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Abstract After oral intake of drugs, drugs go through the first
pass metabolism in the gut and the liver, which greatly affects
the final outcome of the drugs’ efficacy and side effects. The
first pass metabolism is a complex process involving the gut
and the liver tissue, with transport and reaction occurring si-
multaneously at various locations, which makes it difficult to
be reproduced in vitro with conventional cell culture systems.
In an effort to tackle this challenge, here we have developed a
microfluidic gut-liver chip that can reproduce the dynamics of
the first pass metabolism. The microfluidic chip consists of
two separate layers for gut epithelial cells (Caco-2) and the
liver cells (HepG2), and is designed so that drugs go through a
sequential absorption in the gut chamber and metabolic reac-
tion in the liver chamber. We fabricated the chip and showed
that the two different cell lines can be successfully co-cultured
on chip. When the two cells are cultured on chip, changes in
the physiological function of Caco-2 and HepG2 cells were
noted. The cytochrome P450 metabolic activity of both cells
were significantly enhanced, and the absorptive property of
Caco-2 cells on chip also changed in response to the presence
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of flow. Finally, first pass metabolism of a flavonoid, apigenin,
was evaluated as a model compound, and co-culture of gut
and liver cells on chip resulted in a metabolic profile that is
closer to the reported profile than a monoculture of gut cells.
This microfluidic gut-liver chip can potentially be a useful
platform to study the complex first pass metabolism of drugs
in vitro.
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Organ-on-a-chip - Microfluidic

1 Introduction

Drug development process is a lengthy, costly process with an
extremely low probability of success. It is thought to cost up to
a billion dollar, and 10 to 12 years to develop one drug (Kaitin
2010). Despite this large amount of resources required, major-
ity of drug candidates are opted out due to unforeseen side
effects or lack of efficacy (Hughes 2009). In vitro cell-based
models are widely used to predict the efficacy and toxicity of
candidate molecules, especially in the early phases of drug
development process (Strovel et al. 2004). The major draw-
back of in vitro model systems is that when cells are cultured
in vitro, they often behave and response to drugs differently
from when they were in the native tissue. It is often thought
that this is because cells are not provided with various phys-
iological cues that are present in the in vivo tissues, for exam-
ple, 3D tissue structure (Abbott 2003). This makes it difficult
to extrapolate the results from in vitro experiment to animals
and humans. Animal models have their own limitations too,
for example they often show different metabolic profiles from
humans (Bhatia and Ingber 2014), let alone the ethical issues
of sacrificing animals. Another limitation of in vitro model
systems is that they are not able to reproduce organ-organ
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interactions, as only cells of a single tissue origin are cultured
in a petri dish. One of the main examples of organ interactions
in the body is the first pass metabolism, as drugs go through
complex process of absorption and metabolism in the gut and
the liver.

Organ-on-a-chip technology can be an alternative to the
current cell-based models and animal models, as they can
potentially overcome the aforementioned limitations. Organ-
on-a-chip aims to reconstitute in vivo tissue environment for
cells by mimicking the microscale tissue architecture and cell-
cell, cell-matrix interactions (Chan et al. 2013). While most of
organ-on-a-chip systems have focused on recapitulating the
tissue functions of a specific organ, another approach focuses
on the ability of organ-on-a-chip systems to reproduce the
interactions between multiple organs. Often termed as hu-
man-on-a-chip, these systems aim to connect multiple tissue
functions as observed in the human body (Sung et al. 2013).

One of the most important processes that determines the
pharmacokinetics of drugs is the first pass metabolism, which
consists of the absorption in the gut and the metabolism in the
liver. Due to its importance in drug’s action in the body, a large
amount of effort has been directed to improving current gut
and liver models. The gut affects the fate of a drug by selec-
tively absorbing drugs depending on their chemical and phys-
ical properties. While several in vitro gut absorption model is
available, it has been thought that these model systems carry
limitations in fully reproducing the human gut absorption
(Artursson et al. 2001), and several attempts have been made
to improve currently existing gut models. For example, co-
culturing gut epithelial cells with other supporting cells
(Hilgendorf et al. 2000), providing mechanical stimuli that
are similar to what gut cells would experience in the native
gut tissue (Kim et al. 2012), and mimicking the 3D topology
of'the intestine tissue (Wang et al. 2009) have been reported to
modify the physiology of cultured cells compared to the con-
ventional monolayer culture. Culturing gut cells in a fluidic
environment has also been shown to improve the gut-related
functions (Chi et al. 2015).

After drugs are absorbed in the gut, they are transported to
the liver for subsequent metabolism. Although metabolism
also occurs in the gut tissue to some extent by the epithelial
cells and gut microbes, the liver is the main organ that is
responsible for most of the metabolic conversion (Carlson
and Fisher 2008). Diverse liver model systems exist, with
varying degrees of complexity and physiological relevance.
One of the simpler systems utilize metabolic enzyme fractions
extracted from the liver tissue (Brandon et al. 2003). Although
this extracted enzyme fractions are simple to use, and known
to be rich in cytochrome P450 enzymes, which are the main
metabolic enzyme family in the liver, distortion in the ratios of
different metabolic enzymes can cause deviations from the
human liver metabolism (Spaggiari et al. 2014). On the other
end of the spectrum lies the liver tissue slices. Such tissue
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slices offer realistic estimate of human liver metabolism, but
is difficult to use due to its short lifetime and scarcity of avail-
able tissues (Brandon et al. 2003). Attempts to improve liver
model systems by manipulating the cellular environment have
been reported, for example mimicking the hepatic blood flow,
oxygen concentration gradient, or co-culturing hepatic cells
with other cells (Allen et al. 2005; Prot et al. 2011).

While we have seen considerable achievement in improv-
ing the gut and the liver model systems, limitations still exist,
because the first pass metabolism always occurs as a connect-
ed system of the gut and the liver. Not only drugs go through a
sequence of absorption followed by metabolism, there also
exists a cross-talk between the gut and the liver tissue via
signaling molecules (van Midwoud et al. 2010). This raises
the issue that any separate gut or liver model systems do not
properly reflect the process that drugs go through in the body.
A simple approach to this issue is to co-culture gut and liver
cells in the same compartment (Choi et al. 2004). While this
approach offers a simple solution, it does not fully capture the
essence of the first pass metabolism, which is a time-depen-
dent, dynamic crosstalk between two separate organs. The
dynamic connection between different organs can play an im-
portant role and affect the final effect of drugs. For example,
our previous study suggested that the flow-based connection
of two organs results in a pharmacokinetic profile that is dif-
ferent from what would be expected from a traditional well-
based system, resulting in different cell response to durgs (Lee
et al. 2016). This suggests that a more advanced system is
needed, in which gut and liver cells can be cultured separately
while efficient cross-talk between the two organs is still pos-
sible, just as the gut and the liver in the human body. Several
studies reported a microfluidic system to this end, where gut
and liver compartment exist in separate spaces and connected
via microfluidic channels (Imura et al. 2010). The most
pioneering works for reproducing the sequential action of
the gut and the liver were achieved by Shuler et al., who
developed several different versions of ‘microscale cell cul-
ture analog’, where different cells are cultured in separate
chambers on the same chip, which are connected via fluidic
channels mimicking the blood circulation (Sung and Shuler
2009; Sung et al. 2010; Sung et al. 2013). This type of
microfluidic chip enables interaction of different cells via sig-
naling molecules traveling through the channels, and the de-
sired type of interaction can be designed by arranging the
chambers and channels. Often termed as ‘body-on-a-chip’,
this device has been used as a gut-liver model to study the
effect of nanoparticles on liver injury (Esch et al. 2014).

While these microfluidic gut-liver models are promising
new tools for studying the first pass metabolism of drugs with
improved physiological relevance than previous gut and liver
systems, several limitations exist. First, reported cell incuba-
tion time in the chips was generally short. Gut cells were
cultured for three days in the paper reported by Imura et al.,
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and gut and liver slices were incubated for 1 day in the study
by Groothuis et al. (Imura et al. 2010; van Midwoud et al.
2010). This can be a potential problem since often cells re-
quire a long incubation time of several weeks to properly
differentiate (Artursson et al. 2001). Another potential limita-
tion of previously reported systems is the complexity and
difficulty of using the devices, which is partially an inherent
problem of microfluidic systems requiring pumps and fluidic
connections. This not only increases the risk of failure, for
example fluid leaking or bacterial contamination, but also
makes it difficult to perform high-throughput experiment.
Thirdly, although a few proof-of-concept devices have been
developed (Imura et al. 2010; van Midwoud et al. 2010; Imura
et al. 2012; Esch et al. 2014), an attempt to compare the first
pass metabolism of model drugs with that reported from
in vivo experiment has been lacking.

Here, we report a novel, microfluidic gut-liver chip
for reproducing the first pass metabolism. A two-layer
design allows culturing gut and liver cells in separate
compartments but in near vicinity, thus enabling direct
and efficient crosstalk between the two. The chamber
dimensions were further optimized to enable efficient
transport by mathematical model simulation. We elimi-
nated the need for a pump by utilizing a gravity-based
flow, and the chips can be operated simply by placing
them on a custom-made tilting stage. It was verified that
gut (Caco-2) and liver (HepG2) cells can be cultured in
the chip for several weeks while maintaining good via-
bility and morphology, and the metabolic activity of both
cells improved when cultured in the chip, compared to a
monolayer culture in 96-well microplate. As a model
molecule, flavonoid apigenin was administered to the
gut-liver chip and the metabolites were analyzed to ver-
ify that the first pass metabolism can be successfully
reproduced in the chip.

Fig. 1 The schematics of gut-
liver chip a top view, b side view,

2 Materials and methods
2.1 Fabrication of gut-liver chip

Soft-lithography was used to fabricate the gut-liver chip. SU-8
50 was spin-coated on a silicon wafer at a thickness of 120 pm
to develop into microchannels that are 200 um wide. The
fabricated wafer was coated with Trichloro(1H,1H,2H,2H—
perfluorooctyl)silane(448,931, Sigma Aldrich) to enable eas-
ier removal of Polydimethylsiloxane(PDMS) later. To fabri-
cate the gut layer, PDMS perpolymer solution was poured
onto a SU-8 master and cured for 2 h at 60 °C . For the liver
layer, PDMS prepolymer solution was spin-coated on a master
and cured to make a thin layer of PDMS. The same SU-8
master was used for the gut and the liver layer, as the shape
of the fluidic channels were identical in both layers. When the
two layers were bonded, channels were facing up in the gut
layer, whereas channels were facing down (touching the slide
glass bottom), and the two channels were aligned so that they
cross in opposing directions (See Fig. 1 for more details).
Cell culture chambers for gut and liver cells and media
reservoirs were made by punching holes with Biopsy punch
(Miltex) with appropriate diameters. Four medium reservoirs
were made, inlet and outlet reservoirs for upper (gut) and
lower (liver) layers, respectively. Chips were assembled by
bonding each layer on top of a slide glass, in the order of the
liver layer, membrane, and the gut layer from the bottom. The
porous membrane provides a support for Caco-2 cells in the
top layer. The membrane is a polyester membrane with
0.4 um pore size, which was manually cut out from 6-well
plate insert (Corning CLS3450). Additional PDMS layer was
bonded on top to provide sufficient volume for holding media
in the reservoir. The gut chamber is sealed with a custom-
made PDMS lid, which has a small opening for cell seeding.
Assembled chips were sterilized by autoclave at 120 °C for
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5 min before cell seeding. Fluidic channels were first wetted
by injecting ethanol, and washed with Dulbecco’s Phosphate-
Buffered Solution (DPBS) extensively to remove remaining
ethanol. Finally, channels were filled with cell culture media.

2.2 Cell seeding and culture

Caco-2, human epithelial colorectal adenocarcinoma cell line,
was used as gut cells, and HepG2, human hepatocellular car-
cinoma cell line was used as liver cells. For Caco-2 cells,
1.6 x 10° cells in 80 uL media were seeded into the gut
chamber. For HepG2 cells, 5.5 % 10* cells were injected at
3.6 x 10° cell/mL density. After seeding cells, sterilized filter
paper was wetted with sterile water and left in a dish contain-
ing the chips to minimize evaporation. Since Caco-2 cells
require longer culture time to differentiate, they were seeded
first. Cells were left in the chip for 3 days without flow to
allow firm attachment, and then cultured under flow condition
for 7 days. Before seeding HepG2 cells, cell culture chamber
was coated with fibronectin at 5 ng/mL for 1 h to enhance cell
attachment to the glass surface. HepG2 cells were seeded and
incubated without flow for 24 h, and then cultured under flow
condition for additional 2 days. The recommended media for
each cell type was used when cultured alone (Low glucose
DMEM (11885-084,Gibco) for Caco-2, High glucose
DMEM (11995-065,Gibco) for HepG2). When co-cultured
in the chip, High glucose DMEM was used for both cells.
Gravity-driven flow was supplied by placing the chips on a
tilting mechanical stage, which is controlled by a custom-built
computer program (Fig. 1c). The default parameter was 0.1
degrees/s, 4 degrees, and 500 s.

2.3 Cell assays

Cells were washed with DPBS to eliminate remaining media.
Calcein-AM (Life technologies, 1,235,336) was used to stain
live cells and ethidium homodimer-1 was used to stain dead
cells. Cells were stained for 1 h and images were taken with a
confocal microscope. For immunostaining, chips were dis-
sembled, washed with DPBS, and fixed with 4% (w/v) form-
aldehyde in DPBS for 1 h. After fixing, cells were washed
with 0.1% BSA (Gibco) solution for 20 min. To facilitate
diffusion through cell membrane, cells were incubated in
0.3% Triton-X 100 (Junsei), and washed with 0.1% BSA so-
lution. For actin staining, cells were incubated in 1/200X
Rhodamine phalloidin (Sigma Aldrich) for 1 h. After washing
with DPBS for 10 min, nucleic acid was stained with 1/5000X
Trihydrochloride trihydrate(DAPI) (Thermo scientific) solu-
tion for 30 min. After washing with DPBS for five minutes,
cells were imaged under confocal microscope.

For P450 enzyme activity assay, BOMCC substrate (Life
technologies) was diluted at 10 pM in Low glucose DMEM,
which was inserted into the chip containing cells. Chips were

@ Springer

operated under flow condition for 1 h for the reaction to take
place. A 100 pL sample was taken from the reservoir and
fluorescence intensity was measured using microplate reader
with excitation wavelength of 460 nm and emission wave-
length of 495 nm. Then chips were dissembled and the mem-
brane with cells attached was immersed in Trypsin solution for
10 min. After cells detached, cell number was counted.
Statistical significance was tested by student-t method, and
the p-values are reported in the figure captions.

Permeability of intestinal Caco-2 cell layer was measured
using model fluorescent molecule, fluorescein (Sigma
Aldrich). Caco-2 cells were washed with HBSS buffer. After
removing the lid that covered the gut chamber, the gut cham-
ber and the media reservoir was filled with 5 uM fluorescein
solution. The liver layer was filled with HBSS buffer. The lid
was closed and the flow was initiated. The sample was taken
from the liver layer at each time point, and the fluorescence
intensity was measured with excitation wavelength of 490 nm
and emission wavelength of 514 nm.

2.4 Metabolite analysis

To minimize the loss of apigenin, the inner surface of the
PDMS chip was coated with BSA 1% (w/v), containing
50 uM apigenin in High glucose DMEM for 3 days. Then
Caco-2 cells were seeded into the gut chamber and cultured
for 7 days. The liver layer was coated with fibronectin solution
(5 ug/mL) for 1 h and HepG2 cells were seeded. After HepG2
cells were seeded, media was switched to DMEM without
phenol red with glucose (4.5 g/L, SH30284.01, Hyclone).
When cells are ready, 50 uM apigenin in DMEM without
phenol red was added to the gut layer and reservoirs. After
6 h and 24 h, 60 pL of media was taken from the gut and the
liver layer, which was mixed immediately with 90 uL meth-
anol to stop reaction.

2.5 Simulation of transport in the chip

A mathematical model to describe the transport inside the chip
was developed using COMSOL Multiphysics, in a similar
manner to our previous publication, using the same set of
parameters for fluid properties (Kim et al. 2013).

3 Results and discussion
3.1 Design of the gut-liver chip

The main criteria for designing the gut-liver chip is that, 1) gut
and liver cells can be easily seeded and co-cultured in the chip,
2) gut and liver cells can be cultured in separate compartments
while allowing efficient transport between the two, 3) the di-
mensions of the cell culture chamber and reservoir should be
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sufficient that allow analysis of cells and metabolites in the
media, 4) multiple chips should be operated easily and con-
sistently. We designed our gut-liver chip with careful consid-
eration to meet these criteria (Fig. 1). To allow easy cell
seeding, we fabricated a PDMS lid that snug-fits into the open
gut chamber. This enables precise and uniform seeding of the
gut cells onto the membrane, which is important especially for
gut cells since they need to form a homogeneous coverage of
membrane to allow consistent transport across epithelial bar-
rier. The presence of a hollow needle in the lid was necessary
to allow small amount of media to fill up the needle and
remove excess fluid pressure on the gut cells when closing
the lid. Locating gut and liver cells in near vicinity is also
important, since any molecules that passes gut cells should
reach liver cells with efficiency. We decided that a two-layer
design where gut cells are cultured on top of the liver cells,
separated by a membrane would be the most suitable design to
meet this criterion. To allow easy detection and analysis of the
circulating metabolites, cell culture chambers were designed
to be in a similar size to conventional 96-well microplate. An
important factor is the volume of media circulating inside the
chip. We wanted the volume to be at least 200 uL, to allow
HPLC analysis of metabolites at multiple time points. Finally,
chips should be operated in a relatively straightforward man-
ner, and the need of a pump and connecting tubes would have
added too much complexity to our system. The use of gravity-
flow significantly enhanced consistency in our experiment.

A mathematical model of the transport inside the chip was
developed to aid the design of the chip. The main concern was
whether the chamber and channel dimensions would allow
efficient transport inside the chip, and not suffer from any
artificial transport limitation caused by poorly designed chip
configurations. Simulation results suggested that the major
factor that determines the transport efficiency between the
gut and the liver chamber was the height of the gut chamber.
We tested various gut chamber height ranging from 0.5 mm to
3 mm, and found that height that is greater than 1.5 mm caused
significant limitation in transport from the gut layer channel to
the membrane between the gut and the liver chamber (Fig. 2).
Based on this simulation result, we designed the height of the
gut chamber to be 1.5 mm.

The fluid velocity inside the chip was determined by simple
calculation (Sung et al. 2010), which was verified by experi-
mental measurement. Tilting at 10 degrees resulted in the flow
rate of 240 puL/h, and 5 degrees resulted in 120 pwL/h, which
was roughly in consistency with calculations. Several differ-
ent flow rates were tested. The main concern was to determine
appropriate flow rate that would apply enough stimulus to the
cells and allow efficient transport, while not applying exces-
sive mechanical stimulus to cause damage to the cells. When
the flow rate of 360 pL/h with the 15 tilting degrees was
tested, we observed some detachment of HepG2 cells in some
areas due to a high flow rate. We speculated that the high flow
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Fig.2 Simulation of transport inside the chip with a 1.5 mm thickness of
gut layer b 3 mm thickness of gut layer

rate resulted in an excessively high shear rate in some areas,
causing cells to detach. Also there is a report that a high flow
rate can cause detrimental effect on the cell’s physiology
(Vinci et al. 2011), and Kim et al. did not observe any detri-
mental effect on cells at the flow rate of 100 puL/h. Based on
our observation and literatures, we determined the flow rate in
the gut layer to be 96 pL/h. The liver layer experienced sig-
nificantly slower flow rate, which is about one third of the
flow rate in the gut layer, due to a difference in channel di-
mensions leading to the liver chamber. The main reason for
this difference comes from the fact that the liver layer resides
beneath the gut layer, making the liver channels longer than
the gut channels. Longer channels resulted in higher fluidic
resistance and hence slower flow rate in the liver layer.

The main parameter that determines the mechanical stimu-
lus given to the cells by the fluid flow is the shear stress. The
following equation was used for calculation, where w is the
width, h is the height of the channel, and 1 is the viscosity, and
Q is the volumetric flow rate (Young and Simmons 2010).

6
wh

(1)

At given flow rate and channel dimension, the shear stress
at the channel wall was calculated to be 7.89 x 107>
(dyne/cm?). To compare this value with the actual shear stress
in the human gut, we made a number of assumptions.
Reported length of the small intestine is 7 m, and an average
diameter of 2.75 cm was used (Helander and Fandriks 2014).
The flow rate inside the small intestine was calculated using
the average time it takes for ingested food to pass through the
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small intestine, which gave the shear stress inside the small
intestine to be approximately 2.21 x 10~" (dyne/cm?). This
calculation suggests that the shear stress in our chip is signif-
icantly higher than that in the human gut, but local and tem-
porary shear stress in the human intestine is probably higher,
due to the peristaltic movement of the intestine. Also, this
value is still closer to the human condition when compared
with gut chip reported by other research groups. For example,
Kim et al. developed a gut chip and reported a shear stress of
0.2 (dyne/cm?), which is significantly higher than ours,
(7.89 x 107> (dyne/em?)) (Kim et al. 2012).

One disadvantage of using gravity-flow in a microfluidic
device is that it is difficult to accurately control the flow rate.
To overcome this shortcoming, we also tested tube connec-
tions to a pump by inserting additional PDMS layer that can
hold a needle. By inserting a needle into the additional layer
and fixing it with a glue, the gut-liver chip could be connected
to a pump for more precise fluid supply. Although in our study
we mainly used gravity-flow due to its simplicity, we verified
that in case where accurate flow control is necessary it is
possible to switch the flow mode. Using gravity-flow mode,
it was possible to operate the chip for up to four weeks without
any noticeable problems. Chips could probably be operated
even longer as long as cells remain viable.

3.2 Cell activity assays

To verify that cells were able to proliferate and differentiate in
the gut-liver chip, we performed several assays. First, live-
dead assay was done to visualize viable cells in the chip, using
Calcein-AM and ethidium homodimer-1. This was done to

verify that the flow condition in the chip was not causing
significant damage to the cells in the chip. As shown in
Fig. 3a, d, HepG2 and Caco-2 cells both maintained good
viability over the culture period in the chip. As mentioned
earlier, higher flow rate often resulted in partial cell detach-
ment or losing viability (data not shown).

Secondly, we visualized actin filament and nucleus by
staining cells with Phalloidin and DAPI, respectively. F-
actin is a major protein in eukaryotic cells that forms cytoskel-
eton and abundant near cell membrane, and is frequently used
to evaluate morphology of cultured cells (Ferruzza et al.
2012). DAPI binds to AT sequence of chromosomal DNA
and frequently used to visualize the location of cell nucleus.
For both HepG2 (Fig. 3b, ¢) and Caco-2 cell (Fig. 3e, f), actin
and nucleus was clearly visualized. Formation of uniform
monolayer was confirmed for both cell lines. Caco-2 cells
showed relatively tighter attachment compared to HepG2
cells, probably due to a longer incubation time. Caco-2 cells
are known to become polarized and form tight junctions when
differentiated (Artursson et al. 2001).

The metabolic enzyme activity of both Caco-2 and HepG2
cells were evaluated by using a fluorogenic substrate. We
chose P450 3A4 as a marker of metabolic activity, since
P450 3A4 is known to be expressed both in the gut and the
liver. P450 enzyme family is generally expressed in the liver
tissue, and several sub-family members such as 1A1, 1A2,
and 3A4 exist (Sivaraman et al. 2005). Among these mem-
bers, 3A4 is known to be expressed in the intestine as well as
the liver (Galetin and Houston 2006). A fluorogenic substrate,
7-benzyloxy-methyloxy-3-cyanocoumarin(Vivid BOMCC),
reacts with P450 3A4 and generates fluorescence. By

Fig. 3 Confocal microscope image of HepG2 cells after live staining a F-actin b nucleus staining ¢ and Caco-2 cells after live staining d F-actin e and

nucleus staining f
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measuring the time-dependent intensity of fluorescence,
one can quantify the activity of P450 3A4 enzyme
(Moutinho et al. 2012).

We compared the P450 3A4 activity of Caco-2 cells
cultured in static condition (microwell plate) with that of
Caco-2 cells cultured in the gut-liver chip. For this exper-
iment, Caco-2 cells were cultured alone without HepG2
cells. Figure 4a shows that the enzyme activity is enhanced
more than two fold when Caco-2 cells are cultured in flow
condition. In static condition, P450 activity of Caco-2 cells
were measured at 3.14 pM/ 10'° cells/h, whereas in flow
condition, it was measured at 6.48 uM/ 10'° cells/h. This
enhancement by fluidic stimulus is even more dramatic in
case of HepG?2 cells, which showed non-detectable level of
activity when cultured in static condition, but showed sig-
nificant level of activity when cultured in the flow condi-
tion (Fig. 4b). In static condition, P450 activity of HepG2
cells was not detectable, whereas in flow condition it was
measured at 0.99 uM/10'® cells/h. The most probable
cause for such a dramatic increase in the enzyme activity
is that the mechanical stimulus from the fluidic shear af-
fects cell physiology in a positive manner. In fact, a similar
observation has been reported by other research groups,
who observed significant enhancement in the metabolic
activity of liver cells when cultured in flow condition
(Prot et al. 2011; Vinci et al. 2011). Interestingly, P450
3A4 activity was significantly higher in Caco-2 cells than
HepG2 cells, which is rather contradictory to what one
would expect. Generally, it is known that P450 activity is
much higher in the liver than the intestine (Galetin and
Houston 2006). We speculate that this is due to the cell
origin, since HepG2 is well known for its weak expression
of P450 activity, unless they are chemically induced to up-
regulate expression of P450 enzymes (Westerink and
Schoonen 2007). In addition, cases of higher metabolic
activity in the intestine cells than hepatic cells have been
reported (Martin et al. 2008). Another factor that needs to
be considered is the fibronectin coating on the slide glass
to facilitate attachment of HepG2 cells. It has been reported
that the surface coating material can also affect the physi-
ology of cells (Au et al. 2014).

Fig. 4 P450 3A4 activity of
Caco-2 a and HepG2 cells b in 10
static (microwell plate) and flow
condition (chip). Measurements

_—
)
-

3.3 Paracellular permeability of intestinal barrier

The absorption process in the gut can be roughly classified
into transcellular transport and paracellular transport
(Artursson et al. 2001). Transcellular transport occurs usually
in case of lipophilic molecules, and is known to be generally
faster than paracellular transport, since lipophilic materials can
cross cell membrane more easily than hydrophilic materials.
On the other hand, paracellular transport occurs through small
openings between the cells. The small pores are made up of
tight junction proteins, namely occludin and Claudin
(Ulluwishewa et al. 2011). The tightness of these proteins
affects pore sizes and how easily molecules can cross the
epithelial barrier. Since drug absorption is one of the most
important function of the intestine, we tested whether our
gut-liver chip shows absorption properties that are comparable
to the conventional Caco-2 model. Fluorescein is often used as
a model marker to assess the paracellular permeability of gut
epithelium (Aguirre et al. 2014). The permeability of a model
molecule can be calculated from time-series measurement of
concentration in the acceptor compartment, using the
following equation, where C, denotes initial concentra-
tion in the donor compartment, A denotes the surface
area of absorption, Q is the mole flux of absorbed mol-
ecules (Masungi et al. 2004).

Y
p=_ & 2
C()XAth ()

Figure 5 shows the permeability of fluorescein across
the Caco-2 epithelial barrier, either cultured in static con-
dition or flow condition in the chip. The liver cells were
not cultured in the chip. In flow condition, the perme-
ability of fluorescein was calculated to be 6.24 X
107% cm/s, whereas in static condition it was higher at
2.86 X 107> cm/s. Caco-2 cells in chip condition showed
approximately 4.6 times lower permeability than the
same cells in static well condition. The observed de-
crease in the absorption permeability is likely due to
the formation of stronger tight junctions in the gut epi-
thelium. It has been reported that fluidic shear stress can
increase the expression of tight junction proteins such as

—_—
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-
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Fig. 5 Permeability of fluorescein across Caco-2 cell barrier in flow
condition (chip) and static condition (transwell). Measurements were
made in at least triplicate for each condition, and the star (*) denotes
statistical significance with p < 0.05

ZO-1 in vascular endothelium (Booth and Kim 2012). A
similar observation has also been made for Caco-2 cells,
where the expression of Occludin increased when cul-
tured in flow condition, resulting in tighter cell junctions
and lower absorption permeability (Chi et al. 2015).
Another plausible explanation is a change in tissue mor-
phology resulting from the fluidic stimulus. It has been
reported that combination of fluidic shear and strain re-
sulted in villi-like structure of Caco-2 cells (Kim et al.
2012). Formation of such a 3D structure could increase
the path that absorbed molecules has to travel, resulting
in decreased permeability. Another factor that should be
considered is a possible change in the thickness of
unstirred water later (UWL) due to the presence of flow.
It has been reported that the presence of fluidic shear
stress can result in a decrease in the thickness of UWL,
which can alter absorption kinetics of drugs (Naruhashi
et al. 2003). The detailed mechanism is still unclear, and
needs further investigation on these factors.

A consistent observation was also made in an in vivo ex-
periment, where human intestine was challenged with varying
flow rate (Fine et al. 1995). In this study, increasing the jejunal
flow rate four-fold resulted in significantly decreased perme-
ability of L-xylose/urea and average calculate pore size.
Although exact mechanism of how permeability decreases
under flow condition is uncertain, results obtained from our
gut-liver chip is consistent with previously reported works.
One possible reason suggested by Fine et al., is that the cells
lining the villi and the cells at the villi tips have different
permeability, and the flow alters the pattern of exposure to
villi surface, changing the observed permeability. In the study
by Chi et al., TEM images of Caco-2 cells exposed to flow
condition showed smaller openings in the tight junctions be-
tween the cells, which implies that paracellular permeability
would decrease in flow condition. These results suggest
that our gut-liver chip provides a more physiologically
relevant environment of gut cells than the conventional
well condition.

@ Springer

3.4 First pass metabolism of apigenin

Apigenin is a natural flavonoid molecule found in many
plants, and is known to have health promoting effect
(Woodman and Chan 2004). Apigenin was selected as a mod-
el molecule to test if the gut-liver chip can reproduce the first
pass metabolism of orally taken drugs. Apigenin is known to
go through extensive metabolism in the intestine and the liver
(Teng et al. 2012). It is also known to be unstable in aqueous
solution and easily degraded (Gradolatto et al. 2004; Patel
et al. 2007). It is also relatively hydrophobic and can poten-
tially adsorb to PDMS surfaces (Berthier et al. 2012).
Therefore, we tested running apigenin containing media in
the chip for 24 h, and observed significant amount of apigenin
disappearing from the media (data not shown). We have found
that coating the PDMS surface with BSA can alleviate the
adsorption issue (unpublished data), and we further tried to
minimize absorption by pre-running media containing
apigenin in the chip before cell seeding. Spontaneous degra-
dation of apigenin was evaluated by measuring the concentra-
tion of apigenin in media after 6 and 24 h in the chip (Fig. 6a).
We found that after 6 h, approximately 81% of initial apigenin
remained, and after 24 h, 52% of initial apigenin remained.
Comparing this result with apigenin containing media incu-
bated in a tube, we found that similar amount of apigenin
remained in the tube, suggesting that the PDMS absorption
was reasonably prevented.
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Fig. 6 a Concentration of apigenin remaining in circulating media in gut-
liver chip without cells b Concentration of apigenin remaining in
circulating media in gut-liver chip with cells. Measurements were made
in at least triplicate for each data set
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To examine the metabolic rate of apigenin, the gut-liver
chip was run with two different conditions; one with gut cells
only, and one with gut and the liver cells co-cultured in the
chip. The purpose of this was to evaluate the respective con-
tribution of the gut and liver cells to the first pass metabolism
of apigenin in the chip. Analysis of remaining apigenin in the
media in the upper (gut) and lower (liver) layer shows that in
the chip with gut cells only, 33.5 uM of apigenin was detected
in the gut layer and 1.7 uM of apigenin was detected in the
liver layer after 6 h. After 24 h, 5.4 uM in the gut layer, and
1.4 uM in the liver layer was detected (Fig. 6b). Comparing
this result with Fig. 6a, it can be deduced that significant
amount of remaining apigenin was metabolized by the
Caco-2 cells during 24-h period. In a chip with gut and liver
cells co-cultured, after 6 h, 31.4 uM and 1.0 uM was detected
in the gut and liver layer, respectively. After 24 h, 2.6 uM and
2.0 uM was detected in the gut and liver layer, respectively.
Concentration of apigenin in the gut layer was slightly lower
in case of co-culture, compared to the chip with gut cell mono-
culture. This suggests that majority of metabolic activity was
exerted by Caco-2 cells in the gut layer, while HepG2 cells in
the liver layer exerted additional metabolic activity. First
pass metabolism of apigenin was studied by Teng et al.,
using both in vitro Caco-2 culture and in vivo rat. After
oral administration of apigenin to a rat, it took about
24 h for complete removal of apigenin and its metabo-
lites, similar to our result using the gut-liver chip. In
their study, apigenin was also metabolized to a signifi-
cant extent by Caco-2 cells, similar to our study. A
similar observation was also made in a separate study,
which reported that intestinal disposition may be more
dominant than hepatic disposition (Chen et al. 2003).

Fig. 7 Relative fractions of (a)
apigenin metabolites in gut-liver
chip with Caco-2 cell
monoculture at a 6 h b 24 h.
Relative fractions of apigenin
metabolites in gut-liver chip with
Caco-2 and HepG2 co-culture at ¢
6hd24h

40.2 %

Time-dependent concentrations of metabolites in the gut-
liver chip was analyzed by HPLC to find the fractions
of different metabolites produced. Chip experiment was
done in two conditions; gut cell monoculture in the chip
(Fig. 7a, b) and gut and liver cells co-cultured in the chip
(Fig. 7c, d). In both conditions, apigenin was mainly metabo-
lized to two types of metabolites, apigenin-7-glucuronide and
apigenin-7-sulfate. In case of Caco-2 monoculture in the chip,
majority of metabolites were sulfation products both in the gut
and the liver layer (68.0% at 6 h and 73.7% at 24 h in the gut
layer, and 27.8% at 6 h and 21.6% at 24 h in the liver layer). In
case of gut and liver cell co-culture in the chip, glucuronide
conjugated metabolite in both gut and liver layer increased
significantly compared to the gut cell monoculture, although
still majority of metabolites were sulfation conjugates
(2.9% to 6.8% at 6 h in the gut layer, 1.3% to 8.3% at
6 h in the liver layer). Secondly, fraction of sulfation
products increase mostly in the liver layer (27.8% to
40.2% at 6 h, 21.6% to 32.4% at 24 h). These results
together suggest that Caco-2 cells metabolize apigenin
mainly to sulfation products whereas HepG2 metabolize
apigenin to both sulfation and glucuronide products.

In an In vivo analysis of apigenin metabolism in a rat, both
sulfate and glucuronide conjugation was observed, while the
fraction of glucuronide conjugation was higher than sulfation
(Teng et al. 2012). Comparing this with our result, gut-liver
chip seems to have produced sulfation conjugates more heavi-
ly than the rat, but co-culture with HepG2 cells seems to have
moved the metabolism slightly to glucuronide conjugation,
similar to the rat. This suggests that the gut-liver chip with
gut and liver cell co-culture was able to show first pass me-
tabolism that is closer to the rat than the chip with gut

(b)

Il Apigenin-7-glucuronide : gut
@ Apigenin-7-glucuronide : liver
I Apigenin-7-sulfate : gut
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monoculture. This is still not in an accurate agreement with
actual first pass metabolism of apigenin observed in vivo, and
this can probably be improved by using more in vivo-like
cells, such as primary cells and stem cells (Khetani et al.
2015). Another important consideration is to carefully adjust
the relative contribution of gut and liver cells, that is, scale the
two organ functions to accurately mimic in vivo situation
(Moraes et al. 2013; Wikswo et al. 2013).

Another notable observation was that fraction of sulfation
conjugates in the apical side (gut layer) increased significantly
between 6 and 24 h (68.0% to 73.7% in Caco-2 monoculture
condition, 44.7% to 60.8% in co-culture condition), while in
the liver layer a decrease was observed (27.8% to 21.6% in
monoculture condition, 40.2% to 32.4% in co-culture condi-
tion. This can be partly explained by previous reports that
sulfation conjugates are less permeable than apigenin and its
glucuronide conjugates (Hu et al. 2003), which could have led
to accumulation of sulfation products in the apical side.

4 Conclusion

In this paper, we developed a microfluidic gut-liver with an
aim of reproducing the first pass metabolism. A finite element
model of transport inside the chip was used to set the design
parameters. Caco-2 and HepG2 cells were successfully co-
cultured in the chip, verified by the morphological evaluation
of both cells. Changes in the metabolic and absorptive prop-
erties of both gut and liver cells were observed. Using
apigenin as a model drug, we have shown that this device
can be used as a tool to reproduce the first pass metabolism
of drugs. Although several improvements are still needed for
more accurate reproduction of a PK profile, the gut-liver chip
showed the pharmacokinetic profile resembling that of in vivo
models more closely in gut-liver co-culture condition than gut
monoculture condition.
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