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ABSTRACT

The poor metabolic ability of cell lines fails to meet the requirements of an in vitro model for drug interaction testing which is crucial for the
development or clinical application of drugs. Herein, we describe a liver sinusoid-on-a-chip device composed of four kinds of transformed
cell lines (HepG2 cells, LX-2 cells, EAhy926 cells, and U937 cells) that were ordered in a physiological distribution with artificial liver blood
flow and biliary efflux flowing in the opposite direction. This microfluidic device applied three-dimensional culturing of HepG2 cells with
high density (10" ml™"), forming a tightly connected monolayer of EAhy926 cells and achieving the active transport of drugs in HepG2 cells.
Results showed that the device maintained synthetic and secretory functions, preserved cytochrome P450 1A1/2 and uridine diphosphate glu-
curonyltransferase enzymatic activities, as well as sensitivity of drug metabolism. The cell lines derived device enables the investigation of a
drug-drug interaction study. We used it to test the hepatotoxicity of acetaminophen and the following combinations: “acetaminophen + rifam-
picin,” “acetaminophen + omeprazole,” and “acetaminophen + ciprofloxacin.” The variations in hepatotoxicity of the combinations compared
to acetaminophen alone, which is not found in a 96-well plate model, in the device were —17.15%, 14.88%, and —19.74%. In addition, this
result was similar to the one tested by the classical primary hepatocyte plate model (—13.22%, 13.51%, and —15.81%). Thus, this cell lines
derived liver model provides an alternative to investigate drug hepatotoxicity, drug-drug interaction.
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INTRODUCTION drugs.” Screening of this kind of supplementary drug thus becomes
important for new drug development as well as pharmaceutics.

The liver is an important organ responsible for xenobiotic ; A S .
In vitro models, such as a recombinant enzyme,”" liver micro-

metabolism, detoxification, and immunoregulation and is a major 5 . 6 . .
target for drug and chemical-induced toxicity. Historically, liver tox- sqme, and p rlmary. bepatocytes (HCs),” have 2 1_na)9r role m.evalu—
icity is the most frequent safety issue ending clinical trials and can atl.ng the hepatotoxicity Of. the drug-drug combl.na.tlon. Specifically,
even cause the postmarket withdrawal of drug candidates resulting primary hepatocytes are widely used at the preclinical stage because

in a considerable loss of human and financial resources.” Later, it ~of their considerable metabolic ability. However, primary hepatocytes

was found that the co-use of a supplementary drug sometimes can ~ are not perfect, not only because the extraction of primary cells

substantially reduce or enhance the hepatotoxicity of original is experimentally cumbersome but also because of the limited
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source of cells from a single donor, donor to donor variation, and
de-differentiation that make the reproducibility of primary hepato-
cytes questionable. Immortal liver cell lines can address these issues;
however, their poor metabolic ability limited their use in the hepato-
toxicity assessment.” Thus, it can be assumed that if we can elevate
the metabolic ability of immortal liver cell lines, they may be applied
to hepatotoxicity assessment, thus providing an alternative platform
to assess hepatotoxicity of the drug-drug combination. Recently,
several studies reported that applying new strategies, such as three-
dimensional (3D) culturing, co-culturing with surrounding cells,
introducing fluid flow, and patterning cells in an ordered spatial
arrangement, which create a physiologically biomimetic microenvi-
ronment, can improve the function of the original cells in vitro. For
example, hepatocytes co-cultured with endothelial cells and fibro-
blasts have proven to promote liver-specific functions.” Besides,
co-culturing other cells with stem cells not only provides a target cell
source with multipotent differentiation capacity but also promotes
tissue homeostasis, metabolism, growth, repair, and so on.” The
essential mechanism of this phenomenon is that the microenviron-
ment affects the phenotypes of cells.

Organ-on-a-chip is the cutting-edge technology to manage
microenvironments of cells.'’”'* Recently, organ-on-chip for mod-
elling the kidney,13 lung,l/l brain,'” heart,'® and skin'’ has been
successfully built to replicate organ-level functions. Meantime,
many liver-on-chip devices have also been constructed to study
liver biology and function, drug-induced liver injury or liver dis-
eases.'™” For example, Rennert et al. inoculated four types of
hepatic cells on both sides of a porous membrane and applied per-
fusion culture conditions to create a biomimetic liver model that is
physiologically imitative.”” The results showed that the presence of
shear forces and the ordered spatial arrangement of the cells gave
the model more realistic morphological and functional characteristics.
Moreover, a vascularized human liver acinus microphysiological
system was designed for modeling diseases and absorption, distribu-
tion, metabolism, excretion, and toxicity (ADME/T) testing, which
create a vascular channel to recapitulate the 3D structure of the liver
acinus.”’ Collectively, 3D co-culture of HCs with nonparenchymal
cells [liver sinusoidal endothelial cells (LSECs), Kupffer cells (KCs),
or hepatic stellate cells (HSCs)] was widely applied for maintaining
HC morphology and function,”** enhancing albumin and urea
secretion,””*° and promoting cytochrome activity,>”’” making it more
accurate to detect drug-induced hepatotoxicity. Moreover, fluid flow
is another key factor required to mimic physiological environments
in the sinusoid, which influences the transport of drugs in the liver
by inducing HC polarization and also by supporting long-term culti-
vation or yielding null effects.”””* However, the active transport of
drugs in HCs—entered from the blood and discharged to the bile
duct—is also essential for in vitro hepatotoxicity testing.

In this paper, we established a 3D liver-sinusoid-on-a-chip
(LSOC), which incorporates four kinds of immortal cell lines
(HepG2 cells, LX-2 cells, EAhy926 cells, and U937 cells), artificial
liver blood flow, and artificial bile flow, to explore the hepatotoxic-
ity caused by drug interactions. This liver chip, as well as the tradi-
tional primary hepatocyte plate model, was used to test the
hepatotoxicity of acetaminophen-based drug-drug interactions. We
measured the hepatotoxicity of acetaminophen and calculated
the variation in hepatotoxicity of acetaminophen when a
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supplementary drug was applied. We compared the variation
obtained from the LSOC device and primary hepatocyte plate
model and found that the variation of hepatotoxicity of acetamino-
phen tested by the LSOC device was similar to that by primary
hepatocytes on the plate. Thus, this immortal cell lines derived 3D
LSOC device may be used as an alternative platform for the investi-
gation of hepatotoxicity induced by drug-drug interactions.

MATERIALS AND METHODS
Cell culture
Cell lines

Human hepatocellular carcinoma HepG2 cells (ATCC®
HB-8065TM) were cultured in DMEM-HG (Hyclone) medium
supplemented with 10% FBS (Gibco™), 1% non-essential amino
acids (NEAA; Gibco), 100 Uml™" penicillin, 100 ugml™" strepto-
mycin, human umbilical vein EAhy926 cells (obtained from Prof.
Du, Institute of Process Engineering, Beijing), human stellate LX-2
cells (EMD Millipore, Billerica, MA, USA), and human histiocytic
lymphoma (human monocyte) U937 cells (CRL-1593.2TM, ATCC)
were cultured in DME/F-12 1:1 (1x) containing 10% FBS (Gibco),
100 Uml™" penicillin, and 100 ug ml™" streptomycin to mimic the
functions of LSECs, HSCs, and KCs, respectively. All cells were cul-
tured in a cell incubator with 5% CO, at 37 °C. When cell conflu-
ence reached 75%-90%, cells were subcultured after trypsin
digestion, except for U937 cells that cultured in suspension and
centrifuged every 2 days for subculture.

Primary cells

Primary rat hepatocytes were isolated from male SD rats (weigh-
ing 160-180 g) using a two-step liver digest perfusion,” and cultured
in Williams E medium, supplemented with 10% fetal bovine serum
(FBS) (Gibco), 2mM GlutaMAX (Life Technologies), 100 U ml™!
penicillin, and 100ugml™" streptomycin (Sigma-Aldrich). The
methods of primary cells were carried out in accordance with the law
of the Chinese Government and regulations of the State Project for
Essential Drug Research and Development, China.

Fabrication and assembly sequence of chips

The fabrication of microfluidic devices was performed according
to the standard soft lithography and microfabrication methods using
SU8-3035 negative photoresist (Microchem Corp., Newton, CA,
USA) and polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning,
USA). The entire chip contains two polymethyl methacrylate
(PMMA) frames, three PDMS spacers, and two porous polycarbonate
(PC) membranes (Whatman) with 1-ym pore size. Prior to assembly,
EAhy926 cells were seeded on a trimmed porous PC membrane.
After incubation for 1 day, LX-2 cells were seeded on the other side
of the membrane. During this time, U937 cells were exposed to
50ngml~' PMA (phorbol 12-myristate 13-acetate, Sigma-Aldrich)
for 48h to differentiate into functional macrophages.”””' After
digestion, HepG2 cells were resuspended in the 12 mg ml™" ice-cold
basement membrane extractant (BME) (R&D Systems, McKinley
Place, MN, USA) at 10’ cells per ml immediately. Subsequently, the
cell-seeded porous membrane and another blank membrane were
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assembled with the three pre-sterilized PDMS spacers layer by layer.
Concurrently, 20 ul of the cell/BME mixture was added to the middle
chamber formed between the two porous membranes. Finally, the
top and bottom PMMA substrates and the assembled PDMS chips
were assembled at a final size of 4x2.5cm by screws [Fig. 1(c)].
U937 cells were injected into the top chamber of the chip via a
syringe. After standing for 2 h, pipes and a multi-channel peristaltic
pump (205 S/CA12, Watson Marlow, UK) were connected to both
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top and bottom channels to provide perfusion condition at a rate of
1 gl min~". The main flowing zones of both top and bottom channels
were equally sized with Hx W x L =150 ym x 1.5 mm x 15 mm.

Detection of urea and albumin

The amount of albumin and urea secreted into the “artificial
blood” was measured every 24 h. Generally, the chip was perfused

A al blood Tlo
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FIG. 1. Schematic of liver sinusoid structure and the LSOC microdevice. (a) Left: The illustration of the physiological structure of liver sinusoid in the liver. The liver sinus-
oid consists of four major types of hepatic cells—the liver hepatocytes, hepatic stellate cells, Kupffer cells, and sinusoidal endothelial cells—reside inside liver sinusoids
and interact with flowing peripheral cells under blood flow. Right: The design of the LSOC microdevice. It consists of two layers of the PMMA substrate and three pieces of
the PDMS spacer, which was divided by two pieces of cell seeded porous membrane to mimic the microenvironment of the liver sinusoid and its complex multiple cell-cell
interactions in vitro. (b) Schematic diagram of 4 kinds of cell lines seeded in the device. (c) The real picture and size measurement of the chip.
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with “artificial blood” [DMEM-HG (Hyclone) medium supple-
mented with 10% FBS (Gibco), 1% non-essential amino acids
(NEAA; Gibco), 100 Uml™! penicillin, 100 ug ml™? streptomycin]
and “artificial bile” (“artificial blood” without 10% FBS) for 24 h.
The daily “artificial blood” in the top channel was collected and
stored in a freezer at —80 °C before detection. The urea concentra-
tion in the medium was quantified by diacetylmonoxime [Blood
Urea Nitrogen Stanbio Labs, Boerne, TX] using the colorimetric
end point method. The amount of albumin was detected using the
bromocresol green assay method according to the manual. The
experimental results of albumin and urea were calculated by com-
parison with standard curves (Fig. S1 in the supplementary mate-
rial), and the unit was converted to ng/day/10 000 cells (for details
see the supplementary material: MTT assays and standard curves
for cell number counting).

Detection of the activity of CYP 1A1/2 and
glucuronidation

The activity of cytochrome P450 1A1/2 (CYP-1A1/2) was
expressed by measuring the amount of resorufin, the fluorescent
product of O-dealkylation of substrate 7-ethoxyresorcinin (7-ER,
7-ethoxyresorufin). Uridine diphosphate glucuronyltransferase
(UGT) activity was expressed by detecting the content of 4-
methylumbelliferone (4-MU) metabolite, 4-methylumbelliferyl
glucuronide (4-MUG), in “artificial blood.” Generally, for CYP
1A1/2 activity testing, 2.5uM 7-ER and 10 yuM dicumarol were
added into “artificial blood” for incubating for 2h, then the
“artificial blood” was collected and fluorescence intensity was
measured at 531/595 nm (ex/em) using a microplate reader (HIMF9,
Genentech, USA). For UGT activity testing, 100 uM 4-MU was
added into “artificial blood” for incubating for 5 h, then the fluor-
escence intensity of “artificial blood” was measured at 355/460 nm
(ex/em) using a microplate reader. For the test without shear flow,
the culture medium was exchanged every day and collected for
measurement. For drug induction and inhibition experiments,
models were pre-incubated with 50 uM omeprazole (OME), 25 uM
ciprofloxacin (CPFX), 50 uM rifampicin (RIF), or 150 uM proben-
ecid (PBD) as inducers or inhibitors of CYP 1A1/2 and UGT,
respectively, for 48 h before activity assays followed by exposure to
7-ER + dicumarol or 4-MUG.

Polarization of HepG2 and visualization of bile
canaliculus

The bile canaliculi were observed by carboxyfluorescein
(CF). The chips were perfused for 3 h with “artificial blood” con-
taining 2 pug ml~" 5-(and-6)-carboxy-2',7’-dichlorofluorescein diacetate
(CDFDA) before being carefully disassembled. 3D HepG2 cells/BME
mixture were obtained and washed three times in PBS, and then
cultured for 1h in complete medium and imaged under a fluores-
cence microscope. For quantitative analysis of active transportation
of HepG2 cells in the device, the complete models [HepG2 (+)
group] and models without HepG2 cells [HepG2 (—) group] were
incubated with 2 uM cholineyl-lysyl-fluorescein (CLF) with or without
250 uM benzbromarone (BEN),”” a known inhibitor of MRP2, for 2 h
and the fluorescence intensity of the “artificial bile” was measured at
485/520 (ex/em) using a microplate reader.
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Cell viability assay and hepatotoxicity assessment

The viability of cells was detected by a LIVE/DEAD Viability/
Cytotoxicity Kit (Thermo Fisher) according to the manufacturer’s
protocol. We compared the hepatotoxicity of three clinical acute
hepatotoxic drugs (acetaminophen [APAP], RIF, and amiodarone
[AMI]) tested by the 96-well plate model and the LSOC device.
Generally, the LSOC device was perfused with the “artificial blood”
containing different concentrations of APAP, RIF, and AMI for 24
h, and cell viability was determined by viable staining. For the
96-well plate model, HepG2 cells were wrapped in the same con-
centration of BME of the LSOC device before cultured with
different concentrations of APAP, RIF, and AMI, and cell viability
was also determined by viable staining.

Drug-drug interaction detection

After successful operation of the device, three drugs (50 uM
RIF, 50 uM OME, 25uM CPFX) were added to the “artificial
blood” and perfused for 24 h. Then, the “artificial blood” con-
taining 20 mM APAP was perfused for another 24 h before it
was collected. The amount of Lactate dehydrogenase (LDH) in
the “artificial blood” was measured using the CytoTox 96°
Non-Radioactive Cytotoxicity Assay Kit (G1760, Promega, Wisconsin,
USA), according to the protocol.

Imaging and data analysis

Fluorescence images were obtained using a fluorescent
inverted microscope (Olympus, IX71) equipped with a mercury
lamp (Olympus, U-RFLT50) and a confocal laser-scanning micro-
scope (Olympus, FV1000). All primary antibodies (Mrp2, CD14,
Ve-cadherin, F-actin, and CYP 3A/43) and secondary antibodies
were purchased from Abcam, DAPI were from Sigma, and cell
trackers from Invitrogen. Image processing and statistical data
analysis were processed by using Image] (National Institutes of
Health, Bethesda, MD) and SPSS 18.0 software (IBM Corp.,
Armonk, NY, USA), respectively. The experimental results, includ-
ing error bars in graphs, represent the mean + standard deviation
(SD). One-way analysis of variance was used for statistical compar-
isons in the experiment, followed by a t-test. Statistical significance
was defined as P < 0.05.

RESULTS AND DISCUSSIONS
Design of the liver sinusoid device

As shown in the left of Fig. 1(a), the hepatic lobe is the
basic structural and functional unit of the liver and consists of a
series of outwardly diverging neatly arranged liver plates. The
hepatic sinusoid is a micro gap between two plates of the liver
and is highly organized and performs many functions. It con-
tains HCs and LSECs that are separated by the hepatic sinusoidal
space, and hepatic stellate cells and extracellular matrix fill the
gaps between HCs and LSECs. KCs are detached in the lumen of
blood vessels. The vertices of HCs fuse with each other to form
bile canaliculi. The major challenge for the in vitro liver models
for preclinical drug testing is the maintenance of their typical
morphological characteristics and functions like in vivo. To date,
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three-dimensional culturing of hepatocytes, co-culturing with
nonparenchymal cells, introducing fluid flow, and patterning
hepatocytes in an ordered spatial arrangement have been used to
preserve liver properties in vitro to improve the detection accu-
racy of drug metabolism and toxicity. For example, Revzin et al.
co-cultured rat HCs and LX-2 cells within two parallel channels
connected in the middle.”** This device realized the cellular
interaction between hepatocytes and stellate cells; however, this
device ignores the important role of endothelial cells and
Kupffer cells in the liver. Vernetti et al. co-cultured primary
human hepatocytes with EAhy926, U937, and LX-2 cells in
physiological ratios.”” However, this device ignored the spatial
arrangement of each functional cells that Kupffer cells are
located on the wall of endothelial cells and stellate cells and
hepatocytes inward successively. The same problem also exists in
the products of companies such as Mimetas.”**’

As shown in the right of Figs. 1(a) and 1(b), the device con-
tains two PMMA substrates and three PDMS layers. The chamber
formed after assembly is divided into three chambers by two PC
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porous membranes with a diameter of 6 mm and a pore size of
1 ym. The upper and lower surfaces of the upper porous membrane
were coated with EAhy926 and LX-2 cells to simulate the endothe-
lial cell barrier. EAhy926 cells were cultured for 2 days to preferen-
tially form a tightly connected monolayer biofilter structure.
HepG2 cells were encapsulated in the BME gel and seeded in the
middle chamber. HepG2 and EAhy926 cells were separated by a
porous membrane, which mimicked the structure of the sinusoidal
space in vivo where HSCs were inoculated. U937 cells were injected
into the upper chamber after completion of the chip assembly.
Various factors released by U937 cells pass through the EAhy926
cells layer to act on HepG2 and LX-2 cells. The real chip is shown
in Fig. 1(c). This highly integrated spatial structure contains key
factors of the hepatic sinusoid microenvironment. The composi-
tion, proportion, and spatial arrangement of cells mimic the fea-
tures of a physiological sinusoid in vivo, especially two parallel
channels for liver blood flow and biliary efflux with flows in the
opposite direction, which may resolve the potential cholestasis
problem of other liver tissues-on-a-chip reported previously.
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FIG. 2. Polarization of HepG2 and the formation of bile canaliculi. (a) CDFDA staining: fluorescence intensity tends to converge to the junction of HepG2 cells. The
curves on the right indicate the fluorescence intensity in the gap between cells. (b) CLF quantitative experiment: the fluorescence intensity of the complete model [HepG2
(+) group] was significantly higher than the model without HepG2 cells [HepG2 (—) group], and the addition of 250 M benzbromarone resulted in a significant decrease of
fluorescence intensity. (c) Multidrug resistance protein (MRP2) staining: MRP2 (green) and DAPI (blue).
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Mimicking the 3D microenvironment of liver sinusoid
on a chip

To date, several structurally and functionally biomimetic in
vitro liver models have been established to study liver biology and
function, drug-induced hepatotoxicity, and liver diseases.”"”*"”
Here, we developed a novel LSOC model to mimic the complex
microenvironment in the liver sinusoid for hepatotoxicity assess-
ment based on a reported perfusion liver system using a porous
permeable membrane,’’ as shown in Fig. 1, and made the following
improvements. Firstly, we employed a high-density (10" ml™") 3D
culture condition for HepG2 cells in the device, which enables the
polarization of hepatocytes and forms the bile canaliculi. As shown
in Fig. 2, CDFDA staining results showed that the fluorescence
intensity tends to converge to the junction of HepG2 cells, indicat-
ing that CDFDA was metabolized by intracellular esterases and

96-well plate
co-culture model

(A) 96-well plate
HepG2 model

HepG2-on-chip-model

ARTICLE scitation.org/journal/bmf

transported to the apex of HepG2 cells to form a canaliculus-like
structure, indicating the polarization of HepG2 cells. Furthermore,
we examined the tissue architecture and function of the
BME-encapsulated 3D HepG2 cells in the middle chamber using
H&E, live/death, and CYP fluorescent staining (Fig. S2 in the sup-
plementary material), and the results also confirmed the polarized
status of 3D HepG2 cells. Secondly, an artificial bile flow channel
was fabricated in the device [Fig. 1(b)] mimicking the bile flow in
the liver. The active transportation (came from blood and secreted
into bile) of drugs in the liver is closely related to the hepatotoxicity
of a drug or drug combinations; however, almost all liver models
reported previously ignored this phenomenon and led to a biased
evaluation of hepatotoxicity. In order to observe the active trans-
portation of HepG2 cells in the liver chip, fluorescent CLF, a bile
acid analogue, was added into the “artificial blood flow” indicated

Liver-on-chip-model

FIG. 3. The synthesis and metabolism
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in Fig. 1(b), and then the CLF content was measured in the “artifi-
cial bile flow.” The results [Fig. 2(b)] showed that the fluorescence
intensity of the HepG2 (+) group was significantly higher than that
of the HepG2 (—) group, and the addition of 250 uM benzbromar-
one resulted in a significant decrease of fluorescence intensity, indi-
cating that CLF was actively transported by HepG2 cells to the
“artificial bile flow.” Furthermore, the staining results of the MRP2
protein, a marker of bile secretion [Fig. 2(c)],4] also indicated the
polarization and active transportation of HepG2 cells occurring in
the liver chip. Thirdly, tightly connected EAhy926 cell layers (Figs.
S3 and $4 in the supplementary material) were formed in the liver
chip, as similar to in vivo, working as a barrier to avoid the direct
exposure of HepG2 parenchyma to shear stress while allowing
mostly “blood-borne” compounds (toxicants, nutrients, proteins,
and cytokines released by U937 cells) to enter the HepG2 paren-
chyma. This structure reproduced the spatial relationship between
blood flow and hepatocytes and the way of drugs entering hepato-
cyte plates that pass through endothelial cells before acting on
hepatocytes. Fourthly, in the device, all types of cells express their
own special markers (Fig. S3 in the supplementary material) and
the proportion of HepG2 cells, LX-2 cells, EAhy926 cells, and
U937 cells was consistent with that in vivo. Prior to assembly,
approximately 2 x 10° HepG2 cells, 6 x 10* EAhy926 cells, 5 x 10*
U937 cells, and 3x10* LX-2 cells were seeded into the chip
(Table 1 in the supplementary material). Collectively, this highly
organized multicellular dual-channel device made it possible to
improve sensitivity and accuracy for hepatotoxicity testing.

Reproduction of the synthesis and metabolism of liver
function in LSOC

In this study, BME-encapsulated HepG2 cells were used for
the assembly of the hepatocyte parenchyma. We compared the
HepG2 cells in our LSOC device with that in the 96-well plate
HepG2 model (only HepG2 cells statically), the 96-well plate

scitation.org/journal/bmf

co-culture model (HepG2 cells co-culture with the other three cell
lines in a mixed way statically), and the HepG2-on-chip model
(only HepG2 cells perfused in the device) in the aspects of urea
secretion, albumin synthesis, CYP-1A1/2 activity, and UGT activity.
As shown in Figs. 3(b) and 3(c), the excretion of urea and the syn-
thesis of albumin were higher in the liver chip compared with the
other three models, reached 500 and 75 ng/day/10 000 cells at day
8, respectively. It was indicated that the biomimetic microenviron-
ments in the liver chip were capable of enhancing the phenotypes
of liver function of HepG2 cells. As can be seen in Figs. 3(b) and 3(c),
urea secretion remained at a high level throughout the experiment,
and the synthesis of albumin reached a high level after a steady
increase. The activities of CYP-1A1/2 and UGT represented the
phase I and phase II metabolic capacities of HepG2 cells, respec-
tively. The results [Fig. 3(d), CYP-1A1/2, and Fig. 3(e), UGT] indi-
cated that both metabolic capacities of CYP-1A1/2 and UGT of
HepG2 cells in the LSOC device were superior to that in the other
three models. Besides, exogenous substances also have an effect on
enzyme activity. These effects of exogenous substances on meta-
bolic enzyme activity further influence the accuracy of drug toxicity
testing. As shown in Fig. 3(d), the basal activity of CYP 1A1/2
enzyme in the LSOC device was highest in all the four models.
Interestingly, both inducer OME and inhibitor CPFX made no
differences on the activity of CYP 1A1/2 enzyme in any of the
other three models. However, there was a significant change in
enzyme activity in the LSOC model. A similar phenomenon of
UGT activity is shown in Fig. 3(e). These results indicated a
sharper response and a greater range of activity in the LSOC device
compared with the 96-well plate HepG2 model, the 96-well plate
co-culture model, and the HepG2-on-chip model. This sensitivity
of metabolic enzyme affected by exogenous substances contributes
to the detection of potential drug interactions. To prove further the
influence of shear stress for better liver function, we compared the
urea secretion, albumin synthesis, CYP-1A1/2 activity, and UGT
activity of the LSOC device to that without perfusion while the
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FIG. 4. Functional tests of liver-specific secretion and metabolism (urea secretion, albumin synthesis, CYP-1A1/2, and UGT activities) with (blue) or without (red) shear
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medium exchange every day; results at day 4 (Fig. 4) show that
urea, albumin, CYP-1A1/2, and UGT are higher than that without
perfusion, indicating that shear force helps to improve liver func-
tion of synthesis and metabolism in vitro. Thus, this LSOC device
can be used for guiding the clinical principles of drug combination,
particularly when the drug-drug combination occurred.

Increasing sensitivity of hepatotoxicity testing of
HepG2 cells in the LSOC device

The low accuracy of HepG2 cell based in vitro models for drug
evaluation limits its application. Here, we verified the ability of the
LSOC device to detect liver toxicity, which was induced by three
clinical acute hepatotoxic drugs [APAP, RIF, and amiodarone
(AMI)]. In experiments, APAP was perfused in the “artificial blood”
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at concentrations of 5, 15, and 25 mM for 24 h, and cell viability was
determined by viable staining as shown in Figs. 5(a) and 5(b). As the
APAP concentration increased, the cell mortality rate went up gradu-
ally. In addition, after exposure to the same concentration (5, 15, and
25mM) of APAP, the mortality rate of HepG2 cells in the chip
model (39%, 54%, and 87%) was higher than that in the 96-well
plate HepG2 model (18%, 27%, and 42%), presumably because of
the higher drug metabolism ability, more consistent oxygen content
of the media, cross talk between multiple cell types, the impact from
shear stress, and the rapid removal of cellular by-products in the
chip. The release of biochemical markers (LDH, AKP, AST, and
ALT) in the “artificial blood” also showed the same trend as mortal-
ity rate (Fig. S5 in the supplementary material). Furthermore, after
exposure to APAP, RIF, and AMI for 24h, we plotted the
dose-related toxicity curves and calculated the TC50 as 9.8 mM,
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FIG. 5. Comparison of drug hepatotoxicity testing results in the 96-well plate HepG2 model and LSOC device. (a) Comparison of cell viability in the two models induced
by 5 mM, 15 mM, and 25 mM APAP (green represents live, red represents death); (b) Statistical analysis of (A); (c) Dose-related toxicity curves of APAP, RIF, and AMI. (d)
IVIVC comparison of TC50 values tested by primary human hepatocytes to that by the LSOC device, showing a better fit of the chip model at 45° (dotted lines), indicating

a higher correlation in vivo. Scare bar =200 um.
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1153.4 uM, and 315.1 uM [Fig. 5(c)], respectively. We compared the
TC50 of primary human hepatocytes of the three drugs reported in
the literature (APAP: 5mM, RIF: 1400 uM, AML: 100 uM);">* the
in vitro-in vivo correlation (IVIVC) result comparing TC50 values
of primary human hepatocytes to our device™* showed that results
from the chip model were closer to the 45° diagonal (dotted line)
with an R? = 0.989, which indicated a higher accuracy of hepatotoxic-
ity testing than that by 96-well plate HepG2 model [Fig. 5(d)].

Testing drug-drug interaction using cell lines derived
LSOC device

Drug-drug interaction is another focus of drug development
and clinical application. Many drugs affect the activity of drug-
metabolizing enzymes thus lead to reducing or increasing toxicity
of other drugs when used in combination. Thus, the ability to
predict accurate drug-drug interactions is another requisite ability
for in vitro liver models. In this experiment, we compared the hep-
atotoxicity of APAP in combination with three drugs that have
been shown to influence the metabolism activity of phase I or
phase II. As a result [Fig. 6(a)], when 50 uM RIF or 25 yM CPFX
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FIG. 6. Comparison of drug interactions tested by the three experimental
models. (a) Fluctuation of hepatotoxicity (LDH release) of 20 mM APAP in com-
bination with 50 uM RIF, 50 uM OME, and 25uM CPFX tested by the 96-well
plate HepG2 model, LSOC device, and rat primary hepatocytes on the plate. (b)
Variation of hepatotoxicity of acetaminophen-based drug-drug interaction tested
by the LSOC device and that by rat primary hepatocytes.

scitation.org/journal/bmf

was used in combination with APAP, the release of LDH in the
“artificial blood” was significantly reduced, indicating that this
combination reduced the toxicity of APAP. This result was entirely
consistent with increased metabolism of acetaminophen through
an alternate oxidative metabolism isoenzyme. In contrast, when
APAP combined with 50 yM OME, the release of LDH in the
“artificial blood” increased significantly, indicating that this combi-
nation increased the toxicity of APAP. Notably, this phenomenon
was not found in the 96-well plate HepG2 model. To further
confirm the ability to detect drug interactions of the device, we
compared the variation of hepatotoxicity of the combinations in
the device to the classical primary hepatocyte plate model, as
primary hepatocytes are considered the gold standard.”** The
results [Fig. 6(b)] showed that variations of hepatotoxicity in the
liver chip were —17.15%, 14.88%, and —19.74%, while these data
obtained from traditional primary hepatocytes plate model were
—13.22%, 13.51%, and —15.81%. It suggested that results tested by
the LSOC device were equivalent to that by primary hepatocytes,
which further confirmed the practicality of the LSOC device for the
study of potential drug-drug interactions. The reasons for these
results might be that this multi-cell perfusion LSOC device creates
a microenvironment that is similar in vivo. For example, the
enriched nutrition and sufficient oxygen supply allow cells to main-
tain a stable state and increase paracrine signaling between cells.
The intercellular communication between HepG2 cells and the
three other cell lines enhanced APAP induced hepatotoxicity and
regulated the activity of metabolic enzymes of HepG2 cells.

Collectively, this device has significant advantages that made it
possible to reflect drug-drug interactions and increase the accuracy
of hepatotoxicity testing using HepG2 cells. Thus, this proposed
liver device provides an alternative approach for the assessment of
hepatotoxicity and potential drug-drug interactions.

CONCLUSIONS

In conclusion, we propose a LSOC device for hepatotoxicity
evaluation, as well as drug-drug interactions. The proportion and
the spatial structure of the four types of hepatic cells were inte-
grated in an orderly manner, which simulated the complex struc-
ture and microenvironment of hepatic sinusoids in vivo, while
maintaining liver functions. Our results showed that the LSOC
device improved the accuracy of hepatotoxicity testing and made it
possible to detect potential drug-drug interaction using HepG2
cells. Thus, we believe that the cell lines derived liver model could
serve as an alternative platform for testing drug-induced hepatotox-
icity, as well as liver function and disease.

SUPPLEMENTARY MATERIAL

See the supplementary material for standard curves of
absorbance of urea, albumin and cell number (Fig. S1), H&E,
live/death and CYP 3A43 staining of 3D HepG2 cells in the
middle chamber (Fig. S2), identification of four types of hepatic
cell lines on chip after cultured for 48 h (Fig. S3), apparent per-
meability of EAhy926 cell-layer (Fig. S4), and release of biochem-
ical markers in the “artificial blood” after exposed to different
concentration of APAP (Fig. S5).
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