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In this paper, we designed a three-dimensional cell co-cultured microfluidic chip, which generated inter-
stitial flow and oxygen gradient to simulate the complex tumor microenvironment. It consisted of five
parallel cell culture channels and one hypoxic channel. These channels were constructed for the culture
of mouse liver tumor cells (Hepal-6), mouse liver stellate cells (JS-1), the simulation of extracellular ma-
trix, complex biochemical factors (hypoxia and interstitial flow), and the supply of cellular nutrients. The
3D-interstitial flow-hypoxia model was used to study the behavior of JS-1 cells under the effect of tumor
microenvironment (TME). The results showed that by co-cultured with Hepal-6 cells, hypoxia of Hepal-
6 cells, and adding TGF-B1 by interstitial flow, the migration of JS-1 cells could be promoted. Similarly,
activated JS-1 cells could led to the epithelial-mesenchymal transformation in co-cultured Hepal-6 cells,
which secreted more TGF-S1.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Solid tumors function differently from normal cells in stromal
interactions and intercellular interactions [1]. 3D culture system
can make certain spatial arrangements among cells, and realize
certain tissue and organ functions through mutual regulation of
basic physiological activities of cells such as cell proliferation,
apoptosis, migration and differentiation [2,3]. New cell culture
platforms based on various 3D cell culture technologies have
emerged successively, such as biological scaffolds [4], sandwich
cell co-cultured method [5], bioreactor [6], microfluidic chip
technology [7,8]. Microfluidic chip technology has become an im-
portant technology to simulating TME for 3D culture in vitro due
to the micron-level fluid control. It can regulate the growth of in
vitro cells and various cell behaviors through space-controlled co-
culture, perfusion culture and controllable signal gradient [9-11].

Due to the irregular vascular network caused by the rapid
growth of tumors, there are often a large number of hypoxic cells
in tumors. The oxygen content of these cells decreases with the
increase of the distance from blood vessels, which presents a ra-
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dial oxygen gradient. Hypoxia can affect various behaviors of cells,
such as accelerating cell migration [12], promoting stem cell differ-
entiation [13], promoting angiogenesis [14], promoting tumor cell
growth [15] and inducing drug resistance of tumor cells [16,17].
Therefore, simulated an accurate oxygen environment is of great
significance for the study of tumor [18]. In recent years, microflu-
idic techniques have been used to establish a variety of hypoxia
models in vitro. Lin et al. [19] designed an integrated double-layer
chip for cell co-culture under different oxygen concentrations and
realized on-line monitoring biomarkers modulation of cervical can-
cers. Shih et al. [20] achieved an oxygen gradient ranging from 1%
to 19% in the chip with oxygen absorption reagent, and realized
patterned culture of human umbilical vein endothelial cell.

Fluid flow in living organisms can be roughly divided into blood
flow and interstitial flow (IF, the flow of fluid between tissues).
IF as a kind of movement driven by hydrostatic pressure and os-
motic pressure, IF can generate shear stress in tissues, which can
induce cell differentiation [21-23]. IF can also change cell pheno-
type and migration behavior by forming a concentration gradient
of autocrine and paracrine cytokines in the cell microenvironment
[24]. It plays an important role in the spatial distribution of sol-
uble biomolecular in tissues, angiogenesis and nutrient supply in
tumor [25-27]. IF is considered to be an important catalyst in the
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Fig. 1. The schematic diagram of the microfluidic chip for simulating simplified TME. (A) Image of the chip filled with red and blue dyes showing the mixture and flow in
the chip. (B) The schematic diagram of simplified TME. (C) The 3D co-cultured module in microfluidic chip.

TME to promote cancer metastasis, which changes the adhesion of
tumor cells and the property of extracellular matrix (ECM). Kalch-
man et al. [28] established a 3D hydrogel structure in the cen-
tral channel of a three-channel chip, and inoculated HepG2/HLE
cells to the edge of the hydrogel structure. Then forward/reverse IF
was introduced into the chip. It was found that the cell migration
rate was higher under reverse osmosis. Song et al. [29] co-cultured
human lymphoma cells (U937), human umbilical vein endothelial
cells (HUVECs) and human breast cancer cells (MDA-MB-231) in
a chip to study the interaction between cells. The results showed
that U937 cells transformed into tumor-associated macrophages
under the effects of tumor cells and IF, and the transformed U937
cells and tumor cells further promoted the vascular sprouting of
HUVECs.

Using microfluidic technology to create 3D-IF-hypoxic model in
vitro is helpful to understand the TME. Hsu reported a microflu-
idic platform to study mass transport which was controlled by ad-
just different downstream positions of long microfluidic channels
in 3D tissue culture, and demonstrated that vasculogenesis could
be independently stimulated by interstitial flow or hypoxic con-
ditions [30]. Galie and Stegemann studied the paracrine effects of
co-cultured implanted MSC on resident myofibroblasts in a con-
trolled biochemical and mechanical environment which included
oxygen tensions under 2.5% O, (hypoxia) incubator and exposed to
either 5% strain at a frequency of 1 Hz or 10 puL/min of interstitial
fluid flow [31]. Few studies have been conducted on stromal cells
which play an important role in TME. Furthermore, transforming
growth factor-B81 (TGF-$1) has been found to be associated with
cancer invasion, progression, and metastases [32-34] in patients
with malignancies. In this paper, we established a hypoxic-IF-3D
co-cultured model to study the behavior of hepatic stellate cells,
which play an important role in the matrix of liver tumors. The mi-
gration behavior of hepatic stellate cells under various conditions
and the effect of TGF-$1 on migration were also investigated.

TME plays a key role in tumor formation, growth and invasion.
To simulate the TME in microfluidic chip, we simplified and inte-
grated environmental factors of TME into our microfluidic chip. The
microfluidic chip was consisted of a hypoxic channel and a cell cul-
ture unit of five channels (Fig. 1). The hypoxic channel was used
to produce stable oxygen gradient to simulate TME. The cell cul-
ture unit was separated by a series of hexagon micropillars with
a side length of 100 nm. The micropillars helped resist the leak-
age of media into adjacent channels. L1 and R1 channels simulated
the tumor vessels and transported nutrients. Hepal-6 tumor cell
and ]S-1 stromal cell were cultured in cell channels L2 and R2 and
their paracrine effects were studied. M channel could be used as
a 3D ECM barrier to separate the two kinds of cells. Collagen type
I was used in channel L2, R2 and M to form concentration gra-

dient of biochemical factors between tumor cell and stromal cell
and reconstitute the ECM of tumor. Compared to previous studies
[35,36], this chip can be used to establish a more accurate liver tu-
mor model in vitro considering cell interaction, ECM, hypoxia and
interstitial flow. Moreover, the co-cultured of cells in different re-
gions is more conducive to the behavioral characterization of cells.

In order to study the diffusion trend of soluble factors under IF,
50 kDa FITC-glucan was selected as simulation molecule to obtain
an approximate diffusion rate, for its molecular weight was sim-
ilar to TGF-B1. The fluorescence image showed that FITC-glucan
diffused from R1 channel to L1 channel (Figs. S1A-F in Support-
ing information), and the fluorescence intensity of each channel in-
creased with time, resulting in a directional concentration gradient.
After 6 h of diffusion, FITC-glucan diffused to L1 channel, and after
12 h the concentration of FITC-glucan in the chip tended to be con-
sistent. In actual cell experiments, as cell metabolism continuously
consumes the nutrients in chip, the concentration gradient should
be maintained by replacing fresh medium every 12 h. The migra-
tion distance at different times is manually measured by compar-
ing the actual chip length in image. The migration rates of FITC-
glucan in chip are shown in Fig. S1G (Supporting information). The
flow speed of IF decreased over time, which resulted from the de-
crease of the liquid level difference between channel R1 and L1
channel. The average flow speed decreased from 3.15 4+ 0.56 um/s
at 2 min to 0.46 £+ 0.06 pm/s at 120 min. The speed range matches
that in vitro TME model [37], and our IF model is suitable for the
simulation of TME.

The excessive deposition of ECM caused by the continuous
activation of hepatic stellate cells could cause liver cancer [38].
First, we monitored the growth and morphology of JS-1 cells
under mono-cultured and co-cultured with Hepal-6 cells condi-
tions. Increase of cell volume and cell process expansion are the
characteristics of hepatic stellate cell activation [39]. The FITC-
labeled phalloidin stained F-actin in cells showed the distribution
of microfilament skeletons in cells. Under mono-cultured condi-
tions, JS-1 cells are round (Fig. S2A in Supporting information),
while under co-cultured conditions, JS-1 cells are elongated (Fig.
S2B in Supporting information). The fluorescence quantification
results of F-actin (Fig. S2C in Supporting information) showed that
the expression of F-actin under co-cultured conditions increased
significantly compared with mono-cultured conditions (P < 0.05),
indicating that JS-1 cells were activated in co-cultured conditions.
Increased expression of ®-SMA is one of the marker factors in
the activation of hepatic stellate cells. In Figs. S2D and E (Sup-
porting information), the fluorescence intensity of o-SMA under
co-cultured conditions is significantly higher than that under
mono-cultured conditions. The fluorescence intensities of the two
calculated by software (Fig. S2F in Supporting information) show
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Fig. 2. Migration of JS-1 cell under the effect of hypoxic Hepal-6 cell. (A) The fluorescent image of JS-1 cell migration under different condition. (B) Quantitative analysis of
average migration distance of JS-1 cell, scale bars in (A) were all 100 pm. * P < 0.05, ** P < 0.01.
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Fig. 3. The effect of TGF-B1 and TGF-8 inhibitor on JS-1 cell migration. (A) The fluorescent image of ]JS-1 cells migration under different condition. (B) Quantitative analysis
of average migration distance of JS-1 cell. Scale bars in (A) were all 100 pm. * P < 0.05.
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Fig. 4. Expression of EMT-related markers in Hepal-6 cell. (A) The fluorescent images of two markers in different conditions. (B) The result of expression of Vimentin in
different groups. (C) The result of expression of E-cadherin in different groups. Cells were cultured for 3 days. Data are expressed as the mean + SE of 3 independent

experiments, scale bars in (A) were all 50 pm. * P < 0.05, ** P < 0.01.

a statistical difference (P < 0.05), which further shows that JS-1
cells were activated under co-cultured conditions.

Cell density is also an important factor to affect tumor cell
migration. After 4 days of continuous co-culture, Hepal-6 cells
and JS-1 cells both migrated to the channel M. The migration
distance of JS-1 cells increased with the increase of cell density
in both mono-culture group (Fig. S3A in Supporting information)
and co-cultured group (Fig. S3B in Supporting information) after 4
days. There were distinct differences between low-density group,
middle-density group and high-density group (P < 0.05), indicat-

ing that cell density can significantly affect the migration of ]S-
1 cells. The effect of co-culture on the migration of JS-1 cells is
shown in Figs. S3C-E (Supporting information). The migration dis-
tance of mono-cultured JS-1 cells was less than that of co-cultured
JS-1 cells in all cell density groups after 4 days (P < 0.05), indicat-
ing that co-culturing with Hepal-6 cells could promote the migra-
tion of JS-1 cells.

Radial oxygen gradient of Hepal-6 cells incubated in channel
L2 was created by chemical oxygen absorption method to simulate
the radial oxygen gradients in the organism. In order to observe JS-
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1 cells directly, only the fluorescence of JS-1 cell staining is shown
in Fig. 2A. It can be seen that ]JS-1 cells gradually migrated to the
channel M in the 4-day experiment with IF condition. The data ob-
tained by measuring the migration distance are shown in Fig. 2B.
From 24 h after the experiment, the migration distance of ]JS-1 cells
in hypoxia group was significantly higher than that in the other
two groups (P < 0.05). All results indicated that hypoxia can fur-
ther accelerate the migration of JS-1 cells in co-cultured condition.

TGF-81 is an important molecule for regulating cell growth and
differentiation. It can activate downstream signal and promote cell
growth through Smad-2 and Smad-3 pathway [40]. In liver cancer
tissues, TGF-B1 interacts with stromal cells and the expression of
TGF-B1 increases, stimulate the activation of static hepatic stellate
cells, increase the synthesis of ECM and affect proliferation, migra-
tion and differentiation.

We investigated the effect of TGF-81 on the migration of JS-1
cells co-cultured with Hepal-6 cell in the microfluidic chip. TGF-
B1 or TGF-B1/Smad inhibitor SB431542 was added into DMEM of
R1 channel, which flowed through cell culture units through IF. It
can be seen in Fig. 3A that within 4 days of the experiment, JS-1
cells continuously migrated to the channel M. In the TGF-8/Smad
inhibitor SB431542 group, the migration distance and migration
number of JS-1 cells were smaller than those of the control group
and the TGF-B1 group. In Fig. 3B, the cell migration rate of TGF-
B1 group was statistically higher than those of the other groups
(P < 0.05) after day 2, indicating that TGF-81 can effectively pro-
mote JS-1 cell migration. In contrast, when the TGF-f/Smad in-
hibitor was added to the co-cultured system, the migration rate
of JS-1 cells decreased significantly, and the migration distance be-
tween day 2 and day 4 was statistically different from that of the
control group (P < 0.05), indicating that inhibition of TGF-1 ex-
pression can reduce the rate of migration of JS-1 cells. Since the
activation of JS-1 cells can promote their cell migration, the reduc-
tion of the migration rate also means that the activation of JS-1
cells is inhibited. The cytokine TGF-81 may be the key factor lead-
ing to the acceleration and migration of JS-1 cells.

E-cadherin and Vimentin, as marker proteins of the epithe-
lial and mesenchymal phenotypes of cells, marks the occurrence
of Epithelial-mesenchymal transition (EMT) in cells [41-43]. In
Fig. 4A, the red fluorescence is protein expression, and the blue flu-
orescence is nuclear staining. In Figs. 4B and C, it can be seen that
JS-1 cell promoted the EMT of Hepal-6 in co-cultured group. The
higher fluorescence intensity of Vimentin and the lower fluores-
cence intensity of E-cadherin in co-cultured group indicated that
the mobility of tumor cells was higher, adhesion between cells was
weakened and the metastasis ability of tumor cells was enhanced.
The addition of TGF-B/Smad inhibitor inhibited the expression of
TGF-81, which weakened the EMT of Hepal-6 cells, reversing the
protein expression and making it more similar to that of the mono-
cultured group.

We established IF and hypoxic model on a 3D cell co-cultured
microfluidic chip. The diffusion and distribution of biochemical fac-
tors across the gel channel in the chip were investigated by us-
ing 50 kDa FITC-glucan. The results showed that the glucan could
reach to the co-cultured cells within 12 h under IF. In addition, we
studied the behavior of JS-1 cells under IF conditions. The results
showed that co-culturing with Hepal-6 cells, hypoxia of Hepal-
6 cells and TGF-B1 all promoted the migration of JS-1 cells. The
morphology of JS-1 cells in co-cultured was more elongated, the
expression of F-actin and «-SMA were increased. While Hepal-
6 cells were co-cultured with JS-1 cells, the expression of EMT
marker E-cadherin was decreased and the expression of Vimentin
was increased. In summary, tumor cells can secrete TGF-81 to acti-
vate the static hepatic stellate cells, then activated hepatic stellate
cells promote the EMT of tumor cells to secrete more TGF-£1, thus
forming a paracrine cycle. The microfluidic chip has the advantages
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of simple structure, convenient operation, flexible application and
no need of large external equipment. By changing the cell types
cultured, oxygen concentration and transported cytokines, adding
cell cultured channels, the simulation of different types of TME can
be adapted, providing a new strategy for tumor biology research
in vitro. In addition, our chips have great application potential in
drug discovery, drug screening, personalized medicine, and molec-
ular mechanism research.
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