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Abstract

Extracellular matrix (ECM) rigidity has important effects on cell behaviors and increases sharply in liver fibrosis and cirrhosis.
Hepatic blood flow is essential in maintaining hepatocytes’ (HCs) functions. However, it is still unclear how matrix stiffness and
shear stresses orchestrate HC phenotype in concert. A fibrotic three-dimensional (3-D) liver sinusoidal model is constructed
using a porous membrane sandwiched between two polydimethylsiloxane (PDMS) layers with respective flow channels. The HCs
are cultured in collagen gels of various stiffnesses in the lower channel, whereas the upper channel is pre-seeded with liver si-
nusoidal endothelial cells (LSECs) and accessible to shear flow. The results reveal that HCs cultured within stiffer matrices exhibit
reduced albumin production and cytochrome P450 (CYP450) reductase expression. Low shear stresses enhance synthetic and
metabolic functions of HC, whereas high shear stresses lead to the loss of HC phenotype. Furthermore, both mechanical factors
regulate HC functions by complementing each other. These observations are likely attributed to mechanically induced mass
transport or key signaling molecule of hepatocyte nuclear factor 4a (HNF4a). The present study results provide an insight into
understanding the mechanisms of HC dysfunction in liver fibrosis and cirrhosis, especially from the viewpoint of matrix stiffness
and blood flow.

NEW & NOTEWORTHY A fibrotic three-dimensional (3-D) liver sinusoidal model was constructed to mimic different stages of
liver fibrosis in vivo and to explore the cooperative effects of matrix stiffness and shear stresses on hepatocyte (HC) functions.
Mechanically induced alterations of mass transport mainly contributed to HC functions via typical mechanosensitive signaling.

hepatocytes; liver fibrosis; matrix stiffness; shear flow; three-dimensional liver sinusoidal model

INTRODUCTION

The liver serves as one of the most critical organs in many
processes of drug metabolism and detoxification (1, 2). As
the largest visceral organ, the liver receives dual blood sup-
ply from portal vein and hepatic artery (3). A liver sinusoid,
the elementary building block, is composed of parenchymal
hepatocytes (HCs) and nonparenchymal cells (NPCs) that
form two flow channels (sinusoidal microvasculature and
space of Disse) within a three-dimensional (3-D) extracellular
matrix (ECM) microenvironment. Thus, the HCs interact
with liver sinusoidal endothelial cells (LSECs), hepatic stel-
late cells (HSCs), Kupffer cells (KCs), and leukocytes (4).
Liver diseases, initiated by alcohol abuse, obesity, diabetes,

or chronic infection of hepatitis B virus (HBV) or hepatitis C
virus (HCV), promote proinflammatory cytokine secretion
by KCs and trigger the transition of HSCs from a quiescent to
an activated state (5, 6). Activated HSCs proliferate, migrate,
and produce a large quantity of ECM, including collagen
types I and III, laminin, and hyaluronic acid (HA) (7–9).
Overexpression of ECM induces dedifferentiation of hepatic
cells and further activates the HSCs and followed by the posi-
tive feedback to propagate fibrotic response (7, 10, 11).

In a fibrotic liver, the ECM content is considerably
increased up to 10-fold and leads to an alteredmicroenviron-
ment (12, 13). The extracellular microenvironment is essen-
tial in hepatic functions and provides not only biochemical
but also mechanical cues to influence cellular phenotype
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and behavior (14–16). Among the various mechanical cues,
there is increased evidence that the ECM rigidity has a pro-
found effect on HC spreading, proliferation, and dedifferen-
tiation (17, 18). Different approaches have been developed to
determine the stiffness. The rigidity of normal or pathologi-
cal liver tissue was estimated via elastography (19, 20), rhe-
ometry (21, 22), and atomic force microscopy (AFM) (23), but
the range of the measured data is wide, from 0.15 to 20kPa.
Nevertheless, all laboratory studies revealed that the stiff-
ness for liver cirrhosis was at least twofold larger than that of
a normal liver. To mimic this fibrotic or even cirrhotic pro-
cess in vitro, HCs are usually seeded on polyacrylamide gels
of tunable rigidity or on substrates utilizing decellularized
liver scaffold for keeping those native growth factors in posi-
tion (23, 24). Although these models or modules are simple
to construct and operate, conventional monocultures of HC
cannot adequately replicate the in vivo 3-D cellular microen-
vironments in liver. Even with a newly developed coculture
system by integrating HCs with LSECs, HSCs and KCs on
elasticity-tunable polyelectrolyte multilayers (PEMs) (12),
the hemodynamic flow is absent, and it is hard to mimic in
vivo blood flow.

Sinusoidal or interstitial blood flow in liver sinusoids
is essential for oxygen and nutrient transport to HCs.
Defenestration and capillarization of LSECs occur early in
liver fibrosis development, limiting macromolecular or solute
exchange across the endothelium and causing relative hy-
poxia (25, 26). Several liver diseases before cirrhosis are often
accompanied by portal hypertension owing to increased in-
trahepatic vascular resistance (27), leading to significant
reduction in blood velocity compared with healthy controls
and disruption of the sinusoidal microcirculation (28).
Meanwhile, cell survival, retention of metabolic activities,
and functional polarization of HC are improved at physiologi-
cal oxygen concentration when cultured on gas-permeable
membrane (29). In the reported static in vitro cultures, the
drug concentration used to demonstrate metabolic responses
was usually higher than in in vivo plasma concentration to
achieve similar effects (30–32). Therefore, the cellular effects
in the in vitro culture may not reflect what happens in vivo.
To mimic physiological blood flow and avoid excessive accu-
mulation of metabolites, fluid flow, or perfusion is incorpo-
rated into HC culture in vitro (33–36).

Shear flow enhances albumin and urea syntheses signifi-
cantly and maintains high expressions of nuclear factors
and P450 enzymes required for drug metabolism (37).
Interestingly, high shear stresses are detrimental to HC, as
albumin production in the bioreactor declines considerably
at high flow rates (38). The impact of fluid flow on HC func-
tions was estimated using a rocking platform (39), a cone
and plate rheometer (37, 40), and a flow chamber (41). The in
vivo HCs are shielded from the direct stresses of sinusoidal
blood flow but are exposed to the interstitial flow in the
space of Disse that is filtered through the leaky fenestrae of
LSECs. Accordingly, it is necessary to separate the HCs from
direct exposure to flow, as seen in those mimicking in vivo
hepatic flow, by using porous membranes (42), PEMs (43),
and collagen gels (44).

Matrix stiffness and shear stresses are crucial in regulating
HC dedifferentiation with a loss of liver-specific functions
andmetabolic enzyme activity in vitro. However, few studies

have examined how these two mechanical factors orches-
trate HC phenotype in concert. In our previous study (45),
we have developed an in vitro 3-Dmicrofluidic sinusoidal co-
culture model by integrating NPCs and shear flow to recapit-
ulate the complicated structure and the microenvironment
of liver sinusoid. Here, we further improved this model by
varying matrix stiffness with collagen I to mimic ECM depo-
sition during the progress of liver fibrosis to explore the
superimposed effects of matrix stiffness and shear stresses
on synthetic andmetabolic functions of HCs.

MATERIALS AND METHODS

Microfluidic Device Fabrication

A microfluidic device was fabricated using soft lithogra-
phy as described previously (45). Briefly, a silicon-wafer SU-8
template (Capital Bio Corporation, Beijing, China) served as
negative molds to generate the top and bottom layers of the
device using polydimethylsiloxane (PDMS; Sylgard 184, Dow
Corning, MI). If not mentioned otherwise, the main flowing
zones of both upper and lower channels were equally sized
with H�W�L= 100μm� 1mm� 10mm, in which two sets
of inlet and outlet ports were punched into the top PDMS
layer. A 0.4-μm-pore-sized polyethylene terephthalate (PET)
membrane (4� 106 pores/cm2; 10-μm-thick) obtained from a
transwell membrane insert (BD Biosciences, NJ) was cut into
the desired shape and used to cover the lower channel. After
treating the top and bottom layers with a Plasma Sputtering
Pump (Yilibotong, China) for 1min, the two PDMS layers and
PET membrane were aligned and brought in conformal con-
tact. The integrated device was UV-sterilized for 30min, and
both channels were coated with 100μg/mL collagen I at 37�C
overnight before use (Fig. 1A).

Isolation of Primary Hepatocytes

Murine HCs were isolated from 6- to 8-wk-old C57BL/6
mouse (Vital River Laboratories, Beijing, China) using a two-
step collagenase perfusion protocol previously described (45,
46). The experimental protocol was approved by the
Institutional Animal and Medicine Ethical Committee at the
Institute of Mechanics of the Chinese Academy of Sciences.
Briefly, the liver was perfused with buffer of EGTA (Sigma-
Aldrich, MO) and heparin sodium (Sigma-Aldrich) at 5mL/
min, 37�C for 5min via the portal vein. Subsequently, the
liver was further perfused with collagenase IV (Sigma-
Aldrich) for 5min. Then, the liver was dissociated in collage-
nase IV solution and filtered with a 70-μm cell strainer. The
collected HCs were centrifuged at 54g for 2min. The isolated
HCs were used for experiment, with a viability >90%, as
screened by trypan blue (Solarbio, China) stain assay.

Cell Seeding inside the Device

Human hepatocellular carcinoma cell lines, C3A and
HepG2, were obtained from American Type Culture
Collection (ATCC, VA). Human LSEC line, human hepatic
sinusoidal endothelial cells (HSECs) from ScienCell
Research Laboratories (CA), was a kind gift from Dr.
Yanan Du (Tsinghua University, Beijing, China). These
cell lines were maintained in Dulbecco’s modified Eagle
medium (DMEM; Hyclone, UT). The culture medium was
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Figure 1. Establishment of a fibrotic three-dimensional (3-D) liver sinusoidal model. A: schematic of perfused co-culture of hepatocytes (HCs) and liver si-
nusoidal endothelial cells (LSECs) in a microfluidic sinusoidal model that was composed of two 100-μm-high channels separated by a 10-μm-thick porous
polyethylene terephthalate (PET) membrane. Shear flow was infused into the upper channel lined with LSECs, whereas HCs premixed with collagen I so-
lution were seeded in the lower channel. B: typical scanning electron microscopy (SEM) images of collagen gel network with/without HCs (C3A cells) at
different collagen concentrations. White arrows indicated remodeled collagen networks, and red and yellow boxes denoted collagen fibers around cells
and those far away from the cells, respectively. C: storage modulus of freshly polymerized samples at each collagen concentration. D: survival rate of
C3A cells (n = 15) and hepatic sinusoidal endothelial cells (HSECs; n = 15) cultured in this sinusoidal model. Also denoted is the proliferation of C3A cells
(n =3) (E) and HSECs (n = 3) (F) after 24-h culture in various conditions. FOV, field of view. Cell area (n =9) (G) and circularity (n =9) (H) of C3A cells cultured
in different collagen gels. I: immunofluorescence images stained for cytokeratin 18 (CK18) and cluster of differentiation 146 (CD146). Nuclei were shown
by Hoechst staining. Data are presented as means ± SE, and statistical analysis was conducted by Mann–Whitney test. ���P < 0.001. n, number of
samples.
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supplemented with 10% fetal bovine serum (FBS; Gibco,
CA) and 100U/mL penicillin and 100 μg/mL streptomycin
(Hyclone). Cells were passaged with 0.25% trypsin rou-
tinely once reaching 90% confluence. An HSEC suspen-
sion was prepared at a final concentration of 1.0� 107 cells/
mL and then introduced into the upper channel using a pip-
ette tip. Matrices with various stiffnesses were created from
rat tail collagen type I (Corning, NY) at a concentration of 1.0,
2.5, 5.0, or 7.5mg/mL. The resulted collagen solution was kept
on ice before inducing polymerization with neutralizing
NaOH (0.4M). Neutralized collagen was then gently mixed
with primary HCs, C3A, or HepG2 suspension in a final con-
centration of 1.0� 107 cells/mL. Themixture was finally pipet-
ted into the lower channel. The device was placed at 37�C for
30min to implement collagen gel formation, resulting in
embedding of HC into collagen gel in the lower channel. In
the collagen I-free model, HCs were inoculated into the lower
channel at the same cell density without being premixed with
the collagen solution. After an additional 24h, the upper
channel was exposed to flow-induced shear stresses (t ),

t ¼ 6μQð Þ= WH2ð Þ ð1Þ
where μ is the fluid solution viscosity, Q is the flow rate, and
W and H are the width and height of the microfluidic chan-
nel, respectively. Because LSECs were estimated to experi-
ence shear stresses of 0.1–0.5dyn/cm2 (45), we introduced a
variety of flow rates (e.g., 0, 1.0, 5.0, and 10.0μL/min) that
resulted in shear stresses of 0, 0.1, 0.5, and 1.0dyn/cm2

within the upper channel, by using a PHD22/2000 syringe
pump (Harvard Apparatus, MA) for an additional 24h.

Cell Survival, Proliferation, and Morphology

Before exposure to shear flow, the cells were stained with
propidium iodide (PI; Sigma-Aldrich) at 37�C for 10min.
Images were acquired using confocal laser-scanning micros-
copy (Zeiss LSM880, Germany) from five fields of view
(FOVs) randomly selected. Total and dead cells were counted
by ImageJ software (National Institutes of Health, MD), and
cell survival rate was calculated as 1 � dead cells/total cells.
Cell proliferation after 24-h culture was characterized by cell
number per FOV compared with that at 1h after cell seeding.
To quantify cell morphology, cell area and perimeter were
estimated from individual cell using ImageJ software, and
cell circularity was then determined by, cell perimeter2/(4p �
cell area).

Scanning Electron Microscopy

Samples of collagen gels or collagen/cell mixtures were
prepared using a combination of glutaraldehyde and ethanol
dehydration followed by critical-point dried and gold coat-
ing, as described previously (45). Specimens were analyzed
and photographed by environmental scanning electron mi-
croscopy (ESEM; Quanta 200, The Netherlands).

Determination of Collagen Gel Elasticity via Rheometry

Storage modulus (G0) of collagen gel was measured by a
HAAKE rotational rheometer (RheoStress 6000, Germany).
Collagen samples of 10 mm diameter were polymerized in
glass disks that were later mounted onto the base plates in
the rheometer. Afterward, a frequency sweep from 0.1 to

10Hz was applied to the gels at 0.1% strain under ambient
conditions. The storage modulus value measured at 1Hz
was reported as the storage modulus for a specific gel
formulation.

Immunofluorescence Staining

After the chip was disassembled, C3A or HepG2 cells were
fixed, permeabilized, and blocked with 1% BSA. The cells
were then incubated with primary Alexa Fluor 647-conju-
gated anti-cytokeratin 18 (CK18) monoclonal antibodies
(mAbs), FITC-conjugated anti-CD31mAbs, rabbit anti-cluster
of differentiation 146 (CD146) mAbs, chicken anti-albumin
polyclonal antibodies (pAbs), rabbit anti-cytochrome P450
(CYP450) reductase pAbs, or mouse anti-hepatocyte nuclear
factor 4 a (HNF4a) mAbs (all primary antibodies were pur-
chased from Abcam, MA) at 37�C for 1h. For those stained
with nonconjugated primary antibodies, the cells were fur-
ther incubated with secondary Alexa Fluor 647-conjugated
anti-rabbit pAbs (Abcam), Alexa Fluor 594-conjugated anti-
chicken pAbs (Abcam), Alexa Fluor 488-conjugated anti-rab-
bit pAbs (Abcam), or Alexa Fluor 647-conjugated anti-mouse
pAbs (Cell Signaling Technology, MA) for 1h at 37�C.
Immunofluorescence images of stained cells were examined
using confocal laser-scanning microscopy (Zeiss LSM710,
Germany). Average fluorescence intensity was determined
by total intensity divided by total cell area per FOV after
background subtraction using threshold segmentation with
ImageJ software.

ELISA

Supernatants were collected from the chip after 24h of
flow experiment and centrifuged to remove cell debris.
Human and mouse albumin levels were measured using the
Human and Mouse Albumin ELISA Quantitation kit (Bethyl
Laboratory, TX), respectively, according to the manufac-
turer’s instructions.

Diffusivity Analysis

To mimic mass transport, we introduced into the upper
channel (under shear stresses of 0, 0.1, or 1.0dyn/cm2) FITC-
labeled dextran particles (10kDa, 1mg/mL,�3.3nm in diame-
ter; Sigma-Aldrich), green fluorescence (470/505)-labeled
beads (30nm in diameter; Sigma-Aldrich), or red fluorescence
(538/584)-labeled beads (100nm in diameter; Sigma-Aldrich)
in phosphate-buffered saline (PBS). Perfusion duration was
set to be 10min for dextran particles, 1h for 30-nm beads, and
2h for 100-nm beads to maximize their dispersion. Diffusion
of these fluorescent particles into the lower channel was
imaged slice by slice, with a total height of 100μm in the Z-
direction, by confocal laser-scanning microscopy (Zeiss
LSM880). Fluorescence intensity of each slice was summed
up to characterize the diffusivity of fluorescent particles.

Statistical Analysis

P values were calculated using the two-tailed t test for any
two groups if passing the normality test (Shapiro–Wilk), or
using Mann–Whitney test if not. For multiple group compar-
isons, we implemented the one-way ANOVA test followed by
the Holm–Sidak test or the two-way ANOVA test followed by
Dunn’s test. Statistical significance was set at P< 0.05.
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RESULTS

Characterization of the In Vitro Fibrotic 3D Liver
Sinusoidal Model

To explore the coupling effects of matrix stiffness and
shear stresses on HC functions, a fibrotic 3-D liver sinusoidal
model was developed with a porous membrane inserted
between upper and lower channels (Fig. 1A). The upper
channel lined with LSECs mimicked liver sinusoids, whereas
the lower channel represented the space of Disse. The porous
membrane was used to protect HCs from direct stresses and
to contribute to medium exchange (47). The HCs premixed
with collagen I at various concentrations were inoculated
into the lower channel, representing different stages from
normal liver to cirrhosis. In fact, C3A cells grew up well
within collagen gels (Fig. 1B), where highly concentrated col-
lagen I formed a denser fiber network with a smaller pore
size and lower porosity. It seemed that those cellular protru-
sions overlapped with collagen fibrils (white arrows) and
that the density of collagen fibers around cells (red boxes)
was smaller than those far away from the cells (yellow boxes)
(Fig. 1B, bottom) or those without cells seeding (Fig. 1B, top).
These results suggested that embedded cells interacted with
the surrounding collagen fibers and remodeled the collagen
network slightly. The storage moduli of collagen gels at vari-
ous concentrations used were determined by a rotational
rheometer. As collagen concentration increased from 1 to
7.5mg/mL, the matrix stiffness increased from 7 to 103Pa
(Fig. 1C). Moreover, both C3A cells and HSECs presented
high viability (survival rate>90% after 24 h) at all colla-
gen concentrations (Fig. 1D). After 24-h incubation, the
number of C3A cells remained nearly unchanged (Fig.
1E), whereas that of HSECs increased slightly without sig-
nificant differences (Fig. 1F). At high collagen concentra-
tion, C3A cells yielded less spreading (Fig. 1G) and
rounder shape (Fig. 1H) as reported (48). In addition, the
cells maintained the expressions of HC-specific CK18 and
LSEC-specific CD146 inside the model (Fig. 1I), together
with little expression of capillarization-specific CD31 in
HSECs (data not shown). These results in Fig. 1 indicated

that the model was well established for mimicking the
progresses of liver fibrosis.

Effects of Matrix Stiffness and Shear Stresses on HC
Functions

In vivo, lined LSEC monolayer and ECM presence in the
space of Disse separate sinusoidal flow physically from HC.
During liver fibrogenesis, ECM is largely deposited around
HCs and thus mass transport (including soluble nutrients
and cytokines or dissolved oxygen) to HCs becomes difficult
owing to high ECM resistance against interstitial flow (49).
To mimic this pathological process and test the effects of
matrix stiffness and shear flow, the lower channel in the de-
vice was inoculated with C3A cells premixed with collagen I
solution at a concentration of 1.0, 2.5, 5.0, or 7.5mg/mL, and
the upper channel was continuously perfused with culture
medium starting from day 2 of culture under shear stresses
of 0.1, 0.5, or 1.0dyn/cm2. Data indicated that albumin pro-
duction was higher than static cultures when the coculture
system was subjected to shear stresses, followed by a de-
scending phase once shear stresses were further increased
(Fig. 2; Table 1). At extremely high collagen concentration
(7.5mg/mL), this flow-enhanced pattern was no longer
observed (“NS” in Table 1) presumably because of the diffi-
culties of fluid flow penetrating through a highly dense colla-
gen network. In addition, C3A cells embedded in collagen
gels of higher concentration produced less albumin in the
presence or absence of shear stresses, consistent with previ-
ous reports (24). Similarly, this collagen I-enhanced pattern
was relatively depressed at an extremely high shear stress
(1.0dyn/cm2), as a high flow provided large forces to enforce
the fluid passing through collagen network (“NS” in Table 1).

Moreover, the respective roles of matrix stiffnesses and
shear stresses in downregulating albumin production seemed
complementary, that is, exposure of HC to high-level stiffness
with low-level shear induced an albumin production similar
to that at low-level stiffness with high-level shear (dotted
boxes in Fig. 2B). At high matrix stiffnesses or shear stresses,
the difference in albumin production induced by either ma-
trix stiffnesses or shear stresses was mitigated, presenting a

Figure 2. Albumin production in fibrotic
sinusoidal model with C3A/hepatic si-
nusoidal endothelial cells (HSECs) co-
culture. Representative immunofluores-
cence images of albumin (A) and their
quantitative analysis in different condi-
tions (n = 55–75 fields of view) (dotted
boxes show comparable albumin pro-
duction) (B). Data are presented as
means ± SE, and statistical analysis was
conducted by two-way ANOVA. Data
comparison between any two groups is
summarized in Table 1 separately for
clarity.
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saturating manner of mechanical regulation (Fig. 2). These
results suggested that both mechanical factors correlated
with HCs’ albumin production.

Correlation of Shear Stresses with Flow-Induced Mass
Transport in HC Functions

In the above C3A/LSEC coculture system, LSECs were
exposed to shear stresses directly, which might regulate HC
functions via either paracrine signaling or physical barrier.
Here, we just focused on elucidating the potential role of
physical barrier, as hepatocyte growth factor (HGF) secretion
is highly prohibited in HSEC cell lines (data not shown) even
though it is expressed in primary mouse LSECs (45). At least
two sources of the physical barrier existed in the current
work. First, to eliminate the effect of LSEC barrier, a simpli-
fied fibrotic sinusoidal model containing C3A cells alone was
constructed. Collected data indicated similar patterns of me-
chanical regulation compared with the coculture system.
That is, stiff matrix weakened the albumin production and

shear stresses presented biphasic effects where low shear
promoted but high shear inhibited albumin production (Fig.
3, A and C). This finding was consistent with an independent
ELISA of albumin secretion from C3A cells that were cul-
tured in this model alone (Supplemental Fig. S1A; all supple-
mental material is available at https://doi.org/10.6084/m9.
figshare.11448348), presenting a similar pattern of biome-
chanically induced albumin expression. Moreover, the albu-
min production of mouse primary HCs further confirmed
the above responses to matrix stiffness or shear stress
(Supplemental Fig. S1B). These observations were supported
by CYP450 reductase expression in similar downregulation
of matrix stiffness and biphasic effects of shear stresses (Fig.
3, B and D). CYP450 reductase is a necessary reductant for
almost all P450 reactions, and its production could serve as
the readout of nearly all the CYP isoenzymes expression (50).
Moreover, these regulating patterns seemed universal in var-
ious cell lines, as replacing C3A cells with HepG2 cells (51)
resulted in similar effects of matrix stiffness or shear stresses
on albumin production and CYP450 reductase expression

Table 1. Comparisons of albumin production among various conditions

Cases Varied Collagen I Concentrations or Shear Stresses

Shear stress, dyn/cm2 1.0 mg/mL 2.5 mg/mL 5.0 mg/mL 7.5 mg/mL
Static vs. 0.1 ��� ��� � NS
Static vs. 0.5 � NS NS NS
Static vs. 1.0 �� NS NS NS
0.1 vs. 0.5 ��� ��� NS NS
0.1 vs. 1.0 ��� ��� �� NS
0.5 vs. 1.0 ��� NS NS NS

Collagen I concentration, mg/mL Static 0.1 dyn/cm2 0.5 dyn/cm2 1.0 dyn/cm2

1.0 vs. 2.5 NS � �� NS
1.0 vs. 5.0 ��� ��� ��� NS
1.0 vs. 7.5 ��� ��� ��� NS
2.5 vs. 5.0 NS ��� NS NS
2.5 vs. 7.5 �� ��� � NS
5.0 vs. 7.5 NS � NS NS

�P < 0.05, ��P < 0.01, ���P < 0.001. NS, not significant.

Figure 3. Production of albumin and cyto-
chrome P450 (CYP450) reductase in fibrotic
sinusoidal model with C3A cells alone.
Immunofluorescence images of C3A cells
stained by albumin (A) and CYP450 reduc-
tase (B). Production of albumin (C) or CYP450
reductase (D) was quantified from the images
(n=45–60 fields of view). Data are presented
as means ± SE, and statistical analysis was
conducted by two-way ANOVA. �P < 0.05,
��P< 0.01, and ���P< 0.001.
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(Supplemental Fig. S2, A and B). The second source came
from collagen I network that presented between two chan-
nels to provide a 3-D ECM microenvironment and abundant
adhesive sites for cell growth. Data were thus collected from
C3A cells cultured in a collagen I-free model, presenting a
similar pattern that only appropriate level of shear stresses
favored albumin production and CYP450 reductase expres-
sion (Supplemental Fig. S2, C andD).

Another key factor in modulating mass transport is the
pressure gradient of fluid flow, which is governed by flow
rate and model geometry. To test this, the heights of upper
and lower channels were reduced from 100 to 50μm. Typical
data from C3A cells embedded in low-concentration collagen
gel indicated a distinct regulating pattern of shear stresses,
that is, albumin production and CYP450 reductase expres-
sion were likely increased with an increase in shear stresses.
By contrast, high matrix stiffness still downregulated albu-
min production and CYP450 reductase expression at low
shear stresses, as expected (Supplemental Fig. S3). Thus, me-
chanical regulation of matrix stiffness and shear stresses in
typical HC functions was mainly attributed to the driving
force and physical barrier in themodel proposed here.

Particle Diffusivity in the Cell-Containing Collagen
Network

Sinusoidal blood flow favors transferring nutrients,
growth factors, or cytokines to HCs and brings their meta-
bolic waste away from sinusoids in normal liver. However,
the knowledge on how the flow changes in the fibrotic liver
is yet unknown. We introduced FITC-labeled dextran par-
ticles, green fluorescence-labeled beads (30nm in diameter),
or red fluorescence-labeled beads (100nm in diameter) into
the upper channel to mimic the flow-enforced diffusion of
biomolecules or even molecule clusters toward cell-contain-
ing lower channel under varied collagen I concentrations or
shear stresses (Fig. 4A). Diffusivity analysis indicated that as
the collagen concentration increased, both dextran particles
and two types of beads’ diffusivity dropped significantly, as
expected (Fig. 4, B–D). Tests of static diffusivity of both
beads yielded very low values compared with shear stresses-
induced diffusivity and presented no difference between low
and high collagen I concentrations (Fig. 4, C and D). Hence,
shear stresses could be a key factor that promotes distinct
roles of varied collagen gels in mass transport. As shear

Figure 4. Diffusivity analysis of porous collagen network in a fibrotic sinusoidal model. A: dextran particles (green), 30-nm beads (purple), or 100-nm
beads (red) were forced to diffuse across porous membrane from the upper channel toward the lower channel. Mass transports of dextran particles (B),
30-nm beads (C), or 100-nm beads (D) were monitored in various conditions (n =20–35 fields of view). Data are presented as means ± SE of measured
fluorescence intensity (a. u.) along the apical-basal axis, and statistical analysis was conducted by two-way ANOVA. ##P< 0.01, ###P< 0.001 compared
with 7.5mg/mL group under corresponding shear stresses. �P< 0.05, ��P< 0.01, and ���P< 0.001.
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stresses increased, dextran particle permeability increased
persistently, whereas 100-nm beads permeability increased
first, and then tended to decrease (Fig. 4, B and D).
Interestingly, 30-nm beads exhibited similar permeability
with dextran particles at high collagen I concentration and
with 100-nm beads at low collagen I concentration (Fig. 4C).
These results suggested that transportingmolecules with dif-
ferent sizes presented various diffusion activities through
porous collagen networks, and the diffusion of large-sized
molecules yielded the same pattern with albumin produc-
tion in response to shear stresses (cf. Fig. 3C).

Role of HNF4a Signaling in Mechanical Regulation

To explore the underlying mechanisms of mechanical reg-
ulation, a typical liver-specific and mechanosensitive signal-
ing molecule was tested. Here, HNF4a expressions were
quantified in various conditions (23). The stiff matrix inhib-
ited HNF4a expression except at the high shear stress of
1.0dyn/cm2, consistent with a reduced albumin production
at high matrix stiffness (Fig. 5, A and B). Shear flow pro-
moted HNF4a expression in the current setting of shear
stresses (Fig. 5B). These data suggest that HNF4a might be a
potential factor for modulating HC functional responses to
matrix stiffness. By contrast, shear stress-induced biphasic
effects on HC functions (cf. Fig. 3) might not be attributed to
HNF4a signaling alone, as no biphasic features were
observed.

DISCUSSION

The goal of the current work is to elucidate themechanical
regulation of liver-specific functions during liver fibrosis. A
microfluidic device that mimics the anatomical architecture
of a fibrotic 3-D liver sinusoidal module was developed to
study the microenvironment impact of matrix stiffness and
shear stresses on HC functions. This in vitro model enabled
controlled tests with various mechanical parameters of ma-
trix stiffness and/or shear stresses independently or simulta-
neously. Mixing HC with collagen I solution at different
concentrations before gelation yielded a well-controlled ma-
trix stiffness that mimics the deposition of collagen I-rich
ECM during the liver fibrosis process. Installation of a porous
PET membrane between the two channels helps to form a
high flow velocity environment for efficient mass transport
with low shear stresses to protect HC from direct shear force
(52), favoring the balance between sufficient nutrient supply
and minimized shear perturbation. Moreover, although the

pore size of PET membrane is usually >1μm in diameter in
the literatures (42, 52–55), the much smaller-sized pores
(0.4μm) on PET membrane used here are more suitable to
represent the fenestrae and gaps in LSEC (45, 56). Thus, this
well-definedmicrofluidic chip provides an in vitro liver sinu-
soid model to explore the isolated or coupled effects of the
two mechanical factors, matrix stiffness and shear stresses,
onHC functions.

Evidently, matrix stiffness is the first mechanical variation
in liver fibrosis. Mechanical measurements of human bulk
liver tissues using oscillatory rheometry revealed stiffness
values in the range of 0.4–0.6kPa for the normal liver and
�1.2–1.6kPa for the fibrotic liver (23). These values were evi-
dently larger than the stiffness of collagen gels used in pres-
ent study, as these large values represented the tissue
rigidity rather than matrix stiffness like collagen I compo-
nent. Presently, the stiffest collagen gel demonstrated >10-
fold increase in its storage modulus compared with the soft-
est one, which was sufficient to mimic the mechanical
changes during liver fibrosis due to ECM deposition.

Biomechanically, high matrix stiffness represents a dense
collagen network, providing high resistance to flow-induced
mass transport (49). Biochemically, high substrate stiffness
improves cell adhesion, viability, and cytoskeletal organiza-
tion but depresses liver-specific gene expressions of Baat,
Gys2, and F7 through HNF4a (23, 24). This result is consist-
ent with our results that stiffer matrix with high collagen
concentration downregulates the expressions of albumin,
CYP450 reductase, and HNF4a collectively. Stiffer substrates
might also promote HC proliferation and liver fibrosis
through a decrease in HNF4a (57–59). Therefore, this work
proposed an HNF4a-involved potential positive-feedback
pathway in the development of liver cirrhosis. Matrix stiff-
ness in the liver could serve as a potential therapeutic target,
as observed in the treatment of stage F3–F4 liver fibrosis
with the inhibitors of collagen condensation in previous
study (60).

Blood flow is another mechanical factor necessarily
required for the retention of HC phenotype and functions. It
has been suggested that HC can sense the shear stresses via
the microvilli at their sinusoidal surface (61). They are quite
sensitive to shear stresses, as they react differently at varied
shear amplitudes and even the same level of shear stresses.
For instance, ammonia metabolic and urea synthetic activ-
ities as well as alanine aminotransferase (ALT) release are
enhanced synchronously after 24-h culture of HC that are
exposed to a shear stress of 1.3dyn/cm2 in the flow chamber

Figure 5. Hepatocyte nuclear factor 4a
(HNF4a) expression in fibrotic sinusoidal
model with C3A cells alone. Typical immuno-
fluorescence images of HNF4a expression
(A) and their quantitative analysis in various
conditions (n=60 fields of view) (B). Data are
presented as means ± SE, and statistical
analysis was conducted by two-way
ANOVA. �P< 0.05, ��P< 0.01, and ���P<
0.001.
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(41). Dynamic medium flow (DMF)-culturing substantially
increases the detoxification properties and bile acid produc-
tion of HepaRG cells at a flow rate of 5mL/min, whereas
lower or higher flow rates result in decreased functionality
and increased cell damage (62), which are consistent with
the results performed using HepaRG-AMC-bioartificial liver
(63). Occasionally, only extreme low shear stresses are favor-
able in the perfusion culture of mouse or pig fetal liver cells
immobilized within a 3-D porous scaffold (64). Therefore,
shear flow likely presents biphasic effects on HC functions.
The observations that high shear flow is detrimental for HC
functions may result from the supraphysiological flow, as in
vivo shear stresses are �0.1 to 0.5dyn/cm2 within sinusoid
vessels (65). Our results support that the effects of shear flow
on HC could be biphasic, as seen in the enhanced albumin
production at 0.1 dyn/cm2 but in the reduced production at
1.0dyn/cm2. Therefore, the changes in shear stresses during
liver fibrogenesis or liver resection can affect liver function
directly, highlighting the therapeutic potential of drugs or
surgical procedures tomanipulate shear stresses.

In addition to the direct effects onHC, shear flow is able to
distribute those soluble factors of oxygen, nutrition, cyto-
kines, or metabolites approaching to or flowing away from
HC. In this work, diffusivity analysis of fluorescent particles
suggests that mass transport contributed to this shear-
induced effect. The resulted distribution is mainly deter-
mined by shear stresses, porosity of collagen network, and
model geometry.

Responses of HC to mechanical cues are critical to liver-
specific functions. Although shear stresses either enhance or
impair HC that are directly exposed to shear flow, it is still
unclear for the underlying mechanisms since in vivo blood
flows across the endothelial cells with indirect contact with
the HC. It is also unknown how the ECM matrix underneath
the endothelium alters the fluid flow or the shear stresses,
especially in cases of fibrotic or cirrhotic HCs. Our results
indicate that HCs maintained similar responses to shear
stresses in the presence or absence of ECMmatrix (Fig. 3 and
Supplemental Fig. S2, C and D), implying that shear stress-
induced effects on HCs were not affected by collagen gels.
Interpretation of this unexpected observation depends on
the actual level of shear stresses around the cells, which is
quite complicated and hard to define locally. A simple test of
reducing channel height presented a distinct pattern of flow-
induce albumin production (cf. Supplemental Fig. S3), also
consistent with those observations that optimal shear
stresses vary in different models or modules (62, 66).

Although the current work provides a flexible platform
with a coculture of HCs and LSECs to understand the fibrotic
progress and the related mechanical regulation, it is still an
in vitro laboratory model. Future robust models will mimic
the in vivo sinusoids by addition of immune cells and HSCs/
myofibroblasts. In addition, only collagen I was adopted
previously to elucidate the effects of matrix stiffness on
HC functions during fibrotic progresses, as it is the major
component of interstitial matrix surrounding cells (67,
68) and its expression level has been used for diagnosing
and staging liver fibrosis (69). It should be noted that a
limited subset of integrins/matrix receptors serves as
mechanosensors between collagen scaffold and cytoskel-
eton, which might affect cellular mechanotransduction

(70). Moreover, integrating computational fluid dynamics
analysis with particle imaging velocimetry test would
elaborate the global and local flow field inside the model,
unraveling the flow-induced sensitivity of HC functions
and the actual fluid effects through collagen network.

CONCLUSIONS

A fibrotic 3-D liver sinusoidal model that mimics the key
architecture of the sinusoids has been developed. This model
provides a powerful platform to implement liver-specific
functions, and thereby, enabled the exploration of isolated
or cooperating effects of the matrix stiffness and shear
stresses on HC functions. Stiffer matrices suppressed typical
HC functions, whereas shear stresses exhibited biphasic
effects in this regard. Moreover, matrix stiffness and shear
stresses regulated HC functions synergically. These observa-
tions were likely attributed to flow-enhanced mass transport
or a key mechanosensitive signaling molecule of HNF4a.
This engineered model enabled us to elucidate the effects of
mechanical factors on HC functions and to unravel the key
roles ofmass transport in fibrotic progresses in vitro.
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