(Fig. 3). When the medium perfusion in the gut chamber was per-
formed from 2 to 5 μl min−1, the surface FSS on the apical side of
cells had a linear relationship with the external pumping flow rate
[Figs. 3(a) and 3(b)]. The mean FSS for the intestinal cells was in
the range of 8 × 10−3–2 × 10−2 dyn cm−2, which was in the physio-
logically relevant range26,27 and could promote gut cell barrier for-
mation and differentiation processes.28,29

FIG. 3. Simulated perfusion flow in the GLA-MPS. (a) Simulated perfusion flow in the gut cell-culture chamber. (b) Simulated shear stress on the cell surface cultured on
the porous membrane. (c) Simulated circulation flow in the circulation chamber. (d) Simulated shear stress by the circulation flow.
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The FSS applied to cells from the basal side through the holes
of the membrane was determined using the membrane thickness
(h) and circulation flow rate [Figs. 3(c) and 3(d)]. The FSS was
reduced dramatically with an increase in membrane thickness. In
our setup parameters (20-μm-thick membrane), we found that the
surface FSS (1 × 10−8–1.2 × 10−7 dyn cm−2) on the basal sides of
cells by the circulation flow was considerably smaller than the FSS
on the apical side of gut epithelial cells. Thus, in the effect of circu-
lation flow, we not only considered the effects of FSSs of basal sides
for the later cell experiments, but we also recognized that circulation
flow would mediate communication between the gut and liver cells.

In recent results for the gut on a chip,17 the Caco-2 cells on
the porous membrane experienced flow perfusion in the apical side
or basal side, which showed an improvement in cell functions. In
our device, by using the simulation model, the FSS on cells is well-
designed and can be clearly used for investigating their effect on
cells from both sides.

B. Evaluation of circulation flow by the micropump

The micropump for circulation flow was controlled using the
developed pneumatic actuating method to induce the flow circulation
between two organ chambers. We investigated the circulation flow rates
controlled by an on-chip micropump after the fabrication of the
GLA-MPS (Fig. 4). The mean flow rate increased with driving pressure
(0–150 kPa) and pumping frequency (0–1.5Hz). Working frequencies
over 1Hz exhibited no significant differences in the generated flow
rates; in contrast, the GLA-MPS had disassembled by applying over
150 kPa in the control layer for 14 days (data not shown). Therefore,
the working pressure was set from 50 to 150 kPa to carry out cell
culture and assay in the GLA-MPS; this gave flow rates from 22 to
61 nlmin−1 for circulation at a 1-Hz working frequency.

The flow rate requirement for inducing two organ interactions
could be estimated from the exchange ratio of circulation flow rate
(q) and flow volume (Q), i.e., q/Q. In this device, the microfluidic
system has a circulation flow volume of 1.5 μl. The exchange ratio
is 1.5%–9% in 1 min. In other GLA-MPSs,3,7 the exchange ratio is

approximately 0.25%–1% in 1 min. Thus, our device realized a
more intensified circulation flow between the gut and liver. For
9-day cell culture, this flow is sufficient to induce the interaction
between two organs in the GLA-MPS device. Besides, the on-chip
micropump could realize a fine range of flow rate adjustment,
which is consistent with the aforementioned FSS simulation circu-
lation flow rate range. Therefore, we could couple the circulation
flow with gut perfusion flow to improve the cell function and
induce the organ to organ interaction for cell-culture experiments.

C. GLA culture on a chip

Caco-2 gut intestinal30 and HepG2 hepatocyte-like cells31 were
used and cultured in GLA-MPS to establish in vitro GLA. Prior to
the cell culture, the surface of the porous membrane should be
coated with Matrigel for cell attachment. By applying the pressure
barriers of caplillary,32 Matrigel was only coated on the surface of
the cell-culture chamber side (upper side), but not the surface of
holes and circulation channel side (bottom side). This is to reduce
cell attaching and migrating through the hole of the porous mem-
brane (Fig. S3 in the supplementary material).

After culturing for 1 day under the static conditions for the
cell attachment, only Caco-2 cells, but not HepG2 cells, were sub-
jected to the perfusion flow, since the apical side of hepatocytes in
the physiological situation is not subjected to the perfusion flow
[Fig. 5(a)]. Both Caco-2 and HepG2 cells were maintained for eight
days with the circulation flow in the circulation channel. After the

FIG. 4. Measured mean flow rate of the micropump for pressure-dependent
actuation from 0.25 to 1.5 Hz frequency. Each dot represents the mean ± stan-
dard deviation (SD) (n = 10).

FIG. 5. Cell culture and cell viability. (a) Experimental procedure of cell culture,
perfusion, circulation, and treatments in the GLA-MPS. (b) Evaluation of cell via-
bility of Caco-2 cells (2 μl min−1 of the perfusion flow; 61 nl min−1 of circulation
flow) and HepG2 cells (without perfusion flow; 61 nl min−1 of circulation flow) in
the GLA-MPS.

Biomicrofluidics ARTICLE scitation.org/journal/bmf

Biomicrofluidics 16, 044113 (2022); doi: 10.1063/5.0088232 16, 044113-7

Published under an exclusive license by AIP Publishing

https://www.scitation.org/doi/suppl/10.1063/5.0088232
https://aip.scitation.org/journal/bmf


culture, Caco-2 and HepG2 cells showed 95% and 92% cell viabil-
ity, respectively [Fig. 5(b)]. It demonstrated that the cells could be
maintained with relatively high cell viability in this device.

The expression of ZO-1 and albumin (ALB), as functional
markers of the gut and liver, respectively, was observed by immunocy-
tochemistry to confirm the functions of cells cultured in the GLA-MPS
(Fig. 6). Caco-2 cells expressed ZO-1 tight-junction protein to form the

gut barrier [Fig. 6(a)]; the increase in flow rates of perfusion flows in
the gut cell-culture chamber induced the ZO-1 expression in the
Caco-2 cells at 5 μl min−1 (FSS = 2 × 10−2 dyn cm−2), as shown in
Fig. 6(b) and Table S1 in the supplementary material. Furthermore, the
circulation flow did not change the ZO-1 expression in the Caco-2 cells
without perfusion flow; instead, it induced the ZO-1 expression in addi-
tion to the perfusion flow [Fig. 6(b)]. In light of the simulation results,

FIG. 6. Optimal perfusion and circulation flows enhanced the expression of ZO-1 in Caco-2 cells and ALB in HepG2 cells. (a) Immunofluorescent micrographs of the ZO-1
(green) expression in Caco-2 cells. (b) Quantitative single-cell profiling of the ZO-1 expression in Caco-2 cells. P values estimated by the Tukey’s multiple comparison test
are shown in Table S1 in the supplementary material. (c) Immunofluorescent micrographs of the ALB (red) expression in Caco-2 cells. (d) Quantitative single-cell profiling
of the ALB expression in HepG2 cells. Centerlines of box plots indicate medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers
extend 1.5 times the interquartile range from the 25th and 75th percentiles. P values estimated by the Tukey’s multiple comparison test are shown in Table S2 in the
supplementary material. Nuclei were stained with DAPI. The scale bar represents 100 μm.
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FSS by circulation flow was considerably smaller than that by perfusion
flows; however, the cultured cells could receive the FSS of basal sides.
The cell-culture medium in the circulation channel could accumulate
molecules (i.e., growth factors, cytokines, metabolites, and lipids) and
exosomes secreted from Caco-2 and HepG2 cells. Thus, the medium
contained both autocrine and paracrine factors and facilitated the inter-
actions of Caco-2 and HepG2 cells by the circulation flow. Thus, the
induction of the ZO-1 expression could be the outcome of the combi-
nations of FSS by perfusion/circulation flows and molecular transport.

In the case of HepG2 cells, the HepG2 cells were not directly
subjected to perfusion flow in the cell-culture chamber, since we
focus to evaluate the effects of LPS from the circulation channel
and there are numbers of reports describing the effects of perfusion
flow on hepatocytes;33 also, increasing the gut cell-culture chamber
perfusion flow rates did not improve the ALB expression in HepG2
cells [Fig. 6(c)], while the increase in circulation flow rates from 0
to 61 nl min−1 significantly induced the ALB expression in HepG2
cells [Fig. 6(d) and Table S2 in the supplementary material]. These
results suggest that HepG2 cells facilitated hepatic functions such
as ALB production by FSS and as a molecular transport in the cir-
culation channel.

Thus, we selected the flow rates (gut perfusion flow:
2 μl min−1; circulation flow: 61 nl min−1) to establish in vitro GLA,
which provided the highest expression of functional proteins in
both Caco-2 and HepG2 cells among the tested conditions. Using
this optimal condition, we tested the permeability of Caco-2 cells
after the 9-day culture, and we confirmed the cell barrier function

(Fig. 7). It indicated that Caco-2 cells formed an intact cell barrier
to protect the transportation of 4-kDa FITC-dextran across the
porous membrane.

D. In vitro recapitulation of the inflammatory bowel
disease in GLA-MPS

To demonstrate the applicability of the GLA-MPS for disease
modeling, we selected to recapitulate inflammatory bowel disease
(IBD)7 in vitro (Fig. 8). IBD is one of the chronic inflammatory
intestinal disorders and is often caused by genetics, immune
systems, microbiome, and environmental exposure, and their com-
binations. Importantly, IBD patients have a high risk of autoim-
mune liver disease via GLA,34 but the underlying mechanisms of
IBD progression are not fully understood yet. The feature of the
presented GLA-MPS has an individual addressability for each cell-
culture chamber. This feature is advantageous for modeling and
investigating multiple organ disease interactions such as IBD and
liver disease.

To recapitulate IBD using the GLA-MPS, we utilized the bacte-
rial endotoxin, LPS,35 administrated in the Caco-2 culture chamber
to induce gut inflammation. After the treatment with 1mgml−1 of
LPS on Caco-2 cells for 4 days [Fig. 8(a)], most of the Caco-2
samples expressed iNOS, which is often observed in IBD;36 the
comparison with non-treated Caco-2 cells is shown in Figs. 8(b)
and 8(c), Tables S3 and S4 in the supplementary material. Following
the inflammatory induction of Caco-2 cells, the iNOS expression
was observed in four out of nine samples of HepG2 cells, while no
change in the iNOS expression was observed in the other five
samples. Despite the use of established cell lines, such as Caco-2
and HepG2 cell lines, the complexity of the experimental setup
could have caused the observed individual differences in the LPS
stimulation. In contrast, the treatment of 200 μM of dexamethasone
(Dex), an anti-inflammation agent, on the Caco-2 cells during
1 mgml−1 lPS treatment suppressed the iNOS expression in both
Caco-2 and HepG2 cells. Thus, inflammatory responses of HepG2
cells were induced by the LPS-treated Caco-2 cells.

To identify the inflammatory mediators that induced inflam-
matory responses of HepG2 cells via the circulation channel,
ELISA was performed for TNF-α, which was elevated in the gut of
IBD models.36 However, TNF-α in the cultured medium was not
observed because the amount of TNF-α within the circulation
channel with a limited volume (1.5 μl) was lower than the detection
limit of ELISA (Fig. S4 in the supplementary material). Therefore,
highly sensitive methods are required to detect the mediators
within such a small volume to identify the mediators that influence
the interaction between Caco-2 and HepG2 cells via the circulation
channel.

Gut microbiome37 plays critical roles in the pathophysiological
scenarios in the gut; they can influence other organs, including
liver,38,39 brain,40 and the immune system.41 Instead of liver cells,
our MPS device allows the introduction of other tissue cells such as
neurons, and we can investigate the interactions with the gut
microbiome. Thus, our MPS is not limited to recapitulating only
GLA, but it is also applicable to other organs and the microbiome.

Furthermore, the presented GLA-MPS allows a collection of
conditioned cell-culture media from two cell-culture chambers and

FIG. 7. Permeability assay to evaluate the Caco-2 barrier function by observing
FITC-dextran transportation from the culture chambers to the circulation channel
via the porous membrane (n = 3).
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circulation channels separately for investigating the underlying
molecular mechanisms of the GLA by biochemical assays such as
ELISA and mass spectroscopy. Since these methods for the cell-
culture medium are non-invasive for cultured cells, we will be able
to determine the transitions of molecular contents in the medium
during the experimental period to explore interesting molecular
biomarkers. At the end of the experiments, GLA-MPS allows per-
forming invasive cell-analytical methods such as immunocyto-
chemistry, as shown in this paper, as well as multi-omics analysis
(i.e., genomics, transcriptomics, proteomics, and metabolomics) to
obtain deeper insights into normal and diseased GLA.

One advantage of using microfluidic technology for disease
modeling is the minimization of the number of cells, such as the
primary cells obtained from the patients. These cells are limited in
their ability to recapitulate the patients’ pathological conditions in
vitro. The presented MPS requires only 1.5 × 104 cells for each cell-
culture chamber, which is considerably smaller than those of the
24-well cell-culture inserts (3 × 105 cells). Therefore, we efficiently
use precious patient samples, such as biopsy specimens. In the
present study, we used widely used cell lines (Caco-2 and HepG2)
that can provide the standard performance of the presented
GLA-MPS. Since patient-derived primary cells could have large
patient-to-patient variations, it would be beneficial to obtain such
standard data sets with the use of commonly used cell lines.

The device is fabricated using the microfabrication method
with a four-layered planer microfluidic structure. Owing to this

feature, another advantage is the capability to integrate electrical
read-out sensors in cell-culture chambers and circulation channels,
which allows for monitoring cell conditions and behaviors during
cell culture and treatments in a real-time and non-invasive
fashion.42 Such sensors will provide temporal information on tissue
formation, disease progression, and drug treatments. In the case of
the GLA, the sensor for measuring trans-epithelial electrical resis-
tance (TEER) was beneficial for evaluating gut barrier formation
and causing damage during disease progression. In this study, we
used a fluorescent dye to investigate gut barrier function; however,
the dye might also influence cellular functions. Until now,
gut-on-a-chips integrated with TEER measurements have been
reported.43,44 The designs and fabrication processes need to be
further improved for better accuracy and reproducibility and for
integration with multi-organ MPS. This integrative approach will
lead to the advancement of MPS for a better understanding of
disease mechanisms and applications in drug discovery.

IV. CONCLUSIONS

We developed a GLA-MPS platform that can (i) cultivate gut
and liver cells separately with applied different perfusion flows/FSS
to improve their cell viabilities and functionalities, (ii) form barrier
tissue, and (iii) interconnect GLA via circulation channels. The
device is a more distinctive platform than the current GLA-MPS,
resembling the physiological flow perfusion and circulation of in

FIG. 8. In vitro recapitulation of IBD in the GLA-MPS. (a) Experimental procedure of cell culture and treatment. (b) Immunofluorescent micrographs of the iNOS (red)
expression in Caco-2 and HepG2 cells with no stimulation (no stim), 1 mg ml−1 lPS treatment (LPS), and 1 mg ml−1 lPS with 200 μM Dex treatment (LPS + Dex). Nuclei
were stained with DAPI. The scale bar represents 100 μm. (c) Quantification of the iNOS expression in individual Caco-2 and HepG2 cells based on the immunofluores-
cent micrographs shown in (b). Each bar and error bars represent the mean ± standard deviations. n = 3. P values of the Tukey’s multiple comparison test are summarized
in Table S3 in the supplementary material.
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vivo GLA. It is also suitable for demonstrating the individual acces-
sibility to investigate the GLA interaction mediated by IBD.
However, the GLA-MPS still has some limitations that need to be
improved in the future. For example, the device can be integrated
with the organoid structure, which could extend the gut and liver
organ functions for tissue engineering and disease modeling. In
addition, the device should have capabilities beyond FSS control
and effectively control the molecular transport gradient across the
barrier tissues in the microenvironment to understand the GLA
interaction. Finally, our approach based on GLA-MPS has the
potential for applications in understanding the GLA mechanisms
associated with individual physiological flow perfusion and multi-
organ interactions for disease modeling.

SUPPLEMENTARY MATERIAL

See the supplementary material (Fig. S1) for the mask pattern
design of GLA-MPS. Figure S2 shows the microfabrication of the
porous PDMS membrane. Figure S3 shows the single-side coating
of Matrigel on the porous membrane in cell-culture chambers to
prevent cell migration across the pores of the porous membrane by
applying pressure barriers to the capillary. Figure S4 shows the
ELISA testing results to measure the secreted TNF-α. Tables S1–S4
show the Tukey’s multiple comparison test for ZO-1 of Caco-2,
ALB of HepG2, iNOS of Caco-2, and iNOS of HepG2.
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