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Liver sinusoid on a chip

Abstract

Liver sinusoid is the main functional site in liver. Multiple types of hepatic cells are well
organized in a precisely-controlled biochemical and biomechanical environment, maintaining
a spectrum of hepatic functions. Here, using micro-engineering techniques, four types of
primary hepatic cells are integrated into two layer channels connected by porous membrane,
which recreates the sinusoidal cell composition and architecture. By incorporating shear flow
into this permeable system, the blood flow in sinusoids and interstitial flow in space of Disse
are recapitulated. Conventional hepatocyte-based liver-specific functions are enhanced by
non-parenchymal cells co-culture and shear flow. Moreover, major immune responses in
liver sinusoids, i.e., neutrophil recruitment under lipopolysaccharide (LPS) stimulation, are
replicated, indicating that all types of hepatic cells contribute to this process. Thus, this liver
chip provides a new in vitro model to investigate the short-duration cellular interactions under
a microenvironment mimicking the physiological composition and architecture of liver organ.

INTRODUCTION OF CELL—CELL INTERACTIONS IN LIVER
SINUSOIDAL MICROENVIRONMENTS

ARCHITECTURE AND CELL COMPOSITION OF THE LIVER
SINUSOIDS

The liver is the largest organ in the body and has an extraordinary spectrum of func-
tions, including the synthesis or metabolism of carbohydrates, proteins and lipids, the
clearance of toxins and pathogens, and the regulation of immune responses. Liver has
a dual blood supply system, 25% from the hepatic artery and 75% from the portal
vein (Vollmar & Menger, 2009). The hepatic artery branches into arterioles and
the portal vein branches into venules. Together with bile duct, the portal triads serve
as the functional units of the liver, the liver lobules (Fig. 1). In these polygonal liver
lobules, the portal vein venules continue branching to form very specialized capil-
laries, the liver sinusoids. Main liver sinusoids run between lobule cords over a
length of 250 pm and a diameter of 7—15 pm (Vollmar & Menger, 2009). This unique
vascular structure could slow the flow of blood, maximizing mass transfer between
the circulating blood and the surrounding hepatocytes or HCs (Hu, Lii, Feng, &
Long, 2017). As this sinusoidal endothelial layer does not have an organized base-
ment membrane, a gap called the space of Disse is formed between the endothelium
and hepatic plate. In addition, many non-parenchymal cells of the liver are located in
the sinusoids and space of Disse (Fig. 1), allowing the efficient immune surveillance
and clearance, as well as other metabolic functions.

The liver organ consists of different cell types. Basically, these cells can be
classified as parenchymal cells (HCs) and non-parenchymal cells (NPC). In liver
sinusoids, there are at least four major types of hepatic cells, that is, hepatocytes, liver
sinusoidal endothelial cells (LSECs), Kupffer cells (KCs), and hepatic stellate
cells (HSCs).
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Structures of liver lobule and liver sinusoids. Hepatocytes are aligned radially to form the
liver plate along with the sinusoids. The portal veins and hepatic artery branches terminate in
the sinusoids, draining blood into the sinusoids and through the acinus to the central vein.
The sinusoids are lined by fenestrated liver sinusoidal endothelial cells with Kupffer cells
interspersed onto the endothelium. Between the liver plate and the sinusoids is the space
of Disse, containing extracellular matrix components and hepatic stellate cells.

Reproduced by the permission from Adams, D. H., & Eksteen, B. (2006). Aberrant homing of mucosal T cells and

extra-intestinal manifestations of inflammatory bowel disease. Nature Reviews in Immunology, 6, 244-251.

The hepatocytes account for approximately 80% of the liver mass, and are the
building blocks of the liver lobule. They are distributed radially with sinusoids sep-
arating the plate of hepatocytes. These hepatocytes are polygonal and, infrequently
binucleated, with a diameter of 20-30 pm (Marra & Parola, 2011) (Fig. 2A). Hepa-
tocytes are structurally and functionally polarized, characterized by three surface
domains: (1) the basal or sinusoidal domain, showing short microvilli and involved
in the exchange of molecules with sinusoidal blood; (2) the lateral domain, repre-
sented by junctional complexes between adjacent hepatocytes; and (3) the apical
or canalicular domain. Hepatocytes serve as the key hepatic effector cells, perform-
ing most of the liver functions including synthesis, metabolism, and detoxification.

LSECs are the second most abundant cell type in the liver (approximately 50% of
NPCs) and positioned between the blood and the hepatocytes. LSECs are highly
specialized endothelial cells without basement membrane and diaphragm, forming
the unique phenotype of fenestration (Fig. 2B) that was first described by Dr. Eddie
Wisse in the early 1970s as the fenestrations (Latin fenestrae: “window”). The fenes-
trae are transcellular pores with a diameter of 150—-175nm and grouped into 20-50
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FIG. 2

Four major types of constituent hepatic cells residing in liver sinusoids. (A) Hepatocytes
are polarized with three surface domains: the basal or sinusoidal domain, the lateral domain,
and the apical or canaliculus domain. Hepatocyte is enriched with smooth endoplasmic
reticulum, which correlates with its protein synthesis function. (B) Lining along hepatic
sinusoid are the unique endothelial cells with the typical fenestrations integrated as clusters
and forming the so-called sieve plates (arrows). (C) A Kupffer cell residing in the sinusoid
of the liver. (D) A hepatic stellate cell settling in the space of Disse and spanning across
two sinusoids.

Reproduced by the permission from Soto-Gutierrez, A., Navarro-Alvarez, N., & Kobayashi, N. (2011).

Hepatocytes. In S. P. S. Monga (Ed.), Molecular pathology of liver diseases (pp. 17-26). New York, NY: Springer
Science+Business Media, LLC; Wisse, E., De Zanger, R. B., Charels, K., Van Der Smissen, P., & McCuskey, R. S.
(1985). The liver sieve: Considerations concerning the structure and function of endothelial fenestrae,

the sinusoidal wall and the space of Disse. Hepatology, 5(4), 683-692; Gandhi, C. R. (2011). Kupffer cells.

In S. P. S. Monga (Ed.), Molecular pathology of liver diseases (pp. 81-95). New York, NY: Springer Science+
Business Media, LLC; Gandhi, C. R. (2011). Stellate cells. In S. P. S. Monga (Ed.), Molecular pathology of liver
diseases (pp. 53—-79). New York, NY: Springer Science+Business Media, LLC.

fenestrae to form “sieve plates” (Wisse et al., 1996; Wisse, De Zanger, Charels, Van
Der Smissen, & McCuskey, 1985). The fenestrations permit the passive transport of
solutes, and more importantly, regulate particular trafficking between the blood
supply and the underlying hepatocytes. LSECs are the main source of endothelium
derived nitric oxide (NO), a key modulator of vascular tone which is produced by
endothelial nitric oxide synthase (eNOS) (Marrone, Shah, & Gracia-Sancho, 2016;
Shah et al., 1997). Moreover, LSECs play an important role in liver inflammation
and liver injury by expressing a spectrum of adhesion molecules (Geraud et al., 2012).
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KCs are named after the pathologist Carl von Kupffer identified them as resident
liver macrophages. KCs constitute around 80% of all the tissue macrophages of the
reticuloendothelial system and about 15% of all liver cells (Bilzer, Roggel, &
Gerbes, 2000). They are stationary cells located in the vasculature, adherent to
LSECs, and directly exposed to the flow of blood (Fig. 2C). KCs are the first
macrophage population to encounter gut-derived bacteria, endotoxin (LPS), and
antigens. By expressing an array of scavenger receptors, such as CD163, toll-like
receptors (TLRs) especially TLR4, complement receptors and Fc receptors, KCs
could detect, bind and internalize pathogens and associated molecules (Bilzer
et al., 2006; Su, 2002). Furthermore, KCs could be activated to product cytokines
and chemokines that alert other components of the immune system to the presence
of harmful pathogens. KCs play crucial roles not only in innate immunity but also in
adaptive immunity. By expressing MHC I, MHC II and costimulatory molecules,
they could serve as antigen presenting cells to activate T cells, as exemplified in
presenting antigens to iNKT cells via CD1d upon the capture of bacteria (Lee
et al., 2010).

HSCs were identified by von Kupffer in 1876, which comprise a minor fraction of
total liver cells (5—8%). HSCs reside in the Disse space between hepatocytes and
LSECs, and extend long, dendrite-like pseudopodia that wrap around the sinusoids
(Fig. 2D). Under quiescent conditions, the cells have a central role in vitamin A and
lipid storage (Jenne & Kubes, 2013). In chronic liver damage, however, HSCs are
transdifferentiated from a quiescent cell to a fibrinogenic, proliferating cell. These
transdifferentiated cells lose retinoid and express greater amounts of rough endo-
plasmic reticulum. Smooth muscle isoform of a-actin (a-SMA) represents a reliable
marker for the identity of “activated” HSCs (Friedman, 2008).

CELLULAR INTERACTIONS IN THE LIVER SINUSOIDS DURING
FIBROSIS AND INFLAMMATION

Due to the complex structure and cellular component, the liver microenvironment
can be described as a multidirectional interaction complex (cell-matrix—cell), where
each part (cell or matrix) plays a crucial role (Fig. 3). Cellular interactions within the
liver is critical for many hepatic processes, including fibrosis and inflammation
(Marrone et al., 2016).

In the presence of hepatic injury, LSECs become rapidly dysregulated and
start de-differentiation toward a capillarized phenotype. The cells in turn affect
the phenotype of their neighboring cells by producing or releasing soluble factors
and exerting mechanical tension on collagen matrix. LSEC-derived fibronectin
regulates HSC phenotype and promotes their activation (Jarnagin, Rockey,
Koteliansky, Wang, & Bissell, 1994). In early stage of fibrosis, LSECs activate HSCs
by generating contractile force via collagen fibers (Liu et al., 2017). In parallel,
exogenous hepatic injury induces hepatocyte apoptosis, resulting in activating the
NPCs (HSC and KC) by releasing apoptotic bodies (Canbay et al., 2003; Jiang,
Mikami, Venugopal, Li, & Torok, 2009). Thereafter, activated HSCs begin to pro-
liferate, contract and deposit the elevated amount of collagen fibers and extracellular
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Cell communication and interplay in liver sinusoids. The sinusoids display their complexity in
several aspects: (i) Architecture and cellular composition: multiple types of cells coupled with
ECM highly ordered in the liver sinusoids; (ii) Cellular interactions: cross talk of different
hepatic cells upon physical contact or soluble factors in many pathophysiological processes
such as liver fibrosis and hepatic inflammation; (iii) Mechanical microenvironment:
heterogeneous matrix stiffness coupled with the shear flow in sinusoids and the interstitial
flow in space of Disse; and (iv) Distinct immune responses: no-rolling recruitment of highly
tolerant leukocytes using adhesive molecules different from other tissues.

matrixes (ECMs) in the hepatic parenchyma, contributing to the stiffening of the
liver organ and perturbing all the intercellular functions. Meanwhile, collagen accu-
mulation in the Disse space mediates the loss of endothelial fenestrations,
aggravating hepatic fibrosis (McGuire, Bissell, Boyles, & Roll, 1992). Thus, a
positive feedback between capillarized LSECs and activated HSCs further augments
liver fibrosis.

Hepatic cells interactions also play an important role in liver inflammation
(cf. Fig. 3). Facing the challenges of the antigen-rich blood from gastrointestinal
tract, KC is the first exposed as the sentinel in liver sinusoids. Upon LPS stimuli,
KCs could clear partially the pathogens, become activated via TLR4 signaling
pathway involving MyD88 and NF-«xB, and then produce pro-inflammatory cyto-
kines (i.e., TNF-a, IL-1, IL-6, IL-17 and IL-18), anti-inflammatory cytokines
(i.e., IL-4, IL-10, and IL-13) (Luster, Germolec, Yoshida, Kayama, & Thompson,
1994; Vollmar & Menger, 2009) and TGF-p to promote HSC activation (Nieto,
2006; Rivera et al., 2007). HSCs could also be activated via TLR4 signaling pathway
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involving JNK and NF-«B to produce CXCL2, CCL3, and CCL10 (Seki et al., 2007),
thus upregulating adhesive molecule expression on LSECs to recruit neutrophils
by chemokines (Bilzer et al., 2006). LSECs could also be activated to release
IL-1 and IL-6, as hepatocytes release IL-8, CXCL1, and MIP-2. After being injured,
necrotic and apoptotic hepatocytes could release endogenous ligands such as high-
mobility group box 1 (HMGB1) and nucleic acids, thus increasing cytokine secretion
of NPCs via TLR9-dependent mechanisms and enhancing neutrophil recruitment by
regulating adhesive molecule expression on LSECs (Bamboat et al., 2010). All these
cytokines and inflammatory mediators contribute to the multistep process of neutro-
phil recruitment to injured hepatic cells. It should also be pointed out that different
hepatic cells have distinct contributions to neutrophil recruitment and the underlying
mechanisms are required to dissect elaborately (Edwards, Lalor, Nash, Rainger, &
Adams, 2005; Thornton, Strieter, Lindley, Baggiolini, & Kunkel, 1990; Yang
et al., 2017).

SINUSOIDAL MECHANICAL MICROENVIRONMENTS

The mechanical microenvironment of liver sinusoids is also very sophisticated. Due
to the honeycomb vascular structure of sinusoids, the blood flow in the sinusoids
is rather slow (Hu et al., 2017). Indeed, the flow velocity is estimated to be
407451 pm/s in the main sinusoids, significantly slower than the blood flow veloc-
ity in the conventional capillaries (500—1000 pm/s) (Oda, Yokomori, & Han, 2003).
As the sinusoidal endothelium is fenestrated, the blood is able to penetrate via the
fenestrations and then flow into the Disse space. The interstitial flow is difficult
to measure since the Disse space is quite small and discontinuous. This slow
interstitial flow dynamics in the sinusoids not only enhances the nutrient exchange
and increases the exposure duration of pathogen, but it also affects hepatic cellular
functions through fluidic shear stress.

The rigidity of ECM also has a tremendous effect on cellular functions,
including cell proliferation and motility. Mechanical measurements of bulk liver
tissue of human and rodents by rheometry suggest that the liver organ is quite soft
and its stiffness ranges 400-600Pa for normal liver and 1.2—1.6kPa for fibrotic
liver (Desai et al., 2016). Using atomic force microscopy, the elaborative, micro-
scale matrix stiffness can be analyzed across liver lobules. The stiffness is around
150Pa in normal liver and increased to 1-6kPa in the areas near fibrillar collagen
deposition in fibrotic liver. The normal liver is mechanically heterogeneous, as the
stiffness in the periportal zones is slightly higher with greater variability compared
to the pericentral zones. As a result, those residing hepatic cells can sense such
mechanical signals presented in their microenvironment and activate their down-
stream intracellular signaling pathways, involving integrin clustering and activation
of focal adhesion kinase, Rho/Rho-associated protein kinase, or extracellular signal-
regulated kinase.
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IN VITRO MODELS OF THE LIVER SINUSOIDS

To better mimic the key features of liver sinusoids, an in vitro model should account,
at least, for the following three aspects, the sinusoidal structure, the cellular compo-
sition, and the mechanical microenvironment.

In recent decades, there have been multiple in vitro models attempting to reca-
pitulate the liver sinusoids from microscale ultrastructure to tissue level. At ultra-
structure level, an individual liver sinusoid is mimicked with a set of parallel
channels with a width of 2 pm and a height of 1 pm between hepatocytes and culture
medium (Lee, Hung, & Lee, 2007) (Fig. 4A). This microfluidic device possesses
the mass transport feature of acinus, which, on one hand, guarantees the nutrient
transport by convective flow through the endothelial barrier, and, on the other
hand, protects the hepatocytes from shear flow by high resistance of the barrier.
Further studies are conducted to build up the liver sinusoid models with tissue level
functions by considering its architecture, co-culture and fluidic perfusion (Dash
et al., 2013). Specifically, primary rat hepatocytes and bovine aortic endothelial
cells are separated by a thin matrigel layer or a porous membrane and one or
two channels are linked to a continuous flow system. Both co-culture and fluid flow
increase the urea secretion, resulting in that this liver model could support long-
term primary hepatocyte culture and hepatitis B virus replication (Kang et al.,
2015) (Fig. 4B). Moreover, multiple types of cells need to be considered in the liver
model due to the complex cellular composition in liver sinusoids. For example,
primary human hepatocytes, endothelial cell line, EA.hy926, and macrophage cell
line, U937, along with the three-dimensional (3D) dispersal of stellate cell line,
LX-2, are arranged in two flow channel separated by a porous membrane
(Prodanov et al., 2016) (Fig. 4C). Using this device, it is indicated that the liver
sinusoids can be maintained for 28days, and the flow could enhance albumin
and urea synthesis. However, the effects of co-culture are not discussed explicitly
in this model. Thus, an alternative liver model that is constructed with HepaRG
cells, human umbilical cord vein endothelial cells (HUVECSs), macrophages differ-
entiated from peripheral blood mononuclear cells (PBMCs), and LX-2 looks more
reasonable in testing the effects of shear flow and co-culture (Rennert et al., 2015)
(Fig. 4D). Albumin and urea secretion are increased by co-culture and further by
shear flow. The flow also up-regulates the cytochrome enzyme CYP3A4, increases
the MRP-2 expression and functions, and enhances the formation of microvilli,
where the up-regulation of CYP3A4 is contributed distinctly by different cells.
These studies have shown that the in vitro liver models with co-culture and shear
flow are capable of replicating multiple morphological and functional characteris-
tics, and are promising to investigate the functions and responses of the liver
sinusoids. However, the liver is a complex organ with multiple cells working
together and implementing various functions. The importance of NPCs and their
contributions to the overall hepatic responses and drug toxicity are becoming much
highlighted (Bale, Geerts, Jindal, & Yarmush, 2016). Except of hepatocyte-based
functions, the functionality incorporated with NPCs should also be addressed.
Isolation of purified NPCs and controllable incorporation of these cells into an
in vitro model are essential for development of better liver sinusoid chips.
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Microengineered techniques for developing in vitro liver sinusoid models. (A) A single liver sinusoid with an endothelial-like barrier. (B) A co-culture
microfluidic system with primary rat hepatocytes and bovine aortic endothelial cells separated by either a thin matrigel layer or a porous membrane, forming one
or two channels. (C) A long-term liver sinusoid model using primary human hepatocytes, endothelial cell line EA.hy926, and macrophage cell line U937
along with the 3D dispersed stellate cell line LX-2 for testing the effects of shear flow alone. (D) A liver model constructed with HepaRG cells, HUVECs,
PBMCs and LX-2 for specifying the effects of shear flow and co-culture.
Reproduced by the permission from Lee, P. J., Hung, P. J., & Lee, L. P. (2007). An artificial liver sinusoid with a microfluidic endothelial-like barrier for primary hepatocyte culture. Biotechnology
and Bioengineering, 97(5), 1340-1346. doi:10.1002/bit.21360; Kang, Y. B., Sodunke, T. R., Lamontagne, J., Cirillo, J., Rajiv, C., Bouchard, M. J., et al. (2015). Liver sinusoid on
a chip: Long-term layered co-culture of primary rat hepatocytes and endothelial cells in microfluidic platforms. Biotechnology and Bioengineering, 112(12), 2571-2582. https://doi.org/
10.1002/bit.25659; Prodanov, L., Jindal, R., Bale, S. S., Hegde, M., McCarty, W. J., Golberg, |., et al. (2016). Long-term maintenance of a microfluidic 3D human liver sinusoid. Biotechnology
and Bioengineering, 113(1), 241-246. https://doi.org/10.1002/bit.25700; Rennert, K., Steinborn, S., Groger, M., Ungerbock, B., Jank, A. M., Ehgartner, J., et al. (2015). A microfluidically
perfused three dimensional human liver model. Biomaterials, 71, 119-131. https://doi.org/10.1016/j.biomaterials.2015.08.043.
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Here we not only fabricate a dual channel permeable system using micro-
engineering techniques but also isolate primary hepatocytes, LSECs, KCs and HSCs
from mice (Liu et al., 2011). By integrating these hepatics cells into the microfluidic
device, multiple functions and responses of the liver sinusoids are replicated
(Du et al., 2017).

2 CONSTRUCTION OF THE LIVER SINUSOID CHIP
2.1 MICROFLUIDIC DEVICE FABRICATION

Soft lithography techniques are used to fabricate the microfluidic devices.
A simplified schematic flow chart is shown in Fig. 5. The main flowing zones of both
upper and lower channels are equally sizedin H x W x L =100pm X I mm X 15mm.
The protocol is briefly described as follows:

1. Mix the PDMS (Dow Corning, MI) silicone elastomer base and curing agent
completely in a weight ratio of 9:1 (base:curing agent).

2. Degas the PDMS mixture by a vacuum desiccator (Yilibotong Company,
China).

Silicon wafer Photoresist Photomask

Spin
coatng

Bonding

FIG. 5

Fabrication of the microfluidic device. Fabricate the SU-8 mold by lithography technique.
Make PDMS layers with the SU-8 mold and bond the two PDMS layers and the porous
PE membrane by plasma sputtering.
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Pour the degassed PDMS onto the SU-8 mold (Capital Bio Corporation, China).

Degas again with the vacuum desiccator.

Cure the PDMS gel fully in an oven at 85 °C for 1h.

Peel the PDMS gel off carefully from the mold.

Cut the gel into bricks with equal size.

Punch the holes at inlet and outlet position with a hole puncher.

Cut the 0.4 pm-diameter pore-sized polyester (PE) membrane into the rectangle

pieces with enough size to cover the overlapped channel area.

10. Plasma treat the contact surfaces between upper and lower PDMS layers with
Plasma Sputtering Pump (Yilibotong, China) for 1min.

11. Align the two layers and PE membrane carefully, and press gently and
uniformly to ensure that they are fully bonded.

12. UV the integrated chip for 30 min to sterilize.

13. Coat both the channels with 100 pg/mL collagen I at 4 °C overnight to ensure

cell attachment before use.

WENO O A

PRIMARY HEPATIC CELL ISOLATION

6-8week C57BL/6 mice (Vital River Laboratories, China) are used to isolate pri-
mary murine hepatic cells. All animal experiments are approved by the Animal
and Medicine Ethical Committee of the Institute of Mechanics, Chinese Academy
of Sciences. A modified two-step collagenase digestion protocol is applied to digest
liver tissue (Braet et al., 1994; Liu et al., 2011) (Fig. 6), as briefed below.

1. Prewarm the Ca®*-free Gey’s balanced salt solution (NaCl 8.0g, KC1 0.4 g,
NaH,PO, 0.0926 g, Na,HPO, 0.287 g, HEPES 2.38 g, NaHCO; 0.35 g,
glucose 0.901 g, heparin 0.1 g, EGTA 0.19g in 1L DI water, pH 7.4, 0.22 pm
filtered) and collagenase IV solution (CaCl, 0.022 g, FBS 1 mL, collagenase
IV 0.025 g in 50mL DMEM, 0.22 um filtered) to 37 °C before surgery.

2. Clear the bubbles in the perfusion system (this step is crucial to ensure that the
mice liver is well perfused).

3. Anesthetize the mice by intraperitoneal injection with Nembutal (30 mg/kg).
Check if the mice is completely unconscious by squeezing toe without reaction.

4. Place the animal in a supine position with all limbs fixed. Clean the
abdomen with 75% ethanol.

5. Expose the liver and portal vein by a ventral midline incision.

6. Insert a 22G catheter into the portal vein.

7. Start the perfusion of the Ca**-free Gey’s balanced salt solution at a rate of
SmL/min for 5min.

8. Switch to the collagenase I'V solution at a rate of 5 mL/min for additional 5 min.

9. Excise carefully the liver and transfer into high glucose DMEM medium
(Hyclone, UT) in a sterile Petri dish.

10. Mince the liver into small pieces, and pipe the medium several times.
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FIG. 6

Two-step perfusion, density gradient centrifugation and flow cytometry sorting for hepatic
cells isolation. The whole liver is digested by perfusion with Ca®*-free Gey’s balanced
salt solution followed by collagenase. HCs are harvest from the low speed centrifugation.
HSCs can be harvest from the density gradient centrifugation. The mixture of LSECs and
KCs is further purified using flow cytometry sorting. After removing the cell debris,

LSECs (CD146", F4/807) and KCs (CD146~, F4/80%) are collected respectively.

11. Filter the homogenate through a cell strainer (200 pm in diameter) to remove
undigested tissue fragments.
12. Centrifuge the cell suspension at 54 x g at 4 °C for 3 min.

For hepatocytes
13. Collect the packed cell, resuspend in the high glucose DMEM and centrifuge to
collect the pellet for three times at 54 x g at 4°C for 3 min each.
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14. Resuspend the hepatocytes in culture medium (high glucose DMEM
supplemented with 10% FBS, 100 pg/mL streptomycin and 100 U/mL
penicillin) into a final concentration of 5 x 10°/mL and use immediately.

For NPCs

15. Centrifuge the supernatant obtained from the Step 12 at 500 x g for 8 min.

16. Resuspend the pellet with 3mL of 24% Optiprep solution (Axis-Shield,
Norway).

17. Load with 17.6%, 11.7% Optiprep solution and 3mL DMEM orderly ina 15 mL
conical tube.

18. Centrifuge at 1400 x g for 18 min.

For HSCs

19. Collect the layer between DMEM and 11.7% Optiprep, dilute with twice
volume of Dulbecco’s phosphate-buffered saline (DPBS, Hyclone, UT), and
centrifuge at 1400 x g for 8 min.

20. Resuspend the cells in culture medium into a final concentration of 1 x 10°/mL
and use immediately.

For LSECs and KCs

21. Collect the layer between 11.7% and the 17.6% Optiprep, dilute with twice
volume of DPBS, and centrifuge at 1400 x g for 8 min.

22. Resuspend the pellet in 90 L of DPBS per 10° cells.

23. Incubate with 5puL FITC-conjugated rat-anti-mouse CD146 mAbs (Miltenyi
Biotec, Germany) and 5 pL. PE-conjugated recombinant human-anti-mouse
F4/80 mAbs (Miltenyi Biotec, Germany) at 4 °C in dark for 15 min.

24. Wash twice with DPBS, and resuspend into a final concentration of 10%/mL for
flow cytometry sorting with FACS Aria III (BD Biosciences, NJ).

25. Isolate the LSECs by CD146"F4/80~ gating and the KCs by CD146~ F4/80"
gating.

26. Mix the sorted LSECs and KCs with ~100% purity in 2:1 ratio as the in
vivo proportion, resuspended in culture medium into a final concentration of
5% 10%mL, and use immediately.

IDENTIFICATION OF ISOLATED HEPATIC CELLS

The type-specific morphology and biomarker expression of the four cell types are
first tested in conventional dishes. It is found that these specific features are well pre-
sented and maintained. That is, glycogen-containing HCs display a polygonal shape
with double nucleus and clear edges, CD146-identified LSECs form a monolayer
presenting a cobblestone shape, F4/80-identified KCs yield a polymorphic shape,
and glial fibrillary acidic protein (GFAP)-specific HSCs present a stellate-like shape
(Fig. 7).
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FIG. 7

Characterization of four types of primary hepatic cells from mouse liver. Hepatocytes display
a polygonal shape with double nucleus and clear edges (A) and almost all hepatocytes
contain glycogen as stained in purple (E). LSECs form a monolayer presenting a cobblestone
shape (B) and are identified with CD146 as stained in green (F). KCs yield a polymorphic
shape (C) and are defined with F4/80 as stained in red (G). HSCs have a stellate-like shape
(D) and are marked with GFAP as stained in green (H).

Glycogen synthesis of hepatocytes

NogprwDd

Glycogen synthesis of hepatocytes is tested by a commercial kit using a Periodic
Acid-Schiff stain (Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions. Briefly,

Dilute the powders of periodic acid and Schiff’s reagent in their respective
diluting solutions and then balance at room temperature (RT) for 20 min.

Fix the cells with 95% ethanol for 2—5min and wash for 1 min.

Add the periodic acid working solution to the fixed cells and incubate for 15 min.
Rinse with water for 3—5min.

Add the Schiff’s working solution and incubate for 15 min.

Wash for 30-60s.

Add the hematoxylin staining solution, and incubate for 20—30s, and flush out the
solution.

Immunofluorescent staining (IF)
1. Fix the cells by 4% paraformaldehyde (PFA) for 15min at RT.

arLDd

Wash three times with DPBS.

Solubilize the cells with 0.1% Triton X-100 for 10min at RT.

Wash three times with DPBS.

Incubate the cells in IF blocking buffer (1% BSA in DPBS) for 1h at 37°C.
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2 Construction of the liver sinusoid chip

LSECs and KCs are incubated with FITC-conjugated rat-anti-mouse

CD146 and PE-conjugated recombinant human-anti-mouse F4/80 mAbs,
respectively, at 4°C in dark for 15min. HSCs are incubated with rabbit
polyclonal anti-GFAP antibodies (Abcam, UK) at 4 °C overnight, followed by
FITC-conjugated donkey anti-rabbit secondary antibodies (Abcam, UK). All
antibodies are diluted to 5 pg/mL in blocking buffer.

Wash three times with DPBS and collect the images of stained cells using a Zeiss
LSM710 confocal microscope system (Zeiss, Oberkochen, Germany) with a
20 x oil immersion objective.

CHIP ASSEMBLING AND CHARACTERIZATION

Chips assembling

1.
2.
3.

P

o N o

Introduce 6 uL of HSC suspension (1 x 10°/mL) into the lower channel.
Block the inlets and outlets of the upper channel rapidly, and invert the chip.
Allow the HSCs attached onto the basolateral surface of the porous PE
membrane after being incubated at 37 °C in 5% CO, for 1h.

Inject 6 uL of mixed suspension (5 x 10%mL) of LSECs and KCs (2:1 ratio) into
the upper channel, and 6 uL of HCs (5 x 10°/mL) into the lower channel.
Incubate the chip at 37°C in 5% CO, for 6h.

Wash the unattached cells away from both the channels.

Block the inlet and outlet of the lower channel.

Introduce the medium flow to the upper channel by the syringe pump at 0.1 or
0.5dyn/cm?.

Culture the chip in the incubator at 37°C in 5% CO, for 24 h.

Collect the supernatants at 24 h in the presence or absence of shear flow for the
tests of protein production and urea secretion.

Biological characterization

QO PkwN

The cellular features of the 3D liver sinusoid chip is characterized by
immunostaining of the hepatic cells.

Stain the HSCs before seeding with 1 uM CellTracker™ Green (ThermoFisher,
MA) at 37°C for 15min.

Fix the cells after 24 h cell culture, by 4% PFA for 15min at RT.

Wash three times with DPBS.

Permeabilize the cells with 0.1% Triton X-100 for 10min at RT.

Wash three times with DPBS.

Stain the HCs by rabbit anti-E-cadherin mAbs (Cell Signaling Technology, MA)
and Alex Fluor 647-conjugated anti-Cytokeratin-pan mAbs (Biolegend, CA)
at 4°C overnight, followed by FITC-conjugated donkey anti-rabbit secondary
antibodies (Abcam, UK). Stain the LSECs by anti-CD146 mAbs, the KCs

by anti-F4/80mAbs and all the cell nuclei with Hoechst 33342.

Wash three times with DPBS and collect the images using confocal microscope.

.
15
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FIG. 8

Assembling and characterization of in vitro 3D liver sinusoidal chip after 1day. (A) The chip
comprises two PDMS chambers of 100pum height and 1 mm width separated by a 10pum
thick PE membrane containing pores with 0.4pm diameter. (B) The bottom layer of HCs
stained with E-cadherin (red), CK pan (green) and nucleus (blue) are seeded in the

lower channel of the chip. Also shown in the insetis a typical high-magnified image. (C) Two
layers of cells attached on the porous membrane. LSECs (green; stained with CD146),
KCs (red; stained with F4/80) and HSCs (unstained for clarity) are visualized together with
nucleus (blue; stained with Hoechst) in the upper channel of the chip. HSCs are stained
with GFAP separately (green) and presented in the inset Microfluidic structure. (D) Side
view images of the chip illustrate multi-types of the cells in two separated channels.

(E) High-magnified lateral view of sinusoidal endothelium. LSECs (green; stained with
CD146) and KCs (red; stained with F4/80) seeded on apical side of 10um thick porous
membrane, and HSCs (yellow; stained with CellTracker™ Green) placed on basolateral side.

As indicated by the arrows in the schematic (Fig. 8 A), the HCs form an intact mono-
layer on the lower channel substrate (Fig. 8B). Here HCs present the double nuclei in
single cells and are lined by continuous junctional complexes as stained by
E-cadherin (inset in Fig. 8B). Within the upper channel, LSECs form a monolayer
on the apical side of PE membrane, together with KCs sparsely anchored on top of
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the endothelium-like sentinels (Fig. 8C), and HSCs are scattered on the basolateral
side of PE membrane (inset in Fig. 8C). Two channels are integrated well and iden-
tified via the side view (Fig. 8D), clearly demonstrating the sinusoidal endothelium
and parenchymal plate. A zoomed image around PE membrane indicates that the
upper LSEC layer with sparsely distributed KCs and the lower HSC layer are well
separated by 10 pm-distance of the membrane height (Fig. 8E).

Thus, the reconstructed liver sinusoidal chip is able to replicate an in vivo liver
sinusoids in cellular composition and architecture.

MECHANICAL MICROENVIRONMENT ANALYSIS

To better understand the features of fluid flow in the liver sinusoidal chip, a compu-
tational flow dynamics (CFD) simulation is done using a model constructed upon the
realistic chip geometry (Fig. 9A).

A wall
— —
Upper —
Inlet channel 100 pm Outlet
Yy, —
Porous X
T OO OO LT T
zone 10 pm
Lower
Wall channel 100 pym Wall
wall

Length=15 mm

/ j
FIG. 9

CFD simulations of fluid flow field in the chip. (A) Geometry of the computational model
(not proportional to the actual size). (B) The mesh model created by Gambit. (C) Velocity
profile at the left end of the chip. (D) Stream lines inside the chip.
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FLUIDIC DYNAMIC MODEL

CFD model is built by GAMBIT 2.0 (Fig. 9B). The modeling procedure is summa-
rized as flows.

1. Create the frame of the model
(i) Create all vertexes upon the dimension of the model.
(ii) Connect the vertexes into boundary lines.
(iii) Create the faces by specifying lines enclosing a rectangular region.
2. Create the mesh of the model
(i) Create the mesh for the edges.
(ii) Create the mesh for the surfaces with the default settings.
3. Create the boundaries
(i) Set the upper left line as velocity inlet and upper right lines as outflow. Set the
porous membrane as a rectangular region, and as fluid by using porous zone
model. Set other lines as wall.
The void fraction ¢ is obtained from the following equation:
rd’p
e= 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
proportional to velocity and the constant inertial resistance factor can be considered
to be zero. Ignoring convective acceleration and diffusion, the Darcy’s Law is
satisfied:

Vp=-£v @)
a

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

Ap  150u(1—¢)?
Ap_150u(l-e)” 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. Comparing the Eqs. (2) and (3), the permeability could be
identified as:

D} &3
P
= — 4
“=150 (1—¢)? @)
As Eq. (4) is a semi-empirical equation and it is not able to determine experimentally
the porosity of the PE membrane with LSECs, we first calculate a theoretical perme-
ability by Eq. (4) and then adjust the permeability to 2.5x 10 '®m? or
2.5 x 10~ ""/m? in the absence or presence of LSECs. These values fit well with those
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velocity profiles measured from PIV tests to represent the 0.4 pm porous membrane
alone or together with LSECs. For a steady flow, the velocity profile within the par-
allel flow channel can be obtained analytically, given by a parabolic solution of Poi-
seuille flow as shown in Eq. (5):

6v(h—y)

v(y) =6vy(h—y)h2v(y) =—5 5)
Here 7 is the average velocity, 4 is the channel height, and y is the Y coordinate along
the height direction. Thus, the inlet velocity profile is set as a parabolic distribution
by a user defined file (UDF) to achieve faster convergence.

The models built by Gambit can be input into Fluent directly. The running pro-

cedure of Porous Zone Model is summarized as follows.

Open Fluent 6.3.26 for two-dimensional model with double precision (2ddp).
Check the model if Gambit model is correctly built.

Scale the grid to millimeter.

Select H,O from the database.

Define the boundary condition.

Check the plot in the monitor dialog.

Initialize the model.

Run the iteration to start the numerical calculation until the program converges.
Report the result.

woNoalLON -

CFD calculation with FLUENT Numerical calculations indicate that the flow is
steady and the fluid velocity in the upper channel is much higher than that in the
lower channel, presenting a parabolic profile at least in the upper channel
(Fig. 9C). Streamlines in the upper channel are parallel to the channel substrate,
coming from the inlet and terminating at the outlet (Fig. 9D). By contrast, fluid flow
in the lower channel is driven by the flow deriving from the upper channel and across
the porous PE membrane, resulting in the symmetric streamlines stemming from the
inlet of and terminating at the outlet of the upper channel (Fig. 9D). These data also
demonstrate that the fluid is 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 region. These analyses provide a clue for the flow
field inside the chip, which is critical for understanding mass transfer under
fluid flow.

FLUID FIELD VISUALIZATION

Particle tracking visualization (PTV) test is conducted for visualization of the flow
field and the quantified data are compared with the computations. Since the perme-
able flow along Y direction is too slow to measure (Fig. 9C), only the X velocity in the
chip is measured by visualizing the movement of suspending particles in the chip.
Briefly,
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FIG. 10

The PTV test of the velocity profile in the chip. Computational (/ines) and measured (points)
X-direction velocity profiles at the midpoint of the liver chip (X=7.5pm), either at wall
shear stress of 0.1 (blue) or 0.5 (red) dyn/cm? without LSECs (A) or in the presence (red)
or absence (blue) of LSECs at 0.1dyn/cm? (B).

1. Dilute the 1 pm diameter carboxylate-modified microspheres (ThermoFisher,
MA) labeled with orange fluorescence (540/560) to a concentration of
3.8 x 10’/mL with water.

2. Add 6L of the particle solution into the lower channel, and block its inlet and
outlet.

3. Introduce the particle solution into the upper channel by the PHD22/2000 syringe
pump (Harvard Apparatus, MA).

4. Adjust the height of focus plane through two channels of the chip by Piezo
Transducer (Physik Instrumente, Germany).

5. Collect the images by CSU-X1 dual spin disk confocal (Yokogawa, Japan).

In the absence of LSECs, the data present the higher velocity profile at 0.5 dyn/cm?
than that at 0.1 dyn/cm?, both of which all yield a parabolic distribution in either the
upper or lower channel and also fit well with the predictions from CFD simulations
(Fig. 10A). In the presence of LSECs at a given shear stress of 0.1 dyn/cm?, both
the PIV tests and CFD simulations indicate that the parabolic flow inside the chip
is maintained with highly-reduced magnitude of flow velocity in the lower channel.
The presence of LSECs on the porous membrane blocks a large fraction of membrane
pores (Fig. 10B), leading a remarkable decrease of membrane permeability.

LIVER-SPECIFIC FUNCTIONS OF THE SINUSOIDAL CHIP

ALB, Urea, HGF and VEGF secretion assay

1. Collect the supernatants after 24 h from the chip, and centrifuge at 500 x g at 4 °C
for 8 min to remove cell debris.

2. Store at —80°C before use.
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3. ALB, HGF, and VEGF concentrations are tested by ELISA assay kits for mouse
ALB (Bethyl Laboratory, TX), HGF (R&D, MN), and VEGF (R&D, MN) in the
respective sensitivity of <1.23ng/mL, 1.33pg/mL and 3 pg/mL. Urea
concentration is quantified by commercial urea assay kit (Stanbio
Laboratory, TX).

Cytochrome P450 (CYP) activity assay

1. Use the medium supplemented with 200 uM phenacetin (for 1A2 metabolic
test) or 30 uM dextromethorphan (for 2D6 test) after hepatic cells are well
attached.

2. Collect the supernatants after 24 h culture from the chip, and centrifuge at
500 x g at 4°C for 8 min to remove cell debris.

3. Store at —80°C before use.

4. Analyze the metabolic products of phenacetin and dextromethorphan,
respectively, the acetaminophen and dextrorphan, by LC-MS/MS (Agilent 1200
HPLC, CA and API 4000 mass-spectrometer, CA) at RILD Company
(Shanghai). Substrates and metabolized products used for calibrating curves are
commercially purchased from RILD Company.

Compared with those under static condition, the ALB secretion is 78% increased for
HCs alone or 50% enhanced for HCs co-cultured with NPCs at a shear flow of
0.1dyn/cm?. Combination of NPC co-culture with flow exposure yields even higher
ALB secretion (112% or 19% increased from HCs alone under static condition
(P=0.001) or under shear flow), implying the possible cooperative effects of the
two factors (Fig. 11A). These results indicate that both co-culture with NPCs and
exposure of shear flow enhance ALB secretion independently or cooperatively.
By contrast, urea secretion remains similar since no exogenous ammonia is added,
no matter whether HCs are co-cultured with NPCs and/or exposed to shear flow
(Fig. 11B). No significant difference is found in urea secretion, even though a des-
cending transition is exhibited from HCs alone to HCs co-cultured with NPCs and
exposed to shear flow.

Another key feature of liver sinusoids is cytotoxic metabolism by CYP450 in
HCs. Here the activities of two typical members of this family, CYP1A2 and
CYP2D6, are tested using the constructed liver chip. Shear flow dramatically
enhances CYP1A2 (Fig. 11C) and 2D6 (Fig. 11D) activities by 530% and 628%
when HCs are cultured alone or by 242% and 651% when co-cultured with
NPCs, after HCs are pre-treated by respective phenacetin and dextromethorphan.
By contrast, co-culture with NPCs has no effects on CYP activities under either static
or flow condition. Moreover, combining flow exposure with NPC co-culture presents
remarkable increase of CYP1A2 (277%; P=0.004) or 2D6 activity (523%;
P=0.002). These values are 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.

HCs interact with NPCs via paracrine pathway of cytokine production and
present cross talk between the two cell layers. HCs alone do not produce HGF with
or without flow, as expected. Shear flow significantly enhances NPC-derived HGF
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FIG. 11

Liver-specific function and growth factor production from primary mouse hepatic cells with (waved bars) or without (solid bars) shear flow in the
chip. Albumin (n=6) (A) and urea (n=4) (B) secretion, CYP1A2 (n=6) (C) and CYP2D6 activity (n=6) (D), as well as HGF (n=4) (E) and
VEGF (n=4) (F) production are determined from the supernatant collected at 24 h after hepatic cells are soundly attached to substrate.

(G) Diagram of the liver-specific function and cellular interaction in the chip. Medium flows through the upper channel to exert shear stress
of 0.1dyn/cm? on the upper side of PE membrane with or without NPCs. Plotted are the mean=SD and statistical analysis is conducted

by one-way ANOVA or t-test (Mann-Whitney test if the normality test failed). **#P<0.05.
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production of 332% or 484% in the absence or presence of HCs. Intriguingly, com-
pared with NPCs alone without flow, combination of shear flow with HC co-culture
presents higher increase of HGF production (421%; P =0.036) than the enhancement
with flow for NPCs alone (332%), implying a complementary role of HCs in HGF
production (Fig. 11E). Moreover, these HGF data present similar correlations of
shear flow and cell co-culture to ALB secretion (Fig. 11A), suggesting that the
increase of NPC-derived HGF production under shear flow could enhance
HC-derived ALB secretion. On the other hand, co-existence of HCs also affects
the functions of NPCs. This possibility is tested by measuring a typical vascular
endothelial growth factor (VEGF) cytokine produced by HCs. Again, NPCs alone
produces little VEGF with or without flow, since VEGF is mainly derived from
HCs but not NPCs. Shear flow reduces VEGF production in the absence of NPCs
but restores to the similar level in the presence of NPCs. By contrast, NPC
co-culture seems to lower VEGF production without flow but retain the same level
with flow (Fig. 11F). These findings are presumably attributed to less sufficient mass
transportation on HCs and higher diffusive resistance in the presence of NPC layer,
compared to those HCs exposed to shear flow in the absence of NPC layer. No further
reduction is found when HCs are co-cultured with NPCs under shear flow, excluding
the possible cooperation of the two factors for VEGF production.

HEPATIC IMMUNE RESPONSE

All these cytokines and inflammatory mediators contribute to the multistep process
of recruitment of neutrophils to injured hepatic cells. Different hepatic cells also have
distinct contributions to neutrophil recruitment and the underlying mechanisms are
required to dissect elaborately (Edwards et al., 2005; Thornton et al., 1990; Yang
etal.,2017). However, it is hard to isolate in vivo the respective contributions of each
type of hepatic cells to the neutrophil recruitment. Those traditional in vitro models
are unable to replicate physiological structures and cellular composition to address
this issue. Thus the liver sinusoidal chip developed here serves as an appropriate plat-
form to investigate hepatic cellular interactions during liver inflammation
(Fig. 12A).

NEUTROPHIL ISOLATION

Neutrophils are freshly isolated from the bone marrow (BM) of 8—12week male
C57BL/6 mice. Briefly,

1. Sacrifice the mice by cervical dissociation.

2. Open the abdominal cavity, remove the surface muscles of the tibias and femurs
and identify the pelvic-hip joint.

3. Cut off the tibias and femurs.

4. Cut off both ends of the femurs and tibia.
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Neutrophil recruitment inside the chip under 18-h LPS stimulation. (A) Schematic of
neutrophil recruitment test. (B) Number of adhered neutrophils when LSECs are cultured
alone, with HSCs, KCs, HCs separately or together with other three cell types. Plotted are the
mean 4 SD and statistical analysis is conducted by t-test. *P<0.05.
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Flush the bone marrow with isolation buffer (DPBS supplemented with 0.5%
BSA and 2mM EDTA) from the femur and tibia.
Pipette carefully the single cell suspension.

. Filter the cell suspension through 70-pm pore size nylon mesh cell strainer

(BD Biosciences, Franklin Lakes, NJ).
Centrifuge at 300 x g for 10min.
Resuspend the pellet with 3mL of isolation buffer.

. Add carefully 3mL Histopaque-1119, Histopaque-1077 (Sigma-Aldrich, MO)

and BM suspension into a 15mL centrifuge tube in turn.

Centrifuge at 700 x g for 30min at RT without brake.

Collect the neutrophils from the interface between the Histopaque-1119 and
Histopaque-1077 layers.

Wash twice and then maintain in DPBS with 0.5% BSA at 4°C before use.

NEUTROPHIL RECRUITMENT IN CHIP

Stain the neutrophils with CellTracker™ Green for 15min at 37°C.

Centrifuge the neutrophils at 300 x g for Smin.

Resuspend the neutrophils in a concentration of 5 x 10°/mL, and keep on ice.
Block the inlet and outlet of the lower channel.

Connect the inlet and outlet of the upper channel as Fig. 12A.

Introduce the neutrophil suspension into the chip with syringe pump at the wall
shear stress of 0.5dyn/cm? for 15min.

Collect the images of the middle region of the upper channel.

Analyze the collected images by Image].
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Neutrophil accumulation yields ~110 in the field of view for the LSECs alone, is
increased to 158 when co-cultured with HSCs, 167 when co-cultured with KCs,
144 when co-cultured with HCs, and reaches the highest value of 226 when
co-cultured with all other three cell types of hepatic cells after 15min perfusion
(Fig. 12B). By replicating pathophysiological responses of liver tissue or organ, this
sinusoidal chip not only helps understand the fundamental aspects of liver biology
and pathological processes, but it also contributes to screen the drug candidates by
offering multiple indexes to judge the drug effectiveness in the future.

CONCLUSIVE REMARKS AND FUTURE PERSPECTIVES

Liver organ is mainly characterized by the co-localization of multiple types of
cells in blood or interstitial flow. Hepatocytes constitute the major cell type in the
parenchyma, and are aligned into cellular plates separated by narrow sinusoids lined
with endothelial cells. Liver sinusoids is bending, narrow, and fenestrated, and
dispersed with KCs in the lumen. Underneath the endothelium, HSCs settle in the
Disse space between the endothelium and the plate. Upon the highly ordered archi-
tecture, complicated interactions among multiple hepatic cells are achieved by direct
physical contacts of interacting cells, ECM signaling sensation, and intracellular
signaling transduction in the sinusoidal blood flow and the interstitial flow in the
Disse space.

Although a biomimetic in vitro model aims to provide effective tools for under-
standing fundamental physiological and pathological processes, the complexity of
liver structure and function as well as limited cell sources puts forward unique
challenges in this field. Benefit from the applications in semiconductor industry,
micro-engineering techniques permit precise control of unit size, surface topogra-
phy, cell position, laminar flow, and mechanical contraction. Therefore, micro-
fabricated in vitro model is quite suitable to combine biochemical cues with physical
factors. From the viewpoint of cellular composition, this liver sinusoidal chip utilizes
the four major types of primary hepatic cells from mice and provides the platform to
investigate the intrinsic interactions among different types of hepatic cells, which
may not be available for other chips stemming from cell lines or different species.
From the structural and physical perspectives, a permeable dual channel fluidic
system is fabricated to resemble the architecture of liver sinusoid. In this chip, the
physical feature is recreated by the shear flow in sinusoidal channel and the intersti-
tial flow driven through porous membrane. The outcome of the chip will increase the
knowledge required to successfully reconstruct artificial tissues and organs, based on
the following innovative aspects. The first is the co-culture of two layers of different
cells on top of each other to mimic in vivo architectures of tissues and organs. The
second is the techniques to co-culture cells on substrates with varied stiffness and
microtopography and under physical loads that mimic the in vivo physical environ-
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ment. The third is the development of in vitro platforms to replace human or animal
experiments in basic biological studies, in testing medications, as well as in evalu-
ation of hazardous materials.

This liver sinusoidal chip is also promising to elucidate the combined 3D dynam-
ics of biological functions on different types of cells within a co-cultured model
under physiologically-like mechanical/physical microenvironment. It provides
precise manipulation of mechanical forces, helping decipher the role of biomechan-
ical factors. Controllable cell seeding makes it convenient to analyze the respective
contributions of each type of hepatic cells. Analysis of collected medium dissects the
soluble cytokines and growth factors involved. Cellular morphology, motion and
direct interactions can be visualized in situ with fluorescent dye/protein and high
resolution microscopy. It is also consuming small amount of hepatic cells, well
designed into a microfluidic chip, and easily accessible. Thus, this chip serves as
a functional platform for understanding functional maintenance, cell communica-
tion, cytotoxic metabolism, and inflammatory cascade in a liver sinusoid. By mim-
icking the in vivo biological and physical microenvironments, this chip not only
preserves the basic hepatocyte functions such as synthesis and metabolism as con-
ventional liver chips do, but it also illustrates the innate cellular immune responses
to LPS stimulation. Neutrophil recruitment is well replicated in the chip, from the
mainstream capturing to the crawling along endothelium. Moreover, different com-
binations of hepatic cells enable us to map the participants of different types of he-
patic cells in the neutrophil recruitment, which is hard to define in vivo or in other cell
culture systems.

This bioinspired liver sinusoidal chip also presents a great potential in application
to study various liver-specific pathophysiological processes. In liver fibrosis and cir-
rhosis, a modified chip can be used to mimic the development and progression of
these diseases, by adding large amount of collagen I into the space underneath PE
membrane or placing hepatocytes onto stiffer gel. In liver-specific tumor metastasis,
the circulating tumor cells (CTCs) from various primary sources can be perfused into
the upper channel of the chip and the trapping dynamics of CTCs in the sinusoids is
evaluated to elucidate why the liver-specific metastasis is one of most striking sec-
ondary metastatic sites. In liver-based drug screening, a microarray of the chips can
be integrated and customized not only for conducting high-throughput tests of
multiple candidates in parallel but also for deciphering the susceptibility of hepatic
retention of drug-loaded nanoparticles. In biological artificial liver supporting sys-
tem, the chip provides a prototype to optimize the design of hepatocyte bioreactor
and the operation of mass transfer under shear flow.
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