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Physiologically, four major types of hepatic cells - the liver sinusoidal endothelial cells, Kupffer cells, hepatic
stellate cells, and hepatocytes - reside inside liver sinusoids and interact with flowing peripheral cells under
blood flow. It is hard to mimic an in vivo liver sinusoid due to its complex multiple cell-cell interactions,
spatiotemporal construction, and mechanical microenvironment. Here we developed an in vitro liver sinu-
soid chip by integrating the four types of primary murine hepatic cells into two adjacent fluid channels sep-
arated by a porous permeable membrane, replicating liver's key structures and configurations. Each type of
cells was identified with its respective markers, and the assembled chip presented the liver-specific unique
morphology of fenestration. The flow field in the liver chip was quantitatively analyzed by computational
fluid dynamics simulations and particle tracking visualization tests. Intriguingly, co-culture and shear flow
enhance albumin secretion independently or cooperatively, while shear flow alone enhances HGF produc-
tion and CYP450 metabolism. Under lipopolysaccharide (LPS) stimulations, the hepatic cell co-culture facil-
itated neutrophil recruitment in the liver chip. Thus, this 3D-configured in vitro liver chip integrates the two
key factors of shear flow and the four types of primary hepatic cells to replicate key structures, hepatic
functions, and primary immune responses and provides a new in vitro model to investigate the short-
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renchymal cells.> Meanwhile, the organ undergoes multiple
functions including dynamic metabolism, detoxification, and
immune response,® which are hard to be specified using
in vivo models.

1. Introduction

The liver is a unique organ in the human body with a compli-
cated structure, a sophisticated microenvironment, and multi-
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ple cell-cell interactions. A liver sinusoid, the elementary
building block of the largest abdominal organ, is mainly com-
posed of four types of cells (liver sinusoidal endothelial cells
or LSECs, Kupffer cells or KCs, hepatic stellate cells or HSCs,
and hepatocytes or HCs) to form two fluid channels (sinusoi-
dal microvasculature and Disse space) within a three-
dimensional (3D) microenvironment of the extracellular ma-
trix (ECM)." As the sinusoidal vascular channel and Disse
space are separated by a porous vascular bed consisting of
flattened LSECs perforated by small fenestrae, flowing blood
could penetrate through an endothelium and access the pa-
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In the past decades, in vitro two-dimensional (2D) or 3D
liver models have been developed for understanding the path-
ophysiology, diagnosis and treatment of liver diseases, mainly
applying the patterned HC culture alone or a co-culture of
HCs with nonparenchymal cells (NPCs). These 2D or 3D
models are likely to favor LSEC morphology and phenotype,*™®
enhance albumin (ALB) and urea secretion,” "’ promote cyto-
chrome activity,"”"*°** or augment bacteria susceptibility."*
Fluid flow is another key factor to better mimic physiological
environments in the sinusoid. In either microfluidic or con-
ventional parallel flow models, shear flow seems to present
distinct regulating effects, since it either fosters HC polariza-
tion and increases ALB and urea secretion®'*™” or yields null
effects.'”® Even in those models integrating both NPC co-
culture and flow exposure, diverse outcomes are still observed
and, then, it is hard to elucidate the potential cooperation of
the two factors.>'*'>'772° Moreover, distinct types of cells
from different species (i.e., human or mouse) or identities
(i.e., LSECs or embryonic fibroblasts) are often mixed in a sin-
gle in vitro model, which bias the intrinsic responses among
hepatic cells, diverge the contributions of the co-culture or
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blood flow applied, and bring potential side effects on their
functions.

It is difficult for those traditional in vitro liver models to
represent the complicated structure, hepatic cell composi-
tion, and mechanical microenvironments of the liver. Micro-
fabrication techniques, such as photolithography, replicate
molding, or microcontact printing, are suitable to replicate
the physiological architectures, position cells and tissues,
control the cell shape and function, and create 3D in vivo
microenvironments.  Recently, multiple organ-on-chip
models, such as lung,>** brain,>* bone marrow** and intes-
tine,> have been successfully built to replicate organ-level
functions. Specifically, applying microfabrication techniques
to an in vitro liver model or a liver chip is able to address
those issues that traditional liver models have encountered.
To date, NPC co-culture and distribution as well as fluid flow
are known to regulate liver-specific functions, which call for a
liver chip that integrates these multiple factors. This type of
liver chip could serve as a platform for understanding the
liver-specific functions in basic sciences. For example,
flowing neutrophils are usually driven by blood flow into liver
sinusoids and the residence of neutrophils in the sinusoids
is a prerequisite for innate responses of neutrophil recruit-
ment. This type of cell adhesion is regulated precisely by
shear flow and affected by neighboring cells through physical
contact or paracrine signaling pathways. Using a well-
designed liver chip, these issues are readily addressed to iso-
late the distinct contributions of shear flow and NPC co-
culture in a physiologically-mimicking structure and configu-
ration from the same cell sources.

Here we developed an in vitro 3D liver chip composed of
the four types of primary hepatic cells under shear flow,
attempting to mimic the liver microenvironment with a well
organized cell composition and quantified physical interac-
tions. A co-culture of murine primary HCs, LSECs, KCs, and
HSCs into two fluid channels that are separated by a porous
membrane in a microfluidic chip replicates the liver's physio-
logical cell composition, microscopic architecture, and me-
chanical microenvironment. The flow field in the liver chip
was determined by computational fluid dynamics (CFD)
simulations and particle tracking visualization (PTV) tests.
Liver-specific functions, such as protein secretion, cytokine
production, metabolism and immune responses, were
analyzed.

2. Materials and methods

2.1 Microfabrication of the microfluidic liver chip

The microfluidic chip was fabricated with PDMS (Dow
Corning, MI) by mixing a silicone elastomer base and a cur-
ing agent completely in a weight ratio of 9:1 (base: curing
agent). The PDMS mixture was poured onto a silicon-wafer
SU-8 template (Capital Bio Corporation, China), degassed
with a vacuum desiccator (Yilibotong Company, China), and
then fully cured in an oven at 85 °C for 1 h. After being care-
fully peeled off from the template, this PDMS gel was cut into
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bricks with an equal size and assembled into a 3D micro-
fluidic chip with two flow channels. The main flowing zones
of both upper and lower channels were equally sized with H
X Wx L=100 um x 1 mm x 15 mm, in which two sets of inlet
and outlet holes were bored for the two channels using hole
punchers. A 0.4 pm-diameter pore-sized PE membrane was
cut into rectangular pieces with the same brick size and opti-
mized to cover the channel. After treating the contact surface
between the upper and lower PDMS layers with a Plasma
Sputtering Pump (Yilibotong, China) for 1 min, the two layers
and PE membrane were aligned carefully to ensure they are
fully bonded. The integrated chip was UV-sterilized for 30
min, and both the channels were coated with 100 ug m1™ col-
lagen I at 37 °C overnight before use.

2.2 Preparation of primary murine hepatic cells

Primary murine hepatic cells were isolated from 6-8 week old
C57BL/6 mice (Vital River Laboratories, China). All animal ex-
periments were approved by the Animal and Medicine Ethical
Committee of the Institute of Mechanics, Chinese Academy
of Sciences. A two-step collagenase digestion protocol was
modified to digest liver tissues.>>*’ Briefly, the animals were
anaesthetized, a 22G catheter was inserted into the portal
vein, and the liver was perfused in situ with a Ca**-free Gey's
balanced salt solution at a rate of 5 ml min™* for 5 min and
then switched to a collagenase IV solution at a rate of 5 ml
min~' for an additional 5 min. The liver was then excised,
and transferred into a sterile Petri dish filled with a high glu-
cose DMEM medium (Hyclone, UT). The organ was minced
into small pieces and the collected homogenate was filtered
through a cell strainer (200 pm in diameter) to remove
undigested tissue fragments.

For hepatocyte isolation, the collected cell suspension was
centrifuged at 54 x g at 4 °C for 3 min thrice, and the super-
natant was discarded except for the first collection. The
packed cell pellet was re-suspended in a culture medium
(high glucose DMEM supplemented with 10% FBS, 100 pg
ml ™" streptomycin and 100 U ml™" penicillin) into a final con-
centration of 5 x 10° mI™* and used immediately.

For LSEC, KC or HSC isolation, the NPC fraction was
obtained from the same hepatocyte isolation perfusion.
Briefly, the supernatant was centrifuged at 500 x g for 8 min,
and the packed pellet was re-suspended with 3 ml of a 24%
Optiprep solution (Axis-Shield, Norway) and loaded with
17.6% and 11.7% Optiprep solutions and 3 ml of DMEM.
The cell layer between DMEM and 11.7% Optiprep, identified
as primary HSCs,*” was collected, diluted with PBS (Hyclone,
UT) twice its volume, and centrifuged at 1400 x g for 8 min.
The packed pellet was re-suspended in the culture medium
into a final concentration of 1 x 10° ml™ and used
immediately.

The cell layer between 11.7% and 17.6% Optiprep,
enriched with LSECs and KCs, was collected, diluted with
PBS twice its volume, and centrifuged at 1400 x g for 8 min.
The pellet was re-suspended in 90 ul of PBS per 10° cells, and
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incubated with 5 pul of FITC-conjugated rat-anti-mouse CD146
monoclonal antibodies (mAbs) (MiltenyiBiotec, Germany)
and 5 pl of PE-conjugated recombinant human-anti-mouse
F4/80 mAbs (MiltenyiBiotec, Germany) at 4 °C in the dark for
15 min. The cells were washed twice with PBS, and re-
suspended into a final concentration of 10° m1™ for flow cy-
tometry sorting. Using FACS Aria III (BD Biosciences, NJ),
LSECs were isolated by CD146'F4/80 gating, while KCs were
separated by CD146 F4/80" gating. After sorting, ~100% pu-
rity of LSECs and KCs was mixed in a 2:1 ratio as observed
in vivo,”® re-suspended in the culture medium into a final
concentration of 5 x 10° ml™", and used immediately. Isolated
HCs, LSECs, KCs or HSCs from the mouse liver were charac-
terized by immunofluorescence staining (Fig. S17), indicating
a well-defined protocol with high quality of hepatic cells.

2.3 Set-up of the 3D liver sinusoidal liver chip

The four types of primary mouse hepatic cells were all
suspended in a culture medium. 6 ul of a HSC suspension (1
x 10° ml™") was first introduced into the lower channel using
a pipette tip, and the whole chip was immediately inverted af-
ter blocking the inlets and outlets of the upper channel.
HSCs were then seeded and attached to the basolateral sur-
face of a porous polyester (PE) membrane (0.4 um in pore di-
ameter and 10 pm in thickness) after being incubated at 37
°C in 5% CO, for 1 h. 6 ul of a mixed suspension (5 x 10°
ml™) of LSECs and KCs was injected onto the apical surface
of the upper channel, and 6 ul of HCs (5 x 10° ml™") into the
bottom substrate of the lower channel. The assembled micro-
fluidic chip was then incubated at 37 °C in 5% CO, for 4 h,
and unattached cells were washed from both the channels af-
ter ~6 h. Medium flow was introduced to the upper channel
by a PHD22/2000 syringe pump (Harvard Apparatus, MA)
connected to the inlet at 0.1 or 0.5 dyn cm>. The superna-
tants were collected after 24 h in the presence or absence of the
shear flow for the tests of protein production and secretion.

2.4 CFD analysis of the flow field in the liver chip

The flow field in the two flow channels of the liver chip was
analyzed using a 2D computational model first built in realis-
tic sizes by GAMBIT 2.0. After creating meshes and defining
boundaries, the model was directly imported into FLUENT
6.3.26 software. The porous membrane was modeled using
porous zone assumption. The void fraction ¢ was obtained
from the following formula:

nd’p
_mMp 1
£=—, (1)

Here d is the pore diameter and p is the pore density. As
the flow in the chip could be modeled as a laminar flow
through a packed bed, the pressure drop is typically propor-
tional to the velocity and the constant inertial resistance fac-
tor can be considered to be zero. Ignoring convective acceler-
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ation and diffusion, Darcy's law is satisfied:

Vp=-£3. )
o

Here p is the pressure, x is the viscosity, « is the perme-
ability, and v is the velocity. When modeling laminar flow
through a packed bed, the Blake-Kozeny equation,® a semi-
empirical correlation, is applicable over a wide range of
Reynolds number:

2
& _150u(lze) 3)
L D, £

Here L is the thickness of the packed bed, D, is the mean
particle diameter, and v, is the velocity in the far field. Com-
paring eqn (2) and (3), the permeability could be identified
as:

D} &
a=—2 5.
150(]—3)

4)

As eqn (4) is a semi-empirical equation and it is not able
to determine experimentally the porosity of the PE membrane
with LSECs, we first calculated the theoretical permeability
by using eqn (4) and then adjusted the permeability to 2.5 x
107" m™ or 2.5 x 10" m™ in the absence or presence of
LSECs. These values fit well with those velocity profiles mea-
sured from PTV tests to represent the 0.4 um porous mem-
brane alone or together with LSECs. For a steady flow, the ve-
locity profile within the parallel flow channel can be obtained
analytically, given by a parabolic solution of the Poiseuille
flow as shown in eqn (5):

()= ) 6

Here v is the average velocity, /4 is the channel height, and
y is the Y coordinate along the height direction. Thus, the in-
let velocity profile was set as a parabolic distribution by a
user defined file (UDF) to achieve faster convergence.

2.4.1 Particle tracking visualization (PTV) test. 1 um diam-
eter carboxylate-modified microspheres (Invitrogen, CA) la-
beled with orange fluorescence (540/560) were diluted with
pure water to a concentration of 3.8 x 10’ ml™". After adding
6 pl of the particle solution into the lower channel, its inlet
and outlet were blocked. Then the particle solution was
injected into the upper channel constantly at 0.1 or 0.5 dyn
ecm™ by a syringe pump. Since the suspending particles
moved together with their surrounding fluid due to the simi-
lar densities between the particle and the fluid and the small

This journal is © The Royal Society of Chemistry 2017
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diameter of particles themselves, the local velocity of the
fluid could be calculated by tracking the movement of those
fluorescent particles frame by frame. The time course of par-
ticle displacement was then analyzed using Image] software
(National Institutes of Health, Bethesda, MD) to estimate the
velocity of the particles. Particle movements were also tracked
at different heights of each channel and the wall shear stress
inside the two channels was determined upon the assump-
tion that the fluid field in the parallel flow channel could be
approximated to a 2D steady flow (cf: eqn (5)).

2.5 Neutrophil recruitment experiments

After attaching the cells on the substrates for 6 h and remov-
ing those nonadherent cells, the whole liver chip containing
LSECs alone in the upper channel or four types of hepatic
cells in both upper and lower channels was incubated with 1
uM LPS for 18 h. Meanwhile, murine neutrophils were iso-
lated from bone marrow of C57BL/6 mice using a two-step
Histopaque density gradient centrifugation (Sigma-Aldrich,
St. Louis, MO) according to the manufacturer's instructions.
Isolated neutrophils were labeled with Cell Tracker Green
CMFDA (Thermo Fisher, MA) for 15 min at 37 °C to allow
clear visualization inside the liver chip. After washing the
channel(s) with the working medium (HBSS with calcium
and magnesium, and 1% BSA), neutrophils were injected into
the upper channel at a concentration of 5 x 10° ml™* at a con-
stant wall shear stress of 0.5 dyn cm™> for 15 min at room
temperature. Arrested neutrophils in the middle region of
the upper channel were counted and then analyzed by
Image].

Lower inlet Upper inlet
- A
~ = Upper-odilet
PE porous Lower outlet =
membrane
DMS
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See the “Materials and methods” section in the ESI{ for
further information on immunostaining, confocal micros-
copy, ELISA, CYP activity assay, scanning electron micros-
copy, and statistics.

3. Results

3.1 Reconstruction of an organ-specific liver sinusoid chip

Hepatic sinusoids or the capillary beds of the liver possess a
unique configuration with an endothelium consisting of flat-
tened endothelial cells perforated by small fenestrae with a di-
ameter of 150-200 nm and lacking basement membranes,
which adjusts mass transportation between blood stream and
liver tissues and permits direct or indirect interactions between
blood cells and the cells underneath the sinusoidal barrier.
Here a 3D in vitro liver sinusoid liver chip was constructed
using microfluidic fabrication techniques. As illustrated in
Fig. 1A, the liver chip contains two adjacent PDMS channels
separated by a thin, porous PE membrane. The two PDMS
layers were fabricated using conventional soft-lithography pro-
tocols, aligned carefully with a PE membrane, and then bonded
permanently by an oxygen plasma treatment. The resulting
microfluidic liver chip was pre-coated with collagen I on the
PDMS substrate and on both sides of the PE membrane before
the four types of hepatic cells are seeded. An LSEC monolayer
with sparsely distributed KCs and HSCs on either side of the
PE membrane was integrated with an HC monolayer
immobilized on the PDMS substrate (Fig. 1B), replicating an
in vivo configuration of those distinct cells residing in a liver si-
nusoid. Specifically, LSECs were lined onto the apical side of

= B
. Shear flow PE porous
—> membrane
—— )
—>
-:u‘ M&--y & J ---/&\g---
00 00 00O 00O 0O 00O OO OO OO

Kupffer cell  Stellate cell

oo 0o &lll

Hepatocyte  Sinusoidal
endothelial cell

Fig. 1 Schematic of the in vitro 3D liver sinusoid liver chip. A. Microfluidic structure. The sinusoid liver chip is composed of two PDMS chambers
of 100 um height and 1 mm width separated by a 10 um-thick PE membrane containing pores with 0.4 um diameter. The upper and lower chan-
nels together with the membrane are bonded via plasma treatment. B. 3D assembling. The four types of hepatic cells, i.e. liver sinusoidal endothe-
lial cells (LSECs), Kupffer cells (KCs), hepatic stellate cells (HSCs), and hepatocytes (HCs), are distributed layer-by-layer in a 3D manner to represent
their in vivo feature in the hepatic sinusoid. HSCs are first injected onto the basolateral side of the collagen-I pre-coated PE membrane for sparse
attachment. LSECs are then introduced onto the apical side of the membrane to form the top cell layer, followed on the top by discretely distrib-
uted KCs. HCs are placed on the collagen-1 pre-coated PDMS substrate to form the bottom cell layer. All the elements are assembled together, in
which the upper channel is connected to a syringe pump from one end and to a medium holder from the other end. C. Photographic image of an
in vitro 3D liver sinusoid liver chip.
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the PE membrane and KCs were then sparsely distributed (in a
KC: LSEC cell number ratio of 1:2) on the top of LSECs, mim-
icking the perforated endothelial lining in an in vivo sinusoid.
HSCs were seeded on the basolateral side of the PE membrane
(also in a HSC:LSEC cell number ratio of 1:2), representing
their in vivo positioning in the Disse space between sinusoidal
lining cells and basal microvilli-rich HCs. Once all the cells
were seeded, the upper channel was connected to a syringe
pump for application of a shear stress of 0.1 or 0.5 dyn cm™> on
the channel substrate, reproducing their hemodynamic flow on
sinusoidal lining cells exposed to the blood stream around a
central vein (or zone 3 (ref. 1)). Such integration of the four ma-
jor types of residing hepatic cells, all obtained from the same
source of mouse liver, into two fluid channels is able to repli-
cate those key features of a physiological sinusoid, such as the
cell composition, architectural structure, and hemodynamic
microenvironment (Fig. 1C).

View Article Online
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3.2 Biological identification of hepatic cells inside the liver
chip

To characterize the features of these hepatic cells in the 3D
liver sinusoid liver chip, the type-specific morphology and
biomarker of the four cell types were first tested in conven-
tional dishes. It was found that these specific features were
well presented and maintained, that is, glycogen-containing
HCs display a polygonal shape with a double nucleus and
clear edges, CD146-identified LSECs form a monolayer
presenting a cobblestone shape, F4/80-identified KCs yield a
polymorphic shape, and GFAP-specific HSCs present a
stellate-like shape (Fig. S1t). These distinct cells were further
tested after being transferred into the liver chip, i.e., for HCs
stained by anti-E-cadherin and anti-CK pan, LSECs by anti-
CD146, and Kupffer cells by anti-F4/80 mAbs, HSCs with Cell
Tracker Green, and all the cell nuclei with Hoechst 33342

A CK pan, E-cadherin, nucleus B CD146, F4/80, nucleus C

, Cell Tracker Green

e - -

Fig. 2 Identification of the four types of mouse hepatic cells in an in vitro 3D liver sinusoid liver chip cultured for 1 day. A-D. Immunostaining of

respective biomarkers for the distinct types of cells. Hepatocytes stained with E-cadherin (red), CK pan (green) and nucleus (blue) are closely
seeded in the lower channel of the assembled liver chip. Also shown in the insert is a typical high-magnification image (A). LSECs (green; stained
with CD146), KCs (red; stained with F4/80) and HSCs (unstained for clarity) are visualized together with the nucleus (blue; stained with Hoechst) in
the upper channel of the assembled model. HSCs are stained with GFAP separately (green) and are present in the insert (B). Top (C) and side view
(D) images of the assembled liver chip illustrate multi-types of cells in the two separated channels. E. High-magnification lateral view of a sinusoi-
dal endothelium. LSECs (green; stained with CD146) and KCs (red; stained with F4/80) seeded on the apical side of a 10 um-thick porous mem-
brane, and HSCs (yellow; stained with Cell Tracker Green) placed on the basolateral side.
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(Fig. 2). Within the upper channel, LSECs formed a mono-
layer on the apical side of the PE membrane, together with
KCs sparsely anchored on top of the endothelium-like senti-
nels (Fig. 2B). Within the lower channel, HSCs were scattered
on the basolateral side of the PE membrane (Fig. 2B) and
HCs formed an intact monolayer on the channel substrate
(Fig. 2A). Here HCs presented the double nuclei in one cell
and were lined by continuous junctional complexes as
stained by E-cadherin (insert in Fig. 2A) while HSCs were
stellate-like shaped with branched structures like astrocytes
(insert in Fig. 2B). The two channels were integrated well via
visualizing the chip from the top (Fig. 2C) or side view
(Fig. 2D), which clearly demonstrated the sinusoidal endothe-
lium and parenchymal plate. A zoomed image around the PE
membrane indicated that the upper LSEC layer with sparsely
distributed KCs and the lower HSC layer were well separated
by 10 um-distance of the membrane height (Fig. 2E).

One of the most key features of a hepatic sinusoid is that
the specified ultrastructures of LSECs are maintained, espe-
cially when attempting to build an in vitro liver chip. It is well
accepted that the fenestrations serve as the undisputed hall-
mark of LSECs and the ultrastructural imaging is still the only
reliable modality that allows critical evaluation. Here we exam-
ined the SEM images of LSECs cultured for 1 day on collagen
I-coated glass and in the liver chip. After 1 day of culture,

Ma 23
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LSECs on the glass tended to form a relatively sparse mono-
layer with the sinusoidal gaps of ~1-5 pm in size on each cell
body (Fig. 3A), and were perforated by small fenestrae of ~100-
200 nm in size (Fig. 3B). Here the gap size found on the glass is
far larger than those present in vivo (which yields ~400 nm?).
In contrast, LSECs in the liver chip were more flattened with
sparsely distributed round holes penetrating through both the
cell body and the PE membrane (Fig. 3C). Interestingly, these
holes were located right on top of the pores of the porous PE
membrane and yielded a similar size to those sinusoidal gaps
in vivo. Meanwhile, LSECs were full of fenestrae with a diame-
ter of ~100-200 nm (Fig. 3D), which are also similar to those
LSEC fenestrae. Thus, the reconstructed LSEC monolayer in
the liver chip was able to replicate an in vivo liver sinusoidal
endothelium with well characterized fenestrae and sinusoidal
gaps, and the LSECs were able to remain undifferentiated in
the liver chip, at least, within 1 day.

3.3 Biomechanical analysis of fluid dynamics inside the liver

chip

To better understand and quantify the fluid flow in the liver
chip, a CFD simulation was conducted upon a model
constructed upon the realistic chip geometry (Fig. 4A). Nu-
merical calculations indicated that the flow is steady and the

Mag: 30000x

2016.09.30 SE HV: 10kV  WD: 11. mm

Mag: 25000x
SE HV: 5 kv WD: 11. mm

Fig. 3 LSEC identification with scanning electron microscopy. A and B. LSECs cultured for 1 day on glass at low (2500x%; A) or high (30 000x; B)
magnification. C and D. LSECs cultured alone for 1 day on the PE membrane in the liver chip at low (6000x; A) or high (25 000x; B) magnification.

Arrows indicate those fenestrae on the cell body for both cases.

This journal is © The Royal Society of Chemistry 2017
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fluid velocity in the upper channel is much larger than that
in the lower channel, presenting a parabolic profile at least
in the upper channel (Fig. 4B). Streamlines in the upper
channel are parallel to the channel substrate, coming from
the inlet and terminating at the outlet (Fig. 4C). In contrast,
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the fluid flow in the lower channel is driven by the flow deriv-
ing from the upper channel and across the porous PE mem-
brane, resulting in the streamlines coming from the inlet of
and terminating at the outlet of the upper channel symmetri-
cally (Fig. 4C). These data also demonstrated that the fluid is
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able to penetrate through the porous membrane down to the
lower channel near the inlet region and pass through the
membrane back to the upper channel around the outlet re-
gion. Thus, the X- or Y-direction velocity along or perpendicu-
lar to the flow direction was also calculated to characterize
the flow field. Here all the Y velocities at different X positions
yield negative values near the inlet region but positive ones
around the outlet region in a vertically symmetric pattern
(Fig. 4D, upper left panel), implying that the percolating flow
is faster when the fluid is close to the porous membrane.
And the Y velocity at a given height of Y = +50 um above the
membrane was found to be linear along the chip
(Fig. 4D, upper right panel), indicating the percolating flow is
faster at the two ends. At a given height of Y = -50 pm below
the membrane, the X velocity along the chip is parabolic
(Fig. 4D, lower left panel) while the Y velocity along the chip
follows a similar linear pattern to that in the upper channel
(Fig. 4D, lower right panel). These analyses provided a clue
for the flow field inside the chip, which is critical for under-
standing mass transfer under fluid flow.

Next, we conducted PTV tests for the flow field and com-
pared the data with the above simulations. Since the perme-
able flow along the Y direction is too slow to measure
(Fig. 4D), we choose to measure the X velocity in the chip by
visualizing the movement of suspending particles at the mid-
point of the chip (X = 7.5 mm). In the absence of LSECs, the
data presented a higher velocity profile at 0.5 dyn cm™ than
that at 0.1 dyn cm™2, both of which all presented a parabolic
distribution in either the upper or lower channel and also
fitted well with the predictions from CFD simulations
(Fig. 4E). In the presence of LSECs at a given shear stress of
0.1 dyn cm™, it was indicated from both the PTV tests and
CFD simulations that the parabolic flow inside the chip was
able to be maintained with a highly reduced magnitude of
the flow velocity in the lower channel. For example, the maxi-
mal velocity in the lower channel was decreased from 2 to 0.2
um s~* (Fig. 4F), which was mainly attributed to the shielding
effect of LSECs on the fluid flow. In fact, the presence of
LSECs on the porous membrane blocked a large fraction of
membrane pores (Fig. 3), leading to a remarkable decrease of
membrane permeability.

3.4 Liver-specific secretion and cytokine cross-talk

Next, we tested ALB and urea secretion from HCs with or
without fluid flow and in the presence or absence of a NPC
co-culture (Fig. 5A and B). Compared with those under static
conditions, the ALB secretion increased 78% for HCs alone
or enhanced 50% for HCs co-cultured with NPCs at a shear
flow of 0.1 dyn cm 2. The combination of a NPC co-culture
with flow exposure yielded even higher ALB secretion (in-
creased 112% or 19% from HCs alone under static conditions
(P = 0.001) or under shear flow), implying the possible coop-
erative effects of the two factors (Fig. 5A). These results indi-
cated that both co-culture with NPCs and exposure of shear
flow enhanced ALB secretion independently or cooperatively.
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Fig. 5 Functional tests of liver-specific secretion and production from
primary mouse hepatic cells with (open bars with waves) or without
(solid bars) shear flow in an in vitro 3D sinusoid liver chip. Albumin (n =
6) (A) and urea (n = 4) (B) secretion, as well as HGF (n = 4) (C) and
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NPCs. Plotted are the mean * SD and statistical analysis was
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normality test failed). *, #: P < 0.05.

In contrast, urea secretion remained similar since no exoge-
nous ammonia was added, no matter whether HCs were co-
cultured with NPCs and/or exposed to shear flow (Fig. 5B).
No significant difference was found in urea secretion, even
though a descending transition was exhibited from HCs al-
one to HCs co-cultured with NPCs and exposed to shear flow.

HCs interact with NPCs via the paracrine pathway of cyto-
kine production and present cross talk between the two cell
layers. On one hand, HGF is one of the key factors secreted by
NPCs (as shown in Fig. S2,f which is mainly from HSCs and
partially from LSECs but not from KCs and HCs*’) and the co-
existence of NPCs may regulate the functions of HCs. Here we
examined HGF production using the 3D liver chip. HCs alone
do not produce HGF with or without flow, as expected. Shear
flow significantly enhanced NPC-derived HGF production to
332% or 484% in the absence or presence of HCs, respectively.
Intriguingly, compared with NPCs alone without flow, the com-
bination of shear flow with an HC co-culture presented higher
increase of HGF production (421%; P = 0.036) than the en-
hancement with flow for NPCs alone (332%), implying the
complementary role of HCs in HGF production (Fig. 5C). More-
over, these data presented similar correlations for shear flow
and cell co-culture for ALB secretion (Fig. 5A), suggesting that
the increase of NPC-derived HGF production under shear flow
could enhance HC-derived ALB secretion. On the other hand,
the co-existence of HCs may also affect the functions of NPCs.
We tested this possibility by measuring a typical VEGF cytokine
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produced by HCs. Again, NPCs alone produced little VEGF with
or without flow, since VEGF is mainly produced by HCs, but
not by NPCs.* Shear flow reduced VEGF production in the ab-
sence of NPCs but restored to a similar level in the presence of
NPCs. In contrast, the NPC co-culture seemed to lower VEGF
production without flow but retained the same with flow
(Fig. 5D). These findings are presumably attributed to less suf-
ficient mass transportation on HCs and higher diffusive resis-
tance in the presence of an NPC layer, compared to those HCs
exposed to shear flow in the absence of an NPC layer. No fur-
ther reduction was found when HCs are co-cultured with NPCs
under shear flow, excluding possible cooperation of the two
factors for VEGF production.

3.5 Liver-specific metabolism

Another key function of liver sinusoids is to maintain meta-
bolic balance for the human body. CYP450 acts as the most
striking cytochrome for cytotoxic metabolism in HCs and
thus serves as a mature indicator. Here we tested the activi-
ties of two typical members of this family, CYP1A2 and
CYP2D6, using the liver chip. Shear flow dramatically en-
hanced CYP1A2 (Fig. 6A) and 2D6 (Fig. 6B) activities by 530%
and 628% when HCs were cultured alone or by 242% and
651% when co-cultured with NPCs, after HCs were pre-
treated with phenacetin and dextromethorphan, respectively.
In contrast, the co-culture with NPCs had no effects on CYP
activities under either static or flow conditions. Moreover,
combining flow exposure with the NPC co-culture presented
a remarkable increase of either CYP1A2 (277%; P = 0.004) or
2D6 activity (523%; P = 0.002). These values were slightly
lower than those under shear flow in the absence of NPCs,
presumably attributed to mechanical shielding of NPC layers
to flow-enhanced CYP metabolism of HCs.

3.6 Hepatic cells co-culture enhanced neutrophil recruitment

Physiologically, LPS infections induce neutrophil accumula-
tion in the liver and neutrophils tend to adhere onto and
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Fig. 6 Functional tests of liver-specific metabolism from primary
mouse hepatic cells with (open bars with waves) or without (solid bars)
shear flow in an in vitro 3D sinusoid liver chip. Metabolic products of
phenacetin (acetaminophen, for CYP1A2 activity) (n = 6) (A) and dex-
tromethorphan (dextrorphan, for CYP2D6 activity) (n = 6) (B) are deter-
mined by liquid chromatography-tandem mass spectrometry from the
supernatant collected at 24 h at shear stress of 0.1 dyn cm™2. Plotted
are the mean * SD and statistical analysis was conducted by one-way
ANOVA. *: P < 0.05.
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crawl along the LSEC monolayer during the recruitment
(Fig. 7A). Thus, the liver chip developed here could serve as
an appropriate platform to investigate hepatic cellular inter-
actions during liver inflammation. Here we compared the ac-
cumulation of neutrophils onto LSECs alone, with KCs or to-
gether with all other three cell types of NPCs in the liver chip
at a given stress of 0.5 dyn cm>. It was indicated that the
number of neutrophil accumulation yielded ~138 in the field
of view (FOV) for the LSECs alone, increased by 21% when
co-cultured with KCs, and increased by 63% when co-
cultured with all other three types of hepatic cells for 15 min
of perfusion (Fig. 7B). Although KCs seemed not to contrib-
ute to liver-specific functions in terms of HGF secretion, yet
their presence enhanced the accumulation of neutrophils on
LSECs, possibly by increasing inflammatory cytokines secre-
tion under stimulations.*® And the complete replication of
liver cell composition and sinusoidal configuration could fur-
ther increase the accumulation of neutrophils under shear
flow. During this process, most of the flowing neutrophils
were not rolling over but adhered directly onto immobilized
LSECs, which tended to form constantly the string-like aggre-
gates once the first neutrophil was attached to the LSECs
(Fig. 7C and D). Compared to those sparsely distributed neu-
trophil aggregates on LSECs alone, more and large-sized ag-
gregates were observed on LSECs co-cultured with KCs, HSCs
and HCs inside the current chip (Fig. 7D), implying that such
a complete replication may also foster the formation of neu-
trophil aggregates.

4. Discussion

Structural and functional similarity is challenging when repli-
cating a living organ using an in vitro model, as each type of
cells is indispensable to present its specific function, multi-
ple types of cells form a 3D characterized structure in physio-
logical anatomy, and all the cells work cooperatively in a de-
fined mechanical or physical microenvironment with
biochemical factors.**>* Here we developed a liver chip that
integrates the four major types of hepatic cells from the same
organ of origin - a murine liver - into a 3D, dual-channel
microfluidic chip separated by a porous PE membrane, which
allows the application of the upper channel with LSECs and
KCs to mimic the sinusoidal microvasculature, the lower one
with HCs and HSCs to reproduce the Disse space, and the po-
rous PE membrane with fenestrated LSECs to replicate the
sieve plate in liver sinusoids. Liver-specific functions such as
protein secretion and cytokine production, drug metabolism,
and neutrophil accumulation were then tested. The novelty
of this work mainly lies in two aspects. First, this organ-
specific liver chip presents the specified structure of an
in vivo LSEC monolayer with the sparse gaps between neigh-
boring cells and with the small fenestrae on individualized
cells. A parabolic flow field is well formed in the two chan-
nels with different velocity magnitudes. Second, shear flow
exposure and the co-culture of HC-NPC independently or co-
operatively enhance the secretion of albumin, the production
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of HGF, and the metabolic activity of CYP450. Meanwhile,
the co-culture of LSECs with the other three types of hepatic
cells also promotes neutrophil recruitment under flow. Thus,
this well defined liver chip could serve as a platform not only
for basic studies but also for potential drug screening under
a physiologically-alike cell composition, liver sinusoidal struc-
ture, and mechanical microenvironment compared to that of
a liver.

At least two typical features are observed on the cell body
of LSECs. One is the fenestrae with a diameter of 100-200
nm forming the sieve plate’ and another is the sinusoidal
gaps with a diameter of 400 nm.” Those features are hard to
be maintained especially when primary LSECs are isolated
from the liver organ and present on either the coverslip or in
a microfluidic chip for a long time." Using the well purified
LSECs, we confirmed that these cells presented their specific
fenestrae not only on the glass coverslip (Fig. 3A and B) but
also on the PE membrane inside the chip (Fig. 3C and D)
within at least 24 h. It is also notable that the sinusoidal gaps
observed in the current chip (Fig. 3C and D) are well consis-
tent with those in the literature,"* which admits the suffi-
cient mass transfer between the sinusoidal space and the
Disse space and enables the microvilli to protrude from the
parenchymal cell surface. Intriguingly, these gaps of LSECs
present on the porous membrane of LSECs are likely located
right on top of those pores of the membrane except for the

This journal is © The Royal Society of Chemistry 2017

regions close to the nucleus (Fig. 3C), suggesting that the ex-
ternal physical microenvironment also favors the formation
of additional gaps. This is critical for building an in vitro liver
chip since the mass transfer and oxygen exchange are usually
insufficient in a close-looped microfluidic liver chip.'® We
further estimated the porosity of the current liver chip to be
12.6%, which is comparable to 15.66% in zone 1 and 11.28%
in zone 3 of the rat liver at 24 h after isolation.>® While the
microfluidic model of two adjacent channels is similar to
and conventional in the published organ-on-a-chip devices,*"
our focus is not only on the two fluid channels but the liver-
specific architecture, in which the sinusoidal vascular chan-
nel and the Disse space are separated by a fenestrated endo-
thelium. Here we confirmed that the four types of hepatic
cells used successfully replicate the fenestrated endothelium
in our liver chip. This liver-specific cellular composition and
architecture make this microfluidic model suitable for basic
studies of liver sinusoids, at least.

Capillary blood flow in the liver sinusoid is crucial not
only for mass transfer and nutrient supply inside the conven-
tional microvasculature bed but especially for interstitial flow
inside the Disse space deriving from capillary flow across the
permeable endothelium. While the liver sinusoidal endothe-
lium is estimated to experience a fluid shear stress of 0.1-0.5
dyn em™ (ref. 36 and 37) and a fluid velocity of 10-20 cm

s,% the flow pattern and fluid velocity profile are still
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unclear in either an in vivo or an in vitro model. Here we fur-
ther quantified the flow field in our in vitro liver chip by giv-
ing two typical physiological stresses of 0.1 or 0.5 dyn cm™
as one of the initial conditions and analyzing the flow dy-
namics in the two channels mimicking the capillary vascula-
ture and the Disse space, respectively. CFD simulations and
PTV tests indicated that the majority of the fluid flows along
the capillary-like channel and displays a parabolic flow pat-
tern (Fig. 4B, E and F). The peak velocity at the center of the
channel yields ~0.3 cm s at 0.1 dyn em™ or 1.5 cm s at
0.5 dyn em > (Fig. 4E and F), which is consistent with those
in vivo values of 10-20 cm s~ when accounting for the differ-
ences in the channel height of 7-15 pm in the in vivo sinu-
soids and 100 pm in the in vitro chip. Moreover, the minority
of the fluid flows through the permeable membrane at the in-
let region, down to the interstitial-like channel, and then
back to the capillary-like channel at the outlet region
(Fig. 4C), which replicates well the in vivo flow pattern in the
sinusoids. Physiologically, the interstitial flow comes from
the portal regime of the capillary channel, goes through the
Disse space, and finally returns to the capillary channel at
the outlet regime. This recycling circulation guarantees the
constant supply of fresh flow, the collection of waste prod-
ucts, and the exchange of cytokines between parenchymal
cells and NPCs. Meanwhile, the pressure difference between
the two channels generates the permeable flow across the
fenestrated capillary bed, which also approximates to a para-
bolic pattern (Fig. 4E and F). The flow velocity in the
interstitial-like channel is much lower due to the flow resis-
tance of the fenestrated endothelium, yielding a peak value
of ~2 um s at 0.1 dyn em™ or 10 um s™* at 0.5 dyn cm ™2 in
the absence of LSECs (Fig. 4E) or of ~0.1 um s at 0.1 dyn
cm ™ in the presence of LSECs (Fig. 4F). These data are com-
parable with those in vivo values of 0.1-2 um s™*,*® which is
biologically relevant since the low flow could reduce the me-
chanical damage to the parenchymal cells. While it is diffi-
cult to gauge the exact level of shear stress experienced by he-
patocytes,® it has been estimated to be several orders of
magnitude lower than the level of sinusoidal shear stress. As
predicted by those models of interstitial flow in soft tissues,
the shear stress in the Disse space could be of 10™°-107° dyn
ecm™> (ref. 37 and 40) Here we also estimated the wall shear
stress in the interstitial-like channel, which yields the compa-
rable values of 1 x 107*-5 x 10 dyn cm>. Thus, the liver
chip developed here presents the well defined flow field
which qualitatively mimics the in vivo capillary and intersti-
tial flow in both the sinusoids and the Disse space. Further-
more, the proposed flow pattern and fluid velocity profile
provide the bases in quantifying the mass transfer and nutri-
ent supply inside the liver sinusoids.

Functional similarity is critical for replicating an in vivo
liver sinusoid using an in vitro model. One key issue is the
pattern of the cell co-culture. It is known that a co-culture of
HCs with supporting cells promotes HC functions, but the
underlying mechanisms on how multiple regulating factors
work together remain unclear. For example, the 2D co-culture
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of a micropatterned HC monolayer or HC spheroid with em-
bryonic fibroblasts and/or hepatic endothelial cells is able
to enhance ALB and urea secretion,”"" but it seems hard to
optimize these artificial co-cultures that are less similar to
in vivo liver architecture. A 3D co-culture is more physiologi-
cally-like, no matter if HCs enwrap HSCs into mixed spher-
oids with physical contact’ or are co-cultured with HSCs,*
hepatic endothelial cells* or embryonic fibroblasts in a
physically-distant manner.>'®"” Intriguingly, the distance
between two HC and HSC layers in a physically-separated
co-culture is critical for HC growth and function,'
confirming the importance of mimicking a multiple-layered
in vivo architecture. Here we extended this concept to develop
a two-layered chip with the four major types of hepatic cells
placed in a physiological configuration. HSCs in the lower
channel could not contact directly LSECs in the upper chan-
nel that are separated by a 0.4 pm PE membrane, which fails
to upregulate hepatocyte differentiation markers and induce
ECs' capillary morphology.*" However, these NPCs could con-
tribute to liver-specific function through paracrine secretion
(Fig. 5 and S27t). Such a co-culture pattern not only enhances
ALB secretion and HGF production (Fig. 5A and C), but it is
also favorable for the high metabolic activity of CYP
(Fig. 6A and B). These results are consistent with the previous
observations in 2D or 3D co-cultures.'®'® Moreover, this co-
culture could also enhance shear-induced neutrophil recruit-
ment on LSECs together with NPCs (Fig. 7), presumably due
to the upregulated expression and function of adhesion mole-
cules on LSECs.'® Thus, this proposed 3D-configured liver
chip co-cultured with four types of liver cells (Fig. 1 and 2)
can serve as an in vivo-based, accessible reference for opti-
mizing those 2D or 3D co-cultures mentioned above, from ei-
ther the architecture or function viewpoints. Meanwhile, a hy-
brid co-culture between hepatic cells and embryonic
fibroblasts or between hepatic cells from human and mouse
species may bring up extra cell- or species-based cross-talk.”
Using autologous hepatic cells in a single in vitro model, if
available, is recommended from our work, especially when
one attempts to build structural and functional similarity
with the in vivo liver sinusoids and identify the cell type-
specific functions of each specimen systematically.

Another issue is the role of fluid flow, since multiple types
of hepatic cells work together under blood or interstitial flow
physiologically. Exposure of primary murine HCs to fluid flow
is able to enhance ALB secretion, HGF production, and CYP
activity, which is consistently found in those previous
models™™” and our current liver chip (Fig. 5 and 6). Shear
flow is also required for neutrophils to form cell strings and
aggregates (Fig. 7C and D). Meanwhile, while the
enhancement®'*™"” or maintenance of LSEC phenotype (i.e.,
SE-1 expression®’) and function (i.e., VE-cadherin, CYP3A4,
AGSPR-1, ZO-1, MRP-2 expressions,”® and leukocyte adhe-
sion'®) is also observed either in multiple types of cell co-
cultures or under fluid flow, few studies have discussed the
opposite or cooperative roles between co-culture and flow.
For example, an increased flow rate is found in a perfused
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human liver model using co-cultured HepRG, HUVEC, macro-
phages and LX-2 stellate cells, correlating with an elevated
cellular oxygen consumption likely due to improved nutrient
supply, but the distinct roles of cell culture and fluid flow are
not isolated.'® Here we report their synergistic enhancement
of ALB secretion and HGF production and their likely oppo-
site roles in the reduction of CYP450 metabolic activity using
three different combinations of HCs-NPCs co-culture and
shear flow (Fig. 5 and 6). Typically, HGF production by NPCs
is enhanced when fluid flow is exerted (Fig. 5C and D), pre-
sumably due to the synergistic effect of cell co-culture and
fluid flow.*® However, CYP450 activities in HCs is decreased
when NPC are co-cultured under shear flow (Fig. 6). This is
presumably due to the decreased fluid flow or mass transfer
delivered onto HCs in the lower channel (Fig. 4) due to the
mechanical resistance of the NPC layer (Fig. 3). Meanwhile,
no synergistic coordination of the two factors is observed for
urea secretion and VEGF production (Fig. 5), defining the
specificity of current liver chips. While the functionality of
isolated primary cells and the effect of shear flow on hepato-
cyte function are discussed separately in the literature,"*™"”
here we integrated both the factors into a single liver chip to
elucidate their isolated or cooperative effects which are bio-
logically relevant in vivo. It is also noticed that hepatocyte
function in our liver chip can be sustained for more than 1
day, yet the LSECs' fenestrated structure disappears in 1 or 2
days after primary cell isolation found either in the literature®
or in the current work. This chip is not specially designed for
functional longevity of hepatocytes but for liver-specific func-
tionality of liver sinusoids for short durations, as exemplified
in innate immune responses in the sinusoids usually taking
place within hours (Fig. 7).

Collectively, we identified the composition of primary he-
patic cells and defined flow field in this liver chip and also
tested the impact of cell co-culture and fluid flow on three as-
pects of liver-specific functions: protein secretion, cytotoxic me-
tabolism, and immune response. Both the NPC co-culture and
shear flow enhance cooperatively ALB and HGF secretion and
also increase neutrophil recruitment and each type of NPCs
may contribute to liver functions differently. While it is noticed
that these functional tests are primary, these results provide a
clue to further understand the paracrine communications and
molecular mechanisms among distinct hepatic cells, especially
from the viewpoint of cell-cell interactions under a mechanical
microenvironment. Due to its ability to combine any types of
cells, adjust spatial distributions of seeded cells, and alter the
physical factors of shear flow and tissue stiffness, this liver chip
could serve as a powerful platform to identify the respective
roles of each type of cells and quantify the mechanical micro-
environments under different physiological and pathological
conditions that are not available in vivo.

5. Conclusion

The liver is mainly characterized by multiple types of cell co-
localization under blood or interstitial flow. A 3D-configured,
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dynamic co-culture is prerequisite for an in vitro model to un-
derstand hepatic functions. Our liver chip replicates the key
architecture of liver sinusoids by integrating four types of
cells into two flow channels, which is able to implement
liver-specific functions using primary murine hepatic cells. It
also consumes a small amount of hepatic cells, is a well
designed microfluidic liver chip, and is easily accessible.
Thus, this new device could serve as a functional platform
for understanding functional maintenance, cell-cell commu-
nication, cytotoxic metabolism, and inflammatory cascade in
a liver sinusoid.
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