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A B S T R A C T   

Microphysiological systems (MPSs) have attracted increasing attention as a method for simulating in vitro drug 
efficiency. In particular, the interaction between liver and intestine tissues is one of the primary targets since they 
are closely involved in drug absorption and metabolism. However, most of the intestine-liver MPSs reported 
previously require pumps, electrodes, and porous membranes for co-culture of cells and evaluation of intestinal 
permeability (i.e., Trans-Epithelial Electrical Resistance, TEER), requiring complex manufacturing processes and 
operations. In this study, we report an all-polydimethylsiloxane (PDMS) co-culture microfluidic device, con
necting microchamber-based paracellular transport assay on gut microtissues to liver tissues matured on the 
same device. On one side of the device, HepaRG cells are confined within thin parallel grooves that induce their 
differentiation into hepatocytes. The other side of the device is connected with microchannels to the liver side 
and includes the gut tissues, organized above microchambers. Such microchambers allow the evaluation of 
paracellular permeability by fluorescence imaging. Thanks to the microfluidic device we investigated changes in 
intestinal permeability induced by differentiated hepatocyte excretion and found that Caco-2 permeability was 
decreased when co-culture with HepaRG. Due to its simplicity and straightforward implementation, this method 
is anticipated as an innovative and efficient approach to assess tissue barrier function in multi-organ on-chip 
experiments.   

1. Introduction 

Recently, microphysiological Systems (MPSs), designed to replicate 
microenvironment of human organ functions on microchips, have 
garnered significant attention [1–3]. In the process of drug develop
ment, animal experiments raise ethical concerns, and discrepancies be
tween the outcomes of these experiments and human clinical trials pose 
significant challenges [4–6]. Additionally, conventional 
two-dimensional cell cultures using dishes or flasks often fail to maintain 
the appropriate cellular functionality due to their significant deviation 
from the in vivo cellular environment and the lack of interactions be
tween multiple cell types, frequently resulting in responses that differ 
markedly from human clinical outcomes [7]. In contrast, MPSs offer the 

ability to cultivate cells in environments that closely mimic the intricate 
structures of the human body. Furthermore, they allow for the replica
tion of interactions between various cell types. As a result, MPSs hold 
promise not only for advancing drug development but also for person
alized medicine by tailoring treatments to individual patients and for 
elucidating the mechanisms of diseases. Indeed, Huh et al., have 
developed a lung on a chip that replicates shear stress and cyclic strain, 
successfully reproducing complex cellular responses to bacteria and 
inflammatory cytokines on a chip-based platform [8]. Amidst the 
ongoing development of various types of MPSs such as those for the 
heart, blood vessels, and the blood-brain barrier [9–13], our research 
has focused on the intestine and liver. These two organs play pivotal 
roles in drug absorption and metabolism [14,15], making them essential 
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candidates for MPS-based investigations. 
In previous studies, several attempts have been made to establish the 

gut-liver MPSs, in addition to the conventional Transwell-type co-cul
ture systems [16–18] reflecting their importance. For instance, Tsa
mandouras et al. [19] and Yang et al. [20] separately established MPS 
models for simulating non-alcoholic fatty liver disease (NAFLD) on a 
microchip integrated with pneumatic pumps for drug testing. Similarly, 
Kimura’s group reported the development of a microchip-based model 
to study the effects of anticancer drugs [21] or the fundamental in
teractions [22] More recently, Kang et al. [23] developed a gut-liver axis 
chip and tested the effect of metabolites of microbiomes and extracel
lular vesicles. However, it is worth noting that many of these co-culture 
systems have required complex setups involving pumps and tubings for 
precise medium perfusion, which increases the cost and level of 
complexity of experiments. Especially, integration of the porous 
membrane-based epithelial permeability assay or TEER measurements 
into MPSs [24,25] could be cumbersome and less reproducible. 
Furthermore, most of the research in this field focuses on diseases and 
drug response, with limited exploration into more fundamental ques
tions concerning the interaction between several organs, such as the 
influence of liver metabolites on intestinal permeability. 

Previously, we reported the development of a microfluidic system for 
culture of HepaRG, a human hepatic cell line having high similarity to 
human primary hepatocytes and confirmed the formation of functional 
bile canaliculi [26]. It has been widely recognized that bile, a key liver 
metabolite, plays a crucial role in modulating the barrier function of 
intestine [27–29] in addition to the lipid digestion and absorption. 
Notably, an excessive primary bile secretion is known to contribute to 
increased intestinal permeability and disease development. Given the 
recognized association between abnormal gut-liver axis interactions and 
diseases, investigating the intricate relationship between these organs 
remains an essential area of study. 

In this study, we aimed to overcome these challenges by developing a 
simple but novel all-PDMS microfluidic device designed specifically to 
investigate the impact of hepatocyte metabolites on intestinal perme
ability. This was achieved through the co-culturing of hepatocytes 
(HepaRG) and intestinal cells (Caco-2) in two distinct culture compart
ments interconnected by flow channels. To create an in vivo-like envi
ronment for hepatocyte culture, we adopted a groove structure inspired 
by Delalat et al.’s previous study [30]. This microarchitecture, 

mimicking the sinusoidal microstructure of the liver, significantly 
enhanced the differentiation of HepaRG cells. To assess intestinal 
permeability, we implemented a unique system in which adherent cells 
were cultured on an array of microchambers intentionally designed to be 
smaller than the cells themselves [31]. After the seeded cells form a 
monolayer and cover the microchambers, permeation of a fluorescent 
marker substance was measured by examining the fluorescence intensity 
in microchambers. Employing this method not only streamlines the 
manufacturing process but also allows for the localized assessment of 
paracellular permeability, a task that has proven challenging with 
traditional methods. 

In the following, we first introduce the fabrication process of the 
device and subsequently describe the effects of co-culturing hepatocytes 
with intestinal epithelial cells using this innovative platform. Lastly, we 
discuss the effect of the human primary bile on intestinal permeability 
and discuss the effect of different concentrations of bile on intestinal 
permeability. 

2. Strategies 

In the present device, HepaRG, a hepatic cell line, and Caco-2 in
testinal epithelial cell line were cultured in the culture compartments 
next to each other (Fig. 1(a)). These compartments are connected by 
microchannels to allow exchange of components in the media. Here, 
microgrooves (40 µm depth and 20–40 µm width) were engraved on the 
culture surface for HepaRG. As HepaRG cells fall and proliferate in mi
crogrooves (Fig. 1(b)), the developed cell culture exhibits a structure 
similar to the hepatic sinusoids and enhanced metabolic activities [26, 
30]. Meanwhile, microchambers of 10 × 10 µm sides and 10 µm depth 
were engraved on the culture surface of Caco-2 cells for the assessment 
of paracellular permeability of the epithelial monolayer. Previously we 
showed that Caco-2 cells form a monolayer over microchambers of this 
size without penetrating or clogging [32] (Fig. 1(c)). In this configura
tion, the microchamber space stays absent of the marker molecule if the 
epithelial barrier is tight, while fluorescence is observed using a confocal 
microscopy when the epithelium is leaky. This method not only obviate 
the installation of porous membrane to ease the fabrication but also 
allows local microscopic observation of cells at the point of adhesion 
over microchambers. In other words, it becomes possible to study the 
local barrier function depending on the location. By connecting these 

Fig. 1. (a) Schematic of the device cross-sectional view showing the microstructures and geometric distributions of liver (HepaRG) and intestinal (gut) (Caco-2) cells. 
(b) Liver cells cultured in microgrooves. (c) Intestinal cells cultured over microchambers. The paracellular permeability was evaluated by measuring the fluorescence 
intensity in microchambers emitted by the accumulated fluorescent marker molecules. All illustrations are drawn not to scale. 
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microstructured culture compartments with microchannels, we opted to 
examine the effect of HepaRG coculture over the permeability of Caco-2 
monolayer. 

3. Materials and methods 

3.1. Fabrication 

We designed and fabricated the co-culture device with two culture 
compartments as shown in Fig. 2(a) (see the picture of the actual device 
in the Supporting Information Fig. S1). The major dimensions of the 
device are shown in Fig. 2(b). The device is composed of the three layers 
of polydimethylsiloxane (PDMS) sheets and a cover glass bonded to the 
bottom. A top-layer includes the two culture compartments to contain 
the culture medium (Fig. 2(a-i)), while an intermediate layer contains a 
channel-network for metabolites transport between both compartments 
(Fig. 2(a-ii)). A thin bottom PDMS layer possesses microgrooves and 
microchambers dedicated to the 3D structuring of hepatocytes and 
permeability assay of intestinal monolayer, respectively (Fig. 2(a-iii)). 
Practically, high-aspect ratio series of grooves (width = 20 µm, 30 µm or 
40 µm, depth = 40 µm) were engraved for the liver cells culture. For the 
permeability assay, a 5 × 5 array of 10 µm × 10 µm (10 µm deep) square 
microchambers is prepared as a unit array, and four regions of 256 (16 
× 16) units were arranged in a single compartment (Fig. 2(c)). Columns 
of array units are numbered starting from the located at closest to the 
channel connected to the compartment for the hepatocyte culture as 
shown in the enlarged view. 

The layer (i) was prepared by casting PDMS prepolymer (Silpot 184, 
DOW, USA) mixed with the curing agent at 10:1 wt ratio into a plastic 
dish to a height of 1 cm and then cured at 80 ◦C, 120 mins to produce 
PDMS slab. The PDMS slab was then cut and two holes with a diameter 
of 12.5 mm were opened using Cork borer. For layer (ii), PDMS 

prepolymer mixed with its curing agent was poured over the SU-8 mold 
of 80 connecting channels (height 80 µm, width 50 µm, and length 1000 
µm) aligned in parallel to a thickness of approximately 1 mm. PDMS was 
then cured at 80 ◦C for 120 min. After demolding, adjacent holes of 12.5 
mm diameter were made, taking care not to cut the connecting channels. 
The layer (iii) was obtained by spin-coating PDMS prepolymer with the 
curing agent over the Si mold of grooves or microchambers for 60 s. 
Spin-speeds 1000 rpm for grooves and 2000 rpm for microchambers, 
respectively, forming the layers having thicknesses of 50–80 µm and 
30–60 µm. A cover glass was then placed over the coated PDMS and 
baked at 120 ◦C for 10 min to cure. Finally, by removing the cover glass 
from the mold after carefully cutting PDMS at sides, the PDMS layer (iii) 
with microstructures bonded to a cover glass was obtained (Supporting 
Information Fig. S2). Lastly, the fabricated layers (i)-(iii) were bonded 
after applying O2 plasma for 10 s (PDC-32 G; Harrick Plasma, USA). 
Bonding process was done carefully to align the edges of the two cover 
glasses in layer (iii) with the space between the two holes in layer (ii) to 
prevent the medium from leaking out. This process allows formation of 
microstructures on the thin PDMS layer on a cover glass, enabling high- 
resolution imaging of cells cultured on in/on microstructures with a 
high-magnification objective lens. 

3.2. Cell culture 

HepaRG cell was provided by Biopredic International (France) and 
cultured following their provided guidelines. These cells were initially 
seeded at a density of 2 × 104 cells/cm2 and maintained in William’s E 
medium, which was supplemented with L-glutamine (2 mM), and the 
HepaRG® Growth Medium Supplement that contained antibiotics 
(ADD710, Biopredic International, France) (hereafter referred to as 
growth medium). The growth medium was refreshed every 2–3 days. 

Caco-2 cell was supplied by American Type Culture Collection 

Fig. 2. (a) Schematic of the three-layered PDMS construction of the gut-liver co-culture MPS. (b) Cross-sectional view of the assembled co-culture device showing the 
major dimensions of the device. (c) Actual design of microstructures in the layer (iii). Local parts of the grooves and arrays of microchambers are enlarged on the left 
and right, respectively. Microchambers at different locations were used for the distance-dependent evaluation of the paracellular permeability. 
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(ATCC, France) and cultured according to their instructions. Cells were 
plated at a density of 4 × 104 cells/cm2 and cultured with Dulbecco’s 
Modified Eagle Medium (D-MEM) supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin (P/S). Passages were per
formed every 3–4 days. These two types of cells were incubated at 37 ◦C 
and 5% CO2. 

3.3. Cell culture in the device 

In the co-culture device, PDMS surfaces of culture compartments for 
HepaRG and Caco-2 were coated with Collagen Type I from rat tail 
(SIGMA, USA) and Fibronectin from bovine plasma (SIGMA, USA), 
respectively. First, the device was sterilized by wrapping them in 
aluminum foil and heating them on a hot plate at 190 ◦C for 30 min. The 
device was then degassed in a vacuum chamber for 10 min, and a so
lution of Collagen Type I (50 μg/mL) was applied to the culture 
compartment with grooves immediately after removal from the vacuum 
chamber. Application of the 200 μL Collagen solution was enough to 
cover the surface within the compartment, and the solution was left for 
30 min. Degassing the device prior to the application of coating solutions 
helped to remove air bubbles and to make the solution penetrate into 
microgrooves. Similarly, the culture compartment with microchambers 
was then coated with Fibronectin by applying 200 μL of Fibronectin 
solution (50 μg/mL) and left for 30 min. Lastly these solutions were 
removed by aspiration, and the device was washed twice with PBS. 

After the coating of extracellular matrices, cells were seeded in 
compartments; HepaRG was adjusted to the density of 10,000 cells/500 
μL and seeded in the culture compartment with grooves. Growth me
dium was used for 7 days from the day of cell seeding, and differentia
tion into hepatocytes was promoted by culturing cells in William’s E 
medium, which was supplemented with HepaRG® differentiation me
dium supplement with antibiotics (ADD720, Biopredic International, 
France) containing 1.7% DMSO (hereafter referred to as differentiation 
medium) from the 8th day onward. Cultures were conducted for a total 
of 17 days (Fig. 3a). Meanwhile, Caco-2 was seeded at a density of 8,000 
cells/500 μL and cultured with D-MEM for 17 days. The media were 
basically changed daily for both cells. 

3.4. Permeability measurement 

After establishing the Caco-2 cell monolayer, the culture medium 
was removed from the compartment, and the cells were rinsed with PBS. 
Subsequently, PBS solution containing fluorescent dextran (hereafter 
referred to as f-dextran; dextran conjugated with Fluorescein, 3,000 
MW, anionic lysine fixable, D3305, Invitrogen, USA) was introduced 
into the compartment, and time-lapse recording within the micro
chambers commenced immediately using a confocal laser scanning mi
croscope (Leica SP8 microscope with the objective Leica HCX PL Apo 
40x/1.3 Oil, 11506329). As a control condition, we also performed the 
permeability assay without HepaRG. In this case, monoculture of Caco-2 
was conducted in the culture compartment with microchambers, while 
only the media for HepaRG (up to day 7: growth medium, thereafter: 
differentiation medium) were added to the culture compartment with 
grooves (Fig. 3(b)). 

A quantitative analysis of the captured images was then performed. 
Using an image analysis software (ImageJ, NIH), the fluorescent in
tensities within the microchambers in the time-lapse images were 
determined. Regions of interest (ROI), corresponding to the cross- 
sectional area of the microchambers, were defined, and the average 
intensities within these ROIs were recorded. The relative fluorescence 
intensity was calculated by dividing the temporal intensities within the 
microchambers by the average intensity within the microchambers 
when f-dextran was added in the absence of cells, serving as a reference. 

3.5. Primary bile assay 

Primary bile was derived from human sources and diluted to a given 
concentration in HepaRG differentiation medium and added to the 
culture compartment of HepaRG on day 7 or later of Caco-2 culture 
(Fig. 3(c)). Bile-containing HepaRG differentiation medium in the cul
ture compartment with grooves was changed daily until day 17, when 
the permeability assay was performed. 

3.6. Cell staining 

To obtain the fluorescent images of live cells, Hoechst 33342 

Fig. 3. Experimental schedule and types of media before the permeability assay of Caco-2 monolayer. (a) Co-culture of Caco-2 and HepaRG, (b) monoculture of Caco- 
2, and (c) monoculture of Caco-2 for the primary bile assay. 
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(H3570, Thermo Fischer Sci., USA) and 5-Carboxyfluorescein diacetate 
(5-CFDA, 79955–27–4, Abcam plc, UK) were used to stain the nuclei and 
bile canaliculi, respectively. For staining of Caco-2, each solution was 
prepared in medium (HepaRG: Differentiation medium, Caco-2: D- 
MEM) containing Hoechst 33342 at a concentration of 5 µg/mL and 5- 
CFDA at a concentration of 5 µg/mL. The entire cell culture medium 
was aspirated and the microdevice was rinsed once with PBS. A suffi
cient volume of the prepared solution (500 µL for one culture 
compartment) was added to completely cover the cell in the culture 
compartments. The microfluidic device with the solution was then 
placed in a CO2 incubator for 30 min. Afterwards, the solutions were 
removed, cells were washed once with PBS, and observed by a confocal 
microscopy. 

3.7. Statistical analysis 

All the statistical analyses of the data were performed using Graph
Pad Prism 9 software (GraphPad, USA). Differences between 3 or more 
groups were analyzed using Kruskal-Wallis test with post hoc-Dunn’s 
multiple comparison test. 

4. Results 

4.1. HepaRG differentiation in the microgrooves structure 

Firstly, differentiation of HepaRG into hepatic tissues within micro 
grooves was evaluated. Practically, the formation of bile canaliculi by 
the hepatic tissues was investigated. We tested monocultures of HepaRG 
in several groove structures with different widths to evaluate the func
tion of bile excretion. We used 5-Carboxyfluorescein diacetate (5-CFDA) 
marker that becomes fluorescent once hydrolyzed in the cytosol and 
excreted into the canaliculi by the specific transporters [26,33]. The 
adhesion pattern of HepaRG in grooves obtained by CLSM and their 3D 
reconstructed images are shown in Figs. S4 and 4, respectively. Green 
fluorescence of Carboxyfluorescein accumulated in canaliculi was 
observed with grooves having 20, 30, 40 μm width and 40 μm depth, 
confirming the differentiation of HepaRG into functional hepatocytes. 
The regions exhibiting green fluorescence tended to increase with 
increasing groove width. This result suggests that a wider groove width 
is more effective in promoting differentiation into hepatocyte tissue. 

4.2. Culture and observation of Caco-2 using co-culture device 

In our previous study, we showed that epithelial cells (Caco-2) 
cultured on microchambers formed a flat monolayer and that this 
structure can be used to evaluate the paracellular permeability [32]. The 
polarization of Caco-2 cultured over the microchamber was confirmed 
by immunostaining of ZO-1, a tight junction component protein. Here, 
we first tested whether a monolayer of Caco-2 is formed under the 
co-culture condition with HepaRG. Observation of Caco-2 at 17 days 
after the start of co-culture showed nuclei of Caco-2 stained with 
Hoechst 33342 were distributed on the flat surface of the microchamber 
device (Fig. 5(a)). Meanwhile, only a negligible fluorescence was 
observed when focusing on the plane inside microchambers (Fig. 5(b)), 
indicating that the culture condition necessary for the 
microchamber-based permeability assay of Caco-2 monolayer can be 
reproduced in the present experimental system. When f-dextran, as a 
marker of the paracellular permeability, was added to the cell super
natant typically after 7 days of culture, internal space within micro
chambers remained non-fluorescent, verifying the formation of tight 
paracellular barrier (Supporting Information Fig. S3 (a)). Occasionally, 
there were some places where the barrier was loose, and microchamber 
space fluoresced in such region (Supporting Information Fig. S3 (b,c)). 

4.3. Caco-2 permeability assay in co-culture with HepaRG 

Next, we evaluated differences in paracellular permeability between 
Caco-2 monocultures and those co-cultured with hepatocytes after 17 
days culture. In the co-culture condition, experiments were performed 
with HepaRG cultured in 20, 30, and 40 μm grooves, respectively. The 
distributions of the intensity in microchambers at 120 min after addition 
of f-dextran show that permeation was significantly less in the co-culture 
condition compared to that in the monoculture condition (Fig. 6(a)). The 
intensity values under co-culture conditions showed that the para
cellular permeation became more significant for wider groove widths, 
but it was similar for groove widths of 30 and 40 μm. This is expected to 
be due to the metabolites from HepaRG acting to decrease the perme
ability of Caco-2 under co-culture. We also consider that the decrease in 
intensity with 30 and 40 µm width compared to the groove width of 20 
µm is due to the enhanced differentiation into hepatocyte tissue and the 
secretion of more metabolites such as bile as the groove width increased. 

Next, taking advantage of the characteristics of our device, we locally 
analyzed fluorescence intensities from the array of microchambers 

Fig. 4. Staining of bile canaliculi formed in HepaRG culture in grooves with (a) 20 µm (b) 30 µm (c) 40 µm widths. Nuclei stained by Hoechst 33342: blue, bile 
canaliculi stained by 5-CFDA: green. Enlarged views of the local spots, indicated by white rectangles, are shown in the bottom of each panel. 
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closest to the HepaRG culture compartment to the farthest from it (#1 to 
#6 in Fig. 2(c)). The fluorescence intensities in the microchambers at 
different locations obtained at 120 min after adding f-dextran, averaged 
across four devices, is shown Fig. 6(b). The results show that the 

fluorescence intensities during co-culture were lower in microchambers 
closer to the HepaRG culture compartment (closest one (#1) is located 
~500 µm away from the end of the connecting channels) compared to 
that in the control (monoculture) experiment. This tendency was 

Fig. 5. Illustration depicting the cross-section of the cell sheet cultured over microchambers and actual planar images overlaying fluorescence and bright-field 
images. Focal planes of these images were set at (a) the cell monolayer on the device’s surface and (b) inside the microchambers. Blue fluorescence represents 
nuclei stained by Hoechst. 

Fig. 6. Permeability assay of Caco-2 monolayer in the co-culture condition with HepaRG, which was cultured in grooves with different width. (a) Fluorescence 
intensities in microchambers at 120 min after the addition of f-dextran, relative to that in microchambers without Caco-2 cells. Averages and standard errors of 42 
microchamber unites (six units in seven independent co-culture devices) are plotted. (b) The same relative intensities within each microchamber array at different 
locations (numbered from #1 to #6, Fig. 2c) in seven independent microdevices are plotted. Data are presented as mean ± SEM. Statistics performed by Kruskal- 
Wallis test, * p < 0.05, ** p < 0.01, **** p < 0.0001. 
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particularly pronounced in the cases where grooves had widths of 30 or 
40 µm, exhibiting significant differences from the control conditions. 
This result suggests that the concentration of the metabolites that 
diffused from HepaRG, increasing with the shorter distance, had stron
ger effect on the reduction of the permeability of Caco-2 cells when both 
types of cells are at a higher vicinity. 

4.4. Permeability assay with the addition of primary bile 

Finally, we tested the hypothesis that the cause of the decreased 
permeability of Caco-2 during co-culture with HepaRG could be the 
effect of bile secreted from HepaRG, a major metabolite of hepatocytes. 
We tested the response of Caco-2 by directly adding human primary bile 
into another compartment. In vivo, primary bile secreted by hepatocytes 
are transported to the intestine and metabolized by intestinal bacteria 
into secondary bile acids. Since the production of secondary bile acids by 
intestinal bacteria does not occur in our experimental system, we 
focused on primary bile and investigated their effects. 

Practically, monoculture of Caco-2 was performed in the compart
ment with microchambers, while the medium, in which the bile was 
diluted along with differentiation medium, was exchanged daily in 
another compartment until day 17 (Fig. 3c). The results are shown in 
Fig. 7, showing the averages of fluorescence intensities in 24 micro
chamber units (six units in four independent co-culture devices) beneath 
Caco-2 monolayer at 120 min after addition of f-dextran. Bile at rela
tively high concentrations (100–500× dilution) tended to exhibit higher 
fluorescence intensity compared to the control experiment, while at 
lower concentrations (1000–10,000× dilution), the fluorescence in
tensity was slightly lower than that in the control experiment. Since the 
fluorescence intensity tended to be higher at high bile concentrations, it 
can be said that bile increased intestinal permeability in accordance 
with previously reports [27,34]. On the other hand, addition of the bile 
at low concentrations in turn tended to decrease intestinal permeability. 
In the significance test, significant difference was found only between 
the cases of the control (no bile) and 10,000× dilution, the lowest bile 
concentration. This result agrees with the result of co-culture experi
ment with HepaRG (Fig. 6). The lack of significant differences in higher 
concentrations of bile (100–500× dilution) was attributed to the high 
variability. Additionally, we locally analyzed fluorescence intensities 
from the array of microchambers closest to the HepaRG culture 
compartment to the farthest from it (Fig. S5; #1 to #6 in Fig. 2(c)). 
Although significant differences could not be observed at all locations 
except for #4, a trend of decreasing permeability (increasing barrier 
function) with decreasing bile concentration, which was augmented at 

the closer distances from the channel, was clearly observed. This anal
ysis further supports our hypothesis. 

5. Discussion 

Bile acids, whose important components are cholic acid (CA), 
deoxycholic acid (DCA) and chenodeoxycholic acid (CDCA), are known 
to be cytotoxic, and their abnormal secretion has been shown to increase 
intestinal permeability by activating the epithelial growth factor re
ceptor (EGFR) and following intracellular signaling pathway [27,29]. In 
a previous in vitro study, these bile acids at micromolar concentrations 
have been shown to increase intestinal paracellular permeability of 
Caco-2 (i.e., loosen the barrier function) [24]. Clinical results also show 
that bile acid secretion increases intestinal permeability [35]. The re
sults of these studies provide an explanation for the significant increase 
of permeability observed at addition of high concentration of primary 
bile (Fig. 7). 

On the other hand, the results of the co-culture with HepaRG, as well 
as those with additional bile at relatively low concentrations, exhibited 
decreased permeability (i.e., the barrier function was augmented). This 
seemingly contrary effect could be the result of complexity in the 
components and their concentrations in bile and other secreted mate
rials, which regulates the integrity of intestinal barrier [28,36]. Since 
the bile secreted from HepaRG is known to have the most in vivo like bile 
acid profile [37], it is likely that this observed decrease in permeability 
in both experiments is caused by a similar mechanism. Previously, 
Kimura et al. [38] reported that co-culture of intestinal cells (hiPS) and 
primary hepatocytes (PXB cells) resulted in an increase in the TEER 
value of intestinal cells (e.g., augmented barrier function), accompanied 
by a predominant increase in the expression level of occludin, a tight 
junction component protein [39,40] although, no discussion of the 
specific metabolite responsible for this change was provided. Further
more, in 1995, Hashimoto et al. [41] reported the augmentation of the 
barrier function of intestinal Caco-2-SF cell, which do not have stable 
tight junction, upon addition of milk whey proteins. They determined 
the β-lactoglobulin (β-LG) and bovine serum albumin (BSA) in whey is 
responsible for this change. Additionally, Song et al. [42] reported that 
tauroursodeoxycholic acid (TUDCA) improves the intestinal barrier 
function, although this scenario is unlikely to applicable in the present 
study because TUDCA is a component in secondary bile acids after mi
crobial transformation. Since albumin is abundant in secretions from 
hepatocytes in including bile [43], the scenario in Ref. [41] could be 
responsible for the observed decrease in intestinal permeability at 
co-culture and dilute bile assays, although detailed analysis will be 

Fig. 7. Relative fluorescence intensities in microchambers measured at 120 min after the addition of f-dextran with or without primary bile at different concen
trations introduced in another compartment. Averages and standard errors of 24 microchamber units (six units in four independent co-culture devices) are plotted. 
Statistics performed by Kruskal-Wallis test, * p < 0.05. 
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necessary to identify the responsible players. Nonetheless, the 
organ-to-organ interactions are intrinsically complex, and we can 
conclude that our simple co-culture device would help recapitulating 
liver-gut interactions. 

6. Conclusion 

We have developed and evaluated a microdevice that enables the co- 
culturing of hepatic cells and intestinal epithelial cells for testing their 
functional interactions. This device consists of two culture compart
ments, comprising microgrooves for hepatocyte culture and micro
chambers for the epithelial permeability assay. This approach eliminates 
the need for external fluidic pumps and tubings during cell cultivation 
and simplifies the manufacturing process significantly by not requiring 
electrodes or porous membranes for the assessment of intestinal 
epithelial barrier function. 

Here, we conducted co-culture of HepaRG and Caco-2 as a liver-gut 
axis model. Especially, use of HepaRG highlighted the possible effects of 
bile. Using 5-CFDA, we confirmed the promotion of bile canaliculus 
formation with the widening of the grooves and consequently a better 
hepatic cell differentiation. We compared the permeability of Caco-2 
monolayer between the monoculture and the co-culture with HepaRG 
cells. It became evident that the permeability of Caco-2 cells decreased 
when co-cultured with HepaRG cells. The interaction between hepato
cytes and intestinal cells is quite complex, and the effects of bile are still 
unresolved. Future studies are needed to investigate how bile metabo
lized from cells and other substances affect the permeability of intestinal 
cells, and our device could provide an effective means. 

To summarize, we described the open system to simplify co-culture 
of cells from two organs to see their interactions. There is a prospect 
of transitioning this system to realize a perfusion condition to better 
mimic in vivo conditions. Under perfusion conditions, co-culture of in
testinal epithelial cells with gut bacteria has been reported [44]. The 
intestinal tract and gut bacteria are closely related, and it is known that 
the metabolism of primary bile acids into secondary bile acids occurs by 
the action of gut bacteria [28]. Such a perusable flow system could be an 
important perspective for simulating the physiological environment 
more accurately. In conclusion, our simple microdevice revealed that 
co-culturing with HepaRG cells appears to impact the permeability of 
Caco-2 monolayer, with bile being a potential influencing factor. 
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