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Tumour metastasis is an important reason for cancer death, and cancer cell migration is an important
step in the process of tumour metastasis. Studying cancer cell migration is of great significance.
Here, we present a novel microfluidic co-culture system and establish mild, moderate and severe
cancer models by using HMEpiC and MDA-MB-231 cells to study cancer cell migration and anti-cancer
drug screening. Using this device, we achieved high cell viability (over 90%) and a stable analysis of
the migration ability of cancer cells. We observed that the density of the cancer cells determined
the probability of the occurrence of metastatic cells and that the induction of normal cells affected
the metastatic velocity of each cancer cell. We verified that the increase in the migration ability of
MDA-MB-231 cells co-cultured with HMEpiC cells was relative to the increased secretion of IL-6 and
that this was verified by an IL-6 inhibitor assay. This co-culture also led to decreased CK-14 secretion
and morphological changes in HMEpiC cells. Finally, significant inhibition of paclitaxel and tamoxifen
on cancer migration was observed. Taken together, our microfluidic device could be a useful tool for the
quantitation of the migratory capability and anti-metastatic drug screening.

Cancer is a serious human health problem worldwide!?, and metastasis is responsible for as much as 90% of
cancer-associated mortality, yet it remains the most poorly understood component of cancer pathogenesis®.
Breast tumours represent the most frequently diagnosed cancer in women and are also the leading cause of
cancer-related death among the female population*®. Thus, it is very necessary to study the migration of breast
cancer and to develop effective anti-cancer drugs, especially anti-metastatic drugs.

The tumour microenvironment is a critical component of cancer biology and is responsible for metastasis and
drug resistance®. The migration of cancer cells is maintained by the dynamic interplay between the tumour cells
and many distinct cell types that exist in the adjacent microenvironment, including endothelial cells, fibroblasts,
and so on'""'>, The construction of a multicellular co-culture system that mimics the breast tumour microenvi-
ronment is very important for investigating the interaction of cancer cells and non-malignant cells and the role
of non-malignant cells in the progression of cancer cell migration. Traditional in vitro models for studying cell
migration, such as transwell and would healing assays, often lack real-time information on migration dynamics,
require a large number of sample cells and are unable to accurately quantify the migratory capability at different
cells in the environment'®!”. These approaches for assessing in vitro breast cancer cell migration often are based
on monoculture, and they do not simulate the conditions of the human environment well'®-°. Therefore, the
biggest need for breast cancer migration research is still to reconstitute a more bionic tumour environment and to
establish a more feasible and high-throughput evaluation system for cancer cell migration.

In the past decade, microfluidic technology with evident advantages, such as small sample volume, high sen-
sitivity, fast processing speed, high portability and low cost, has become an increasingly promising tool for basic
and applied research on cancer?-?%. The use of microfluidic chips can better mimic the tumour microenviron-
ment for studying cell migration and anticancer drug screening. For example, Zhang and co-workers developed
a high-throughput device, the M-Chip, to investigate the mesenchymal mode of breast cancer cell migration'.
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Figure 1. (a) Schematic illustration of the metastatic breast tumour. (b) Schematic illustration of three cancer
models. (¢) The steps for loading the cells and the realization of co-culture. (d) Drug treatment on chip.

Nguyen et al. developed an impedance sensing-based microfluidic device to investigate the migration of breast
cancer cells embedded in 3D matrices?*. Haessler et al. developed a microfluidic device to study how fluid flow in
tumour microenvironments affects cancer cell migration®. Choi et al. described a micro-engineered pathophysi-
ological model to test anticancer drugs in a breast cancer-on-a-chip device!®. Chen et al. developed a microfluidic
chip for mimicking the physiological microenvironment of solid tumours with multicellular tumour spheroids
for anticancer drug screening®.

Although there are many studies regarding breast cancer migration based on microfluidic devices, and some
scholars have established co-culture tumour models in microfluidic devices to solely study cancer cell migra-
tion!%7, only a few studies have focused on the interaction between cells and studied the role of normal cells in
breast cancer migration'®?. In addition, the factors of the tumour microenvironment, such as cell density, greatly
influence cancer cell migration and drug screening!'®*262%_In different regions of a metastatic breast tumour
(Fig. 1(a)), the densities of cancer cells and non-malignant cells are different, and the migration ability of cancer
cells in these regions may be not the same. However, few researchers have studied the effect of the cell density of
both cancer cells and non-malignant cells on cancer cell migration in microfluidic devices.

Here, we present a novel microfluidic system to establish an in vitro co-culture model that mimics differ-
ent regions of a metastatic breast tumour to study cancer cell migration and anti-cancer drug screening. The
microfluidic chip contains three groups of co-culture chambers with microchannel arrays for the detection of
cancer cell migration and with fluid channels for the delivery of nutrients and anticancer drugs. By controlling
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Figure 2. (a) Design of microfluidic co-culture devices. (b) A picture of the microfluidic devices. (¢) Schematic
illustration of co-culture chamber A. (d) A sectional view of microchannel arrays C. (f) A optical image of
positions B, C and D, scale bar: 600 pm.

the densities of the normal breast cells HMEpiC and the breast cancer cells MDA-MB-231 in the co-culture
chambers, a mild cancer model, a moderate cancer model and a severe cancer model were established. Using the
microfluidic chip, we first studied the viability of cells on the chips. Then, by transfecting the HMEpiC cells with
RFP (red fluorescent protein) markers and the MDA-MB-231 cells with GFP (green fluorescent protein) markers,
we compared the migration ability of the cancer cells in the three cancer models. Through immunofluorescence
staining and migration tests, we analysed the interaction between the HMEpiC and MDA-MB-231 cells. Finally,
by adding different concentrations of paclitaxel and tamoxifen, we studied the effect of the drugs on cancer cell
migration. In summary, this microfluidic system provides a novel way to mimic the in vivo tumour microenviron-
ment, which can be used to perform anti-metastatic drug screening at different cell densities in breast tumours.

Materials and Methods

Device design and fabrication. Near the centre of a metastatic breast tumour, cancer cells are denser
and normal cells are less dense (Fig. 1(a)). By controlling the densities of cancer cells and non-malignant cells,
we established mild, moderate and severe cancer models in co-culture chambers (Fig. 1(b)). In our design, each
co-culture chamber had two cell culture chambers: one for the cancer cell culture and another for the normal cell
culture. The two chambers in each cancer model were connected by unified microchannel arrays, which were
designed to analyse cancer cell migration.

The microfluidic devices were fabricated using standard soft-lithography techniques with replica moulding
poly (dimethylsiloxane) (PDMS), as previously described®'-*%. The microfluidic chip was composed of a glass
slide layer and a PDMS layer with the same width (2.7 cm) and length (6.9 cm) (Fig. 2(a)) and a different thickness
(0.2mm and 6 mm, respectively). The PDMS layer had three co-culture chambers, each with two culture cham-
bers and the same microchannel arrays. The area of the normal cell culture chamber in the mild cancer model and
the area of the cancer cell culture chamber in the severe cancer model were twice the area of the last four cham-
bers (Fig. 2(a)), and this design can guarantee the uniformity of cell density in the zone near the microchannel
arrays when seeding a high density of cells. The microchannel arrays had 27 microchannels (60 pm wide, 300 pm
long, and 10 um high) (Fig. 2(c,f), area C). Each co-culture chamber had six holes, four holes for cell loading and
cell medium supplementing and two holes for loading a pulse pressure. Two culture chambers of a co-culture
chamber were separated by microchannel arrays due to surface tension® and were connected by loading a pulse
pressure (Fig. 2(d)). The flow channels were 60 pm high, and the cell culture channels in Fig. 2(c) in the yellow
area were 120 pm high. The microbump arrays B and D shown in Fig. 2(c) were designed to guarantee the uni-
formity of the hydraulic pressure and to reduce the influence of the pulse pressure on the cells.
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Cell culture and the formation of the on chip cancer models. MDA-MB-231 breast cancer cells
from ATCC were cultured in Leibovitz L 15 medium (Life Technologies Corporation) supplemented with 10%
foetal bovine serum, penicillin (100 units/ml) and streptomycin (100 pg/ml). Mammary epithelial cell medium
(MECM, ScienCell) for the human mammary epithelial cells (HMEpiC, ScienCell) consisted of 500 ml of basic
medium, 5ml of mammary epithelial cell growth supplement (MEpiCGS, ScienCell) and 5 ml of penicillin/strep-
tomycin (P/S). The MDA-MB-231 and HMEpiC cells were both cultured in a cell incubator with 5% CO, at 37°C.

Before loading the cells, we pre-treated the microfluidic devices with 75% alcohol for 12 h to disinfect and
remove air bubbles in the co-culture chamber, UV sterilised the devices for 30 minutes and coated the cell cham-
bers with 1 mg ml™! poly-L-lysine (PLL) (Sigma-Aldrich) in 0.1 M borate buffer (pH 8.5) for 12h at 37°C. Then,
the cell chambers were equilibrated with cell medium for 30 min.

The cell suspensions of two types of cells were manually loaded into the cell inlets of the chip (Fig. 1(c)). The
HMEpiC cells at densities of 6 x 10°cells ml~%, 2 x 10°cells ml~! and 0.5 x 10°cells ml~! and the MDA-MB-231
cells at densities of 0.5 x 10°cells ml™!, 2 x 10°cells ml™! and 6 x 10°cells ml~! were loaded into the co-culture
chambers of the mild, moderate and severe cancer models, respectively. Due to the surface tension of the micro-
channel arrays, the cell suspensions filled the cell culture channels without getting into the microchannels. After
6h, we added fresh cell culture medium to wash out the non-adherent cells, and then we plugged the cell inlets
and outlets, as shown in Fig. 2(c), and added a pulse pressure to one of the last two holes to establish a true
co-culture.

Cell viability analysis in the chip. We used the Live/Dead Cell Imaging Kit (Molecular Probes, Life
Technologies Corporation) to evaluate cell viability in our models. In the Live/Dead assay, the viable cells are
stained green, while the dead cells are stained red>. The cells were loaded into the microfluidic devices, as
described previously, and after one day, we used phosphate buffered saline (PBS, HyClone) to wash the culture
chambers in the microfluidic chip for 1-3 min. Then, the cells were incubated with the Live/Dead Cell Imaging
Kit for 15-30 min at 37 °C. Next, we used PBS again to wash out the reagent for 3-5 min and observed the culture
chambers under a fluorescent microscope. Finally, cell viability was measured by assessing the percentage of green
fluorescent cells in all of the cells.

Generation of fluorescent protein expressing cells and cell migration evaluation. In order to
facilitate the observation of cancer cell migration, GFP and RFP (mCherry cDNAs) were used as tracer markers
for the transfection of MDA-MB-231 and HMEpiC cells, respectively. The cells were plated onto a 6 cm petri
dish, and 12-16 hours later, we removed the culture medium and added a mixture of 1 ml of the GFP marker kit
(or RFP marker kit for RFP transfection), 3 ml of fresh culture medium and 4 pl of polybrene (8 jug/ml). Then,
at intervals of 15 to 30 min, we gently shook the petri dish. We added 4ml of fresh culture medium to the petri
dishes after 2h and replaced the medium with fresh culture medium after 24 h. After 48 h, the results of the
fluorescent transfection were observed. Then, the MDA-MB-231 and HMEpiC cells, with the GFP and RFP
fluorescent markers, respectively, were loaded into the microfluidic devices, as described before, and cancer cell
migration was observed every 24 h.

Immunofluorescence staining and the interaction analysis between normal breast cells and
breast cancer cells. Interleukin 6 (IL-6) is a pro-inflammatory cytokine shown to alter cell morphology and
to modulate cell migration and the epithelial to mesenchymal transition (EMT)?*. Cytokeratin 14 (CK-14) is a
characteristic protein of epithelial cells and is highly expressed in HMEpiC cells. To study the interaction between
MDA-MB-231 and HMEpiC cells, we cultured the cells in the microfluidic devices for 48 h with and without
co-culture. Then, we used IL-6 antibody (ab6672, Abcam) against the IL-6 protein of MDA-MB-231 cells and
cytokeratin 14 antibody (ab192056, Abcam) against CK-14 protein of HMEpiC cells. An immunofluorescence
staining procedure was performed in the microfluidic platforms using standard immunocytochemistry tech-
niques, as previously described!8.

Additionally, cell migration tests of the cancer cells were performed with and without co-culture. In order to
further study the role of IL-6 expression in cancer cells migration, IL-6 inhibition experiments on MDA-MB-231
cells were performed by 24 h of pre-incubation using IL-6 receptor antibody (IL-6 RA, ab47215, Abcam). After
incubation, MDA-MB-231 cells were used for migration tests and immunofluorescence staining tests.

Paclitaxel and tamoxifen treatments and the evaluation of cytotoxicity and anti-metastatic
effect. For the drug tests, the anti-metastatic effects of paclitaxel (Sigma Aldrich) and tamoxifen (Sigma
Aldrich) were studied. First, MDA-MB-231 and HMEpiC cells transfected with GFP and RFP, respectively, were
loaded into four microfluidic devices, as described before, and 6 h later when the cells were adherent, we replaced
the medium with fresh culture medium mixed with paclitaxel concentrations of 0.1 pM, 0.3 uM, 0.5 1M, or 1 pM
or with tamoxifen concentrations of 5pM, 10 pM, 30 pM, or 50 pM. Then, every 12 hours, we replaced the corre-
sponding fresh culture medium mixed with drugs, and every 24 hours, we observed cancer cell migration.

Cell imaging and image analysis.  All of the cell images were obtained using a fluorescence microscope
(Xcellence, Olympus). Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring, MD) and SPSS V19.0 (SPSS Inc.)
software were used to perform the image analysis and data statistical analysis. All of the experiments were per-
formed in triplicate or quadruplicate, and the data are presented as the mean + standard deviation (SD). A
one-way analysis of variance (ANOVA) and Student’s t-tests were used for comparisons of each group. P-values
less than 0.05 were considered statistically significant and are indicated with asterisks (*) and pound sign (#).
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Figure 3. (a) Merged images of the live/dead staining images. (b) Cell viability of the MDA-MB-231 (92.6%)
and HMEpiC (91.2%) cells, the error bars represent the standard deviations calculated from separate assays
(n=5). (c) Realisation of three cancer models. Scale bar of all images: 200 pm.

Results

Cell viability and realisation of the three cancer models in the microfluidic devices. To quantify
cell viability, three random domains per culture chamber were selected, and fluorescence images at wavelengths of
480 nm and 590 nm were captured. Subsequently, the green (live) and red (dead) cells were manually counted in
the three random domains per sample. Finally, the data from three samples were statistically analysed using SPSS
V19.0 software. The results are shown in Fig. 3(a,b), and the viability of both the MDA-MB-231 and HMEpiC
cells were significantly above 90%.

In order to facilitate observation of the cells, GFP and RFP (mCherry cDNAs), as tracer markers, were used to
transfect the MDA-MB-231 and HMEpiC cells, respectively. The HMEpiC cells, at densities of 6 x 10°cells ml ™,
2 x 10%cells ml~! and 0.5 x 10°cells ml™!, and the MDA-MB-231 cells, at densities of 0.5 x 10°cells ml~!,
2 x 10%cells ml~! and 6 x 10°cells ml~!, were loaded into the cell co-culture chambers of the mild cancer, the
moderate cancer and the severe cancer models, respectively, as shown in Fig. 3(c). Images of the cells were taken
1 day after co-culture of the HMEpiC and MDA-MB-231 cells by fluorescence microscopy.

Cancer cell migration evaluation in the microfluidic device. Analysing the migration of cancer cells
is an important goal for establishing cancer models, and HMEpiC cells with RFP and MDA-MB-231 cells with
GFP were loaded into microfluidic devices for the co-culture and the observation of cancer cells migration. We
began timing when the cells were adherent and the co-culture of the two types of cells was established. Then, on
days 1, 2 and 3, we observed the migration of the MDA-MB-231 cells in the co-culture chambers of the mild,
moderate and severe cancer models, respectively, as shown in Fig. 4. The microchannel arrays are indicated by
the white dotted wireframe, the blue dotted lines show the same microchannel of each cancer model at three time
points, the cells in the red circle of each cancer model are the same cell at three time points, and the red arrows
indicate the migration direction. Migration of the cancer cells was clearly observed. We observed that the severe
cancer model had the most migrated cells and that the mild cancer model had the fewest migration cells in the
microchannel arrays. We also observed the dynamic process of cell migration in which the cancer first stretched
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out a filamentous protuberance into the channel, then the cell sap flew forward, and finally the back part of the
cell shrank. This model was used for the subsequent quantitative analysis of the migration ability of cancer cells.

We performed 4 groups of experiments under the same conditions to study and quantify the migration of
cancer cells. Based on the migration images we observed, we manually measured the number of cancer cells
that migrated into the microchannel arrays and the migration distance of the MDA-MB-231 cells and then the
measured data were analysed through statistical methods. The optical images of cell migration were processed
(Fig. 5(a)) to measure the migration distance of the cancer cells in the microchannel arrays using Image-Pro
Plus 6.0 software. The migration distance in the statistical analyses represents the migration ability of a cancer
cell colony, and the average migration distance represents the average migration ability of a single cancer cell
that migrated into the microchannels. We found that with increasing time, the total migration distance of the
cancer cells increased (Fig. 5(b)) and that the number of cells that migrated into the microchannels increased
(Fig. 5(c)). For the different cancer models, when the density of the cancer cells was higher, the total migration
distance of the cancer cells was longer. Then, we analysed the average migration distance per metastatic cell within
1 day, 2 days and 3 days. As shown in Fig. 5(d), We observed a tendency that the cancer models with a higher
density of HMEpiC cells exhibited a greater average migration distance. In each cancer model, with increased
co-culture time, the average migration distance of the migrating cells increased rapidly within 1 day and eventu-
ally stabilised.

The interaction analysis between normal breast cells and breast cancer cells. To investigate
the interaction between normal breast cells and breast cancer cells, we solely loaded the MDA-MB-231 cells
on a chip to analyse the migration of cancer cells without co-culture. We observed that the migration ability of
the MDA-MB-231 cells under the monoculture condition significantly decreased (p < 0.05) compared with the
co-culture condition (Fig. 6(a)). This indicates that co-culture with normal breast cells markedly aided in increas-
ing the migration ability of the MDA-MB-231 cells. By comparing the average migration distance of the cancer
cells in the two cells culture conditions, we found that the average migration distance of the cancer cells of the
three cancer models decreased to different degrees under monoculture condition (Fig. 6(b)). In the monoculture
condition, we did not observe the same tendency that a higher density of HMEpiC cells corresponded to greater
average migration distances, which indicated the ability of HMEpiC cells to induce cancer cell migration from
another perspective.
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In order to assess the biological interaction of normal breast cells and breast cancer cells, we analysed the
expression of CK-14, a characteristic protein of epithelial cells, on HMEpiC cells and the expression of IL-6, a
characteristic protein that modulates cell migration, on MDA-MB-231 cells with or without co-culture (Fig. 7).
Here, we only analysed expression of relative proteins in moderate cancer chambers because intuitively there
would not be a difference in the expression levels of relative proteins among the different cancer models (Fig. S1).
We found that through co-culture, CK-14 expression of HMEpiC cells significantly decreased and that IL-6
expression of MDA-MB-231 cells significantly increased (p < 0.05) (Fig. 7(c)). These results show that the
enhancement of cancer cell migration ability may be relative to increasing expression of IL-6.

To verify our inference, we inhibited IL-6 expression by treating MDA-MB-231 cells with IL-6 inhibitor (IL-6
RA), and then loaded cells into chips for co-culture. By immunofluorescence staining we observed a decrease in
IL-6 expression compared with the co-culture condition, and this result showed the inhibition effect of the IL-6
inhibitor (Fig. 7(b,c)). By migration tests, the decrease of migration ability of MDA-MB-231 cells compared with
the co-culture condition was also observed in Fig. 6.
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tamoxifen. (d-f) The average migration distance under treatment of drugs. (g,h) Analysis of the migration
ability of cancer cells treated with 0.1 pM of paclitaxel and 0.5 uM of paclitaxel respectively. The error bars
represent the standard deviations in all of the charts calculated from separate assays (n = 3); *p < 0.05, *p < 0.05.
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Paclitaxel and tamoxifen treatments and the evaluation of anti-metastatic effect. To simulate
a drug-screening environment to test the effect of drugs on tumours, we also utilised the co-culture of HMEpiC
and MDA-MB-231 cells. Cell migration inhibition assays were carried out in the microfluidic devices. We mainly
compared the effect of different concentrations of drugs on cancer cell migration through the valves based on the
total migration distance and the average migration distance per metastatic cell at different time points. As shown
in Fig. 8(a-c), in the mild cancer, moderate cancer and severe cancer models, we compared the total migration
distance of the MDA-MB-231 cells upon treatment with different concentrations of paclitaxel and tamoxifen.
Compared with the condition without drug treatments, the total migration distance of the cancer cells that pro-
cessed the treatment of drugs showed a significant inhibition (p < 0.05) in the same model. There was a tendency
that the migration distance of the cancer cells became shorter with increased concentrations of both paclitaxel
and tamoxifen.

Then, we compared the average migration distance per metastatic cell at different concentrations of the drugs
(Fig. 8(d-f)). There was a tendency that when the cells were treated with different concentrations of drugs, the
average migration distance was reduced. In most cases, treatment with higher concentrations of the drugs resulted
in a lower average migration distance of the MDA-MB-231 cells. We further analysed the metastatic ability of the
cancer cells in the different models at the same drug concentrations, as shown in Fig. 8(g,h). We obtained the
same observation that in the different cancer models, higher densities of cancer cells resulted in longer cancer cell
migration distances. However, among the different cancer models, the average migration distance of the cancer
cells was not significantly different.

Discussion

Quantitation of the migratory capability at different cell densities is very important for providing a more accu-
rate characterisation of the effects of the microenvironment'®*-*!. Non-malignant cell components and cancer
cells together participate in the building of the tumour microenvironment in vivo®*2. For a breast tumour, the
migratory capability of cancer cells may be not the same in different regions of the tumour (Fig. 1(a)) because of
different densities of cancer cells and non-malignant cells. In this study, we built a new multicellular co-culture
system that mimics the tumour environment at the different regions of tumour tissue to study breast cancer cell
migration. Briefly, the co-culture of HMEpiC cells and MDA-MB-231 cells was achieved to rebuild the environ-
ment of breast tumour tissue. By controlling the cell densities of the cancer cells and normal cells, mild, moderate
and severe cancer models were established.

Microfluidic technology is a useful technology platform for mimicking the tumour microenvironment**-%.
A microfluidic device that consisted of three co-culture chambers was designed to establish three cancer models
by controlling the cell density. Although a number of co-culture cell migration studies using microfluidic devices
that mimic the tumour microenvironment have been reported!*?’, many of these microfluidic devices require
higher operation of the cells and are difficult to operate and analyse cells in a high throughout manner. Our
microfluidic chips could achieve efficient, easy manipulation and control of the cells, perform real-time moni-
toring of cell growth and cell migration and allow for more efficient bioassays and drug screening. For example,
we designed 10-pm-high microchannel arrays (Fig. 2(c), C) to establish the controlled communication of both
sides of the co-culture chambers and to observe and measure the migration of cancer cells. Both sides of the
co-culture chambers spontaneously isolated the HMEpiC and MDA-MB-231 cells because of the fluid surface
tension (Fig. 2(d)) through the microchannel arrays. By applying a pressure pulse in one side of the co-culture
chamber, communication between the HMEpiC and MDA-MB-231 cells was achieved. The microchannel arrays
contained 27 microchannels and, through imaging, we could easily confirm the position of every microchannel,
monitor the migration of a certain cell and observe the dynamic migration of cancer cells (Fig. 4).

Based on live/dead assays, we proved that our microfluidic devices supported cell growth. Then, by trans-
fecting the HMEpiC and MDA-MB-231 cells with RFP and GPE, respectively, the migration of the cancer cells
could be easily detected. We observed the dynamic process of cell migration: the cancer first stretched out a
cellular protrusion into the channel, then the cell sap flew forward, and finally the back part of the cell shrank
(Fig. 4). Statistical analyses of the migration of MDA-MB-231 cells were performed. We found that among the
three cancer models, the cancer model with a higher density often displayed more obvious cell migration and
stronger migration ability (Fig. 5(b,c)). The cancer model with the higher cell density of HMEpiC cells induced
greater cancer cell migration (Fig. 5(d)). In the cancer model, the average migration distance of the migrating
cells increased rapidly within 1 day and eventually stabilised with the passage of time, which indicated that com-
munication between the HMEpiC and MDA-MB-231 cells was quickly established and eventually achieved a bal-
ance. These results illustrated that in our microfluidic devices, the density of the cancer cells often determined the
probability of the occurrence of the metastatic cells and that the inducement of a normal cell, to a certain extent,
affected the migration ability of every cancer cell. Therefore, the number of breast cancer cells is a key factor in
determining the migration ability of breast cancer tumour cells; this explains that it is only after a tumour devel-
ops into a certain size that tumour metastasis occur to form a second tumour colony.

To further investigate the interaction between HMEpiC and MDA-MB-231 cells, the expression of relative pro-
teins that determine the function or characteristics of two types of cells was analysed. We chose CK-14, a charac-
teristic protein of epithelial cells, to analyse the effect of MDA-MB-231 cells on HMEpiC cells. The result showed
that the expression of CK-14 decreased after co-culture with cancer cells. This is an important feature of EMT*647,
and we also observed a morphological change in the HMEpiC cells co-cultured with cancer cells (Fig. S2). IL-6 is
a pro-inflammatory cytokine that alters cell morphology and modulates cell migration, and increased secretion of
IL-6 was observed in breast cancer cells that were co-cultured with conditional medium of breast epithelial cells***5.
In our work, we also found increased expression of IL-6 in MDA-MB-231 cells and a stronger migration ability of
MDA-MB-231 cells in the co-culture system compared with the monoculture condition. Upon inhibiting IL-6, the
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migration ability of MDA-MB-231 cells was obviously inhibited, which further indicated that increased secretion of
IL-6 induced by HMEpiC cells led to the increase in the migration ability of MDA-MB-231 cells.

We used paclitaxel and tamoxifen to act on the cancer models and to explore the effect of drugs on cell migra-
tion. After the addition of a drug, the migration ability of the cancer cells was significantly inhibited (p < 0.05).
We observed a trend that with increased drug concentration, the ability of the drug to inhibit migration was
strengthened. Among the three cancer models treated with the same drug concentration, when the cancer cell
densities were higher, there was a stronger metastatic ability. We analysed the mechanisms of the drugs’ inhi-
bition and identified two main reasons for the effect of the drugs on the migration of the cancer cells. First, the
death of the cells led directly to a reduction in the number of cancer cells and normal cells and directly led to the
decreased migration ability of the cancer cells (Fig. S3). Liu et al. demonstrated that there was an internal connec-
tion between cellular protrusion formation and the metastatic ability of cancer cells*. Thus, the other reason may
be due to the effect of the drugs on the cell morphology of the MDA-MB-231 cells, which was altered and did not
benefit cell migration. Using microfluidic devices, we observed that there was a significant decrease in the cellular
protrusion of the cancer cells when the MDA-MB-231 cells were treated with the drugs (Fig. S4).

Conclusion

In summary, a microfluidic co-culture system that mimicked different regions of a metastatic breast tumour
was successfully established to study cancer cell migration and anti-cancer drug screening. HMEpiC cells and
MDA-MB-231 cells were co-cultured to establish mild, moderate and severe cancer models. Using this platform,
it was possible to monitor not only cell vitality in real time but also cancer cell migration by transfecting the
HMEpiC and MDA-MB-231 cells with RFP and GFP, respectively. We found that the density of the cancer cells
often determines the probability of the occurrence of a metastatic cell and that the induction of normal cells, to
a certain extent, affects the velocity of each cancer cell. The results showed that the increased migration ability
of MDA-MB-231 cells co-cultured with HMEpiC cells was relative to the increased secretion of IL-6 and that
this was verified via an IL-6 inhibitor assay. In addition, this co-culture also led to decreased CK-14 secretion
and morphological changes in the HMEpiC cells. Finally, by adding different concentrations of paclitaxel and
tamoxifen, we observed a significant migration inhibition of the MDA-MB-231 cells. This microfluidic system
provides a novel way to mimic an in vivo tumour microenvironment, which could be used for the quantitation of
migratory capability and anti-metastatic drug screening.

References
1. Ferlay, J. et al. Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int ] Cancer.
136, E359-E386 (2015).
2. Bray, E Transitions in human development and the global cancer burden. World cancer report 54-68 (2014).
3. Chaffer, C. L. & Weinberg, R. A. A Perspective on Cancer Cell Metastasis. Science. 331, 1559-1564 (2011).
4. Tudoran, O. M., Balacescu, O. & Berindan-Neagoe, I. Breast cancer stem-like cells: Clinical implications and therapeutic strategies.
Clujul Medical (2015).
5. Altekruse, S. F. et al. SEER cancer statistics review, 1975-2007. Bethesda, MD: National Cancer Institute. 7 (2010).
6. Ma, H., Xu, H. & Qin, J. Biomimetic tumor microenvironment on a microfluidic platform. Biomicrofluidics. 7, 11501 (2013).
7. Fukumura, D. & Jain, R. K. Tumor microenvironment abnormalities: causes, consequences, and strategies to normalize. J Cell
Biochem. 101, 937-949 (2007).
8. Bhowmick, N. A, Neilson, E. G. & Moses, H. L. Stromal fibroblasts in cancer initiation and progression. Nature. 432, 332-337
(2004).
9. van Kempen, L. C,, Ruiter, D. J., van Muijen, G. N. & Coussens, L. M. The tumor microenvironment: a critical determinant of
neoplastic evolution. Eur ] Cell Biol. 82, 539-548 (2003).
10. Choi, Y. et al. A microengineered pathophysiological model of early-stage breast cancer. Lab Chip. 15, 3350-3357 (2015).
11. Zervantonakis, I. K. et al. Three-dimensional microfluidic model for tumor cell intravasation and endothelial barrier function.
Proceedings of the National Academy of Sciences. 109, 13515-13520 (2012).
12. Hsu, T. et al. Analysis of the paracrine loop between cancer cells and fibroblasts using a microfluidic chip. Lab Chip. 11, 1808-1814
(2011).
13. Pietras, K. & Ostman, A. Hallmarks of cancer: interactions with the tumor stroma. Exp Cell Res. 316, 1324-1331 (2010).
14. Ma, H,, Liu, T,, Qin, J. & Lin, B. Characterization of the interaction between fibroblasts and tumor cells on a microfluidic co-culture
device. Electrophoresis. 31, 1599-1605 (2010).
15. Yen, B. L. & Yen, M. Mesenchymal stem cells and cancer—for better or for worse. ] Cancer Mol. 4, 5-9 (2008).
16. Zhang, Y., Zhang, W. & Qin, L. Mesenchymal-Mode Migration Assay and Antimetastatic Drug Screening with High-Throughput
Microfluidic Channel Networks. Angew Chem Int Edit. 53, 2344-2348 (2014).
17. Polacheck, W. J., Zervantonakis, I. K. & Kamm, R. D. Tumor cell migration in complex microenvironments. Cell Mol Life Sci. 70,
1335-1356 (2013).
18. Chinchar, E. et al. Sunitinib significantly suppresses the proliferation, migration, apoptosis resistance, tumor angiogenesis and
growth of triple-negative breast cancers but increases breast cancer stem cells. Vascular cell. 6, 1 (2014).
19. Kim, M. S. et al. Effects of direct current electric-field using ITO plate on breast cancer cell migration. Biomaterials research. 18, 1
(2014).
20. Simpson, K. J. et al. Identification of genes that regulate epithelial cell migration using an siRNA screening approach. Nat Cell Biol.
10, 1027-1038 (2008).
21. Chaudhuri, P. K., Warkiani, M. E,, Jing, T. & Lim, C. T. Microfluidics for research and applications in oncology. Analyst (2015).
22. Velve-Casquillas, G., Le Berre, M., Piel, M. & Tran, P. T. Microfluidic tools for cell biological research. NANO TODAY. 5, 28-47
(2010).
23. Paguirigan, A. L. & Beebe, D. J. Microfluidics meet cell biology: bridging the gap by validation and application of microscale
techniques for cell biological assays. Bioessays. 30, 811-821 (2008).
24. Nguyen, T. A., Yin, T, Reyes, D. & Urban, G. A. Microfluidic chip with integrated electrical cell-impedance sensing for monitoring
single cancer cell migration in three-dimensional matrixes. Anal Chem. 85, 11068-11076 (2013).
25. Haessler, U,, Teo, J. C., Foretay, D., Renaud, P. & Swartz, M. A. Migration dynamics of breast cancer cells in a tunable 3D interstitial
flow chamber. Integrative Biology. 4, 401-409 (2012).
26. Chen, Y., Gao, D,, Liu, H,, Lin, S. & Jiang, Y. Drug cytotoxicity and signaling pathway analysis with three-dimensional tumor
spheroids in a microwell-based microfluidic chip for drug screening. Anal Chim Acta. 898, 85-92 (2015).

SCIENTIFIC REPORTS | 6:35544 | DOI: 10.1038/srep35544 10



www.nature.com/scientificreports/

27. Businaro, L. et al. Cross talk between cancer and immune cells: exploring complex dynamics in a microfluidic environment. Lab
Chip. 13, 229-239 (2013).

28. Sung, K. E. et al. Transition to invasion in breast cancer: a microfluidic in vitro model enables examination of spatial and temporal
effects. Integrative Biology. 3, 439-450 (2011).

29. Shields, J. D. et al. Autologous chemotaxis as a mechanism of tumor cell homing to lymphatics via interstitial flow and autocrine
CCR7 signaling. Cancer Cell. 11, 526-538 (2007).

30. Polacheck, W. ., Charest, J. L. & Kamm, R. D. Interstitial flow influences direction of tumor cell migration through competing
mechanisms. Proceedings of the National Academy of Sciences. 108, 11115-11120 (2011).

31. Gao, Y. et al. A versatile valve-enabled microfluidic cell co-culture platform and demonstration of its applications to neurobiology
and cancer biology. Biomedical microdevices. 13, 539-548 (2011).

32. Majumdar, D., Gao, Y., Li, D. & Webb, D. J. Co-culture of neurons and glia in a novel microfluidic platform. J Neurosci Meth. 196,
38-44 (2011).

33. McDonald, J. C. & Whitesides, G. M. Poly(dimethylsiloxane) as a material for fabricating microfluidic devices. Accounts Chem Res.
35, 491-499 (2002).

34. Whitesides, G. M., Ostuni, E., Takayama, S., Jiang, X. & Ingber, D. E. Soft lithography in biology and biochemistry. Annu Rev Biomed
Eng. 3, 335-373 (2001).

35. Zhang, J., Wu, ], Li, H., Chen, Q. & Lin, J. An in vitro liver model on microfluidic device for analysis of capecitabine metabolite using
mass spectrometer as detector. Biosensors and Bioelectronics. 68, 322328 (2015).

36. Osuala, K. O. et al. I1-6 signaling between ductal carcinoma in situ cells and carcinoma-associated fibroblasts mediates tumor cell
growth and migration. Bmc Cancer. 15, 584 (2015).

37. Tamm, L, Cardinale, I., Kikuchi, T. & Krueger, J. G. E-cadherin distribution in interleukin 6-induced cell-cell separation of ductal
breast carcinoma cells. Proceedings of the National Academy of Sciences. 91, 4338-4342 (1994).

38. Lin, C. et al. A microfluidic dual-well device for high-throughput single-cell capture and culture. Lab Chip. 15, 2928-2938 (2015).

39. Li, J. & Lin, E Microfluidic devices for studying chemotaxis and electrotaxis. Trends Cell Biol. 21, 489-497 (2011).

40. Gupta, P. B. et al. Stochastic state transitions give rise to phenotypic equilibrium in populations of cancer cells. Cell. 146, 633-644
(2011).

41. Roussos, E. T., Condeelis, J. S. & Patsialou, A. Chemotaxis in cancer. Nat Rev Cancer. 11, 573-587 (2011).

42. Calvo, F & Sahai, E. Cell communication networks in cancer invasion. Curr Opin Cell Biol. 23, 621-629 (2011).

43. Jang, K. & Suh, K. A multi-layer microfluidic device for efficient culture and analysis of renal tubular cells. Lab Chip. 10, 36-42
(2010).

44. Sims, C. E. & Allbritton, N. L. Analysis of single mammalian cells on-chip. Lab Chip. 7, 423-440 (2007).

45. El-Ali, J., Sorger, P. K. & Jensen, K. E Cells on chips. Nature. 442, 403-411 (2006).

46. Smith, B. N. et al. Snail promotes epithelial mesenchymal transition in breast cancer cells in part via activation of nuclear ERK2. PloS
one. 9, e104987 (2014).

47. Zeisberg, M. & Neilson, E. G. Biomarkers for epithelial-mesenchymal transitions. The Journal of clinical investigation. 119,
1429-1437 (2009).

48. Poczobutt, J. M., Tentler, J., Lu, X., Schedin, P. J. & Gutierrez-Hartmann, A. Benign mammary epithelial cells enhance the
transformed phenotype of human breast cancer cells. Bmc Cancer. 10, 373 (2010).

49. Liu, T. et al. A microfluidic device for characterizing the invasion of cancer cells in 3-D matrix. Electrophoresis. 30, 4285-4291
(2009).

Acknowledgements

This study was kindly supported by the National Natural Science Foundation of China (No. 51235006); National
key research and development program of China (No. 2016YFC1100100) and the Projects of Basic Research of
Shenzhen, China (No. JCYJ20150731154850925, No. 20160509154951210 & No. JCYJ2016060816595).

Author Contributions

Conceived and designed the experiments: W.S. and S.M. Performed the experiments: Z.D., S.M., Y.X., Z.W.,, X.Q.
and Z.M. Analysed the data: S.M. and Z.D. Wrote the manuscript: S.M. and Z.D. All of the authors discussed the
results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Mi, S. et al. Microfluidic co-culture system for cancer migratory analysis and anti-
metastatic drugs screening. Sci. Rep. 6, 35544; doi: 10.1038/srep35544 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

EE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:35544 | DOI: 10.1038/srep35544 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Microfluidic co-culture system for cancer migratory analysis and anti-metastatic drugs screening

	Materials and Methods

	Device design and fabrication. 
	Cell culture and the formation of the on chip cancer models. 
	Cell viability analysis in the chip. 
	Generation of fluorescent protein expressing cells and cell migration evaluation. 
	Immunofluorescence staining and the interaction analysis between normal breast cells and breast cancer cells. 
	Paclitaxel and tamoxifen treatments and the evaluation of cytotoxicity and anti-metastatic effect. 
	Cell imaging and image analysis. 

	Results

	Cell viability and realisation of the three cancer models in the microfluidic devices. 
	Cancer cell migration evaluation in the microfluidic device. 
	The interaction analysis between normal breast cells and breast cancer cells. 
	Paclitaxel and tamoxifen treatments and the evaluation of anti-metastatic effect. 

	Discussion

	Conclusion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) Schematic illustration of the metastatic breast tumour.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) Design of microfluidic co-culture devices.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) Merged images of the live/dead staining images.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Migration images of the same location of each cancer model.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) Measurement of cancer cells migration distance, Scale bar: 200 μ​m.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ (a) The total migration distance of MDA-MB-231 cells under different culture conditions.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ (a) Immunofluorescence images of CK-14 (in red).
	﻿Figure 8﻿﻿.﻿﻿ ﻿ (a–c) The total migration distance of cancer cells at different concentrations of paclitaxel and tamoxifen.



 
    
       
          application/pdf
          
             
                Microfluidic co-culture system for cancer migratory analysis and anti-metastatic drugs screening
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35544
            
         
          
             
                Shengli Mi
                Zhichang Du
                Yuanyuan Xu
                Zhengjie Wu
                Xiang Qian
                Min Zhang
                Wei Sun
            
         
          doi:10.1038/srep35544
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep35544
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep35544
            
         
      
       
          
          
          
             
                doi:10.1038/srep35544
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35544
            
         
          
          
      
       
       
          True
      
   




