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Cell co-culture serves as a standard method to study intercellular communication. However, random diffusion of
signal molecules during co-culture may arouse crosstalk among different types of cells and hide directive signal-
target responses. Here, a microfluidic chip is proposed to study unidirectional intercellular communication by
spatially controlling the flow of the signal molecules. The chip contains two separated chambers connected by
two channels where the culture media flows oppositely. A zigzag signal-blocking channel is designed to study the
function of a specific signal. The chip is applied to study the unidirectional communication between tumor cells
and stromal cells. It shows that the expression of a-smooth muscle actin (a marker of cancer-associated fibroblast
(CAF)) of both MRC-5 fibroblasts and mesenchymal stem cells can be up-regulated only by the secreta from
invasive MDA-MB-231 cells, but not from non-invasive MCF-7 cells. The proliferation of the tumor cells can be
improved by the stromal cells. Moreover, transforming growth factor beta 1 is found as one of the main factors
for CAF transformation via the signal-blocking function. The chip achieves unidirectional cell communication
along X-axis, signal concentration gradient along Y-axis and 3D cell culture along Z-axis, which provides a useful
tool for cell communication studies.

specific signals can be tested and cellular responses can be measured
(Neitzel and Rasband). Cell co-culture has been developed as a standard
approach to study the communication between different types of cells.

1. Introduction

Intercellular communication is crucial to coordinate cell behaviors

and maintain cell functions in multicellular organisms (Kholodenko
2006). Cells communicate by means of signal molecules through
Signal-Target-Response activities (Telleen 2018). These signals may
include proteins, small peptides, amino acids, nucleotides, fatty acid
derivatives, and even dissolved gases such as nitric oxide and carbon
monoxide. Most of these signal molecules are secreted from the
signaling cell and interact with the receptors in the target cell to trigger a
response that alters the behavior of the target cell (Alberts et al., 2002).

There are two types of communications between cells: the direct
communication between physically connected cells via gap junctions
and the indirect communication between non-contacted cells via para-
crine and hormonal secretion (Telleen 2018). To study cell communi-
cations, cells are isolated from organisms and cultured in vitro so that
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The current methods of cell co-culture can be divided into three major
categories, as shown in Fig. 1A. The contact co-culture mixes different
types of cells and cultures in the same culture vessel (Fig. 1A-i). It offers
physical contact between the cells. With this method, the population
morphology of the cell may be lost, and it is difficult to identify whether
the target cell receives signals via gap junctions or other receptors in the
cell.

The semi-separate co-culture restricts cells in a separated space while
enables commutation of signals in the culture media (Fig. 1A-ii). The
most frequently used device is the cell culture inserts hanging in multi-
well plates. Cells grow on the permeable membrane of the inserts,
separating from another type of cells grow in multi-well plates. At the
same time, the signals from both cell types can be exchanged during
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culture. As the cells in the inserts cannot be visualized in a real-time
fashion, interactive co-culture plates have also been developed with
two horizontally arranged chambers that are separated by a permeable
membrane (Moutinho et al., 2017; Shimasaki et al., 2018). Microfluidic
technology has been rapidly developed in the past decades and become a
promising approach in biomedical research (Lin et al. 2019, 2020;
Truong et al., 2019b). The miniaturize microfluidic chips offers precise
control of fluid, low consumption of reagents, high efficiency of analysis,
and high throughput capacity (Dorayappan et al., 2019; Lin et al., 2020;
Shim et al., 2019). Various chip-based methods have been applied to
study cell communications (Jeong et al., 2016; Vu et al., 2017; Yu et al.,
2019; Zervantonakis et al., 2012). Generally, two or more chambers are
fabricated on a chip; the chambers are semi-separated using physical
barriers, such as flow channels, permeable membrane and hydrogels,
which only allow the exchange of signal molecules but not cells (Jeong
et al., 2020; Jiang et al., 2016; Lin et al. 2019, 2020; Vu et al., 2017). For
example, Zervantonakis et al. fabricated a microfluidic chip with three
channels separated by physical barriers to study the communication of
tumor cells and endothelial cells (Zervantonakis et al., 2012). The tumor
cells were mixed in 3D extracellular matrix (ECM) hydrogel in the
middle channel, and endothelial cells were monolayer cultured in one of
the side channels. Jeong et al. co-cultured tumor spheroids and fibro-
blasts in a collagen matrix-incorporated microfluidic chip to study the
interaction between different cell types (Jeong et al., 2016). Recently,
Yu et al. designed a kind of culturing modules that can be reconfigured
together, holding potentials to be applied to study the communication of
unlimited types of cells (Yu et al, 2019). However, in the above
methods, the exchange of signal molecules relies on passive diffusion,
which cannot avoid the crosstalk of signals from both different cell
types; the influenced and radically changed cells may, in turn, affect the
secretor cells (Lee et al., 2018). It may conceal the truth underlying
mechanisms in intracellular communications.

Transferring of conditioned medium from one cell type to another
provides a solution to avoid the crosstalk and interference of commu-
nication signals (Fig. 1A-iii). The advantages of conditioned media
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include its simplicity in allowing for the detection of any soluble factor-
related effects, along with the potential for subsequent identification of
these factors in the co-culture media (Bogdanowicz and Lu 2013).
However, as the conditioned media are collected and then transferred,
the signals may suffer a loss of bioactivities and compromised nutrient
supply.

In this study, we report a microfluidic-chip-based cell co-culture
method to study unidirectional intercellular communication. The chip
consists of two separated chambers and two surrounded medium
channels. Two types of cells mixed in Matrigel can be loaded into
different chambers, respectively. The flow directions of the medium in
the two channels were set as the opposite. The signal molecules secreted
from each chamber can enter the channel and flow to the opposite
chamber. Thus, we can monitor the unidirectional communication be-
tween the cells due to the flow control. Besides, due to the matter of
diffusion, there will be a concentration gradient of the signal molecules
vertically. Moreover, another advantage of the unidirectional chip is the
real-time analysis of the functional signals with the signal-blocking inlet.
For instance, when one wants to know the function of Signal I, the
related blocking agents could be introduced in the channels. The agents
will interact with the Signal I in the zigzag mixing channel, then block
their functions before reaching another cell culture chamber.

Amongst various cell types within the tumor microenvironment,
cancer-associated fibroblasts (CAFs) are in abundance, serving to
modulate the behaviors of cancer cells in progression (Aboulkheyr Es
et al., 2020; Cirri and Chiarugi 2011; Kalluri 2016; Kalluri and Zeisberg
2006; Saini et al., 2020). Little is yet known about how cancer cells
transform normal stromal cells into CAFs (Mitra et al., 2012). It is not
clear whether direct contact with cancer cells is necessary for the
transformation of CAFs. Several growth factors and cytokines have been
reported to transform normal stromal cells into CAFs (Kalluri 2016;
Kalluri and Zeisberg 2006). At the same time, CAFs also secret various
signal molecules to regulate cancer cells. With the previously reported
methods, it is challenging to reveal the unidirectional influence from one
cell type to another. Thus, a reductionist approach is desired to study the
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Fig. 1. The co-culture approaches for intercellular communication studies (A) and the schematic of the unidirectional microfluidic chip (B-E). (A) The co-culture
approaches to study the cell communication: i) Cell co-culture in the same vessel offers the bidirectional and contact communication; ii) Semi-separated co-cul-
ture offers bidirectional and noncontact communication; iii) Transferring the conditioned medium offers unidirectional and noncontact communication. (B) The
design of the unidirectional microfluidic chip. (C) The schematic is showing how the chip works during co-culture. Different types of cells are cultured in the left and
right chambers with Matrigel, respectively. The black arrows show the flow directions of the cell culture media in the channels. The signal-blocking inlets are close
unless a specific signal is being neutralized. (D) Detailed working mechanisms of the unidirectional communication chip. Due to the matter of diffusion, there is a
concentration gradient of signal molecules along Y-axis. (E) Detailed working mechanisms for signal-blocking studies.



G. Fang et al.

unidirectional interaction between stromal cells and tumor cells. In this
work, we used the microfluidic chip to study the unidirectional
communication of breast cancer cells (invasive MDA-MB-231 and
non-invasive MCF-7 cells) and stromal cells (MRC-5 fibroblasts and
mesenchymal stem cells (MSCs)). We observed the growth and spheroid
formation of cancer cells and the transformation of MRC-5 and MSCs
into myofibroblasts-like cells. We also used an antibody against trans-
forming growth factor beta 1 (TGF-p1) to demonstrate the function of
the signal blocking inlet as TGF-p1 secreted from cancer cells have been
reported to induce the formation of CAFs.

2. Materials and methods
2.1. Chip fabrication and process

The design of the microfluidic device was shown in Fig. 1B and
Fig. S1. The device was fabricated with polydimethylsiloxane (PDMS)
(Sylgard® 184, Sigma Aldrich) by replicate molding on a SU8-2075
silicon master. Firstly, a 4-inch silicon wafer was cleaned using iso-
propanol and then heated in an oven at 150 °C for 20 min. The SU8-2075
was spin-coated on the wafer at 1250 rpm for 30 s, which was followed
by soft bake at 65 °C for 5 min and 95 °C for 25 min. The thickness of the
SU8-2075 layer was around 125 pm. Then the SU8-2075 wafer was
exposed under a laser scanning lithographer (pPG 101, Heidelberg In-
struments, Germany) to generate patterns designed with CAD software.
After the exposure, the wafer was incubated at 65 °C for 5 min and 95 °C
for 30 min followed by a development process for 30 min at room
temperature. Finally, the SU8-2075 master was treated with a process
called hard bake at 150 °C for 30 min. Once the master was prepared,
PDMS was mixed thoroughly with the curing agent at a weight ratio of
10:1. Then the PDMS was poured on the master mold and heated in the
oven at 80 °C for 2 h. After the solidification, the PDMS was gently
peeled off from the mold and trimmed with a scalpel. Then the inlets and
outlets on the PDMS were punched with an @1mm puncher. The
thickness of the PDMS was 5 mm. Finally, the PDMS piece was firmly
bound to 1.2-mm thick glass slides after plasma treatment for 1min,
which was followed by heating at 80 °C for 2 h. Before cell seeding, the
chips were laid aside for 24 h to reduce the hydrophilicity induced by
the plasma treatment.

2.2. Cell culture and cell seeding

Human breast carcinoma cell, MDA-MB-231 and MCF-7, and lung
fibroblasts MRC-5 from Australia Cell Bank were cultured with DMEM
medium with 10% fetal bovine serum (FBS) and 100 U/mL penicillin/
streptomycin (Life Technologies, Australia) in 25 mm? flasks. Human
bone marrow mesenchymal stem cells (MSCs) were purchased from
Merck Australia and cultured with Stemline® mesenchymal stem cell
expansion medium (Sigma Aldrich, Australia) in 25 mm? flasks. The
cells were incubated in an incubator with 5% CO, at 37 °C and passaged
once they reached 70-80% confluence.

To collect cell suspension, the cells were treated with Trypsin-EDTA
solution for 3 min, followed by centrifugation for 5 min at 500xg. After
removing the supernatant, the cells were re-suspended in 75 pL Matrigel
(Corning, USA) by pipetting at a density of 1 x 10° cells mL 1. The 75 pL
Matrigel allowed loading of three chambers, which means that a chip
with two chambers only needs 50 pL Matrigel. The whole process was
operated on the ice, avoiding the gelation of the Matrigel. The chips
were sterilized under UV for 30 min before the cell seeding. Then the
Matrigel containing cells were loaded gently into the culture chambers
in the middle of the chip with 1 mL syringes. Due to the surface tension
effect around the barriers, the Matrigel could only fulfil the chambers
but without any leakage into the medium flow channels. To ensure the
uniform distribution of cells in the chamber, we should mix the cells
with Matrigel well. The cell distribution was mapped and shown in
Fig. S3. After the cell seeding, the chips were put in the incubator for 30
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min to allow gelation of the Matrigel. The chip was then connected to 3
mL medium containing syringes through polyethylene tubing (outer @ of
1 mm and inner @ of 0.8 mm). A syringe pump (11 Elite, Harvard
Apparatus) was used to control the injection volume at 1 pL min %,
which resulted in a flow speed in the channels at 50 pm s~!. The flow
directions were set opposite to allow unidirectional communication of

signal molecules and nutrition supply.
2.3. Signal molecule diffusion in the chamber

To quantify the effective transfer of secreted signal molecules in the
Matrigel, we used three different fluorophores to simulate the diffusion
of signal molecules: Cy5-labelled anti-rabbit antibody, doxorubicin and
poly (N-(2-hydroxypropyl)methacrylamide) (PHPMA)-based block
copolymeric micelles. They were dissolved in phosphate-buffered saline
(PBS) with the concentration of 10 ng mL™!, 30 pg mL™!, and 100 pg
mL~}, respectively. Then they were injected in the flow channel. The
opposite channel was injected with pure PBS. The flow rate was set
around 50 pm s~ . During the perfusion, the chip was placed in the CO,
incubator. After the perfusion, the fluorescence was investigated under
an Olympus FV1200 laser scanning confocal microscopy.

2.4. Characterization of cell responses

To quantify the MDA-MB-231 and MCF-7 cells on the chip, we used
the Hoechst 33342 and Orange CMRA Cell Tracker (Life technologies) to
stain cell nuclei and membrane, respectively. Firstly, the cells were fixed
with 100 pL 4% phosphate-buffered paraformaldehyde for 1 h on the
chip. Then the staining solution of Hoechst 33342 (10 ng mL’l) and
Orange CMRA CellTracker (1:1000 dilution) in PBS was perfused for 3 h.
PBS was used to wash the chip to remove unbound dyes. The cells were
then observed under the confocal microscopy.

To evaluate the induction of CAF, we measured the expression of
a-smooth muscle actin (a-SMA) by immunofluorescence staining. The
cells were first fixed with 4% paraformaldehyde on the chip for 1hr. To
accelerate the staining and washing process, we then used a scalpel to
separate the PDMS piece from the glass slide. The Matrigel and cells
were kept in the PDMS chamber, and we directly stained the cells on the
PDMS. The cells in the Matrigel was treated with 1% Triton X-100 for 1
h, followed by washing with PBS three times. Then cells were blocked
with 5% bovine serum albumin (BSA)/PBS solution at 37 °C for 1 h
before the anti a-SMA antibody (Sigma Aldrich) (1:100 dilution in 0.1%
BSA/PBS) was applied to the cells for 1 h. After washing with PBS thrice,
the cells were immersed in the Cy5-labelled second antibody solution
(1:100 dilution in 0.1% BSA/PBS) at 37 °C for 1 h. The antibody was
dissolved in the 0.1% BAS PBS solution. The cells were then observed
under microscopy.

2.5. Fluorescence measurement and data process

The image was captured under a laser scanning confocal microscope
(FV1200, Olympus, Japan). The settings for the dyes: Hoechst 33342,
excitation at ~350 nm and emission at ~461 nm; CellTracker excitation
at ~548 nm and emission at ~576 nm; Cy5-labelled second antibody,
excitation at ~650 nm and emission at ~670 nm. For the size calcula-
tion of the spheroids, the bright-field images were processed by Adobe
Ilustrator CS6 to enhance the contrast of the spheroids. Then the images
were processed by ImageJ to automatically recognize the spheroids and
calculate the size (area, perimeter, etc.). For the fluorescent images, we
measured the mean grey value of the images under the same threshold in
ImageJ and then calculate the ratio of a-SMA to cell nuclei.

2.6. Blocking of signal molecules on the chip

We used anti TGF-f1 antibody (Novus Biologicals, USA) to block the
TGF-pl secreted from the cancer cells. The cancer cells and
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mesenchymal stem cells were seeded in the left and right chambers,
respectively. After the gelation of the Matrigel, we started to perfuse the
chambers with cell culture medium from the medium inlet. A solution
containing 10 ng mL ™! anti TGF-1 antibodies (diluted in 0.1% BSA/
PBS) was injected to blocking agent inlet. After three days’ culture, the
cells were fixed and stained as described above.

2.7. Statistical analysis

All the data were presented by means + standard deviation. Two-
tailed student’s tests were used to reveal the statistical difference be-
tween the groups with OriginLab 8.0. A p value less than 0.05 was
considered as significant difference (p < 0.05).

3. Results and discussion
3.1. Design concept of the unidirectional-communication chip

The microfluidic chip was fabricated with PDMS. The chip consists of
two separated half-ellipse-shaped chambers, as shown in Fig. 1B. Each
chamber has an inlet, which is used for cell loading. The thickness of the
chamber is designed as 125 pm, and the width of the inlet channel is
about 350 pm. The chambers are surrounded by two channels of 250 pm
width for medium flow. The chambers and channels are semi-separated
by physical barriers. The channels also connect the two chambers by a
zigzag-shaped part. The detailed design and the gross appearance of the
chip are shown in Fig. S1. As shown in Fig. 1C, the two types of cells are
mixed in Matrigel separately and then injected into the left and right
chambers, respectively. Due to the barriers between the chambers and
the channels, the Matrigel will be restrained within the chamber area.
Cell culture medium flows in the channels, and the flow directions are
opposite, as shown by the black arrows. Due to the Matrigel and the
physical barriers, the medium could only flow along the channels. The
nutrition and oxygen in the medium can diffuse into the Matrigel
through the gap between the barriers. The blocking agent inlets are
closed unless we evaluate the function of signal molecules and their
targets.

The working mechanism of the unidirectional chip is shown in
Fig. 1C. The Signal I secreted by Cells I from the left chamber can diffuse
into the medium channel and flow with the medium. When they arrive
at the channel around the right chamber, the Signal I molecules will
diffuse into the matrix through the gaps between the barriers, and then
target Cells II. We could imagine that the closer to the top channel, the
larger the concentration of the signal molecules is. It will form a vertical
concentration gradient of the Signal I in the right chamber. At the bot-
tom of the right chamber, there is an area containing almost no Signal I
molecules. Similarly, Signal II molecules secreted by the Cells II in the
right chamber will flow into the left chamber, form a concentration
gradient and then work on the Cells I. The flow direction enables the
unidirectional communication that the Cells I could only be influenced
by the original type of the cells II and thus avoids the interference from
the affected Cells II.

The chip can achieve the unidirectional communication of cells
along X-axis, the concentration gradient along Y-axis and 3D cell culture
along Z-axis. Owning to the nature of the microfluidic device, it can
significantly reduce the consumption of cells, medium and reagents as
well as facilitate the observation of cell responses. Also, another
advantage of our unidirectional chip is the real-time analysis of the
functional signals with the signal-blocking inlet, as shown in Fig. 1D. For
instance, if we want to know the function of Signal I, the related blocking
agents could be introduced in the channels. The agents will interact with
the Signal I in the zigzag mixing channel, then block their functions
when they reach another cell culture chamber.

Biosensors and Bioelectronics 175 (2021) 112833

3.2. Molecule diffusion on the chip

We used several fluorophores with different sizes to verify the
diffusion of signal molecules and the formation of concentration gradi-
ents. The experiment was observed under a laser-scanning confocal
microscope, as shown in Fig. 2A. The fluorophores dissolved in PBS was
introduced into one channel of the Matrigel-loaded chip, and blank PBS
was introduced into the opposite channel. The flow directions were set
as opposite, and the flowing rate was set about 50 pm s~ . First, we used
the Cy5-labelled anti-rabbit antibody, which has a molecule weight of
around 150 kDa, as a model of protein diffusion. The diffusion was
profiled at 20 min, 6 h and 24 h, respectively, as shown in Fig. 2B. The
fluorescence intensity was quantified by ImageJ. We could see that the
proteins were mainly distributed in the channel at the beginning of in-
jection. After 6 h, the proteins diffused into the Matrigel towards the
opposite channel, and the fluorescence intensity in the middle area
reached 20%. The fluorescent curvy showed a slightly concave shape.
After 24 h, the fluorescent distribution curve became straight. The
fluorescence intensity in the middle area reached around 40%. The
fluorescence illustrated the formation of concentration gradient of
proteins. The fluorescence distribution in the whole chamber was pro-
filed after 24 h, as shown in Fig. 2C. A 3D illustration of the intensity for
the concentration gradient was shown in Fig. 2D.

The diffusion of doxorubicin (molar mass: 543.52 g mol~1) was also
investigated with the same method described above. As shown in
Fig. 2E, at 20 min, doxorubicin diffused over about 500 pm in the
Matrigel. After 6 h, weak fluorescence reached the opposite side of the
Matrigel. Differently, the fluorescence intensity near the physical barrier
was stronger than that in the flow channel, which means that the
doxorubicin accumulated in the edge of the Matrigel. After 24 h, the red
fluorescence fulfilled the whole chamber with a concentration gradient.
The fluorescence intensity of the middle area reached around 60% of
that at the edge.

PHPMA-based micelles have been used as nanocarriers to deliver
anticancer agents (Lu et al., 2015). Here, the PHPMA micelles labelled
with fluorescence are used to model the diffusion efficiency of nanosized
vesicles. The structure of the PHPMA micelle is shown in Fig. 2G. The
average size of the micelles was 15 nm measured by dynamic light
scattering (Fig. S2). As shown in Fig. 2H, the nanoparticles diffused little
into the Matrigel after 20 min. After 6 h, the nanoparticles gradually
diffused into the Matrigel. The fluorescence intensity of the middle area
reached only around 18% with the intensity curvy being a little concave.
After 24 h, the fluorescence near the flow channel was enhanced.
However, the fluorescence far away from the flow channel only changed
slightly. The intensity curvy became more concave than the beginning.
The results show that the distribution of the nanoparticle concentration
was also gradient. Compared to the three molecules, the result shows a
size-dependent diffusion pattern in the Matrigel, indicating that the chip
allows intercellular communication via the molecule diffusion through
Matrigel.

3.3. MDA-MB-231 and MCF-7 cells are different to influence stromal
cells

The tumor tissue consists of tumor cells and stromal cells, such as the
normal fibroblasts, CAFs, vascular cells, and some resident immune
cells. The communication between the tumor cells and the stromal cells
are critical to regulating tumor cell responses to the treatment. CAF is a
heterogeneous population of dynamically varied from mesenchymal
cells with functions that are likely different from those of resident fi-
broblasts (Kalluri 2016; Kalluri and Zeisberg 2006). They are abundant
in the tumor, which could help to stimulate the angiogenesis, support
the formation, proliferation, and metastasis of the tumor. The origin of
CAFs is debated; however, it is commonly believed that they are the
communication product of tumor and more than one precursor cells
(Shimoda et al.,, 2010). The normal fibroblasts are an attractive
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Fig. 2. Molecule diffusion on the chip. (A) Experimental setup under the confocal microscope. (B) Diffusion of antibody (immunoglobulin, large molecule) in the
Matrigel on the chip. (C) Protein distribution in one chamber after 24h. (D) 3D illustration of the protein concentration in the chamber after 24h. (E) Doxorubicin
(small molecule) distribution in the Matrigel on the chip. (F) Structure of the PHPMA micelle. (G) PHPMA micelles distribution in the Matrigel on the chip. (H)

Enlarged 3D view of the distribution of PHPMA micelles in the Matrigel.

candidate. In this study, we studied the unidirectional communication
between breast tumor cells and normal fibroblast. The cells were loaded
into the chambers separately and cultured on the chip.

Here we co-cultured MRC-5 fibroblasts with invasive MDA-MB-231
or non-invasive MCF-7 breast tumor cells. After three days’ co-culture,
we measured the growth of tumor cells as well as the morphology and
the expression of a -SMA of fibroblasts. The cells distributed evenly in
the Matrigel after cell seeding (Fig. S3). As shown in Fig. 3A and B,
during the culture, the influenced MDA-MB-231 formed more spheroids
with a larger size, compared to the uninfluenced MDA-MB-231. This
indicates that the secrets from the MRC-5 fibroblasts could increase the
growth of the MDA-MB-231 cells even without direct contact. As shown
in Fig. 3C and D, the MRC-5 fibroblasts also enhanced the growth of
MCF-7 cells under unidirectional communication. The 3D profile of
MDA-MB-231 and MCF-7 cells in the left chamber demonstrated that the
MRC-5 fibroblasts enhanced the tumor growth, as shown in Fig. S4. We
measured the size distribution of the spheroids (Fig. 3E), which shows
that for the growth stimulation effects on MDA-MB-231 and MCF-7 by
the fibroblasts was evident in most groups. Differently, the MDA-MB-
231 cells formed fewer and smaller spheroids compared with MCF-7
cells. The control experiments were shown in Fig. S5 and Fig. S6. As
shown in Fig. S5, the MDA-MB-231 or MCF-7 cells were seeded in one
chamber. Another chamber was not seeded with any cells. The flow
direction was set opposite. After three days’ culture, it can be observed
that the growth of the tumor cells on both sides had no obvious differ-
ence. In Fig. S6, the MDA-MB-231 or MCF-7 cells were seeded in one
chamber. Another chamber was seeded with MRC-5 fibroblasts. The

medium on both sides was set flowing from the MRC-5 to tumor cells.
After three days’ culture, it can be observed that the growth of the tumor
cells on both sides had no obvious difference. Compared with Fig. S5, the
density and size of tumor spheroids were promoted by MRC-5 fibro-
blasts. Together with Fig. 3, the results prove that the MRC-5 fibroblasts
improved growth of tumor cells.

On the other hand, we observed high expression of a-SMA of MRC-5
fibroblast induced by the secrets of MDA-MB-231 cells (Fig. 3F and G).
We quantified the expression of a-SMA by using the fluorescence ratio of
a-SMA to cell nuclei (Fig. 3J) (Jeong et al., 2016). The ratio of the
influenced fibroblasts was around 1.4-fold compared to the uninflu-
enced fibroblasts when co-cultured with the MDA-MB-231 (statistically
different, p < 0.01). When co-cultured with the MCF-7, the MCR-5 fi-
broblasts showed no obvious difference in the expression of a-SMA, as
shown in Fig. 3H and L. The ratios of a-SMA/cell nuclei on both sides
were almost the same in the co-culture with the MCF-7 cells (p > 0.05). It
indicates that the secreta of MDA-MB-231 cells could effectively turn the
MRC-5 fibroblasts into CAFs, compared to the MCF-7 cells. Thus, it can
be concluded that the transformation of normal fibroblasts into
CAFs-like cells can be induced by tumor cells via unidirectional
communication.

3.4. Unidirectional communication of MDA-MB-231 and MSCs
MSCs have been widely used as an important cell source for regen-

erative medicine due to the pluripotent differentiation, diverse sources,
easy separation and amplification (Madl et al., 2018; Pittenger et al.,
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Fig. 3. Unidirectional communication between MRC-5 fibroblasts and MDA-MB-231 or MCF-7 cells. (A) MDA-MB-231 cells without the influence from MRC-5 fi-
broblasts. Upper and lower are the bright-field and fluorescent images, respectively. (B) MDA-MB-231 cells with the influence from MRC-5 fibroblasts. Upper and
lower are the fluorescent and bright-field images, respectively (C) MCF-7 cells without the influence from MRC-5 fibroblasts. Upper and lower are the bright-field and
fluorescent images. Scale bar: 200 pm. The insert is the MCF-7 spheroids under a 60 x objective lens. (D) MCF-7 cells with the influence from MRC-5 fibroblasts. (E)
The number of MDA-MB-231 and MCF-7 spheroids with or without the influence from MRC-5 fibroblasts. (F) & (G) a-SMA expression of the MRC-5 fibroblasts
influenced or uninfluenced by MDA-MB-231 cells, respectively. (H)&(I) a-SMA expression of the MRC-5 fibroblasts influenced or uninfluenced by MCF-7 cells,
respectively. (J) The ratio of fluorescence of a-SMA to cell nuclei in MRC-5. Data present as means + SD. **, statistical difference, p < 0.01. n.s., no statistical

difference, p > 0.05. Scale bar = 50 pm (the insert) or 200 pm (the others).

1999). Moreover, MSCs display tropism to inflammation and malignant
tumors and tend to migrate towards areas of wound healing or tumour
growth (Cao et al., 2020; Kidd et al., 2009; Ruan et al., 2012; Valkenburg
et al., 2018). So far, many studies have utilized MSCs to delivery drugs
or nanomedicines into tumors, synergistic with chemotherapy, photo-
thermal therapy, and photodynamic therapy for tumor theranostics (Cao
et al., 2020; Ruan et al., 2012). As an essential type of tumor stromal
cells, MSCs are also a top candidate of the CAFs (Shi et al., 2017). As
shown in Fig. 4, we characterized both the tumor cells and MSCs after
three days’ unidirectional communication on the chip. The fluorescence
and bright-field images of the MDA-MB-231 cells on the uninfluenced &
influenced side were shown in Fig. 4A and 4B, respectively. It was found
that the MDA-MB-231 proliferated faster and formed larger spheroid on
the influenced side than did on the uninfluenced side; while the density
of the spheroids was opposite. The tumor spheroids under a 60 X
objective lens were also shown in the insert of Fig. 4. To better illustrate
the difference, the 3D morphologies of the tumor spheroids on the two
sides were analyzed, as illustrated in Fig. 4C. Although there were also

many spheroids around the barriers on the uninfluenced side, the whole
density of the spheroids was lower than that on the influenced side
(Fig. 4C). The area size of the spheroids was analyzed by ImageJ and
shown in Fig. 4D. The number of spheroids on the influenced side was
higher than that on the uninfluenced side. The project area of some
spheroids was even larger than 5k pm? affected by the secreta from
MSCs. In addition, we co-cultured MSCs and MDA-MB-231 cells with the
same flow direction (Fig. S7). The results show that the two sides of
MDA-MB-231 cells influenced by MSCs showed no obvious difference,
indicating that even normal MSCs have evident impacts on tumor cells.

Then we measured the expression of a-SMA in MSCs with immuno-
fluorescent staining, as shown in Fig. 4E & G. Compared to the unin-
fluenced side, the influenced MSCs showed a brighter fluorescence,
indicating a higher a-SMA expression. We also observed the changes in
cell morphology. The MSCs with high a-SMA expression tend to show an
elongated spindle shape, which is also observed in the bright-field im-
ages (Fig. 4F and H). To quantificate the fluorescence of a-SMA, we used
the average fluorescence ratio of a-SMA to Hoechst 33342 stained cell
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Fig. 4. Unidirectional communication between MSCs and MDA-MB-231 cells. (A) MDA-MB-231 cells without the influence from MSCs. Left and right are the bright-
field and fluorescent images, respectively. Scale bar: 200 pm. Inset is the MDA-MB-231 breast tumor spheroids under a 60 x objective lens. Scale bar: 50 pm (B) MDA-
MB-231 cells with the influence from MSCs. Scale bar: 200 pm. (C) 3D profile of the MDA-MB-231 cells without & with the influence from MSCs. (D) The number of
spheroids without & with the influence from MSCs. (E) a-SMA expression of the influenced MSCs (scale bar: 200 pm) and the typical a-SMA expression under a 60 x
objective lens (scale bar: 50 pm). (G) a-SMA expression of the influenced MSCs. Scale bar: 200 pm and the typical a-SMA expression under a 60 x objective lens. Scale
bar: 50 pm. (F) & (H) Morphology of the typical MSC on the influenced side & on the uninfluenced side in the Matrigel. Scale bar: 50 pm. (I) Fluorescence ratio of
a-SMA to cell nuclei. Data present as means + SD. **, significant difference, p < 0.01.

nuclei (Fig. 41). We found that the ratio of MSCs on the influenced side is
around 1.5-fold higher than that on the uninfluenced side (statistically
different, p < 0.01). We mono-cultured the MSCs on the chip as the
control group (Fig. S8). It showed that the a-SMA fluorescence of mono-
cultured MSCs was similar to that of uninfluenced MSCs. They did not
present an apparent elongated shape. Thus, the secreted signal mole-
cules of MDA-MB-231 cells up-regulated the expression of a-SMA, which
indicates the induction of MSC to CAF-like cells even without direct
contact. Both MSCs and MRC-5 fibroblasts are potential sources of CAFs
in solid tumors.

3.5. TGF-§1 secreted from MAD-MB-231 cells induced MRC5 fibroblasts
into CAFs

It has been reported that the TGF-p1 secreted by the tumor cells
could induce fibroblasts transferring into CAFs (Calon et al., 2014).
Here, we used the blocking channel to verify the role of TGF-p1 on this
proposed chip. As shown in Fig. 5A, MDA-MB-231 cells and MRC-5 fi-
broblasts were seeded on the left and right chambers, respectively. The
flow speed was set as 0.5 uL. min ! at each inlet. The antibody of TGF-p1
at a concentration of 10 ng mL ™! was introduced into the top blocking
channel with the cell culture medium. The flow speed was set as 0.5 pL
min~!, which ensures around 20 min for the neutralization of TFG- p1

with the antibody before it reached the fibroblast culture chamber.
Medium with the antibody was introduced into the bottom blocking
channel as a control. As shown in Fig. 5B, we hypothesized that if the
TGF-B1 was blocked by the antibody, it could not transfer MCR-5 into
CAF-like cells. After three days’ culture, we found that the expression of
a-SMA of the influenced MRC-5 was not statistically different from the
uninfluenced MRC-5 (bottom area) Fig. 5C and D. The ratio of
a-SMA/Nuclei was 0.42 + 0.02 was also much lower than the ratio of
unblocked MRC-5 cells at 0.71 + 0.06 in Fig. 3E. These results indicate
that the TGF-p1 secreted by the tumor cells is one of the driven forces to
turn the normal fibroblasts into CAFs. The blocking channels on the chip
functioned adequately, which could simplify the biological experiments
and reduce the system errors.

4. Discussion

Microfluidic devices have been attracting more attention from
biomedical researchers (Saini et al., 2020; Truong et al., 2019a; Xu et al.,
2013). The microfluidic chips enable real-time monitoring, provide
excellent visualization, reduce sample and reagent usage, control the
chemical concentration gradients, and enhance cell responses through
restrained culture space, which could reduce the consumption of cells,
medium and some expensive agents. Many microfluidic devices have
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been used to study intercellular communications (Alonzo et al., 2015;
Zheng et al., 2017), especially between tumor cells and stromal cells
(Chen et al., 2016). For example, Rahman et al. evaluated intercellular
communication between breast cancer cells and adipose-derived stem
cells via passive diffusion in a two-layer microfluidic device (Rahman
et al., 2020). A similar design was utilized to study the interactions
between A549 lung cancer cells and vascular endothelial cells during
treatment with exosome encapsulating microRNA (Jeong et al., 2020).
Under 3D microenvironment, the cells in 3D can better reflect the reality
of cells in the body (Jun et al., 2019). Seok et al. fabricated three on-chip
channels which were connected by collagen scaffolds (Chung et al.,
2009). One cell type was seeded in the middle channel, and the medium
or the other types of cells were introduced into the side channels. Fang
et al. investigated the communication of tumor cells with fibroblasts and
vascular endothelial cells in gradient-sized 3D spheroids on agarose
chips (Fang et al., 2019). Truong et al. developed a 3D organotypic
microfluidic platform, integrated with hydrogel-based biomaterials, to
mimic the vascular niche of glioma stem cells and study the influence of
endothelial cells on patient-derived glioma stem cells and identify
signaling cues that mediate their invasion and phenotype (Truong et al.,
2019a). Furthermore, other methods were proposed using the micro-
fluidic such as the droplet co-culture (Chen et al., 2014; Du et al., 2018;
Park et al., 2011; Tomasi et al., 2020), micro-Boden chamber (Karakas
et al., 2017), and communication in single-cell level (Karakas et al.,
2017). However, the above reported methods co-culture the cells
without considering the direction of signal transfer. In this work we
provide a new approach of cell co-culture with unidirectional transfer of
signal molecules to clear the details of the intercellular communication.
The special design could control the signal direction and provide a 3D
microenvironment for cells to study the Signal-Target-Response
pathway.

The tumor microenvironment composed of stromal cells and the
extracellular matrix (ECM) has crucial roles in tumorigenesis, tumor
progression, metastasis, and therapy resistance (Valkenburg et al.,
2018). Moreover, tumor cells can influence the stromal cells and modify

the ECM generating a favorable niche that facilitates tumor progression
(Calon et al., 2014; Shi et al., 2017). Both MDA-MB-231 and MCE-7 cells
are breast cancer cell lines. They displayed distinct capacities to turn
normal fibroblasts into myofibroblast-like cells. The MRC-5 fibroblasts
demonstrated up-regulated a-SMA expression induced by MDA-MB-231
cells other than MCF-7 cells. In breast cancer, TGF-pl is highly
expressed, especially at the advancing edges of primary tumors and in
metastatic foci of lymph nodes (Dalal et al., 1993). It has been reported
that the more invasive MDA-MB-231 cells produced five times more
TGF-p1 than the less invasive MCF-7 line when cultured in vitro with
10% serum plus DMEM/F12 (Guerrero et al., 2010). It indicates that
TGF-f1 plays an important role to influence the neighboring stromal
cells. The fibroblasts influence the behaviors of tumor cells via a range of
growth factors and cytokines including HGF, EFG, BMPs, interleukins,
and even lactate products (Kalluri 2016; Sahai et al., 2020; Shi et al.,
2017). It is difficult to identify a specific inhibitor that can block the
function of the complicated secret from fibroblasts. On the other hand,
TGF-f1 has been proven as one of the major factors to transfer fibro-
blasts into CAFs (Calon et al., 2014; Ringuette Goulet et al., 2018). Our
results in Fig. 5 show the blocking of TGF-f1 can stop the transformation
of CAFs as well as demonstrated the blocking function of the unidirec-
tional chip.

Previous studies have demonstrated that mesenchymal stem/stromal
cells contribute to direct interaction with tumor cells and promote
mutual exchange/induction of cellular markers (Karnoub et al., 2007;
Shi et al., 2017). Alternatively, MSC interaction can be mediated indi-
rectly by the release of soluble biological factors and/or vesicles such as
exosomes whereby MSC can affect cellular functionality of distant cell
populations in a paracrine manner. The signal molecules secreted by the
tumor cells can also influence the targeting, migration and functions of
MSCs. These effects can be mediated both, by signal proteins such as
CXCL12-CXCR4 and CCL19-CCR7(Ruan et al., 2012), and RNAs
including mRNAs and miRNAs (Hergenreider et al., 2012; Jeong et al.,
2020). It has been reported that the proliferation and migration of
cancer cells increased following direct co-culture with MSCs. These
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results suggest that MSCs induce epithelial mesenchymal transition in
cancer cells via direct cell-to-cell contact and may play an essential role
in cancer metastasis (Takigawa et al., 2017). In this work, we found that
unidirectional indirect contact can trigger the response of cancer cells
and CAFs, which may be due to the high bioactivities of signal molecules
in the chip without a decrease in conditioned medium storage and
transferring.

The unidirectional microfluidic chips have high extensibility that is
applicable for different research, such as exosome or endocrine studies
(Fig. S9). Exosomes are known for intercellular communication in both
normal and diseased tissue. They are involved in the regulation of pro-
grammed cell death, modulation of the immune response, inflammation,
angiogenesis, and coagulation (Dourado et al., 2019; Hergenreider et al.,
2012; Huang et al., 2020). The exosomes secreted by stromal cells, such
as MSCs, have been demonstrated to alter tumor cellular functionalities
with the capacity to reconstruct tumor microenvironment (Yang et al.,
2015). It has been reported that cancer cells induce CAFs through
TGF-f1 encapsulated exosomes (Ringuette Goulet et al., 2018). Cancer
exosomes trigger MSC differentiation into pro-angiogenic and
pro-invasive myofibroblasts (Chowdhury et al., 2015). Injection of an-
tibodies to block the exosomes may be used to study the functions of a
specific type of exosomes. Opening an outlet in the middle channel can
provide an exosome harvesting path or a connection path to other
microfluidic devices for monitoring of exosomes. Microfluidics-based
separation and detection of exosomes have attracted more attentions
for research and clinical applications (Lin et al., 2020; Zhang et al.,
2019). It is expected that the proposed unidirectional microfluidic chip
can be extend with the chips for separation and detection of exosomes,
which may provide an efficient approach for exosome studies. Our
unidirectional microfluidic device may also be used in endocrine
studies. By optimizing the middle channel length and introducing
endothelial cell culture in the channels and physical barriers, the uni-
directional chip may be a simple model that mimics the in vivo endo-
crine transfer pathway.

5. Conclusions

In this work, a microfluidic chip was fabricated for cell co-culture to
study the unidirectional intercellular communication. The chip achieved
unidirectional communication of 3D cultured cells. Moreover, the uni-
directional chip enables the analysis of a specific signal via the signal-
blocking inlet. Our results showed that MRC-5 and MSCs could
enhance the growth of cancer cells. The invasive MDA-MB-231 could
more effectively induce the MRC-5 and MSCs into CAF-like cells via
unidirectional stimulation. By using the signal-blocking function, we
also proved that TGF-p1 secreted by cells was one of the major factors to
up-regulate the expression of a-SMA of the stromal cells. The device
offers a unique, facial and effective tool for the study of intercellular
communication.
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