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A microfluidically perfused three dimensional human liver model
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Within the liver, non-parenchymal cells (NPCs) are critically involved in the regulation of hepatocyte
polarization and maintenance of metabolic function. We here report the establishment of a liver orga-
noid that integrates NPCs in a vascular layer composed of endothelial cells and tissue macrophages and a
hepatic layer comprising stellate cells co-cultured with hepatocytes. The three-dimensional liver orga-
noid is embedded in a microfluidically perfused biochip that enables sufficient nutrition supply and
resembles morphological aspects of the human liver sinusoid. It utilizes a suspended membrane as a cell
substrate mimicking the space of Disse. Luminescence-based sensor spots were integrated into the chip
to allow online measurement of cellular oxygen consumption. Application of microfluidic flow induces
defined expression of ZO-1, transferrin, ASGPR-1 along with an increased expression of MRP-2 trans-
porter protein within the liver organoids. Moreover, perfusion was accompanied by an increased hep-
atobiliary secretion of 5(6)-carboxy-2’,7'-dichlorofluorescein and an enhanced formation of hepatocyte
microvilli. From this we conclude that the perfused liver organoid shares relevant morphological and
functional characteristics with the human liver and represents a new in vitro research tool to study
human hepatocellular physiology at the cellular level under conditions close to the physiological
situation.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

stellate cells and endothelial cells account for about 40% of total
liver cells. Ex vivo it has been shown that the presence of NPCs is a

The liver plays a central role in metabolism, biotransformation
of endogenous and exogenous substrates, and detoxification of
xenobiotica. Non-parenchymal cells (NPCs) are essential for the
physiological function of the liver. NPCs including Kupffer cells,

* Corresponding author. Institute of Biochemistry II, Jena University Hospital,
Nonnenplan 2-4 07743 Jena, Germany.
E-mail address: alexander.mosig@med.uni-jena.de (A.S. Mosig).
! These authors contributed equally to this publication.

http://dx.doi.org/10.1016/j.biomaterials.2015.08.043
0142-9612/© 2015 Elsevier Ltd. All rights reserved.

requirement for hepatocyte function [1]. Kupffer cells are special-
ized tissue macrophages that represent 15% of total liver cells and
almost 80—90% of all tissue macrophages in the body [2]. Macro-
phages are key regulators of inflammatory response during infec-
tion and the major source of inflammatory cytokines such as
interleukin (IL)-6 driving acute phase protein production in hepa-
tocytes [3,4]. However, macrophages as well as hepatic stellate cells
(HSCs) also mediate tissue regeneration in response to drug-
induced liver damage [5], regulate the complex balance of inflam-
mation and tissue regeneration [6,7], and facilitate cell—cell
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communication between hepatocytes and endothelial cells (ECs)
[8]. HSCs and ECs represent 6% and 19% of total liver cells, respec-
tively [9]. ECs do not simply form a barrier to restrict access of
blood-borne compounds to the parenchyma, but also mediate
clearance of i.e. endotoxins and bacteria, and regulate migration of
leukocytes into the liver. The integrity of the liver microvasculature
is thus fundamental for maintaining liver perfusion and cell
viability [10].

In vitro monolayer cultures of hepatocytes are well-established
in research but are accompanied by a reduction of major hepatic
functions such as secretion of plasma proteins or detoxification due
to down-regulation of several phase-I, -II and phase-IIl enzymes
[11—13]. Co-culture approaches with NPCs have been shown to
prevent hepatocyte dedifferentiation. Hepatocytes show improved
urea production and a stable up-regulation of CYP1B1, CYP2C9,
CYP2E1, and CYP3A4 during long-term co-culture with ECs [ 14—16].
Similarly, co-culture of hepatocytes and HSCs was reported to in-
crease albumin secretion and CYP2B1/2 expression [17]. In addition
to simple co-culture, three-dimensional liver tissue culture
involving NPCs in contact with hepatocytes is required for
improved maintenance of hepatocyte function [18,19]. In two-
dimensional hepatocyte cultures a loss of hepatocyte cell polari-
zation is frequently observed and associated with a diminished
expression of distinct transporter proteins at the sinusoidal, baso-
lateral and canalicular membranes [20].

So far, no in vitro model of the human liver is available that in-
tegrates ECs, macrophages and HSCs in co-culture with hepatocytes
and also mimics the specific three-dimensional morphology of the
human liver sinusoid, including the endothelial cell layer. While
cells in the body are embedded and oriented in a complex three-
dimensional network, in vitro tissue models need optimized
perfusion strategies for a continuous supply of oxygen and nutri-
ents. In addition, the removal of waste products is critical for cul-
ture of complex three-dimensional tissues with a high cellular
density as diffusion of endogenous catabolites within tissues is
impeded in static conditions. We recently introduced the Multi-
Organ-Tissue-Flow (MOTIF) biochip design that features a sus-
pended and freely perfusable membrane acting as a cell culture
substrate [21]. Here, we report the establishment of a three-
dimensional liver organoid embedded in microfluidically-
supported biochips, which is structurally inspired by the
morphology of the liver. HepaRG cells were used for the assembly
of the liver organoids since preparation of primary liver cells is
time- and cost-consuming. Moreover, availability of primary liver
tissue specimens is often limited to donors suffering from pre-
existing liver disorders and receiving extended medication. This
likely affects liver cell function and contributes to experimental
bias. To overcome these limitations, we used freshly isolated hu-
man umbilical vein endothelial cells (HUVEC) instead of liver si-
nusoidal endothelial cells (LSEC), since LSEC rapidly tend to de-
differentiate in vitro, which is associated with a loss of fenestrae
and re-organization of the cytoskeleton [22]. This de-
differentiation process is difficult to monitor or control, and
potentially adds an additional bias in day-to-day experimentation.
Monocyte-derived macrophages were used to mimic Kupffer cell
function and the immortalized human stellate cell line LX-2 as
primary stellate cell surrogate. Immortalized cell lines have the
advantage of continuous growth, unlimited availability and their
clonal origin usually guarantees a constant phenotype allowing
reproducible experimentation [23,24]. During culture in the
biochip HepaRG cells consistently differentiate into cells exhibiting
a hepatocyte phenotype and into cells with biliary epithelial cell
phenotype that self-organize into a hepatocyte layer with func-
tional bile ducts between hepatocyte-like cells [25] essential for
liver function [26].

2. Material & methods
2.1. Cell culture

HepaRG: HepaRG cells were obtained from Biopredic Interna-
tional (Rennes, France). They were seeded at a density of
2.7 x 10* cells/cm? and cultured in William's Medium E (Biochrom,
Berlin, Germany) containing 10% (v/v) FCS (Life Technologies,
Darmstadt, Germany), 5 pg/ml insulin (Sigma—Aldrich, Steinheim,
Germany), 2 mM glutamine (GIBCO, Darmstadt, Germany), 50 mM
hydrocortisone-hemisuccinate (Sigma-Aldrich) and 100 U/ml Peni-
cillin/100 pg/ml Streptomycin mixture (Pen/Strep) (GIBCO). The cells
were cultured in a humidified cell incubator at 5% CO, and 37 °C for
14 days before differentiation. Medium was renewed every 3—4
days. Cell differentiation was induced as described [27] and cells
were used up to 4 weeks. Endothelial cells: Human umbilical cord
vein endothelial cells (HUVECs) were isolated from human umbilical
cord veins as described [28]. Donors were informed about the aim of
the study and gave written consent. HUVEC cells were seeded at a
density of 2.5 x 10% cells/cm? and cultured in Endothelial Cell Me-
dium (ECM) (Promocell, Heidelberg, Germany) up to passage 4. LX-2
stellate cells (kindly provided by Scott L. Friedman, Division of Liver
Diseases, Mount Sinai School of Medicine, New York City, NY, USA)
were seeded at a density of 2.0 x 10* cellsjcm? and cultured in
Dulbecco's Minimum Essential Medium (DMEM) (Biochrom) sup-
plemented with 10% (v/v) FCS, 1 mM sodium pyruvate (GIBCO) and
Pen/Strep. Peripheral Blood Mononuclear Cells (PBMCs) were iso-
lated by Ficoll density gradient centrifugation as described previ-
ously [29] and seeded at a density of 1.0 x 10° cellsjcm? in X-VIVO 15
medium (Lonza, Cologne, Germany) supplemented with 10% (v/v)
autologous human serum, 10 ng/ml human granulocyte macrophage
colony-stimulating factor (GM-CSF) (PeproTech, Hamburg, Germany)
and Pen/Strep. After 3 h incubation in a humidified cell incubator at
5% CO5 and 37 °C the cells were washed twice with X-VIVO 15 me-
dium. Adherent monocytes were cultivated for 24 h in X-VIVO 15
medium and seeded into the liver organoid.

2.2. Liver organoid assembly

Liver organoids were assembled by staggered seeding of
vascular and hepatic cell layers. In each sterilized biochip 2.7 x 10°
HUVEC's/cm? (in total 3.0 x 10° cells) and 0.9 x 10°/cm? monocytes
(in total 1 x 10° cells) were mixed and seeded on top of the
membrane in the upper chamber. HUVEC/monocytes were co-
cultured for at least 5 days with a daily medium exchange in
endothelial cell culture medium (ECM) supplemented with 10 ng/
ml epidermal growth factor, 90 pg/ml heparin, 2.8 uM hydrocorti-
sone, endothelial cell growth supplement, 10 ng/ml GM-CSF to
induce macrophage differentiation, 100 U/ml penicillin/100 pg/ml
streptomycin and 10% (v/v) autologous human serum (Life Tech-
nologies, Karlsruhe, Germany). M-CSF was not supplemented to the
medium as human serum contains sufficient amounts for the dif-
ferentiation of the macrophages [30—33]. Subsequently, 2.7 x 10°/
cm? differentiated HepaRG (in total 3 x 10° cells) and 3.6 x 10°/cm?
LX-2 (in total 4 x 10* cells) were seeded on the membrane at the
opposite side of HUVEC cells and cultured for 24 h in DMSO-free
William's Medium E (Biochrom, Berlin, Germany) hepatocyte
growth medium containing 50 pM hydrocortisone, 10% (v/v) FBS
containing, 5 pg/ml insulin, 2 mM glutamine and 100 U/ml peni-
cillin/100 pg/ml streptomycin prior to experimental use.

2.3. Biochips

MOTIiF biochips were made from cyclic olefin copolymers (COC)
— TOPAS® and obtained from microfluidic ChipShop GmbH (Jena,
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Germany). Biochips were manufactured as described previously
[21]. Briefly, chips were made by injection molding. A 12.2 pm thick
PET membrane (TRAKETCH) with a pore diameter of 8 pm and a
pore density of 1 x 10° pores/cm? (Sabeu, Radeberg, Germany) was
integrated. Chips and channel structures were sealed on top and
bottom side with an extruded 140 um thick COC foil using a low-
temperature proprietary bonding method. Gas permeable silicon
tubing was used for perfusion allowing oxygen equilibration during
experiments. Ramping structures to avoid step transitions between
membrane edges and channel structures have been introduced into
the chip bulk to prevent unfavorable flow conditions and trapping
of stationary bubbles. Stirring the cell culture medium and equili-
bration under perfusion conditions overnight reduced bubble for-
mation within the chip. Further, oxygen plasma treatment for
hydrophilization of the whole chip surface was performed to
reduce in-chip air bubble formation. Details on dimensions of
biochip structures and applied flow rates with corresponding shear
stress rates (calculated for cell culture media used) are given in
Supplementary Table 1.

2.4. Oxygen sensors

Oxygen sensors were applied via spray coating at the inlet and
outlet of each chamber, allowing online detection of oxygen con-
sumption of cultivated cells. These sensors are based on dynamic
quenching principle of luminescence by molecular oxygen and
allow contactless measurements of oxygen via frame positioned
polymer fibers. Read-out and data acquisition were accomplished
by a commercially available oxygen meter (Firesting, Pyroscience,
Aachen, Germany). Characterization of COC for oxygen rediffusion
was performed in a hypoxia incubator. Briefly, after equilibrating
the gas- and medium-filled chamber of a biochip overnight at 0.5%
oxygen level, rediffusion of oxygen into the locked chip at normoxic
conditions was recorded. Where indicated, experiments at nor-
moxic conditions were performed in a standard cell culture incu-
bator. Oxygen consumption of static cultured cells in a locked COC-
biochip was recorded over a time period of at least 16 h. Treatment
of cells with 20 uM staurosporine (Sigma-Aldrich, Germany) was
introduced as an assay control to induce cell death in the cells,
resulting in loss of oxygen consumption and later in oxygen redif-
fusion into the biochip. Dynamic cultivation of the HepaRG cells
was performed using a syringe pump (neMESYS, cetoni GmbH,
Korbufen, Germany) at the indicated flow rates.

2.5. Immunofluorescence microscopy, CDF-DA assay and ADP/ATP
assay

Cells were fixed for 10 min with 4% paraformaldehyde at room
temperature (RT). Staining was done with antibodies against:
CYP3A4 (Merck-Millipore, Schwalbach, Germany), CD68 and
ASGPR1 (BD Biosciences/Pharmingen, Heidelberg, Germany), ZO-1
(Life Technologies/Molecular Probes, Karlsruhe, Germany), MRP-2
(Cell Signaling Technology, Frankfurt, Germany), GFAP and Trans-
ferrin (Dako, Hamburg, Germany), and secondary antibodies goat-
anti-rabbit-AF488, goat-anti-mouse-AF555 (Life Technologies/Mo-
lecular Probes), goat-anti-mouse-Cy3 and goat anti-rabbit Cy5
(Dianova, Hamburg, Germany), and DAPI (Life Technologies).
Samples were embedded into fluorescent mounting medium
(Dako). Image analyses and quantification of mean fluorescence
intensities were performed by random field analyses with Image]2
software. MRP-2 activity was analyzed by incubation of HepaRG
cell layers in serum-free Williams E medium (GIBCO) containing
5 uM 5(6)-Carboxy-2’,7'-dichlorofluorescein diacetate (CDFDA)
(Sigma-Aldrich) at 37 °C for 15 min. Imaging was performed on an
Axio Observer Z1 fluorescence microscope with ApoTome.2

equipment (Carl Zeiss AG, Jena, Germany). Images were analyzed
using Image]2 software (Fiji). For measurement of cellular ADP and
ATP content of HepaRG and LX-2 cells they were cultured at the
bottom sealing foil of the biochip. For ADP/ATP measurement, the
foil with attached cells was carefully cut out and adhesive cells
treated with Nucleotide Releasing Buffer (abcam Cambridge, UK).
Cells of the vascular layer were cultured at the membrane as
described. ADP/ATP content and ratio was analyzed with the ADP/
ATP Ratio Assay Kit (abcam) according to manufacturers
instructions.

2.6. Analysis of CYP3A4 metabolite formation

Liver organoids were cultured for 72 h in absence or presence of
LPS, respectively. Medium was exchanged every 24 h. Subsequently,
liver organoids were incubated for 6 h with serum-free hepatocyte
culture medium containing Midazolam (Rotexmedica, Trittau, Ger-
many), provided as an aqueous solution at 13.8 mM (5 mg/ml) and
diluted to a final concentration of 3 uM. After protein precipitation
and concentration, samples were analyzed using an LC-MS/MS sys-
tem consisting of an ABSciex QTrap 4000 tandem mass spectrometer
(Darmstadt, Germany) equipped with a Turbo V ion spray source and
coupled to an LC-20 liquid chromatography system (Shimadzu, Jena,
Germany). Separation was performed on a ZORBAX Eclipse XDBC18
column (4.6 x 150 mm, 5 pm) from Agilent (Boblingen, Germany)
using a gradient program with 50 mM ammonium formiate buffer
plus 0.75% (v/v) formic acid (eluent A) and acetonitrile (eluent B). The
mass spectrometer was operated in scheduled multiple reaction
monitoring (MRM) mode using the target transition m/z 342 to 324
for quantification of 1-OH-midazolam. Instrument control, data
acquisition, and data evaluation were performed using Analyst
software 1.6.2 (ABSciex, Darmstadt, Germany).

2.7. Scanning electron microscopy

Cells were fixed with 2.5% (v/v) glutaraldehyde in cacodylate
buffer for 120 min. Afterwards the samples were washed thrice
with cacodylate buffer for 10 min and dehydrated in ascending
ethanol concentrations (30, 50, 70, 90 and 100%) for 10 min each.
Subsequently, the samples were critical-point dried using liquid
CO; and sputter coated with gold (thickness approx. 4 nm) using a
SCD005 sputter coater (BAL-TEC, Liechtenstein) to avoid surface
charging. Finally the specimens were investigated with a field
emission (FE) SEM LEO-1530 Gemini (Carl Zeiss NTS GmbH, Ober-
kochen, Germany).

Lactate, Glucose, Albumin, Urea, ASAT, ALAT, GLDH and LDH
measurements.

The respective parameters were measured in cell culture su-
pernatants using the Abbott Architect ci8200 Integrated System
(Abbott Laboratories, Abbott Park, IL, USA) according to the man-
ufacturer’s protocol.

2.8. Statistics

All results are reported as average of the performed experiments
with standard deviation. Where indicated, statistics were done
with two-tailed, non-paired Student's t-test or One-way ANOVA
with Tukey's multiple comparison test. Statistical analysis was
performed using GraphPad Prism 6.07 software (Graphpad Soft-
ware, La Jolla, CA, USA).

3. Results

A human liver sinusoid is formed by the sinusoidal wall
composed of endothelial cells interspersed with immune-
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modulatory monocyte-derived macrophages. This vascular layer is
separated from the underlying hepatic tissue of hepatocytes and
stellate cells by the space of Disse (Fig. 1). We adapted this
morphological structure in our human liver model by assembling a
vascular and a hepatic cell layer grown on the opposite sides of a
suspended micro-porous membrane. The membrane serves as a
substrate for both cell layers thereby separating them from each
other and concomitantly mimicking the space of Disse (Fig. 1).

The vascular cell layer is composed of HUVECs which are co-
cultured with differentiated primary monocyte-derived macro-
phages at the apical side of the suspended membrane. On the
opposite side of the membrane, the hepatic cell layer is formed by
differentiated HepaRG hepatocyte-like cells, which are co-cultured
with LX-2 stellate cells. This setting facilitates stabilization of the
multilayered three-dimensional tissue and allows intercellular
cross-communication of co-cultured cell layers through the 12 pm
thick membrane containing pores of 8 um diameter (Fig. 2A). As
shown in Fig. 2 B and C, artificial tissue sheets in the biochip
showed structural similarities to primary precision cut liver tissue
slices with a similar density and distribution of macrophages and
stellate cells, respectively. Primary stellate cells in liver slices were
stained for glial fibrillary acidic protein (GFAP), a well-established
marker protein for non-activated stellate cells [34].

Prolonged culture of human primary hepatocytes is associated
with a significant loss of expression of phase-I cytochrome P450
enzymes [35,36]. Therefore, we tested whether co-culture with
endothelial cells in the biochip improves growth and morphology
of HepaRG and CYP expression. Under these conditions CYP3A4
expression was clearly increased in HepaRG cells. Furthermore, no
adverse effects on CYP3A4 expression levels by co-culturing mac-
rophages or stellate cells in this setup were observed (Fig. 2D, E).

Oxygen saturation of the cell culture medium is a critical
parameter for the regulation of the metabolic capacity of hepato-
cytes. To perform contactless, real-time in-chip measurements of
oxygen levels during cell culture luminescence-based sensor spots
were integrated into the biochips at the inlets and outlets of both
perfusion channels [37] (Fig. 3 A, B). To individually characterize
oxygen uptake of cell layers, we measured the time-dependent
decline of oxygen saturation in the upper vascular (via sensor
spots 1 and 2; Fig. 3 A, B) as wells as the HepaRG compartment (via
sensor spots 3 and 4; Fig. 3 A, B) during static cell culture. A sig-
nificant decline of oxygen saturation within approximately 16 h
down to 47% of the maximal oxygen saturation within the culture
medium (max. O3 sat.) was observed in the vascular compartment

liver sinusoid
structure

abstracted sinusoid
cell layer in
MOTIF biochip

containing HUVEC cell layers, and a nearly complete oxygen
depletion down to 4% max. O, sat. in the HepaRG compartment. A
similar oxygen decline was observed after replacing of the medium
by fresh, air equilibrated cell culture medium. After more than 37 h
of static culture we found a comparable kinetic of oxygen con-
sumption in the culture medium indicating that cell layers within
the biochip are unaffected, still viable and metabolic active (Fig. 3C,
D). To verify that the decline of oxygen levels within the biochip
depends on the metabolic activity of cultured cells, apoptosis was
induced by treatment with staurosporine [38] (Fig. 3C, D). After a
short initial phase of oxygen depletion, the oxygen consumption
subsequently decreased in response to death of the embedded cells
and passive oxygen re-diffusion through the chip bulk material. The
oxygen resupply by diffusion throughout the biochip bulk material
was slightly slower than diffusion rates observed in control ex-
periments without cultured cells (Supplementary Figure 1), indi-
cating some remaining cell viability after staurosporine treatment.

Next, we wanted to determine the impact of different perfusion
rates on oxygen consumption by HepaRG cells, calculated as the
difference between oxygen saturation at the inlet and outlet of the
chamber (A oxygen saturation). For the first 200 min the co-culture
was perfused with 1 pl/min at both cell layers. A significant drop of
oxygen levels at the inlet of the perfusion channel, which however
was significantly lower than under static culture conditions was
detectable. This indicates that oxygen consumption through Hep-
aRG cells is faster than oxygen re-supply through media perfusion
at 1 ul/min (Fig. 3 E). Increasing the perfusion rate up to 3 pl/min
resulted in a stable oxygen level at the inlet of the HepaRG cell
chamber of around 95% max. O, saturation. Analysis of the differ-
ence in oxygen saturation at the inlet and outlet of the channel
system allowed to estimate the metabolic activity of the HepaRG
cell layer. Interestingly, HepaRG oxygen consumption was elevated
in response to increased perfusion rate (Fig. 3 F).

Moreover, we addressed the impact of medium perfusion under
normoxic and hypoxic conditions on cellular energy levels by
measurement of intracellular ATP and ADP contents of HepaRG
cells. ATP levels were found significantly decreased under hypoxic
conditions in static as well as perfused cultures of the liver orga-
noids (Fig. 4 A). Intracellular ADP levels seemed unaffected by
medium perfusion under normoxic conditions, but slightly
declined in the dynamic culture of organoids under hypoxic con-
ditions. In order to determine the cell fate, intracellular ADP/ATP
ratio was calculated (Fig. 4 B). A low ADP/ATP ratio based on the
high ATP and low ADP levels was assumed to correlate with a

macrophages (M)

endothelial cells (E)

space of Disse (SD)
hepatocytes (H)

Fig. 1. Adaption of the in vivo morphology of the human liver sinusoid in a multi-layered liver organoid. The three-dimensional liver organoid consists of a vascular layer formed by
endothelial cells (E) and primary macrophages (M), and a hepatic layer comprising hepatocyte-like HepaRG cells (H) co-cultured with stellate cells (S). The space of Disse (SD) is
mimicked by the biochip-embedded membrane serving as a scaffold allowing cell—cell communication through its pores.
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(CD68, orange) and nuclei (DAPI, blue) of cells of the vascular layer. Bright field microscopic image of the HepaRG layer. For visualization purposes LX-2 stellate cells were labeled
with CellTracker Green CMFDA dye immediately before seeding the cells. Liver organoids were cultured for 4 days. C) Immunostaining of macrophages (CD68, red) and primary
stellate cells (GFAP, green) in primary liver tissue. B—C) scale bar 50 pm; D) Effect of NPC co-culture on CYP3A4 protein expression (green) in HepaRG cells. The black bar above the
microscopic image represents the chip membrane and localization of individual cell types relative to the membrane is noted. Scale bar 50 um. E) Quantification of CYP3A4 mean
fluorescence intensity (MFI) in regions of interest (ROI) of three independent experiments. Significance was calculated using One-Way-ANOVA with Tukey's multiple comparison

test (***
this figure legend, the reader is referred to the web version of this article.)

proliferative state of cells cultured under normoxic conditions,
irrespective of medium perfusion. Under hypoxic conditions how-
ever, the ADP/ATP ratio was significantly increased under static but
not dynamic conditions. As the cellular ATP content in static, hyp-
oxic culture was also lower than the ADP level, this is indicative for
cell death under these conditions. In dynamic, hypoxic cultures,
ATP levels were found increased relative to ADP levels resulting in a
low ADP/ATP ratio pointing to a growth arrest (Supplementary
Table 2).

An appropriate polarization of hepatocytes is a prerequisite for
the formation of functionally active hepatic bile canaliculi and
represents an important characteristic of the HepaRG cell line. To

p < 0.01 vs. HepaRG mono-culture, #p < 0.05 between indicated conditions). D-E) Liver organoids were cultured for 4 days. (For interpretation of the references to color in

address this point, the expression and localization of various he-
patic differentiation and polarization marker proteins including the
differentiation marker proteins asialoglycoprotein receptor-1
(ASGPR-1), zonula occludens-1 (ZO-1) and multidrug resistance-
associated protein-2 (MRP-2) was analyzed. ASGPR-1 is a trans-
membrane protein that is specifically expressed in the liver at the
sinusoidal and basolateral hepatocellular membranes, but not on
the bile canalicular (also called apical) membrane [39—41]. ZO-1,
which is located at the tight junctions (TJs) marks the margins of
the bile canaliculi [42], and the multidrug resistance-associated
protein-2 (MRP-2), a major hepatic transporter protein, defines
the apical membrane of polarized hepatocytes [43]. Normal ASGPR-
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gen consumption of HepaRG cell layer co-cultured with an HUVEC cell layer at the membrane under microfluidic flow. Oxygen saturation was measured at the inlet (black line) and
the outlet (gray line) of the HepaRG biochip compartment. F) Calculated oxygen consumption of perfused HepaRG cell layers calculated from the difference between oxygen
saturation at the inlet and outlet of HepaRG biochip compartment. E—F) Oxygen saturation was initially measured at a cell perfusion rate of 1 pul/min and was subsequently increased
to 3 pl/min (right to the dashed line). C—F) Oxygen saturation measurements were performed with cell layers pre-cultured for 24 h within the biochip.
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Fig. 4. Cellular ADP and ATP content of HepaRG cell layers co-cultured with HUVEC cell layer on the opposite sides of the membrane within MOTIF biochips for 4 days under static
and dynamic culture conditions. A) Cellular ADP (open bars) and ATP (black bars) levels in cells cultured under normal oxygen levels (21% O,) and under hypoxic conditions (5% O3)
for 72 h. B) ADP/ATP ratios measured with luciferase assays. Mean fluorescence intensity (MFI) represents cellular ATP and ADP content.
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1 expression and distribution was observed within HepaRG
monocultures. However, the compact co-culture of stellate cells,
endothelial cells or/and macrophages under static conditions
resulted in a loss of defined ASGPR-1 protein expression and a
delocalization of the protein from the basolateral membrane (Fig. 5
A). Also ZO-1 was diminished and delocalized in HepaRG when co-
cultured with NPCs under static conditions (Fig. 5 B). MRP-2
expression was found highly expressed in monolayer cultures of
HepaRG, and its expression pattern was lost in static co-cultures of
HepaRG and NPCs (Fig. 5 C). In agreement with this finding the
activity of MRP-2, as assayed by release of the fluorescent dye 5-
(and 6)-carboxy-2’,7'-dichlorofluorescein (CDF) into bile canaliculi-
like structures of HepaRG [44] was decreased. In consequence, the

HepaRG
cells

ASGPR1

ASGPR1

HepaRG / stellate

CDF dye was trapped within the cytoplasm of HepaRG cells
resulting in unfocused staining (Fig. 5 D).

In the human liver a shear stress at the sinusoidal endothelium
of 10—50 mPa has been reported [45]. However, the direct shear
stresses experienced by hepatocytes is difficult to estimate as the
effects of flow are dampened by the separation of hepatocytes from
sinusoidal blood by liver sinusoidal ECs and the space of Disse [10].
It even appears that hepatocytes are sensitive to the application of
shear stress and that only extremely low shear stress is tolerated
[46]. We observed increased oxygen consumption of HepaRG cells
in response to elevated cell perfusion with increased shear forces
that might induce cellular stress. To avoid this stress effect and to
prevent potential cell damage the liver organoids were perfused in

HUVEC HUVEC /| M®
HepaRG HepaRG / stellate
cells

ASGPR1 ASGPR1

Fig. 5. Immunostaining of specific markers in the HepaRG cell layer during step-wise assembly of the liver organoids. A) ASGPR-1 (green), B) ZO-1 (yellow), C) MRP-2 (red). A-C) Cell
nuclei (DAP], blue). D) Assessment of MRP-2 activity in HepaRG cells by measurement of CDF-release (green) into bile canaliculi-like structures. Scale bar 20 um. The line above the
images represents the chip-embedded membrane and indicates localization of each individual cell type relative to the membrane. A-D) Cell layers were cultured for 4 days within
biochips. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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a more physiological way only at the vascular side (“vascular
perfusion”) resembling the in vivo situation with a shear stress rate
of 50 mPa- (0.5 dyn/cm?), which equals a perfusion rate of 50 pl/min
in the MOTIF biochip. Vascular perfusion for 96 h resulted in the
formation of a highly confluent EC layer with an increased
expression of VE-cadherin at endothelial cell—cell contacts
revealing similarities with the VE-cadherin expression pattern
observed in primary human precision cut liver slices (Fig. 6 A). Thus
dynamic perfusion significantly improves the polarization of ECs in
the vascular layer of the liver organoids.

In static co-cultures of HepaRG and LX-2 cell clusters are sur-
rounded by cells with a biliary epithelial phenotype. In contrast, the
vascular perfusion induced the formation of a confluent homoge-
nous HepaRG cell layer without cluster formation (Fig. 6 B).
Moreover, the HepaRG cell layers in perfused liver organoids dis-
played an increased and stable expression of CYP3A4 (Fig. 6 B, 7 A)
that was associated with elevated metabolization of midazolam as
detected by the formation of its metabolite 1-hydroxy-midazolam
(1-OH-midazolam) after 6 h incubation. In addition, perfused
organoids exhibited a defined and stable pattern of ASGPR-1
expression that highly correlated with the morphology and
expression pattern observed in primary human liver tissue (Fig. 6
C). Compared to static cultures, transferrin expression was also
markedly increased in perfused liver organoids with expression
levels close to the levels detectable in primary liver tissue slices
(Fig. 6 D). Furthermore, perfused liver organoids revealed a ZO-1
staining along elongated structures correlating with an enhanced
formation of bile canaliculi-like structures between HepaRG cells
(Fig. 6 E). MRP-2 expression (Fig. 6 F) and function was also
significantly increased in perfused liver organoids as detected by
CDF excretion assays displaying a focused release of CDF into self-
organized bile canaliculi-like structures not observable under
static conditions (Fig. 7 C).

MRP-2 is located along the microvilli of hepatocytes [47]. When
perfused liver organoids were compared with static tissue culture
by scanning electron microscopy. HepaRG cells exhibited an
increased plasticity with a higher density of microvilli compared to
static tissue culture that showed a flattened cell structure with
significantly reduced numbers of microvilli (Fig. 8 A). This finding

A static

primabry tissue

perfused

HUVEC / M®

static

HepaRG/ LX-2

E static

HepaRG / LX-2

correlated well with the defined expression pattern of ZO-1 and
MRP-2 (Fig. 6 B) and the enhanced CDF secretion in perfused liver
organoids (Fig. 7 A). In addition to the enhanced MRP-2 secretory
capacity, perfused liver organoids also exhibited significantly
enhanced synthesis of albumin and urea, compared to statically
cultured liver organoids or conventional monolayer cultures of
hepatocytes (Fig. 8 B—C).

Next we addressed the cellular oxygen consumption in the
whole liver organoid during vascular perfusion. In contrast to static
culture, where a fast drop of oxygen saturation was observed,
vascular perfusion with 50 pl/min was sufficient for stable oxygen
supply to the vascular cell layer of the liver organoid (Fig. 8 D).
Similarly, in the HepaRG compartment of the lower biochip
chamber a rapid oxygen consumption was detectable under static
cell culture conditions. However, in contrast to the vascular cell
layer a medium perfusion only temporally increased oxygen satu-
ration at the chamber inlet that declined within 8 h to a virtually
complete oxygen exhaustion within the HepaRG chamber (Fig. 8 E).
In this context we were interested whether the adaption of HepaRG
cells to hypoxia is reversible. Therefore, we measured oxygen
consumption of HepaRG cells as surrogate of their metabolic ac-
tivity under static conditions as well as direct perfusion conditions.
After complete oxygen exhaustion within the HepaRG compart-
ment we initiated perfusion of the HepaRG layer by a stepwise
increase in perfusion rates. At a perfusion rate of 1 pl/min, oxygen
levels still declined with time at the channel inlet, and dissolved
oxygen was entirely consumed during media flow through the
organoid. Applying a perfusion rate of 3 pl/min, oxygen supply at
the channel inlet was constant. However, after an initial increase,
oxygen levels at the chamber outlet still declined over time (Fig. 8
F). An increase of the flow rate up to 10 pl/min resulted in stable
oxygen levels at the inlet and outlet of the chamber. Highest dif-
ference of oxygen saturation at the inlet and outlet of the chamber
was measured at a perfusion rate of 3 pl/min (Fig. 8 G).

Taken together, oxygen consumption correlated with increasing
perfusion rates. During cell culture the air pressure was 760 mmHg
and oxygen solubility in the cell culture medium was estimated
k = 119 nmol/ml/mmHg [48,49]. Under these conditions we
calculate mean oxygen saturation difference as A gityuration
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Fig. 6. Immunostaining of liver organoids cultured under static and perfused conditions. Perfused liver organoid share morphological similarities with primary human precision cut
liver tissue (primary tissue). A) VE-cadherin (green) expression and localization within the vascular layer of the organoid. Cell nuclei (DAPI, blue) (scale bar 20 pm). B—F) Immune
staining of B) CYP3A4 (green), C) ASGPR-1 (green), D) transferrin (green), E) ZO-1 (yellow) and F) MRP-2 (green). B—F) Cell nuclei (DAPI, blue). Scale bar 50 um. A-F) Liver organoids
were cultured for 4 days under indicated conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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this article.)

level = O3 St - jnier — O sat- guer » Where Oz sat. is the mean oxygen
saturation level measured at the inlet and outlet of the chamber,
respectively. Oxygen consumption is then calculated
0, con- = (k*0,209*760 mmHg)* (0, sat- et

— Oy sat- gyer)*flow rate, where O sat. is the mean oxygen satu-
ration level measured at the inlet and outlet of the chamber,
respectively. Our results indicate that increasing liver organoid
perfusion rates correlate with elevated cellular oxygen consump-
tion likely due to improved nutrient supply and associated higher
metabolic activity under well-perfused culture conditions (Table 1).

4. Discussion

Most studies addressing liver physiology or organ dysfunction
were performed using animal models of mice and rats. However, a
controversial debate about the usefulness of rodent models and the
transferability of the obtained data to human conditions was raised
[50,51]. In vitro organoid models of the liver facilitate studies with
human liver tissue and prevent potential bias due to interspecies
differences and thus offer an attractive alternative to animal models.
In vitro models can be used under reproducible and standardized
conditions and are reasonably cost effective, whereas animal models
need extensive service and maintenance to ensure i.e. sufficient
environmental control for reliable experimentation [52,53].

In vitro hepatocyte monolayers are a frequently used tool.
However, under static conditions in conventional cell culture
dishes, unfavorable high media-to-cell volume ratios exist.
Recently, it was shown that decreasing media-to-cell volume ratios
resulted in the formation of higher concentrations of drug metab-
olites [54]. Cell culture of 3 x 10° HepaRG/LX-2 cells in MOTIF
biochips requires only 120 pl of culture medium (0.4 nl/hepatocyte)
making it a suitable tool for substance screening on a micro-scale
basis with minimized wastage of test compounds. The low
media-to-cell ratio in our biochip-based assays increases the
resulting medium concentrations of metabolites and thereby fa-
cilitates application of assays to measure metabolites.

A close interaction between endothelial cells and hepatocytes is
required to maintain normal morphology and sufficient CYP
enzyme expression [16,55]. These stabilizing effects of ECs on the
expression as well as the activity of CYP3A4 in HepaRG cells are
mediated through the pores of the scaffold membrane in our
biochip model. Layer-wise assembling strategies were also applied
by other groups. When rat hepatocytes and bovine aortic endo-
thelial cells were co-cultured on opposing sides of a transwell filter,
hepatocytes remained differentiated and secreted urea [55]. Similar
results were obtained in a model of stacked cell layers of rat he-
patocytes and bovine carotid artery endothelial cells [56]. However,
these models do not allow investigations under humanized
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Fig. 8. Comparison of microstructure and oxygen consumption of liver organoids under static and dynamic culture conditions. A) Scanning electron microscopic images of HepaRG
cells in the liver organoids cultured under static or perfused culture conditions. Rectangle in left side images marks magnified area of images shown at the right side. HepaRG cells
under perfusion revealed higher cell plasticity with increased microvilli formation at the cell surface (scale bar 2 pm left side, 200 nm right side). Release of B) albumin and C) urea
by monocultures of HepaRG cells under static conditions in a cell culture dish (open bars) and organoids cultured within MOTIF biochips under static (gray bars) and dynamic
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Table 1
Oxygen consumption of liver organoids under flow conditions.

Perfusion rate Mean Ajqlet/outlet Total O, consumption (nmol/min/10° cells)

Saturation level (%)

1 pl/min 51.91 0.3271
3 pl/min 56.50 1.0680
10 pl/min 2930 1.8461

conditions. Other studies have shown that extracellular matrix
(ECM) proteins such as collagen, fibronectin and laminin produced
by endothelial cells promote hepatocyte differentiation [56] and
preserve hepatocyte morphology concomitant with a stable
secretion of albumin and urea, and an elevated hepatocyte drug
metabolizing ability [57,58]. Moreover, hepatocyte growth factor
(HGF), which is produced by LSEC and also HUVEC, was reported to
mediate long-term survival and polarization of hepatocytes in co-
culture with HUVEC [56,59—61]. We suppose that similar effects
contribute to HepaRG phenotype preservation in our liver model.
Larkin et al. reported a more complex model of rat LSEC and Kupffer
cells separated by a chitosan-hyaluronic acid polymer layer from
collagen embedded primary rat hepatocytes. Under static culture
conditions the hepatocytes maintained their phenotype without
signs of dedifferentiation [62]. A biodegradable chitosan membrane
was also used by Salerno et al. for co-culture of human primary
hepatocytes with HUVEC, where beneficial effects of the co-culture
on hepatocyte albumin production, urea synthesis and drug
biotransformation again was reported [63]. All these observations
underline the importance of NPCs on maintenance of hepatocel-
lular function.

An important step forward to further optimize culture condi-
tions in our liver organoid model was the application of micro-
fluidic flow mimicking in vivo vascular perfusion. The more
complex and highly packed cell layers formed on the membrane
within the biochip apparently consume more oxygen and produce
considerably more waste products in limited volumes of available
cell culture medium. Thus, the perfusion of the multilayered
organoids is advantageous for efficient supply with oxygen and
removal of waste products, to stabilize the morphology, polariza-
tion and excretory function of HepaRG cells. Other perfused in vitro
liver models have been previously reported. Toh et al. utilized
micropillars mimicking fenestrated ECs that act as a shield to pro-
tect hepatocytes during perfusion with culture medium [64].
However, due to the absence of NPCs and the lack of essential
cell—cell contacts or paracrine signals this model does not really
reflect the physiological regulation of hepatocellular function and
polarization. Cell—cell communication between ECs and hepato-
cytes under perfusion was established in a model published by
DomansKky et al., in which flow-mediated simulation of physiolog-
ical shear stress conditions allowed to maintain viability and
phenotype of hepatocytes up to 13 days [65]. Recently, Esch et al.
reported the establishment of a three-dimensional model of the
human liver, consisting of defined ratios of hepatocytes and non-
parenchymal cells (fibroblasts, stellate cells, and Kupffer cells)
[66]. Fluidic flow of medium was emulated by placing the chip on a
rocking platform. In this simplified perfusion approach, an increase
of albumin and urea synthesis of co-cultured hepatocytes was

achieved. However, an organized in vivo-like morphology including
an endothelial cell layer covering hepatocytes is missing.

A striking feature of the liver is the difference of metabolic ac-
tivity of hepatocytes depending on oxygen gradient along the liver
acinus [67]. In-chip oxygen measurement under flow conditions by
luminescence emitting sensor spots not only represents a valuable
tool for assessment of cellular activity of assembled liver organoids
but can also be used as a surrogate of HepaRG metabolic activity.
Our measurements indicate that in our biochip under vascular
perfusion conditions an oxygen gradient mimicking in vivo condi-
tions is formed as a consequence of enhanced oxygen consumption
and prevention of free oxygen diffusion from the upper chamber
throughout the organoid.

The oxygen gradient formed by vascular perfusion likely re-
stricts uncontrolled cell growth, contributes to the maintenance of
the cellular architecture of the organoid and is adaptable by simple
adjustment of the perfusion rate. Hepatocytes quickly depolarize
upon loss of cell—cell contacts in response to removal from native
tissue complexes [68]. Repolarization during liver organoid for-
mation is thus an important prerequisite for an effective excretory
activity and the removal of xenobiotics and catabolites from the
cells. The localization of ASGPR-1, ZO-1 and MRP-2 confirms func-
tional polarization of hepatocytes necessary for bile secretion and
barrier formation [69]. Perfusion of the liver organoid further
increased metabolic activity as detectable by enhanced urea and
albumin synthesis, which was also reported by other multi-cellular
liver models [66,70,71]. Moreover, we assume that the oxygen
gradient formed by unilateral perfusion of the vascular layer con-
tributes to the observed hepatocyte polarization. Our microfluidic
biochip-based liver organoid thus holds the potential to mimic liver
acinus zonation, enabling the development of in vitro platforms to
study liver zonation [72]. Follow-up studies will be performed to
examine this in detail.

Our experiments showed that under microfluidic perfusion
HepaRG cells are able to dynamically adapt to normoxic as well as
hypoxic conditions as revealed by changes in cellular ADP/ATP ra-
tios. However, in case of static culture with restricted oxygen and
nutrition supply together with enrichments of catabolites cellular
damage is induced. In vivo similar conditions are observed in
response to ischemia, which is also associated with cellular damage
and organ dysfunction.

In conclusion, we here demonstrated the establishment of a
functional liver organoid comprising all major liver cell types. The
liver model displays clear differentiation and structural reorgani-
zation and enables polarization closely resembling primary human
liver tissue in vitro. It is functionally stable for at least four days after
full assembly and with perfusion. Studies are underway to char-
acterize viability under long-term culture. The compact biochip in
the size of a standardized microscope slide further facilitates on-
chip tissue observation with conventional bright field or fluores-
cence microscopy [21,73] or spectrometric methods such as near
infrared spectroscopy [74] enabling real-time analysis under flow
conditions. We are convinced that this liver model is a valuable tool
to study liver physiology, metabolism and the underlying molecular
processes at the cellular level. It paves the way for detailed in vitro
studies on the role of particular NPCs on hepatocellular function
under physiological and pathophysiological conditions, i.e. in

culture conditions (filled bars) for up to 96 h. Students t-Test: compared to corresponding HepaRG monocell culture: *p < 0.05; **p < 0.01; ***p < 0.001; compared to indicated
condition #p < 0.05; ##p < 0.01; E—H) Measurement of oxygen consumption of liver organoids under static and microfluidic flow. Oxygen saturation was measured at the inlet
(black line) and the outlet (gray line) of the vascular and HepaRG biochip compartment at indicated perfusion rates. D—E) Oxygen saturation in at the vascular layer (D) and HepaRG
layer (E) of the organoid during unilateral vascular perfusion. F-G) Perfusion of the HepaRG cell layer. Oxygen saturation was initially measured at static conditions and subsequently
with cell perfusion rates of 1, 3 and 10 pl/min. The vascular layer was simultaneously perfused with 50 pl/ml. F) Oxygen consumption of the liver organoid measured in the HepaRG
compartment. G) Calculated oxygen consumption of perfused organoid from the difference between oxygen saturation at the inlet and outlet of HepaRG biochip compartment.

A—G) Liver Organoids were cultured for 4 days within biochips.
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toxicological or pharmacological screening. The principal utility of
biochip-based assays has already been proven for simple endo-
thelial and HepaRG cell cultures in assays aimed to characterize
functionalized nanoparticles as new therapeutic treatment options
of liver disease [75]. Furthermore, the modular assembly of the liver
model described in this study is ideally suited to address the role of
specific genes or proteins in the cell types of interest for liver
function. Cells with a knock-out/down of the gene of interest or
overexpressing a mutated variant thereof can be easily integrated
into the liver organoid for subsequent functional analyses. The
integration of the organoid into a versatile, microfluidically sup-
ported platform with standardized microscopical slide dimensions
allows real-time in-chip analyses with established analytical
microscopic and/or spectrometric methods and state-of-the-art
biosensor applications.
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