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Abstract

The intestinal microbiome affects a number of biological functions of the organism. Although the animal model is a
powerful tool to study the relationship between the host and microbe, a physiologically relevant in vitro human intes-
tinal system has still unmet needs. Thus, the establishment of an in vitro living cell-based system of the intestine that
can mimic the mechanical, structural, absorptive, transport and pathophysiological properties of the human intestinal
environment along with its commensal bacterial strains can promote pharmaceutical development and potentially
replace animal testing. In this paper, we present a microfluidic-based gut model which allows co-culture of human
and microbial cells to mimic the gastrointestinal structure. The gut microenvironment is recreated by flowing fluid at a
low rate (21 pL/h) over the microchannels. Under these conditions, we demonstrated the capability of gut-on-a-chip
to recapitulate in vivo relevance epithelial cell differentiation including highly polarized epithelium, mucus secretion,
and tight membrane integrity. Additionally, we observed that the co-culture of damaged epithelial layer with the
probiotics resulted in a substantial responded recovery of barrier function without bacterial overgrowth in a gut-on-
a-chip. Therefore, this gut-on-a-chip could promote explorations interaction with host between microbe and provide
the insights into questions of fundamental research linking the intestinal microbiome to human health and disease.
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1 Introduction

The intestine is a primary organ for digestion, absorption,
and metabolism of the nutrients and drugs, establishing a
protective barrier between the pathogen and other harm-
ful microorganisms in a human body [1-3]. Furthermore,
the intestine is the major site for cross-talk between the
intestinal epithelium and commensal microbes of the
gut microbiome [4, 5]. In general, the gut microbiome
significantly contributes toward protection of the hosts
against pathogenic incursions by enhancing the host
defense mechanism [6]. For this reason, an imbalance
between the composition and function of the intestinal
microbes is associated with a number of diseases, such
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as inflammatory bowel disease (IBD), diabetes, obesity,
cancer, and neurodegenerative diseases [7—9]. Thus, the
human microbiome is appearing as a key player govern-
ing human health and the investigation of host-microbi-
ome interaction emerges the substantial significance for
drug development and disease treatment.

To study the interaction between gut microbiomes and
host cells, there have been great efforts to develop experi-
mental in vitro and in vivo models of the intestinal system
that can be used to analyze intestinal physiology both in
the present and absence of living gut microbiomes [10].
Over the past decades, the mimicking of the intestinal
microenvironment has extensively been studied. The
mammalian animal models [11, 12] and static transwell
models [13, 14] are most commonly utilized to mimic
the human intestinal system for investigations of human
intestinal physiology and the microbiome. However, the
animal model experiment is expensive, concerned about
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ethical and legal frameworks, and not fully scalable to
human physiological responses. The experimental evi-
dence showed that the static transwell models did not
recapitulate the relevant aspects of the complex cellular
diversity and dynamics (e.g., morphophysiology) of the
human intestine, resulting in poorly reflection of in vivo
physiology [15, 16]. Furthermore, the static transwell cul-
ture requires almost 3 weeks for the intestinal epithelial
cells to differentiate into the intestinal lineage cells and
fails to reveal some key intestinal differentiated functions
[17, 18]. Recently, a three-dimensional (3D) human tissue
surrogate, such as intestinal organoid (known as enter-
oid), has been emerged as a promising alternative due to
its limitation of physiological relevance between living
human intestinal system with intestinal cell lines [19-21].
However, one of the major drawbacks of the enteroids is
the absence of mechanically active microenvironment of
the living intestine (e.g., peristaltic motions or intralu-
menal fluidic flow) [22] that is critical for normal organ
physiology as well as for development of Crohn’s disease
and other intestinal disorders. Additionally, most of these
in vitro intestinal models have not been adaptable to
grow living microbes on the luminal surface of cultured
intestinal epithelium due to overgrowth of microbes [23,
24], which usually dominate the co-culture system and
induce human cell apoptosis within a day. This is a key
problem, because the microbial symbionts normally con-
tribute to intestinal barrier function, metabolism, and
absorption of drugs and chemicals.

Recently, the development of the microfluidic tech-
nology has suggested an effective way to emulate the
human intestinal environment, typically called “gut-
on-a-chip” This microfluidic platform includes con-
trollable multiple system parameters (e.g., fluidic flow
and oxygen concentration, mechanical deformation) to
recapitulate the intestinal microenvironment situation.
A number of researchers have developed gut-on-chip
systems that could emulate intestinal environment to
improve the cellular differentiation of human intesti-
nal epithelial cells (Caco-2) and investigate the between
the microbiome and host cells [25-27]. In most cases,
the viability of the intestinal epithelium was better than
transwell insert systems, thus allowing the long-term
co-culture of microbiomes with host cells. However,
one of the major limitations is that it relies on a com-
plex device mechanically stretch intestinal epithelial
cells rather than periodically wriggle like in vivo intes-
tinal system. Moreover, the most of these studies were
performed in the absence of other supporting cells and
tissue types found within in vivo intestine system (e.g.,
blood vessel), which is important for disease modeling
[28, 29]. Here, we developed the human gut-on-a-chip
model that could emulate some relevant features and
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dynamic behaviors of the human intestinal tract that
would overcome these limitations. First, we designed a
three-channel microfluidic-based gut-on-a-chip to ena-
ble the co-culture Caco-2 cells with other supporting
cells in the presence of physiologically relevant intes-
tinal luminal flow, which could stimulate the differen-
tiation of intestinal epithelial cell lineages of the small
intestine, as previously described [30, 31]. Second, the
osmotic pump was used to create flow in lumen fluids
of the intestine and vessel, mimicking the stable fluidic
flow of the intestinal lumen in vivo. We further ana-
lyzed the differentiation, microvilli, glycocalyx layer
secretion, and barrier functions of the intestinal epithe-
lial cells in a human gut on-chip. We also established
a disease model of lipopolysaccharide (LPS)-induced
intestinal injury and inflammation and assessed thera-
peutic effects of probiotics.

2 Materials and methods
2.1 Fabrication of the gut-on-a-chip with microelectrode
arrays
The microfluidic-based gut-on-a-chip with microelec-
trode arrays was designed using Autocad (Autodesk,
California, USA). The gut-on-a-chip master mold was
made with SU-8 photoresist (MicroChem Corp., Mas-
sachusetts, USA) on a silicon wafer. SU-8 100 photore-
sist was spin-coated with 2000 rpm for 30 s on a 4-inch
silicon wafer and baked at 65 “C for 20 min, 95 °C for
1 h, respectively. After soft baking, an UV light was
exposed for 40 s with UV aligner (MDA-400L], Midas
System Co. Ltd, Daejeon, Korea) and developed unex-
posed photoresist for 12 min. Microelectrode arrays
were fabricated by E-beam physical vapor deposition.
A positive photoresist was deposited on transparent
soda-lime glass wafer (iNexus Inc., Gyeonggi, Korea)
and developed by exposure to UV light using a mask
aligner (Suss MA6 Mask Aligner, SUSS MicroTec AG,
Garching, Germany). The chromium was sprayed onto
the glass wafer to make a 5 nm thickness using an
E-beam evaporator (ULVAC Inc., Kanagawa, Japan) and
gold was then sprayed to have a 50 nm height. After
sputtering, the unexposed portion of the photoresist
was removed to form a metal electrode pattern. The
polydimethylsiloxane (PDMS)-based gut-on-a-chip
mold was prepared using a 10:1 mixture of a silicone
elastomer and curing agent (Sylgard 184, Dow Corning
Corp., Michigan, USA). The air bubbles were removed
by vacuum for 30 min and PDMS-based gut-on-a-chip
was polymerized at 80 °C for 1 h. The gut-on-a-chip
mold were treated with in a plasma cleaner (Femto Sci-
ence, Gyeonggi, Korea) to bond with microelectrode
array substrates.
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2.2 Osmosis-driven fluidic flow set-up

PDMS cubic chambers with one cellulose membrane
window were fabricated to make the osmotic pump
using conventional protocols, as previously described
[32]. The bonding of a cellulose membrane with a
PDMS chamber was performed using the PDMS solu-
tion as adhesive glue. As a preliminary study, we
conducted the osmosis experiments to evaluate the
pumping capability of the osmotic pump. The deionized
water was used as a buffer solution and polyethylene
glycol (PEG) (Sigma-Aldrich, MO, USA; 2000 molecu-
lar weight) solution was used as a driving agent.

2.3 Computational fluid dynamics (CFD) simulation

The microchannel modeling was performed with
Autodesk Inventor (Autodesk Inc. USA) 3D CAD
software and imported to COMSOL Multiphysics 5.5
(Comsol Inc., USA) software to conduct fluidic flow
modeling. The fluidic fluid was assumed to be water
and the microchannel wall settings were set to no slip
condition. The extracellular matrix (ECM) channel was
modeled using the physical properties of Collagen type
I (Gibco™, Thermo Fisher Scientific, USA) with a den-
sity of 0.8536 kg/m® and a viscosity of 6.6104 Pa-s. The
hexagonal-shaped micropillars with a width of 500 pm
and a thickness of 150 pum were placed in a straight line
between the microchannels. The height and width of
the epithelial cell channel were defined in the range of
50 um to 250 um and 600 pm to 1000 pum, respectively,
to determine the effect of channel dimensions on the
fluid flow velocity profile and the wall shear stress act-
ing between two channels. We calculated the fluid flow
velocity profile by assuming the steady-state, single-
phased laminar flow (SPF) with the inflow rates set to
0.5, 2.0, 3.5, 5.0, and 6.5 puL/min, respectively. Further-
more, the wall shear stress acting on the cell surface
was calculated with the equation t, = 1 e y, where u
is the dynamic viscosity and y is the shear rate (at the
boundary of the cell surface). In our gut-on-a-chip
system, the fluid flow through the microchannels was
induced by osmotic pump. The flow rate is determined
by the molar concentration of the PEG (Sigma-Aldrich,
USA) solution. The average transferred volume was
approximately 3.5 pL/min for a 0.18 M PEG solution,
7.0 uL/min for a 0.36 M PEG solution, and 10.5 uL/min
for a 0.72 M PEG solution, respectively. To investigate
the fluid velocity distribution inside the microchannel,
we calculated the velocity in A-D sections of the cen-
tral microchannel (Fig. 2D). The simulations were per-
formed in the same method of the preceding conditions
with respect to the molecular concentrations.
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2.4 Preparation and cell seeding on a gut-on-a-chip

The gut-on-a-chip was sterilized by autoclaving (120 °C
for 30 min) and were dried in an oven. The gut-on-a-
chips were coated with 1 mg/mL Poly-D-lysine (Sigma
Aldrich, MO, USA) for overnight to improve cell adhe-
sion and prevent the detachment of collagen type I gels.
After coating, the gut-on-a-chip was rinsed with a deion-
ized water more than three times, then placed in a dish
at 80 °C in an oven at least 24 h. The collagen type I gel
(Invitrogen, USA) with 2 mg/mL density was gently and
slowly filled into the central channel. We placed the col-
lagen gel-filled gut-on-a-chip in a CO, incubator for
30 min to allow the collagen to gel. When the collagen
solution was completely to gel, secondary coating was
performed to epithelial cell channel with collagen and
matrigel mixture for 15 min before seeding the Caco-2
cells. The human Caco-2 cells (ATCC clone HTB-37)
were cultured in a modified Eagle’s medium with 10%
fetal bovine serum, nonessential amino acids, L-glutamin,
and penicillin—streptomycin in the absence of Calcium.
The human umbilical vein endothelial cells (HUVECsS)
were cultured in EBM-2 basal medium with supplements
and growth factors. Caco-2 cell and HUVEC suspension
(100 pL, 1 x 10* cells/ mL) were loaded into the micro-
channel using a micropipette. The cells in the suspension
medium flowed into the microchannel by a gravity and
were spontaneously trapped in the microchannel. As the
cell suspension with homogenous density was applied
in microchannel, the regular amounts of cells were
allocated in each microchannel. We left the cells in the
incubator for overnight without any treatment for stabi-
lization of cells within the microchannel. After the cells
were attached to the microchannel, the non-adherent
cells were washed out. The outlet was connected with the
flexible polyurethane tube.

2.5 Immunofluorescence staining

For immunofluorescence microscopic analysis, the cells
grown in the gut-on-a-chip were fixed with 4% (wt/vol)
paraformaldehyde for 15 min, washed twice for 5 min
with 0.1% bovine serum albumin (BSA) in phosphate
buffer saline (PBS), and then permeabilized with 0.2%
(vol/vol) Triton X-100 (Sigma Aldrich, MO, USA) for
20 min. After washing with 0.1% BSA in PBS, the cells
were incubated with 3% (wt/vol) BSA blocking solution
for 1 h. Subsequently, the cells were incubated with pri-
mary antibodies overnight at 4 °C, washed three times,
incubated with secondary antibodies for 90 min, and
washed three times with 0.1% BSA in PBS. The following
antibodies were used for immunohistochemistry: mouse
anti-ZO-1 (Invitrogen, USA, 1:200), rabbit anti-PECAM
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(Abcam, 1:500), mouse anti-MUC2 (Invitrogen, USA,
1:500), Alexa Fluor 594-conjugated phalloidin (Invitro-
gen, USA, 1:250), Alexa Fluor 488-conjugated Wheat
Germ Agglutinin (Invitrogen, USA, 5 pg/mL, 1:200),
Goat anti-mouse Alexa Fluor 488 (Invitrogen, USA,
1:1000), and Donkey anti-rabbit Alexa Fluor 594 (Invit-
rogen, USA, 1:1000). Samples were then incubated with
4/,6-diamidino-2-phenylindole dihydrochloride (DAPL
Molecular Probe, OR, USA) to visualize cell nuclei before
taking confocal microscopic images (Olympus, Japan).

2.6 Bacterial cell culture and live staining
Lactiplantibacillus plantarum HY7715 (HY7715) pro-
biotic and Bifidobacterium animalis spp. lactis HY8002
(HY8002) probiotic were supplied by hy Co., Ltd.
(Yongin-si, Korea). Lactiplantibacillus plantarum type
strain ATCC14917 (ATCC14917) from the American
Type Culture Collection (ATCC; Manassas, VA, USA)
was used a reference strain to evaluate intestinal stability.
Lpb. plantarum strains were grown in Man, Rogosa and
Sharp (MRS) broth (BD, Franklin Lakes, NJ, USA) and B.
animalis spp. lactis strain was grown in BL broth (MBcell,
Seoul, Korea) at 37 °C for 24 h. Subsequently, the bacte-
rial cells were harvested by centrifugation (4,000 rpm,
10 min, 4 °C), washed three times with PBS, and resus-
pended in cell culture media at 10° CFU/mL before each
assay. When bacterial cells were harvested by centrifu-
gation (5000 g, 15 min) the cells were resuspended with
2 mL of raw EMEM. After suspension, the dye mixture
of equal volumes (3 pL to each milliliter) of SYTO® 9 and
propidium iodide (LIVE/DEAD® BacLight™ Bacterial
Viability Kit, L7012, Thermo Fisher Scientific) was added.
The cells with dye mixtures were incubated at room
temperature in the dark for 15 min. After the two-time
centrifugation and washing, they were inoculated in the
Caco-2 cell microchannel.

2.7 Inflammation study

To mimic the chronically inflamed microenvironment
with engineered intestinal villi grown in a gut-on-a-chip
was administrated the 15 pg/mL of lipopolysaccharide
(LPS) (Invitrogen, USA) to the epithelial channel for
24 h. The ready to use eBioscience " LPS (from Escheri-
chia coli 026: B6) solution was directly diluted in raw
EMEM to give an appropriate final concentration. Briefly,
5 days co-cultured intestinal models were treated 15 pg/
mL of LPS concentrations for 24 h. After the inflamma-
tion induction, the pre-cultivated HY7715 probiotic was
resuspended in a culture medium and cultivated in LPS-
induced barrier dysfunction model at 37 “C for 3 days
under the fluidic culture condition. After cell density
was adjusted to 1x10™® CFU/mL, HY7715 probiotic
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was introduced into the epithelium channel of the co-
cultured model.

2.8 Epithelial barrier analysis

The impedance was recoded using an alternating current
(AC) voltage signal with an amplitude of 10 mV at a fre-
quency range of 10~ 100 kHz (CHI 660E, electrochemi-
cal workstation). The transepithelial electrical resistance
(TEER) was obtained by determining a suitable readout
frequency from the impedance. TEER values are typically
reported in units of Q-cm? and calculated as: TEER=R
(Q) x M,,., (cm?), as previously described [33, 34] where,
R is the cell-specific resistance across the cell layer, M.,
is the effective area (0.0028 cm?). The magnitude of the
impedances for these two electrode pairs were averaged
for each session as average of |Z|. To obtain solely the
information attributed to the growing cell layer, the mag-
nitude of the impedances for each electrode pair of the
measurements prior to cell seeding was subtracted from
all the subsequent measurements during cell culture,
resulting in the relative magnitude of the impedance [35].

2.9 Statistical analysis

All results and error bars are represented as mean = SEM.
Statistical significance of differences between mean val-
ues was assessed with t-tests for unpaired data (Graph-
Pad Prism software version 8.00 for Windows; GraphPad
Software, Inc., San Diego, CA). A two-tailed unpaired
student’s t-test was used to test significance between indi-
vidual data sets as indicated. p-value less than 0.05 was
considered statistically significant. All experiments were
repeated at least three times to ensure reproducibility.

3 Result and discussion
3.1 Fabrication of a human gut on-chip model and CFD
simulation analysis

To investigate the interactions between microbiomes and
human Caco-2 cells in a human intestinal microenviron-
ment, we developed a microfluidic-based gut-on-a-chip
embedding with microelectrode arrays (Fig. 1A). The
gut-on-a-chip consisted of three parallel microchan-
nels (500 um wide, 10 mm long, 150 pm high) separated
by the hexagonal-shaped micropillars: two stromal cell
culture channels which could mimic the epithelium or
endothelium layer and one central channel filled with col-
lagen type I gel (Fig. 1A, right). We used the three parallel
microchannels separated by collagen gel channel without
any polymeric membrane, showing that it was relatively
easy to fabricate. By using an osmotic pump, the culture
medium was perfused at simulated flow rates through
each microchannel, mimicking the fluidic flow and
associated shear stress on the cell surface in the human
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Fig. 1 The human gut-on-a-chip with microelectrode arrays. A Schematic of the gut-on-a-chip. The left channel was used to establish an intestinal
lumen using human epithelial Caco-2 cells. The right channel was employed to make a vascular lumen using HUVECs. The continuous flow of the
culture medium was introduced by an osmotic pump. B Representative immunofluorescence results showing that ZO-1-positive Caco-2 cells and
PECAM-1-positive HUVECs were located in the left and right channel of a gut-on-a-chip separated by collagen type | gels. Scale bar is 100 um

Collagen gel HUVEC Caco-2 cell Collagen gel

HUVEC
channel channel channel channel channel

intestinal lumen and the blood vessels in vivo. We co-
cultured Caco-2 cells and HUVECs separated by collagen
gels in a gut-on-a-chip (Fig. 1B). Prior to the experiment,
the flow dynamics of the gut-on-a chip were performed
in CFD simulation to assess the correlation between wall

shear stress and the dimensions of the microfluidic chan-
nel (Fig. 2). Within the microchannel, the flow veloc-
ity u is dominated by the homogeneous, incompressible
Naiver-Stokes equation and continuity equation:
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Fig. 2 Simulation of a gut-on-a-chip under various fluidic flows and geometric conditions. A Wall shear stress is calculated with respect to the
height of the microchannel. B Wall shear stress is calculated with respect to the width of the microchannel. C Wall shear stress is calculated with
respect to the distance between the micropillars. D Flow speed distribution in the cell culture microchannel. CFD simulations were performed to

analyze the velocity at various concentrations of 0.18 M, 0.36 M, 0.72 M PEG solutions. E Velocity distribution inside the microchannel is calculated in
a section of A-D
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where p is the fluid density, u is the velocity field, V is
the divergence, p is the pressure, T is the Stoke’s stress
(t = u(Vu + Vul)), u is the dynamic viscosity, and F is
the volume force. In consequence, the wall shear stress
acting on the epithelial cell channel was derived from the
previously obtained velocity field. Assuming an isotropic
Newtonian flow in the channel, the shear stress inside the
shear stress inside the microfluidics can be calculated by
the following equation:

(W) =pvu

where 1 is the dynamic viscosity, and V% is the gradient
of velocity field which is also called as wall shear rate. The
average value of the wall shear stress was acquired from
the boundary of the epithelial cell channel in which the
lactic acid bacteria were cultured. The height and width
of epithelial cell channel and the distance between the
micropillars are set as parameters. The dimensions of the
parameters were set in the ranges of 50 to 250 um, 600
to 1000 um, and 50 to 250 pum, respectively. It is impor-
tant to find the optimal microchannel dimension for the
well growth of lactic acid bacteria. Since the wall shear
stress acting at the boundary surface is a crucial fac-
tor for the cell growth [36], the correlation between
channel dimension and wall shear stress needs to be
considered to determine optimal channel dimension.
Simulating with respect to the microchannel height, the
wall shear stress rapidly decreased as the channel height
was increased (Fig. 2A). The average wall shear stress
values for the channel height of 0.05, 0.2, 0.35, 0.5, and
0.65 pm at a flow rate of 0.35 pL/min were 16.16, 4.28,
1.99, 1.17, and 0.76 1072 Pa, respectively. The lower the
height of microchannels, the higher the wall shear stress.
From the results of CFD simulation for the microchan-
nel width, the wall shear stress was proportional to the
microchannel width (Fig. 2B). Within a fixed flow rate,
the changes in microchannel height and width leaded to
variation in channel volume, which could affect the flow
velocity. Simulating with respect to micropillar distance,
the wall shear stress was increased with the micropil-
lar distance (Fig. 2C). The flow rate was simulated in the
range between 0.05 and 0.65 pL/min for each parameter.
All three simulations showed the same tendency for wall
shear stress to increase in proportion to the flow rate,
because the laminar flow shared the same streamline in
the identical geometry [37]. The distribution of the flow
velocity in the channel at the different concentrations of
PEG solutions were calculated (Fig. 2D). In the case of
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flow driven by 0.18 M PEG solution, the velocity was rela-
tively uniform over most of the channel, whereas the flow
with 0.36 M and 0.72 M PEG solutions exhibited wide
variations between the upper and lower flows. The veloc-
ity at a position of A, B, C, and D is plotted in Fig. 2E,
which shows that the mean velocities driven by 0.18 M,
0.36 M, and 0.72 M PEG were 99.55 mm/h, 197.16 mm/h,
and 394.21 mm/h, respectively. At 0.36 M PEG concen-
tration, the flow speed was increased and the colonies
of microbiome were detached from the differentiated
Caco-2 cells. In contrast, the flow speed was decreased
at a 0.09 M PEG concentration, showing that the colonies
of microbiome were rapidly grown. On the basis of these
results, we optimized a flow speed of 0.18 M PEG solu-
tion, which could produce the most stable fluidic culture
model in subsequent experiments.

3.2 Effect of fluidic flow and endothelial cell
on differentiation of epithelial cells in gut on-chip

We first explored whether the shear stress generated by
luminal fluidic flow above the epithelium is responsi-
ble for induction of the epithelial morphogenesis. To do
this, Caco-2 cells were grown either in a static culture
or microfluidic culture condition (Fig. 3). After 5 days
of cultivation, the Caco-2 cells remained viable in the
both fluidic and static conditioned gut-on-a-chip, which
was higher cellular density than in the static conditions
(Fig. 3A, D). We analyzed the fluidic flow effect on epi-
thelial barrier integrity in Caco-2 cells confirmed by the
immunostaining of junctional ZO-1 and the labeling of
the actin cytoskeleton, F-actin. When cultured in a flu-
idic condition, the actin cytoskeleton showed a continu-
ous ring appearance between adjacent cells, whereas
the actin staining appeared the discontinuous and less
ordered in a static condition (Fig. 3B, E). In addition,
the immunostaining data showed the bright signals of
the tight junction protein (ZO-1) at the edge of cells cul-
tured in the fluidic culture condition, suggesting that the
Caco-2 cells could form the confluent polygonal epithelial
monolayers with well-developed tight junctions in a flu-
idic culture condition, much tighter than cells in a static
culture condition. (Fig. 3C, F). Nevertheless, the cultured
human intestinal epithelial cell alone spontaneously
was not formed highly polarized epithelium and mucus
secretion cells. To more effectively ameliorates the mimic
in vivo intestinal system and differentiation of the Caco-2
cells, we co-cultured Caco-2 and HUVECsS in a gut-on-a
chip which separated with 2% collagen gels (Fig. 4). In the
same flow conditions, one of the most noticeable changes
in a co-culture model, the expression of polarized and
differentiated columnar epithelium (Fig. 4A down panel,
F-actin) appeared similar form to living in vivo intestinal
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Static
condition

Flow
condition

F-actin DAPI

Z0-1 DAPI

Fig. 3 Morphology of the Caco-2 epithelial cells cultured in a static culture condition and in the gut-on-a-chip with microfluidic flow for 5 days.
A and D are phase contrast views of Caco-2 cells monolayer. B and E show the distribution of the cytoskeleton protein, F-actin, in the Caco-2 cells
monolayers. C and F show the distribution of the tight junction protein, ZO-1, in the Caco-2 cells monolayers. Scale bars are 25 um

villi, as previously described [38]. To investigate the
effect of fluidic flow on the differentiation, the 3D pro-
jections in the Z-stack of the confocal images were used
for quantifying the epithelial layer height (Fig. 4B). The
epithelium layer differentiated by Caco-2 cells cultured
in a gut-on-a-chip showed the 37.04+2.38 um height of
the villi, while those under static conditions were only
14.114+0.74 pm, respectively (Fig. 4C). Another impor-
tant characteristic to consider when developing in vitro
models of the gut is the presence of a mucus layer, which
is most abundant structural protein of the gastrointes-
tinal mucus layer [39]. We evaluated Mucin 2 (MUC2)
visualized via immunofluorescence (Fig. 4A down panel,
MUC?2). We confirmed that the Caco-2 cells cultured in a
fluidic culture condition generally produced more MUC2
expression as compared to cells grown in a static culture
condition. They were located at the tips of the villi-like
structures. Mucin are known to protect the underly-
ing epithelium from mechanical stresses [40], which is
expected to be highest at the tip of the villi-like structures
under fluidic culture conditions. These results are con-
sistent with previous studies combining Caco-2 and other
gastrointestinal cell lines with fluidic flow that reported
improved mucus production in response to mechanical
stimulation [31, 39]. The Caco-2 cells acted as absorptive
enterocytes [41, 42], and formed a continuous, planar
epithelial monolayer in transwell inserts after 3 weeks of
culture, as previously described [14]. However, they could
not exhibit similar in vivo intestinal cell differentiation
when grown under static culture conditions. In contrast,

in our gut-on-a-chip system, the Caco-2 cell monolayer
co-cultured with HUVECs spontaneously initiated villus
morphogenesis within 5 days when cultured in the pres-
ence of fluidic flow and other supporting cells mimicking
the physical microenvironment experienced by in vivo
intestinal system. Glycocalyx, an efficient defense system
for protecting the epithelium from pathogens [43], was
evaluated by expression of WGA-Alexa488, which could
bind to sugar residues on cellular surface. A marked
increasing in WGA-Alexa488 binding was observed in
a flow culture condition as compared to a static condi-
tion, suggesting that the flow culture condition could
improve the epithelial cell differentiation. As expected,
the expression of glycocalyx was influenced by a fluidic
condition, indicating that flow condition promoted the
differentiation of Caco-2 cells. Thus, our results suggest
that the mechanical factors of the fluidic flow and cellular
components are the crucial microenvironment cues that
can drive more complete intestinal differentiation pro-
cess than local stromal factors [44]. Furthermore, these
results indicated that Caco-2 cells cultured in the pres-
ence of continuous flow required a shorter time to polar-
ize and differentiate.

3.3 Effect of fluid flow and endothelial cell on barrier
integrity of epithelial cells in gut on-a-chip

Caco-2 cell only cultured model and co-cultured model

were exposed to fluidic flow for 4 days in a gut-on-a-

chip and the differentiation process was evaluated using

impedance spectrometry (Fig. 5). The impedance spectra
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A ZO-1 DAPI PECAM DAPI

Static
condition

Flow
condition

B Static condition

F-actin DAPI

Fig. 4 Morphology of the Caco-2 epithelial cells co-cultured with HUVECs in a static and flow culture condition for 5 days. A Morphological analysis
of intestinal specific proteins under a static and flow condition. Scale bars are 50 um. B Morphological analysis of polarized columnar epithelium.
Fluorescence confocal micrographs (vertical cross-sectional views at 5 days after onset) show a vertical cross-section of the epithelium highlighting
cell shape and polarity. Horizontal scale bars are 50 um and vertical scale bars are 25 um. C The average height of Caco-2 cells grown in the
gut-on-a-chip without and with fluidic flow (***p <0.001)
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of the Caco-2 cell only cultured model and co-cultured
model in a gut-on-a-chip showed that the maximum
difference in the impedance spectra was observed at
10 kHz (Fig. 5A, B). The measurement of day O before
cell seeding was subtracted from all subsequent measure-
ments (resulting in the |Z,.v|) to confirm the change
in impedance attributed to the cell layer. The relative
impedance |Z, .| at 10 kHz was monitored in a Caco-2
cell only cultured model and co-cultured model on a
gut-on-a-chip over 4 days (Fig. 5C). This non-invasive
method can be applied to living cells and allows them to
be monitored during growth and differentiation, since
their morphological changes can be described by vari-
ations in impedance measurements [45]. In particular,
it is important for monitoring the growth of cellular

extrusions like microvilli [46]. In a gut-on-a-chip with
Caco-2 cell only cultured model and co-cultured model,
the measured impedance kept increasing during all
4 days, showing that the Caco-2 cell only cultured model
and co-cultured model was 13 kQ and 16 kQ, respec-
tively. The shear stress induced by the fluidic flow has the
effect of the mechanotransduction on several endothelial
molecular pathways through activation of membrane-
bound receptors, leading to the production of the tight
junction proteins (e.g., ZO-1). It modulated the cytoskel-
etal structure to promote the cell reorientation and
restructuring [47, 48]. Hereby, the resistance of the sen-
sor surface covered by the cells tends to be increased due
to cell proliferation and spreading [49]. Since the current
has to flow through the cells, the resistances between the
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measuring electrodes can keep increasing and the TEER
barrier resistance can keep increasing [49]. The rela-
tive impedance |Z| and TEER were characterized by an
increase in measured cell layer resistance for co-cultured
model on a gut-on-a-chip (Fig. 5D). The calculated TEER
value was reached up to 59 Q.cm? over 4 days of culture.
The previous study has reported a time-dependent bar-
rier formation of human intestinal cells developing from
20 to 60 Q-cm? in a static culture [50]. This value was
comparable to our TEER-measurements. However, our
co-cultured model on a gut-on-a-chip showed increase
in the barrier strength within 5 days of fluidic flow cul-
ture. These results demonstrated that the application of
fluidic shear stress and endothelial cells enhanced the cel-
lular differentiation and barrier formation of the intesti-
nal cells.

3.4 Host cell and probiotic co-culture on gut-on-a-chip

The adhesion of commensal bacteria to host cells is
considered as an appropriate parameter to determine
the colonization potential of a probiotic strain [51].
However, as the bacterial overgrowth occurs rapidly
compromising the epithelium, it is impossible to expose
these cells to living microbiome in long-term culture
[30]. Thus, the establishment of the stable symbiosis
between the epithelium and resident gut microbiome as
observed in the normal intestine is crucial to maintain
the normal epithelial differentiation and restrain micro-
bial overgrowth in the intestine in vivo [52]. In a pre-
sent study, we leveraged our gut-on-a-chip to maintain
the probiotics. In this study, a commercial probiotic,
Lactiplantibacillus plantarum was used as a control,
Lactiplantibacillus plantarum HY7715 probiotic and
Bifidobacterium animalis spp. lactis HY8002 probiotic
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were employed. Blocking the fluidic flow for the first
2 h, bacterial cells were allowed to adhere on the apical
surface of villi. After 2 h, the physiological relevant flow
was resumed through the microchannels to remove
un-colonized gut bacteria and supply nutrients to both
bacterial and villus epithelial cells. When a non-path-
ogenic laboratory strain of green fluorescent stained
probiotics was allowed to adhere to the apical (lumi-
nal) surface of villi for 2 h under static conditions, these
bacteria cells were subsequently colonized and sponta-
neously inhabited regions (Fig. 6). When the bacteria
were cultured on the villus epithelium layer under a
flow condition (21 puL/hour), we observed the colonized
stable form until day 1 in all probiotic groups. How-
ever, Lpb. plantarum and HY8002 probiotic seemed
detached from the villi and washed out after 3 days
when cultured under flow conditions as compared
to HY7715 probiotic, although the luminal flow was
maintained constant. All species showed adhesion to
the used epithelial layer, however, the adhesion level of
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HY7715 probiotic was greater to epithelial layer even
in day 5. These results were concurred with the finding
by Schillinger et al, who showed that the adherence of
diverse probiotic strains varied among strains [53]. In
addition, Gopal et al., has reported the higher affinity of
L. acidophilus and L. rhamnosus strains to HT29-MTX
cells than HT29 and Caco-2 cells [54]. Nevertheless, we
need to optimize the incubation time and volumetric
flow rate for attachment to the surface of villi.

3.5 LPS-induced intestinal damage responses

and evaluation of barrier protection effect

of probiotics
We further explored whether our gut-on-a-chip system
could be used to mimic the human intestinal inflamma-
tion in vitro. Following the establishment of the physi-
ologically relevant gut-on-a-chip, we evaluated whether
our model could recapitulate the main characteristics
of intestinal inflammation. We focused on LPS as alter-
native stimulus and chose to directly expose the 5 days

Control

Probiotic

Lactiplantibacillus plantarum

Day0

Day 1

Day 3

Day 5

Fig. 6 Microbial co-culture on a human intestinal epithelial monolayer in a gut-on-a-chip. Bacteria were cultured on the surface of a Caco-2

cell monolayer grown within a gut-on-a-chip (Lactiplantibacillus plantarum as a control, Lactiplantibacillus plantarum HY7715 probiotic and
Bifidobacterium animalis spp. lactis HY8002 probiotic; seeding density 1 x 108 cells/mL). Fluorescence views from above of probiotics and Caco-2 cell
co-cultured for 5 days and viewed at low and high (white-dotted rectangle) magnification, which shows microcolonies of the bacteria (green spots)
that remain tightly adherent to the apical surface of the Caco-2 cell monolayer after exposure to continuous fluidic flow. Scale bars are 100 um

HY7715 HY8002

&
H
:
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cultured gut-on-a-chip model to induce an inflamma-
tion-like response for 24 h. LPS, is a heat-stable toxin
associated with the outer membranes of gram-nega-
tive bacteria, belongs to the most studied pathogen-
associated molecular patterns and generally presents
in the intestinal lumen known for its involvement in
intestinal inflammation [55]. In a co-cultured model
on a gut-on-a-chip exposed to LPS, we observed more
disorganized structure and fainter staining of F-actin
structures as compared to non-LPS treated mod-
els (Fig. 7A, F-actin, white arrows). The location and
distribution of the ZO-1 protein was determined by
immunofluorescence assay. Under normal conditions,
Z0O-1 proteins were localized at the cell membrane and
appeared as a continuous band encircling the cells at
the cellular borders (Fig. 4.) LPS (15 pg/mL) disturbed
the distribution of ZO-1 proteins at the cellular bor-
ders. LPS also induced obvious cytoplasmic accumula-
tion of ZO-1 in Caco-2 cells (Fig. 7A, ZO-1 staining).
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We measured villus heights after LPS administration,
because the villus contraction was typically utilized as
a measure of small intestinal damage. In co-cultured
intestinal models on a gut-on-a-chip at 24 h after LPS
administration, the mean villus height was reduced by
32.9%, indicating 24.84+0.73 pm as compared to villi
from non-treated LPS co-cultured intestinal models
(37.04£2.38 um, ***p<0.001) (Fig. 7B). Furthermore,
the paracellular permeability was measured by TEER
analysis. Administration of 15 pg/mL LPS resulted in a
significant decrease in TEER (non-treated LPS and LPS
was 59.83+1.68 and 28.44+1.96 Q.cm?, respectively,
*p <0.05, Fig. 7C). We further evaluated the protective
effect of probiotics HY7715 probiotic on LPS-induced
epithelial barrier dysfunction. As seen in Fig. 7C, when
differentiated Caco-2 cell barriers were treated with
1x 10® CFU/mL, the TEER analysis was significantly
increased as compared to HY7715 probiotic-treated
group after LPS treatment at day 8 (LPS and HY7715

A

LPS treatment (15 pg/mL, 24 h)

Merge DAPI

Co-
culture

F-actin DAPI

F-actin

100
*

80
T LPS
S 60} treatment
G _F HY7715
i Ao y regmen
-

20

*

Fig. 7 Induction of pathological intestinal injury induced by non-pathogenic LPS endotoxin and anti-inflammatory effect evaluation of probiotics.
A Morphological analysis of the intestinal barrier damage in response to LPS addition. Scale bars are 25 um. B Fluorescence confocal micrographs
(vertical cross-sectional views) of villi recorded at 5 days after staining with F-actin. Horizontal scale bar is 50 um and Vertical scale bar is 25 um. C
Quantification of the intestinal barrier function evaluated by calculated TEER analysis (*p <0.05)
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probiotic was 28.444+1.96 and 44.39+1.25 Q-cm?,
respectively, *p <0.05). These results suggested that the
epithelium layer differentiated from Caco-2 cells was
damaged by LPS treatment in the co-cultured model
on a gut-on-a-chip. Its similar trends were observed in
other in vitro gut inflammation models [56] and inflam-
matory bowel disease (IBD) patients [57]. Additionally,
the strain HY7715 probiotic suppressed LPS-induced
decreases in TEER analysis on a co-cultured intesti-
nal models. It suggests that strain HY7715 probiotic
can play an important role in changes in intestinal cell
permeability. This result is consistent with the find-
ing that probiotic strains of bacteria, including Lacto-
bacillus rhamnosus GG (LGG), have been reported to
elevate intestinal epithelial integrity [58] in vitro and
improve intestinal barrier function in a human [59].
The previous studies have reported that L. plantarum
significantly reduced the production of inflammatory
cytokines and gut permeability in an IBD pathology by
regulating the LPS [60]. This result demonstrated that
intestinal epithelial integrity significantly increased
in the presence of HY7715 probiotic co-cultures.
The presence of the probiotics clearly provides use-
ful microenvironmental signals that enhance epithelial
cell functions, which are necessary to maintain this
dynamic interface.

4 Conclusions

The human microbiomeplays a crucial role in treating
the intestinal health and disease. In our gut-on-a-chip
system with microelectrode arrays, we cultured the
human epithelial cells in a left channel and endothe-
lial cells in a right channel, allowing to simulate and
study the impact of fluidic flow and endothelial cells
on epithelial cell differentiation without the influence
of physical cell contact. Additionally, our gut-on-a-
chip co-culture system enables to the perfusion-based
cell culture with microbiomes and analyzes the effect
of microbiomes to intestinal epithelial barrier func-
tions in vitro. Therefore, our human intestinal gut-on-
a-chip system to investigate host-microbe interaction
could be a potentially powerful tool for pharmaceutical
applications.
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