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Breast cancer metastasis is a complex process controlled by multiple factors, including various cell–cell

interactions, cell–environment coupling, and oxygen, nutrient and drug gradients that are intimately related

to the heterogeneous breast tissue structure. In this study, we constructed a high-throughput in vitro

biochip system containing an array of 642 microchambers arranged in a checkerboard configuration, with

each chamber embedded in a composite extracellular matrix (ECM) composed of engineered collagen and

Matrigel to mimic local heterogeneous environment in vivo. In addition, a controllable complex tetragonal

chemical concentration profile can be achieved by imposing chemical compounds at the four boundaries

of the chip, leading to distinct local nutrient and/or drug gradients in the individual microchambers. Here,

the microchamber array with composite ECM (MACECM) device aims to simulate multiple tumor cell

niches composed of both breast epithelial cells (MCF-10A-GFP) and metastatic breast cancer cells (MDA-

MB-231-RFP), which enables systematic studies of cell responses to a variety of biochemical conditions.

The results obtained from the MACECM studies indicate that discoidin domain receptor 1 (DDR1) inhibitor

7rh and matrix metalloproteinase inhibitor batimastat, in association with epidermal growth factor (EGF)

had no significant effects on the growth of MCF-10A-GFP cells, but had significant effects on DDR1

expression and the related migratory behavior of MDA-MB-231-RFP cells. The MACECM design not only

enables the construction of a more realistic in vitro model for investigating cancer cell migration

mechanisms but also has considerable potential for further development as a platform for next-generation

high-throughput and therapeutic screening (e.g., anti-cancer drug evaluation) and personalized medicine.

Introduction

Breast cancer is a malignant disease and a serious threat to
women's health.1,2 Our understanding of tumor development
at the proteogenomics and molecular levels and clinical
treatment strategies for patients with breast cancer have
improved drastically in the past two decades,3 but still the
outcome for many patients with metastatic breast cancer
remains fatal. Taking advantage of the unique breast tissue
architecture, breast cancer can develop both local invasion
and remote metastasis, which is the underlying cause of
death in the majority of breast cancer patients.4,5 The tumor
microenvironment, especially the extracellular matrix (ECM),
plays an essential role in breast tumor cell invasion and
migration.6,7 An important question to address for better
understanding of breast cancer metastasis is how the local
heterogeneous microenvironment affects the migration of
tumor cells during the early stages.

Fig. 1A schematically illustrates the complex breast tissue
structure. When invasive ductal carcinoma occurs, tumor
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cells (red) interact with mammary epithelial cells (green) and
myoepithelial cells (purple), break through the basement
membrane (pink) and migrate outside the ductal structure.
The escaped tumor cells subsequently encounter the ECM,
which typically contains several components, such as
collagen fibers (grey), fibroblast cells (blue), etc. Moreover,
oriented fiber bundles can greatly enhance breast tumor cell
invasion and migration.8,9 Besides interacting with various
cells and structures from duct to stroma, breast tumor cells
also experience complex biochemical microenvironments
such as various growth factors and drugs. The physical and
biochemical coupling mechanisms determine cell invasion
and subsequent metastasis. However, to the best of our
knowledge, the coupling mechanisms and their influence on
cancer cell invasion and metastasis, which are typically
investigated and revealed via carefully designed in vitro

experiments, still largely remain unclear. The major
challenge for such in vitro studies involves reconstructing a
realistic tumor microenvironment mimicking the physical
microstructures and heterogeneities of breast tissue and the
establishment of a complex biochemical environment that
are representatives of the in vivo situation.

It is generally very challenging and extremely difficult to
realistically mimic the in vivo cell microenvironment,
particularly localized cell niches with related functions, using
in vitro technology. Nonetheless, with an overarching goal to
better understand tumor cell invasion and metastasis in
complex tissue environments, various experimental models
using the lab-on-a-chip or organ-on-a-chip designs have been
generated.10,11 These biochips with complex configurations
and functions offer more realistic in vitro platforms for the
actual in vivo environment than the widely used two-

Fig. 1 Breast invasive ductal carcinoma and MACECM chip design. (A) Illustration of breast duct carcinoma invasion and metastasis. (B) The design
of the biochip and its microchamber array. The left inset shows the chip-layered structures. The right inset shows the amplified pictures of the
ECM region and tetragonal microfluidic channels. The microchamber array have mcf-10a-gfp cells (green) and mda-mb-231-rfp cells (red)
cultured inside and are surrounded by the ECM (black). (C) MACECM chip design and fabrication procedures. (I) The ECM mould (blue, above) and
the chip base (blue, below) are obtained via soft lithography. (II) The mould and the base surface are modified with BSA (green) and fibronectin
(red). (III) Assembling the two components. (IV) ECM (orange) injection inside the chamber. (V) MCF-10A-GFP (green) culture and cell niche
structure formation. (VI) After 6.0 h, the MDA-MB-231-RFP (red) cells were introduced. (VII) Chip sealing by the PDMS cover. (VIII) Microscopy of
the cancer cell niche structures and cell development. (IX) The amplified array structures indicate that the cancer cell niche structures are
completely wrapped by the ECM.
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dimensional cell culture on a Petri dish. In addition, the
above systems with the advantages of high simulation and
controllability allow easy device manipulation, quantification
of cell statistics, etc. In particular, significant efforts have
aimed to develop complex biochips for mimicking breast
microstructures and the associated microenvironments. For
example, a micro-engineered pathophysiological model has
been reported for modelling early-stage breast cancer.12

Despite the exciting progress, there are still two important
features that are missing in the preponderance of previously
developed biochip systems and need to be addressed in the
in vitro breast tumor chip model: (1) incorporation of a more
realistic microenvironment composed of ECM and micro
niche structures, the co-existence of metastatic cancer cells
with endothelial cells, and oriented collagen structure, which
better mimic the in vivo situation; (2) establishment of a
stable and complex biochemical environment mimicking
in vivo biochemical gradients taking advantage of the ECM
structure. Breast tissue itself is rich in nutritional factors,
such as epidermal growth factor (EGF), serum and glucose,
and when patients receive chemotherapy, more complex
biochemical gradient environments are introduced. So far,
various gradient generator designs have been applied in cell
microenvironment construction. In terms of spatial
dimensions, the generators are classified into two-
dimensional (2D) and three-dimensional (3D) types. The 2D
gradient systems are based on planar space and generate
gradients via convection or diffusion.13,14 The 3D gradient
systems are based on three-dimensional microenvironments
or bionic tissue structures and mostly generate gradients via
diffusion.15,16 Compared to 2D systems, gels present more
advantages in generating 3D chemical gradients. This is
because gel bases are not only able to mimic an in vivo
microenvironment and provide cells with mechanical support
and chemical stimulations but also able to absorb liquid and
facilitate diffusion of gas, nutrition, proteins and signaling
molecules. However, current gradient generators still face
great challenges for cell-related application. In particular,
individualized featured designs are required for specific
research.

Here, in order to achieve an in vitro model for the physical
structures and biochemical environment of multiple cancer
cell niches in the ECM, we have designed and fabricated a
642 microchamber array embedded in composite ECM
(MACECM) integrated as a high-throughput biochip system
with composite but stable gradients associated with four
biochemicals. It is expected that the designed system is able
to provide a stable and unique local biochemical
environment for the cells in each chamber. In combination
with microscopic real-time imaging techniques, individual
cell behavior, such as growth, proliferation and migration
can be imaged at the single-cell level for quantitative
analysis. This further allows us to systematically investigate
and explore the various coupling effects among
microenvironments, cells, and chemical factors on breast
cancer cell dynamics in a single experiment, with the merits

of saving time and consumable costs while ensuring test
accuracy. In addition, the MACECM system possesses
significant advantages in identifying and evaluating
promising chemical compound candidates for tumor
suppression and treatment with ease and precision. With
both analysis of cell dynamics and optic characterization of
cell biomarkers, we demonstrate that our MACECM device
allows one to mimic multiple niches for tumor cells in
tissues in vitro and quantitatively investigate superposed
drugs' effects in a highly efficient manner.

Experimental methods
Design and fabrication of MACECM

As illustrated in Fig. 1B, the biochip is structurally composed
of four layers: the polydimethylsiloxane (PDMS) base (blue)
with a microfluidic channel, the ECM region (green), the
medium channel (pink) and PDMS cover (blue). Specifically,
the base layer supports four independent microfluidic
channels for different media, and the central square region is
prepared for loading the ECM and cells. The upper layer is a
PDMS cover to seal the biochip with punched holes
connected to medium reservoirs (yellow) in the external layer.
An inverted microscope (Ti–E, Nikon, Japan) was employed to
capture the image of the complete ECM chamber area
(Fig. 1B, right). The ECM consists of 642 microchambers in a
“checkerboard” array and each chamber contains cultured
MCF-10A-GFP cells (green) and MDA-MB-231-RFP cells (red).
The tetragonal lined trapezoid pillars (white) have a 40 μm
gap between each other and separate the central ECM from
the four medium channels on the edges. The medium was
diffused through the gaps into the ECM and supplied the
cells with biochemical compounds.

Fig. 1C shows the detailed fabrication process of the
biochip. In step I, two silicon moulds (grey) were prepared
via standard UV lithography techniques to simultaneously
construct an ECM mould (blue) and a PDMS base (blue) via
soft-lithography. In step II, the mould was wetted with 2.0%
bovine serum albumin (BSA, Cell Signaling Technology, USA)
(green) for 2.0 h and prevented from sticking to the ECM.
The base was incubated by fibronectin (Corning, NY, USA)
(pink) for 12.0 h, which enables strong binding to the ECM.
In step III, after the mould and the base were surface-covered
with BSA and fibronectin, respectively, they were bonded
together and formed the middle chambers where composite
ECM (orange) was seeded (step IV). After the ECM gel was
solidified, the upper mould was peeled off. Then, MCF-10A-
GFP cells (green) were injected inside the ECM chambers
(step V). In step VI, the MCF-10A-GFP cells stuck to the walls
where MDA-MB-231-RFP cells (red) were seeded. In step VII,
the PDMS cover (blue) with pre-coated ECM sealed the
biochip, which was then placed in a live-cell culture system
(Okolab, Italy) for continuous cell culture and microscopic
imaging (step VIII). Finally, in step IX, the biochip with high-
throughput chambers was constructed for modeling of
in vivo breast tumor cell niches. The central ECM region
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formed a number of structures via MCF-10A-GFP cells and
inner MDA-MB-231-RFP cells, while the chamber was
surrounded by ECM outside.

Composite ECM preparation

ECM is considered a key component for modelling multiple
niches for tumor cell. It not only provides solid and stable
physical support for cells but is also necessary for the
transportation of medium and other biochemicals. Collagen
is one of the most commonly used biocompatible materials
for in vitro ECM construction. Its network structure enhances
tissue diffusion and permeability and is beneficial for cell
growth and invasion.17,18 More importantly, fibrotic collagen
is easily shaped into a fiber-oriented microenvironment for
cancer cell invasion when applied with controllable stress.8

However, the weakness of collagen is that it is relatively soft,
with a Young's modulus of 100.0 Pa at 2.0 mg mL−1, and the
structure may easily collapse in long-term experiment.19,20

Meanwhile, Matrigel is the main component of the basement
membrane and is much stiffer with a Young's modulus of
450.0 Pa at 100% concentration.8 It is not only commonly
used as the ECM for epithelial cell and endothelial cell
culture in vitro21,22 but is also employed to construct an
in vivo micro-vessel structure for investigating cancer
angiogenesis.23,24 In our experiment, a mixture of collagen
and Matrigel was used to construct the ECM structures inside
the biochip. First, collagen I extracted from rat tail (354236,
Corning, NY, USA)25,26 and Matrigel (356237, Corning, NY,
USA) at concentrations of 9.5 mg mL−1 and 20.0 mg mL−1

were added to PBS (Corning, NY, USA), diluting their
concentrations to 6.0 mg mL−1 and 10.0 mg mL−1,
respectively. Then, the two gels were mixed at a 1 : 1 ratio
before the mixture was incubated at 37.0 °C for 4 h. The
reason for the usage of composite gel is explained later in the
Results and discussion.

Cell culture and seeding

The malignant breast cancer cell line MDA-MB-231-RFP,
marked with red fluorescent protein (RFP), and healthy
human breast epithelial cell line MCF-10A-GFP, marked with
green fluorescent protein (GFP), were obtained from China
Infrastructure of Cell Line Resources (Beijing, China). For
GFP transfection, lentiviral plasmid (pEGFP) vector mediated
GFP gene was integrated into host cell genome, while
lentiviral plasmid (PFV) vector mediated RFP gene was
integrated into the cells in the same way. Both proteins
localized in cell cytoplasm, nucleus, and membrane. MCF-
10A-GFP cells were cultured in Dulbecco's modified Eagle
medium F12 (DMEM/F12, Corning, NY, USA) supplemented
with 5.0% (v/v) horse serum (Gibco, NY, USA), 1.0% (v/v)
penicillin/streptomycin (Corning, NY, USA), 20.0 ng mL−1

human EGF (Gibco, NY, USA), 10.0 μg mL−1 insulin (Roche
Diagnostics Gmbh, CH, USA), 100.0 ng mL−1 cholera toxin
(Sigma, MO, USA), and 0.5 μg mL−1 hydrocortisone (Corning,
NY, USA). MDA-MB-231-RFP cells were maintained in DMEM

(Corning, NY, USA) supplemented with 10.0% (v/v) foetal
bovine serum (Gibco, NY, USA) and 1.0% (v/v) penicillin/
streptomycin (Corning, NY, USA). All cells were cultured in an
incubator at 37.0 °C with 5.0% CO2. During the experiment,
MDA-MB-231-RFP cells and MCF-10A-GFP cells were seeded
into the microchambers of the biochip at 5.0 × 106 cells per
mL, and the medium of the two cells was mixed at a 1 : 1
ratio for co-culture.

Immunofluorescence analysis

For the cell immobilization process, PBS (Corning, NY, USA)
and 4.0% paraformaldehyde (Beyotime, MA, USA) were
preheated to 37.0 °C before the medium was removed from
the biochip's reservoir. Then, the reservoir was filled with
PBS and allowed to stand for 15.0 min before aspiration. This
operation was repeated three times until the previous
medium was completely removed. Next, the reservoir was
filled with the preheated 4.0% paraformaldehyde and
maintained for 40.0 min to fix cells. Finally, the
paraformaldehyde was removed and the chip was rinsed with
PBS again three times .For immunofluorescence staining, the
primary antibody DDR1 (D1G6) XP rabbit mAb (Cell
Signalling Technology, MA, USA) was diluted with PBS at a
1 : 200 ratio, and for the next 12.0 h, the diluted primary
antibody solution was introduced into the medium channel
and diffused into the ECM region of the biochip at 4.0 °C.
Then, the ECM region was washed thoroughly with PBS to
complete the target protein labelling. The secondary
antibody, streptavidin-Alexa Fluor 555 (Bioss, China), was
diluted with PBS at a 1 : 300 ratio and used to fill the biochip
reservoirs. Then, the chip was kept at 37.0 °C in the dark for
12.0 h. Subsequently, the secondary antibody solution was
removed, and the reservoirs were rinsed with PBS. For E-cad
staining, the primary antibody, E-cadherin (24E10) rabbit
mAb (Cell Signaling Technology, MA, USA), and the
secondary antibody, streptavidin-Alexa Fluor 350 (Bioss,
China), were used as described above.

Results and discussion
Characterization of composite ECM and its effect on oriented
collagen fibers

Based on our prior discussion, a mixture of 3.0 mg mL−1

collagen and 5.0 mg mL−1 Matrigel was used to construct the
composite ECM. Fig. 2A1–C1 show the SEM images (MIRA 3
FE-SEM, TESCAN, Czech) of collagen–Matrigel, collagen and
Matrigel, respectively; the distinct porous microstructures of
the three different systems can be clearly seen. Subsequent
binarization processing and statistical analysis indicate that
the pore sizes and density of the composite ECM are between
those of pure collagen and Matrigel at the pre-set
concentration (Fig. 2A2–C2 and D1 and D2). Hence, adjusting
the mixing ratio of collagen and Matrigel allows us to control
and generate composite ECM with different pore sizes and
densities. The resulting composite ECM with properly
selected mixing ratios not only can stabilize the diffusion of
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small molecules of growth factors and drugs but also
possesses superior material stability, allowing long-term
time-lapse experiments up to 120.0 h.

It should be noted that similar to oriented collagen fibers
observed in breast cancer tissues,8 the aligned fiber
structures induced by the square chamber can be easily
produced in the composite collagen-Matrigel ECM. Fig. 2E1
shows a two-photon confocal microscope image (SP8, Leica,
Germany) of the amplified chambers (yellow dashed line).
White filament imaging is a second harmonic graphic (SHG)
interpretation for collagen fibers and indicates their location
and profiles. After binarization, the black and white images
in Fig. 2E2 clearly indicate that linear collagen fibers (white)
extend from the four square corners of a central chamber to
the corners of its adjacent neighbors. Furthermore, COMSOL
(Multiphysics 5.3a, Comsol, Sweden) simulations were
performed to qualitatively analyze the stress distribution in
the representative region of the biochip shown in
Fig. 2E1 and E2 in order to better understand the origin of
the observed fiber alignment. In particular, Fig. 2F1 shows
the color map representing the distribution of the von Mises
stress with blue to red representing the stress values from
small to large. The detailed simulation method and
parameters can be found in the ESI.† The simulation shows
that in general, the stress in the corner zones (red) are twice
that in the other regions, resulting from the well-known
stress concentration effects. This is consistent with the

distribution of the aligned collagen fibers in Fig. 2E2, which
implies that the fiber orientation is mainly induced by the
stress concentration in the composite ECM. We note that
similar effects were observed in our previous study, where
Matrigel swelling stressed collagen and led to fiber
orientation. Moreover, Fig. 2F2 shows the stress distribution
in the entire ECM region. It can be seen that the stress
distribution in the vicinity of individual chambers is almost
identical. We therefore conclude that the high local stress
orients the fibers (white) along the corner–corner directions
as shown in Fig. 2E2, which in turn could enhance the
invasion of MDA-MB-231-RFP cells significantly along these
directions.

In addition, it is worth discussing the reason why a square
chamber design is utilized instead of a circular design.
Although circular chambers are supposed to be more
appropriate to simulate in vivo cell niche structures due to
the shape isotropy, it has been confirmed in our studies that
the cell migration efficiency in the circular microchambers is
extremely low and would prevent the device from examining
the biochemical gradient effect on the migratory behavior of
cancer cells, which is important for understanding cancer
metastasis. In particular, both simulation and experiments
indicate that the ECM outside circular chamber designs
exhibit a uniform strain field, as illustrated in the ESI† (Fig.
S1). In that case, the regions outside the chambers are mostly
distributed with homogenous collagen fibers and metastatic

Fig. 2 Characterisation of the collagen–Matrigel composite gel. (A1–C1) SEM images of the collagen–Matrigel composite, pure collagen, and pure
Matrigel. (A2–C2) SEM images after binary processing. (D1 and D2) Pore number and size analysis of the gels. (E1 and E2) The relationship between
collagen fibre distributions and square chambers. (F1) Stress field analysis of the ECM in the same regions as (E1) and (E2). (F2) Stress field of the
entire ECM inside the chip.
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breast cancer cells MDA-MB-231 inside do not easily migrate
into the ECM region across the boundary, which is consistent
with our previous results,8 and even though the cells do have
slight migration, the efficiency is found to be extremely low.
Hence, the square chamber design is finally utilized to
introduce oriented fibers and enable cell migration with the
desired efficiency.

Establishment of the biochip model for multiple niches for
tumor cells

In order to characterize the in vitro multiple niches for tumor
cell microenvironment in our biochip system, two-photon
confocal microscopy was employed. In Fig. 3A, the upper left
image shows that the square chambers (black) are wrapped by
the ECM with collagen fibers (white). The upper right image
shows the 3D spatial configuration of a representative closed
chamber with MCF-10A-GFP (green) and MDA-MB-231-RFP (red)
cells cultured inside. The images below are the three-
dimensional section views showing the cells inside the chamber.
As these chambers are 200.0 μm square and similar to the
in vivo tumor cell niche scale (about 100–1750 μm),27 they are
ideal to mimic the in vivo structures via co-culture of metastatic
MDA-MB-231-RFP cells and normal epithelial MCF-10A-GFP
cells. The development of the in vitro tumor cell niche involves
three stages (Fig. 3B). In stage I, MCF-10A-GFP cells (green) were
uniformly implanted inside the chamber where they grow and
attach to the inner walls. In stage II, after the MDA-MB-231-RFP
cells (red) were introduced, the biochip was sealed by PDMS
cover with pre-coated ECM. Then, the cells inside the chambers
were co-cultured at 37.0 °C in a 5.0% CO2 environment. After
120.0 h, in stage III, the MDA-MB-231-RFP cells not only showed
significant proliferation but also had broken down the niche

structures and migrated outside the chamber and into the ECM.
More image data can be found in the ESI† (Fig. S2), indicating
that the constructed niche structures are stable in space and
time. We note that compared to in vivo complex structures, e.g.,
ducts, our model has not realized uniform allocations of
polarized epithelial cells, and the basement membrane has not
been explicitly included either and their related functions, e.g.,
the epithelial cells have not formed a polarized state, the cell–
cell and cell-matrix interactions will be obstructed. The loss of
basement membrane will influence the growth of epithelial cells
and the invasion of tumor cells. However, the microfluidic chip
has potential to be completed in the future to continue a more
realistic approach to in vivo structures.28

Establishment and dynamics of complex gradients

One advantage of our biochip is the four independent
microfluidic channels at each side of the ECM region, which
can help establish four different chemical gradients
simultaneously. Compared to open chamber and channel
space biochip designs,29,30 our gradients are established and
stabilized in a composite collagen–Matrigel gel and possess
the advantages of superior controllability and reduced
biochemical consumption. The constructed ECM not only
provides cells with a physical microenvironment that better
mimics the microenvironment in vivo but also induces much
smoother and slower diffusive transport of small molecules of
drugs and other chemicals due to its porous nature. The slow
diffusion process through the porous ECM can significantly
stabilize long-term quasi steady-state gradients in an easy-to-
control manner. In particular, it just requires replacement of
the medium in the reservoirs every 12.0 h and greatly benefits
the simplicity of the system as well as ease of operations.

Fig. 3 The characterisation and development of breast cancer niche in vitro. (A) Details of the microchambers and cells inside. The upper left inset shows
the SHG of the microchambers consisting of collagen fibers (white). The upper right inset shows the spatial confocal image of a single chamber and the
details of the chamber with fibers (white), MCF-10A-GFP cells (green) and MDA-MB-231-RFP cells (red) inside. The insets below are the three-dimensional
section view along the x–y plane and x–z plane; the x–y plane is at 70 μm along the z axis, the x–z plane is at 206 μm along the y axis. The blue dotted and
solid lines indicate the invisible and visible microchamber, respectively. (B) Development of mimicked breast cancer niche structures with cartoon illustrations
and corresponding SHG images. The MCF-10A-GFP cells (green) represent mammary epithelial cells. The MDA-MB-231-RFP cells (red) represent metastatic
breast cancer cells. The filaments represent ECM fibers. (I) Epithelial cells grew adherent to the chamber and formed normal cell niche. (II) After the cancer
cells were introduced, the cancer cell niche was formed. (III) The cancer cells break down the cancer cell niche structures and migrate to the ECM.
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As Fig. 4A1 shows, the biochip external medium reservoirs
are filled with different media and can establish composite
gradients in the biochip ECM region (orange) via diffusion. For
testing, the upper, left, right and lower reservoirs were injected
with PBS, fluorescent dyes FITC–dextran (3.0 × 103 Da, green),
rhodamine–dextran (1.0 × 104 Da, red), and Cascade Blue–
dextran (3.0 × 103 Da, blue). These dyes are broadly used for
gradient experiments and tests.31,32 During the experiment, the
dyes were refreshed every 12.0 h and the biochip was imaged
every 8.0 h for 120.0 h until all the gradients reached the
corresponding stable states, as shown in Fig. 4B1–D1. Fig. 4A2
shows that after the dyes flow into the tetragonal channels, they
diffuse towards the center region and gradually establish an
independent chemical gradient. The plots in Fig. 4B2–D2 show
the diffusion dynamics in time and space across the biochip,
where each gradient establishes gradually over time. However, it
is difficult to precisely determine the stabilization time for the
dye gradients. For accuracy, each dye experiment has been
repeated three times and the details can be found in the ESI.†
As shown in Fig. S3,† all the dye systems appear to reach the
steady state between 40 and 60 hours, as can be clearly seen
from the temporal evolution of the averaged concentration field
which reaches a plateau after this transition time. Since the
transition to steady state is rather smooth than sharp, it is still
difficult to determine a precise time point for the transition.
Otherwise, since all of the dyes have good water solubility, their
distribution in solution would be in molecular form. The
molecular weights of the three dyes are 1.0 × 104 Da
(rhodamine–dextran), 3.0 × 103 Da (FITC–dextran) and 3.0 × 103

Da (Cascade blue–dextran). According to the SEM image in
Fig. 2A1, the collagen–Matrigel composite ECM is a porous

structure and the average pore size is about 3.0 μm, which is
much larger than the molecules of dyes and drugs. In this case,
their diffusion dynamics has been shown to be mainly governed
by the porous microstructure (e.g., via various fiber–molecule
interactions such as collision and uptake) and is less sensitive
to their molecular weights. Therefore, the diffusion dynamics of
these dyes obeys the homogenized diffusion equations, with an
effectivity diffusivity D.33 The details can be found in the ESI.†

As a comparison, a new control experiment uses
rhodamine–dextran at the same concentration, placed in an
identical chip configuration but without gel-based ECM (see
details in the ESI†). It can be seen that once the rhodamine–
dextran is released at the side channel, the diffusion occurs
very rapidly, and the environment is homogenously colored
with the dye after 1.0 h (Fig. S4(B1 and B2†)). Hence, we can
draw a conclusion that the composite ECM plays a crucial
role in long-term stabilization of biochemical gradients.
Moreover, previous studies demonstrated that EGF and other
growth factors are able to diffuse in gels such as collagen to
influence cell dynamics.34 Based on this peculiarity, our
MACECM device can establish a complex gradient to mimic
the drug diffusion in vivo, which provides a platform for
high-throughput testing of drug effects on cells.

Spatial–temporal dynamics of cell growth and migration in
complex gradients

Another unique feature of our high-throughput biochip is
that it contains 642 micro chambers which are embedded in
the ECM; by systematically controlling the stable spatial–
temporal gradients across the entire chip, each micro

Fig. 4 Dynamic establishment of the composite gradient. (A1) The introduction of rhodamine–dextran (red), FITC–dextran (green), Cascade blue–
dextran (blue) and 1× PBS into the tetragonal microfluidic channels. (A2) A stable gradient is achieved after 120.0 h. (B1–D1) The fluorescent
gradient in red, green and blue fluorescence. (B2–D2) Dynamic analysis of the individual gradients in space and time. x axis: time. y axis: distances
from the microfluidic channels. Fluorescence intensity representing the specific concentration of the dyes.
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chamber is supposed to experience different local
concentrations of the biochemicals, which could potentially
induce distinct cell behaviors and physiology. Compared to
other high-throughput biochip platforms for drug testing,
our system focuses on establishing individual micro-
environments with distinct combination of biochemicals
(e.g., growth factors and drugs) in the ECM, which allows one
to systematically investigate the cells' unique responses to
these factors and perform rigorous statistical analysis.

In particular, after MDA-MB-231-RFP cells and MCF-10A-
GFP cells were injected into the biochip chambers according
to the previous procedure, we observed cell migrations
influenced by the established chemical gradients. Here, a
combination of stable 1× EGF (0.04 μg mL−1), 2× EGF (0.08
μg mL−1), batimastat (66.0 μg mL−1) and 7rh (22.44 μg mL−1)
gradients in the ECM chambers were established as shown in
Fig. 5A. During the experiment, the medium was refreshed
every 12.0 h, maintaining a consistent reservoir level of
medium; fluorescence images of cells were taken every 24.0 h
and up until 120.0 h.

The reason that these three chemicals are selected is as
follows: EGF is a widely used promoting factor. It not only
can promote the growth of MCF-10A-GFP cells35,36 but also
facilitate the proliferation, migration and invasion of MDA-
MB-231-RFP cells.37,38 Batimastat is a potent inhibitor of
matrix metalloproteinases (MMPs). It may help maintain the
expression of E-cad protein and the structural integrity of
epithelial cells39,40 and further inhibit migrations of MDA-
MB-231-RFP cells. Moreover, 7rh as an inhibitor of discoidin
domain receptor 1 (DDR1) could down-regulate the
expression of DDR1 and reduce the specific binding with
collagen to effectively inhibit the proliferation and migration
of cancer cells.41,42 Furthermore, with the introduction of
batimastat and 7rh, we are able to test our hypothesis. The
two drugs are considered to have significant inhibitory effects
on cancer cell invasion but have not yet been applied
clinically.40,42 Hence, our hypothesis is that the MACECM is
able to verify the effects of these drugs on metastatic cancer
cells and normal epithelial cells. That is, with co-culture of
MDA-MB-231-RFP cells and MCF-10A-GFP cells under 7rh

Fig. 5 Cell dynamic development and analysis in microchamber arrays. (A) Cell distribution at 120.0 h in composite biochemical gradients. Red
and green indicate the MDA-MB-231-RFP and MCF-10A-GFP cell distributions, respectively. The four microchannels (orange) are introduced with
EGF (0.08 μg ml−1 and 0.04 μg ml−1), batimastat (66.0 μg ml−1) and 7rh (22.44 μg ml−1). (B) The fluorescence images of MDA-MB-231-RFP cell
overall development and their off-chamber migration in the ECM region, with their respective amplified images in the localised regions. (C) The
fluorescent images of MCF-10A-GFP cell overall development and their amplified images in the localised region. (D1–D3) The fluorescence
intensity rate change of MDA-MB-231-RFP cells, MDA-MB-231-RFP cells off-chamber migration and MCF-10A-GFP cells in time and ECM regional
space. The data selected were 24.0, 72.0 and 120.0 h. The colour bar represents rate increase (from purple to red).
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and batimastat compound drugs, our result is expected to
demonstrate MDA-MB-231-RFP cells are much more sensitive
to the drug gradients, while the growth and proliferation of
MCF-10A-GFP cells are not significantly affected. Moreover,
through analyzing the biophysical behaviors of various cells
under the influence of dynamic and complex drug gradients
with continuous optic imaging, we expect to verify that the
chip designed in this study may provide a useful approach
for high-throughput testing and screening of drugs and
individualized cancer treatment.

Fig. 5B and C show the images of MDA-MB-231-RFP cells
(red) and MCF-10A-GFP cells (green) at 120.0 h. MDA-MB-231-
RFP cells can grow in the cavity of the chamber and they may
also migrate outside the chamber (Fig. 5B, left inset). Here, the
cells outside the chamber were further isolated and designated
as migratory cells (Fig. 5B, right inset). Specifically, the region
inside the microchamber cavity (white dashed line) was
temporarily removed for additional analysis of cell dynamics. In
the enlarged view in Fig. 5B, the MDA-MB-231-RFP cells in the
selected region clearly migrated outside the chambers into the
ECM region. On the other hand, most of the MCF-10A-GFP cells
in this region uniformly adhered to the inner wall of the
chambers at 0 h (Fig. 3B). However, at 120.0 h, the cells were
dispersed, and several cells had migrated outside the
microchamber, as shown in the lower inset (Fig. 5C). It can be
considered that the off-chamber migration of MCF-10A-GFP
cells may be affected by the growth and migration of MDA-MB-
231-RFP cells.

Furthermore, for quantitative analysis of the spatial–
temporal dynamics of proliferation, migration and growth of
MDA-MB-231-RFP cells and MCF-10A-GFP cells under the
complex concentration gradients, the biochip images were
captured every 24.0 h under consistent imaging conditions and
the complete time-lapse data can be found in the ESI† (Fig. S5).
According to previous studies, the fluorescence intensity has
been shown to be a reasonable parameter for cell number
indication, i.e., the cell number is proportional to cell
fluorescence intensity,43,44 so we isolated the image using the
approaches described above and plotted the dynamic
fluorescence intensity changes of MDA-MB-231-RFP and MCF-
10A-GFP at different time points as an indirect assessment of
the cell number variations (Fig. 5D). In detail, the ECM regions
were divided into 144 sub-regions of equal size and the
fluorescence intensity was analysed using MATLAB. The
fluorescence intensity of the cells in a specific region n at time t
is represented by I(n, t), where n = 0, 1, …144 and t = 0, 24, …
120. Therefore, in order to demonstrate the comprehensive
dynamics of cell behaviors, including growth, proliferation and
migration in each sub-region at different time points, the cell
fluorescence intensity rate R(n, t) is employed and defined as

R(n, t) = I(n, t)/I(n, 0) (1)

where I(n, 0) is the initial 0 h cell fluorescence intensity of
the grid n in the ECM and I (n, t) is the t hour cell
fluorescence intensity of the same grid n in the ECM.

In Fig. 5D1, the fluorescence intensity change of MDA-MB-
231-RFP cells at 24.0 h is not obvious in comparison with the
0 h intensity map. After 72.0 h of incubation, the
fluorescence intensity of the cells in the left (2× EGF) region
increased significantly, and several regions reached about
5-fold increase compared to that at 0 h. After 120.0 h, the rate
of change in fluorescence intensity at the left (2× EGF) and
the upper (1× EGF) continued to increase, especially at the
junction of 2× EGF and 1× EGF, where the fluorescence
intensity of the cells increased to 15–20-fold that at 0 h.
Fig. 5D2 shows the fluorescence intensity of cells migrating
into the ECM at the same time, which is also unobvious at
24.0 h. The fluorescence intensity of sporadic regions near 2×
EGF and 1× EGF at 72.0 h was about 5-fold that of 0 h and
reached 15–20-fold that of 0 h at 120.0 h. These results
indicate that the chemical gradient combination of EGF, 7rh
and batimastat can significantly influence the proliferation
and migration of MDA-MB-231-RFP cells. Fig. 5D3 shows that
the change in fluorescence intensity of MCF-10A-GFP at 24.0
h was also low; however, at 72.0 h, this had increased
significantly. In many sub-regions, the fluorescence intensity
was approximately 5-fold that of 0 h, and in a few sub-
regions, it even reached about 10-fold increase. The
fluorescence intensity of the cells continued to increase at
120.0 h and in most areas was approximately 10-fold that at 0
h, with some sub-regions reaching a 15–20-fold increase.
Notably, MCF-10A-GFP cells have more uniform distributions
in chemical gradients, which appeared to be independent of
the detailed effect from the chemicals.

In order to demonstrate more comprehensively the
capabilities and advantages of the platform, it is necessary to
explore cell behaviors under growth factor/drug-free and
independent growth factor/drug conditions, following the
identical experimental setup as shown above. Fig. 6A(I–VI)
show the fluorescence intensity and distribution of MDA-MB-
231-RFP and MCF-10A-GFP cells at 120 h under conventional
medium (growth factor/drug-free), single 2× EGF, 1×EGF,
batimastat, 7rh and composite chemical gradients.
Furthermore, the images have been processed following the
same protocol shown in Fig. 5B–D and present the
quantification of the cell fluorescence intensity rate in space,
i.e., the growth and migration of MDA-MB-231-RFP cells as
well as the growth of MCF-10A-GFP cells. The results are
shown in Fig. 6B1–B3.

First, regarding the growth factor/drug-free experiment,
i.e., the four side channels were with the same culture
medium, MDA-MB-231-RFP cells, off-chamber MDA-MB-231-
RFP cells and MCF-10A-GFP cells have fairly uniform
distributions across the chamber space. In independent
addition of 2× EGF and 1× EGF scenarios, the average
fluorescence intensity rates of MDA-MB-231-RFP cells and
off-chamber MDA-MB-231-RFP cells are higher than that of
the growth factor/drug-free group, and the intensity with 2×
EGF is higher than 1× EGF, particularly near the side of the
EGF channels. These results not only confirm the EGF's
promoting effects on cell growth and migration again,35,37
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but also demonstrate the effect of chemical gradients. In
contrast, compared to the growth factor/drug-free group, the
average fluorescence intensity rates of MCF-10A-GFP cells
present no apparent increase or decline. This is because
while EGF promotes the growth of MCF-10A-GFP cells, it has
more significant effects on the growth and migration of
MDA-MB-231-RFP cells, which in turn inhibit the aggregation
and proliferation of MCF-10A-GFP cells45 due to limited
sources. Regarding the independent addition of batimastat
and 7rh drugs, compared to growth factor/drug-free groups,
the average fluorescence intensity rates of MDA-MB-231-RFP
cells and off-chamber MDA-MB-231-RFP cells are lowered,
particularly for off-chamber MDA-MB-231-RFP cells. This
indicates that batimastat and 7rh have strong inhibition
effects on the MDA-MB-231-RFP cell growth and
migration,39,41 and the cell fluorescence intensity near the
drug side is significantly lower than that of other regions,
which again has demonstrated the gradient effect.
Meanwhile, the average fluorescence intensity rates of MCF-
10A-GFP cells have just a slight decline and indicate
batimastat or 7rh's weak effect on MCF-10A-GFP cells.

Finally, in the composite growth factor/drug case, the average
fluorescence intensity rates of MDA-MB-231-RFP cells and
off-chamber MDA-MB-231-RFP cells present similar trends to
the single addition of growth factor/drug cases, i.e., the
fluorescence intensity is stronger near the EGF channels and
is weaker near the batimastat or 7rh channels. However, if
probing into detailed cell fluorescence intensity, the case of
composite chemicals has slight differences compared to
single addition cases. This may be due to the cells having
different responses to simultaneously applied four
chemicals. The detailed studies of differences between
individual addition of chemicals and composite chemicals
need more quantitative experiments and analysis in the
future.

In short, through the performance of comparable and
parallel studies of single chemical and composite chemical
gradient effects, the new results demonstrate again that our
chip platform with 642 microchambers is ideal for high-
throughput and quantitative analysis of cell response to
different drugs and growth factors. In addition, the chip
platform not only supports studies of cell response to

Fig. 6 The systematic analysis of cells in microchamber arrays under various environments. (A) Images of cell spatial distributions at 120.0 h in
conventional medium (control) (I), single-added chemicals and composite chemicals (VI), from left to right. Single-added chemical experiments are
introduced with 2× EGF (0.08 μg ml−1) (II), 1× EGF (0.04 μg ml−1) (III), batimastat (66.00 μg ml−1) (IV) and 7rh (22.44 μg ml−1) (V) on one channel of the
chip. Red and green indicate the MDA-MB-231-RFP and MCF-10A-GFP cell distributions, respectively. (B1–B3) The fluorescence intensity rate of
MDA-MB-231-RFP cells, MDA-MB-231-RFP cells off-chamber migration and MCF-10A-GFP cells in the control experiment, single-added chemicals
and composite chemical experiments, from top to bottom. The color bar indicates the cell fluorescence rate increase (from purple to red).
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composite chemical gradients but also is feasible to
investigate the effects of single chemical gradients. The
results are reasonable and consistent and again demonstrate
the uniqueness of this platform compared to other 2D and
3D drug screening systems.

Regional analysis of cell dynamics

For direct comparison of the joint effects of adjacent chemical
gradients on the growth and migration of the two different
types of cells, we divided the ECM region into four quadrant
regions: QI, QII, QIII and QIV (Fig. 7A, left diagram). We then
analysed the variation in fluorescence intensity of the
designated cell population at 120.0 h in each region separately
with MDA-MB-231-RFP cells coded as blue, MDA-MB-231-RFP
cells migrating into the ECM are coded as red and MCF-10A-
GFP cells are coded as green. After being designated in this
way, each region has two main types of gradients, which
represents the combination of batimastat–7rh, 7rh–1× EGF, 1×
EGF–2× EGF and 2× EGF–batimastat. It can be seen that the
variation rate of fluorescence intensity of MDA-MB-231-RFP
cells and MDA-MB-231-RFP cells migrating into the ECM
region gradually increased from QI to QIV, whereas the rates in
QII and QIII were comparable. This indicates that the combined
influence of increased batimastat and 7rh, along with the
decreased concentration of EGF, has a strong inhibitory effect
on the growth and migration of MDA-MB-231-RFP cells (QI).
However, when EGF was enhanced and the concentration of
batimastat and 7rh was decreased, EGF strongly stimulated the

MDA-MB-231-RFP cell growth and migration (QIV). Intriguingly,
the difference in the variations of fluorescence intensity in
MCF-10A-GFP in the four regions was not particularly obvious.
In QIII and QIV (with the 2× EGF action), the variation rate of
fluorescence intensity of MCF-10A-GFP cells slightly decreased.
This implies that the growth and proliferation of MCF-10A-GFP
may be additionally affected by the growth and interaction of
MDA-MB-231-RFP cells in addition to EGF stimulation.45

The adjacent boundaries of the four regions represent the
areas with the strongest combination of chemical
concentrations and the most significant effect for a particular
combination, and therefore, the four corners of the square
area (S1–S4) were selected for further analysis
(Fig. 7A, right diagram). The changes in the fluorescence
intensity of the two types of cells are essentially consistent
with the left diagram in Fig. 7A, indicating that the changes in
the fluorescence intensity of the cells in the QI–QIV region are
mainly determined by the cells in the S1–S4 region near the
reagent pipelines. However, simultaneously, the variations of
the fluorescence intensity for migrating MDA-MB-231-RFP
cells in S2 and S3 were different, i.e., the latter was higher than
the former, which indicates that the combined effect
(combinatorial effects) of 2× EGF with batimastat compound
treatment in MDA-MB-231-RFP cells resulted in a mildly
elevated migration rate than that of the combined effect of 1×
EGF with 7rh. This result further demonstrates that the
promotional effect of higher concentrations of EGF surpass
the inhibitory effect of batimastat on the migration of MDA-
MB-231-RFP cells in the MACECM.

Fig. 7 Regional analysis of cell dynamics. (A) Regional analysis of biochemical gradient influence on MDA-MB-231-RFP and MCF-10A-GFP cell
development. The gradients have more influences on MDA-MB-231-RFP cell proliferation and migration, while they have less effect on MCF-10A-
GFP cells. In addition, the data could clearly clarify the effects in the regions with different combinations of the biochemicals. (B1–B3) Simulation
results of cell development and migration in ECM regions applied with the composite gradient, which elaborates the above experimental results.
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Computational model for the spatiotemporal evolution of the
cell population in the micro-biochip

To complement our experimental studies, we also developed
a computational model for the spatiotemporal evolution of
the cell populations in the biochip. Our model is based on
continuous diffusion equations for inhibitors and growth
factors that are coupled with equations governing cell
population dynamics. The details of our computational
model and methods are provided in the ESI.†

The population distribution for MDA-MB-231-RFP cells
and MCF-10A-GFP cells are shown in Fig. 7B1 and B3,
respectively, where darker colour indicates greater local cell
densities. It can be clearly seen that the MDA-MB-231-RFP
cells are highly proliferative in the regions with high EGF
and low inhibitor concentrations, that is, the upper left
corner of the biochip. On the other hand, the distribution of
MCF-10A-GFP cells was more spatially uniform and exhibited
less cell population in the regions with more MDA-MB-231-
RFP cells. This is due to competition between space and EGF
between the two cell types. These results are consistent with
the experimental observations and further demonstrate the

effectiveness of the high-throughput biochip. We also
introduced a migration metric to quantify migration of the
MDA-MB-231-RFP cells, that is, corresponding to the MDA-
MB-231-RFP off-chamber migration in the experiments
(Fig. 7B2). It is noted that for non-migrate cells, the maximal
value for the local cell density is unity, corresponding to the
case where the entire microchamber is occupied by the cells.
In the simulations, the density of MCF-10A-GFP cells, ρβ, is
always smaller than one, that is, ρβ < 1. However, for MDA-
MB-231-RFP cells, owing to their strong migration ability, the
cell density, ρα, can be greater than one, ρα > 1, indicating
that the cells break the constraint of the micro-chamber and
migrate to the surrounding ECM. Therefore, the migration
metric is defined as the density at location x in access to
unity, that is:

MI(x, t) = min {ρα(x, t) − 1, 0} (2)

Microchambers containing MDA-MB-231-RFP cells have
significant migration (i.e. those with MI > 0) (Fig. 7B2) and
follow a distribution pattern similar to that of the MDA-MB-
231-RFP cell population.

Fig. 8 Immunofluorescence analysis of cell proteins. (A) The fluorescence composite image of MDA-MB-231-RFP cells (red), MCF-10A-GFP cells
(green), DDR1 (yellow) and E-cad (blue) at 120.0 h. (B) Distribution of DDR1 (top) and E-cad (bottom) in the entire ECM region. Scale bar represents
fluorescence intensity increase (from purple to red). (C) The composite fluorescence pictures of cells and proteins at specific locations (a–d) in the
ECM region.
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Differential effect of complex biochemicals on E-cad and DDR1
expression in MCF-10A-GFP and MDA-MB-231-RFP cells

Immunofluorescence labelling of candidate protein markers
is one of the most widely used quantitative methods for the
simultaneous assessment of multiple proteins in the same
cell or among different cell types.46 Through the fluorescence
imaging of cell-specific proteins, we were able to evaluate
biological and phenotypic changes, such as cell growth and
migration, in complex gradients of chemical compounds and
specific microenvironments as stated above. Here, we
selected DDR1 as a biomarker for metastatic breast cancer
cells and E-cad as a marker for epithelial cells, labelled with
yellow fluorescence dye and blue fluorescence dye,
respectively. As discussed above, both MDA-MB-231-RFP cells
and MCF-10A-GFP cells were transfected with red and green
fluorescence, respectively. Therefore, under the confocal
microscope, we were able to obtain the overlay fluorescence
image of DDR1 (yellow) and E-cad (blue) in both MDA-MB-
231-RFP (red) and MCF-10A-GFP (green) cells in each
microchamber region and adjacent matrix region of the
biochip (Fig. 8A). As expected, E-cad was only detected in
MCF-10A-GFP cells but not in MDA-MB-231-RFP cells. In
contrast, DDR1 is universally expressed in MDA-MB-231-RFP
but is rarely expressed or undetectable in epithelial MCF-10A-
GFP cells, which is also consistent with previous studies.47,48

According to the same processing method as depicted in
Fig. 5B and C, the average fluorescence intensity and
distribution of DDR1 protein (top) and E-cad protein
(bottom) in the ECM region were quantitatively measured
(Fig. 8B). It can be seen that the expression of DDR1 is
highest in the regions near the 1× EGF and 2× EGF pipelines
(the fluorescence intensity is approximately 0.09), whereas it
is very low near the 7rh and batimastat pipelines
(fluorescence intensity of approximately 0.02). In contrast,
the distribution of E-cad expression was even among all the
ECM regions (the fluorescence intensity is 0.04–0.06).
Moreover, we further analysed the immunofluorescence
images of the four representative points (a–d) shown in
Fig. 7A and re-evaluated the association of cell growth and
migration behaviors with the expression levels of DDR1 and
E-cad proteins (Fig. 8C). For MDA-MB-231-RFP cells, the
DDR1 protein expression and cell migration at point (d) is
significantly higher than that at point (a). However, for MCF-
10A-GFP cells, the E-cad protein expression and cell density
at point (d), with the highest EGF concentration, did not
significantly increase in comparison with the other selected
points. Hence, it can be considered that DDR1 protein is
important for regulating the migration of MDA-MB-231-RFP
cells. The proliferation, migration and DDR1 protein
expression of MDA-MB-231-RFP cells were remarkably
enhanced by EGF but inhibited by the exposure to 7rh and
batimastat. Meanwhile, the expression level of E-cad protein
was not significantly affected after exposure to the
combination gradients of these three compounds. In short,
the combined effect on the growth and migration of MCF-

10A-GFP cells was not as significant as that observed in MDA-
MB-231-RFP cells.

Conclusion

Our MACECM system, with a quadrangular gradient biochip
and resolution microscopy imaging, has shown versatile and
multi-task capabilities for the analysis of cell behavior and
underlying molecular mechanisms in complex biochemical
environments and in a spatiotemporal manner. It can
simultaneously study multiple cell samples in high
throughput and at single-cell scale. This biochip system can
also distinguish the complex behavior of a single cell of a
specific type or mixed multicellular system under co-culture
conditions and statistically quantify the differentially
expressed proteins of interest. In particular, the chip may be
able to act as a new drug screening platform that is able to
facilitate quantitative verification of drug effects on different
cells in a single experiment.

The experimental platform can be reformatted and
applied to a wide range of cellular behavior and biological
studies of cancer cells and healthy cells by changing the
internal details logistically. There is potential for further
development of this biochip to maximize both its research
and application potentials. For instance, the basement
membrane needs to be considered for constructing in vitro
lumen structures with ECM and the device will facilitate cell
invasion studies. In addition, we also plan to seed patient-
derived tumor cells in the biochip to explore the
pathophysiological behavior of tumor cells and their
responsiveness to a panel of therapeutic drugs or various
combinations of the drugs. Thus, the future development of
the MACECM system may provide us with a new platform for
the screening and evaluation of effective candidate drugs for
a particular patient in the era of personalized cancer therapy.
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