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A novel 3-D bio-microfluidic system mimicking
in vivo heterogeneous tumour microstructures
reveals complex tumour-stroma interactionst

Qihui Fan, @2 Ruchuan Liu,® Yang Jiao,® Chunxiu Tian,® James D. Farrell,®
Wenwen Diao,® Xiaochen Wang,? Fengrong Zhang,? Wei Yuan," Haibo Han,?
Jinfeng Chen,” Yue Yang," Xixiang Zhang, ©¢ Fangfu Ye,** Ming Li, ©?
Zhongcan Ouyang*® and Liyu Liu*®

A 3-D microfluidic system consisting of microchamber arrays embedded in a collagen hydrogel with
tuneable biochemical gradients that mimics the tumour microenvironment of mammary glands was
constructed for the investigation on the interactions between invasive breast cancer cells and stromal cells.
The hollow microchambers in collagen provide a very similar 3-D environment to that in vivo that regulates
collective cellular dynamics and behaviour, while the microfluidic channels surrounding the collagen
microchamber arrays allow one to impose complex concentration gradients of specific biological mole-
cules or drugs. We found that breast epithelial cells (MCF-10A) seeded in the microchambers formed
lumen-like structures similar to those in epithelial layers. When MCF-10A cells were co-cultured with inva-
sive breast cancer cells (MDA-MB-231), the formation of lumen-like structures in the microchambers was
inhibited, indicating the capability of cancer cells to disrupt the structures formed by surrounding cells for
further invasion and metastasis. Subsequent mechanism studies showed that down regulation of E-cad ex-
pression due to MMPs produced by the cancer cells plays a dominant role in determining the cellular be-
haviour. Our microfluidic system offers a robust platform for high throughput studies that aim to under-
stand combinatorial effects of multiple biochemical and microenvironmental factors.

Introduction

Tumour development is a very complicated process,
exhibiting a vital relationship with the tumour's in vivo micro-
environment." The extracellular matrix (ECM) provides me-
chanical support and spatiotemporally regulated biochemical
signals, guiding cancer cell proliferation, differentiation, mi-
gration, and apoptosis.>* Therefore, constructing an in vitro
ECM structure that closely mimics real tissue is very impor-
tant for the precise study of cancer development.>®
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Invasion of the ECM by cancer cells is the first step in can-
cer metastasis. In order to realize distant metastasis, carci-
noma cells must breach the barriers of the basement mem-
brane, allowing them to invade the lymphatic vessels or blood
vessels located within the neighboring collagen.” Although
penetration of the basement membrane is a distinct clinical
indicator of metastasis, it has to be noted that the barrier be-
fore the basement membrane is an epithelial layer, which is
essential for basement membrane secretion and assembly.”
Maintaining the integrity of the epithelial layer is therefore a
means of avoiding metastasis by confining cancer cells to
their primary site.
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How tumour cells interact with normal epithelial cells is
still not fully understood, in part due to the lack of a realistic
in vitro model. In traditional two-dimensional (2-D) cultures,
cells can only attach to the floor of a Petri dish, and cannot
form any 3-D structure; as such, the formation of the epithe-
lial layer cannot be studied, not to mention the interference
of cancer cells with the epithelial layer.*° On the low adhe-
sion surface (LAS) of 2-D culture systems, epithelial cells can
aggregate into 3-D structures, but cultures of normal epithe-
lial cells, as well as normal/cancer co-cultures, assemble into
spheroids rather than lumina, which are the structure of epi-
thelial layers in vivo.'”'" There are also many other studies
showing that in vitro cell cultures in 3-D are qualitatively dif-
ferent from 2-D Petri-dish cultures.">'* A 3-D environment
can be emulated by embedding cells, cell clusters, or
organoids in a biological hydrogel; however, structures that
form are still qualitatively different from those of in vivo tis-
sues, and many phenomena cannot be observed and further
be studied.’*"> For example, epithelial cells directly embedded
in a low density Matrigel can form lumina similar to those in
the in vivo epithelial layer."® However, in vivo, the hollow cen-
tres of the lumina provide spaces for the proliferation of can-
cer cells, which derived from the normal epithelial cell and
proliferated into the lumen of the breast gland, then finally
break through the lumina to be metastatic; in vitro, the lumina
are filled with Matrigel, without the empty space for cancer
cells, preventing the precise study of this phenomenon.

In order to better study processes such as the disruption
of the epithelial layer by malignant cancer cells, we combine
micro-moulding and microfluidic techniques to construct a
3-D microfluidic system with an array of collagen micro-
chambers (MSACM). As shown in Fig. 1, the hollow micro-
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Fig. 1 The 3-D microfluidic system array of collagen microchambers
(MSACM). (A) 3-D schematics of the MSACM model. (B) Cross-section
view of the MSACM assembly. (C) Overview of the microfluidic chip.
This microscopy image was taken in a bright field and processed with
Imaged. (D) Enlarged image shows the hollow microchamber within
collagen, which partially mimicked the hollow structure of mammary
glands.
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chambers in collagen are intended to mimic the spatial struc-
ture of hollow mammary glands, given that collagen I is the
major component of the ECM in breast tissue. Meanwhile, the
integrated microfluidic system allows construction of a con-
trollable microenvironment,"”” such as the complex bio-
chemical gradients around the collagen platform (Fig. 1A)."%'®
Collagen I is very soft, comprising 99% water and 1% gel,
making it difficult to fabricate microstructures on collagen,
especially when it is integrated into a small scale microfluidic
system."® However, designing an in vitro system with collagen
I has many advantages for mimicking the in vivo environ-
ment since collagen is one of the major components of
ECMs, and is also a thick barrier for cancer cells before they
reach the blood and lymphatic vessels and start metasta-
sis.>>*' The gradients of various factors, such as nutrition,
oxygen, and anti-cancer drugs surrounding the tumour are
also important to consider.”> Molecular concentration gradi-
ents play an important role in biological phenomena such
as chemotaxis, morphogenesis, and hypoxia.>® In recent
studies, drug gradients have also played a very important
role in the emergence of resistance to chemotherapy for
cancer.>**" The microfluidic system integrated into the
MSACM assembly has been accomplished in this study to
form delicately controlled complex gradients allowing for up
to four biochemical gradients to exist at the same time.

We demonstrate that the MSACM system provides an envi-
ronment in which MCF-10A epithelial cells can self-assemble
into hollow, empty lumen-like structures. Further, we show
that no aggregation is observed if the MCF-10A cells are co-
cultured with MDA-MB-231 cancer cells, which we attribute
to the E-cadherin expressed on the MCF-10A cell membrane
which was cleaved by cancer cell MDA-MB-231 secreted
MMPs. We find that when MMP inhibitors are added to the
MCF-10A/MDA-MB-231 co-culture system at an appropriate
concentration, MCF-10A cells can aggregate partially, but no
lumen-like structures are formed. We also investigate co-
culture systems of MCF-10A and MCF-7 (an epithelial pheno-
type breast cancer cell line), with the corresponding results
presented in Fig. S1 of the ESLf

Experimental
Cell culture

Normal human breast epithelial cell line MCF-10A marked
with green fluorescent protein (GFP), and malignant breast
cancer cell line MDA-MB-231 marked with red fluorescent
protein (RFP) were obtained from China Infrastructure of Cell
Line Resources (Beijing, China). MCF-10A-GFP cells were cul-
tured in Dulbecco's modified Eagle's medium-F12 (DMEM/
F12, Corning) supplemented with 5% horse serum (Gibco),
1% penicillin/streptomycin (Corning), 20 ng ml™ human
EGF (Gibco), 10 pug ml™ insulin (Roche Diagnostics Gmbh),
100 ng ml ™" cholera toxin (Sigma), and 0.5 ug ml™ hydrocor-
tisone (Corning). MDA-MB-231-RFP cells were maintained in
DMEM (Corning) supplemented with 10% fetal bovine serum

This journal is © The Royal Society of Chemistry 2017
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(Gibco) and 1% penicillin/streptomycin. All cells were cul-
tured in an incubator at 37 °C with 5% CO,.

In the co-culture experiments, MCF-10A-GFP and MDA-
MB-231-RFP cells were seeded together in a 1:1 ratio, with a
seeding cell density of 5 x 10° m1™* for each type of cell. Cells
were cultured in a 1:1 mixture of MCF-10A and MDA-MB-231
media.

Fabrication of the 3-D complex microfluidic system

A polydimethylsiloxane (PDMS) microfluidic chip is used to
confine the collagen platform and to form a controllable
microenvironment for cell culture, allowing the construction
of multiple complex gradients via the independent micro-
channels surrounding the collagen platform. As Fig. 1A
shows, there are four independent microchannels in the
PDMS substrate, encompassing the central collagen platform.
The collagen and the microchannels were separated by
micropillars at the sides of the collagen platform. With this
design, the medium in the microchannels can permeate into
the collagen. The four microchannels were all independent
and so the media in each channel did not mix. Since collagen
has a porous structure, biochemical molecules can permeate
through it slowly; if the media on different sides of the
microchamber have differing concentrations of the mole-
cules, the collagen platform can act as a buffer zone, and a
concentration gradient forms across it.

The PDMS chip was designed with the L-Edit software
(Tanner EDA). The designs were then printed onto a 5 inch
chrome mask at high precision using a laser writer (Heidel-
berg DWL2000 Mask Writer). 4 inch p-type <100> silicon
wafers with resistivity in the range 1-20 Q cm and a thick-
ness of 500 um were cleaned and then spin-coated with posi-
tive photoresist with a thickness of 4.0 pm (ECL3027). The
photoresist pattern was created by standard UV lithography
techniques. After development, the silicon was put inside the
RIE chamber (Reactive Ion Etching, Plasmalab System 100)
with O, plasma to remove the residual photoresist on the ex-
posed silicon regions (outside the photoresist pattern). The
DRIE (Deep Reactive Ion Etching, Plasmalab System 100)
Bosch process was then utilized to etch the exposed silicon
regions down to 250 um. After etching, the photoresist was
removed with acetone and then the whole substrate was
finally cleaned with a Piranha solution (H,SO,:H,0, = 3:1).

A Sylgard gel and elastomer (Dow Corning) were blended
at a ratio of 10:1 and then the mixture was poured onto the
fabricated silicon wafer to degas and gelled as PDMS.>> As
Fig. 2B shows, all fabricated PDMS pieces were peeled off the
silicon wafer and sterilized with 75% ethanol before using.
After drying, the feature surface of the PDMS substrate was
incubated with 1 mg ml™ poly-p-lysine (PDL) solution
(Sigma) at 37 °C for 12 hours to enhance its adhesion to col-
lagen. After incubation, the PDL solution was removed. The
coated surface was rinsed thoroughly with sterile deionized
water at least three times, and air-dried completely. A PDMS
stamp with pre-defined microchamber features was covered

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Fabrication process for the MSACM assembly. (A) PDMS
substrate and stamp was cast from the silicon wafer mould. (B) PDMS
substrate surface was coated with PDL to enhance the adhesion to
collagen, while the PDMS stamp surface was coated with BSA to help
peel off the stamp from collagen. (C) PDMS stamp was aligned and
covered to the PDMS substrate, forming a mould for collagen. (D)
Collagen was injected into the chip and gelled. (E) PDMS stamp was
unmoulded from the collagen. Cells were seeded into the formed
microchambers on the collagen surface. Then the chip and collagen
microchambers were covered with a cover glass, which was pre-
coated with another layer of gelled thin flat collagen. (F) The micro-
fluidic system was sealed by mechanical pressure. Medium was
injected into the microchannels for future cell cultures.

with 2% bovine serum albumin (BSA, Beyotime) solution and
left at room temperature for 30 min. The excess BSA solution
was discarded, and the surface of the PDMS stamp was
rinsed with sterile deionized water (pH 7.5) twice and pure
water once to neutralize the remaining BSA solution. The
coated stamp was purged with nitrogen to completely remove
moisture. The BSA coating prevents the stamp from sticking
to the collagen gel. The treated PDMS stamp was then
aligned with the PDMS substrate bearing the microchannels,
forming a mould for the collagen microchambers. Mean-
while, type I collagen (high concentration, 354249, Corning)
stock solution was diluted and neutralized to 6 mg mL ™" with
buffer solutions of 10x PBS (Corning), sterile deionized water,
and 1 mol L™ NaOH (Fluka). All dilutions were conducted on
ice. The ice-cold liquid collagen was gently injected into the
prepared PDMS mould through the pre-drilled collagen inlet
in the PDMS substrate. Meanwhile, a thin layer of collagen
was prepared by evenly spreading liquid collagen on a 30 x
30 mm cover glass, which served as the chip bottom to seal
the collagen microchambers. Then both the collagen layers
were heated at 37 °C for 1 hour to induce cross-linking. Dur-
ing the gelling process, the collagen layers were sealed in a
Petri dish with pure water to prevent the collagen from dry-
ing. After the collagen had gelled, the PDMS stamp was care-
fully peeled off the PDMS substrate.>®

The assembled chip was sealed by clamping with Plexiglas
jigs (Fig. S2 in the ESIT). The top of the Plexiglas jig has eight
medium wells, aligned with the medium inlets in the PDMS
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substrate. Hollow windows in the centers of the top and bot-
tom of the jig, at the position of the collagen platform, pro-
vided an observation window.

Cell seeding and experiments

A concentrated single cell suspension with a density of 5 x
10° ml™" was prepared immediately before the experiment. In
the co-culture system, the two types of cells were mixed to-
gether before seeding. The prepared cell suspension was kept
on ice for 3-5 min to avoid sticking to the collagen. 20 pl of
the cell suspension was added to collagen platform. After
allowing two minutes of sedimentation of the cells into the
micro chambers, excess cells outside the microchambers
were rinsed off using a gentle and cold 1x PBS flow (flow rate
200 pl min™), while the cells in the microchambers were kept
in place. The cell-seeded chip was then incubated at 37 °C
for 15 min to allow the cells to stick firmly to the collagen.
The gelled thin layer of collagen covered the microchambers,
and the assembled chip was sealed with a Plexiglas jig. Fi-
nally, the culture medium was added to the chip.

Quantification of epithelial cell aggregation

To quantify the degree of lumen formation, we employ sensi-
tive statistical morphological descriptors (e.g., spatial correla-
tion functions) derived from heterogeneous material theory.?”
Specifically, the fluorescence images of the cells were
analysed and transformed to a two-phase (binary) image un-
der a pre-set threshold intensity, which preserved the original
cell clustering pattern. The two-point correlation function
(eqn (2)) is then computed from the binary image for pattern
quantification, as described in detail below.

Consider a two-phase texture in which phase 7 has a vol-
ume fraction ¢; (i = 1, 2) and is characterized by the indicator
function

19 () :{1’ ik ()

0, otherwise,

where V; is the region occupied by phase 7 (equal to 1 or 2).
The standard two-point correlation function is defined as

8,D(x1,x5) = V(x)ID(x,)) = $,9(|x, - x,)), (2)

where the angular brackets indicate an ensemble average.
This function is the probability of finding two points x; and
x, both in phase i. Henceforth, we will drop the superscript
“” and only consider the correlation functions for the phase
of interest (i.e., the cell clustering patterns). For statistically
homogeneous and isotropic patterns, the two-point correla-
tion functions only depend on the distance r = |x; — x| be-
tween the points and hence S,(x;,x,) = S,(r). The value of S,
at a specific distance r indicates the degree of spatial correla-
tion between two randomly selected points separated by a
distance r, and thus, reflects the morphology of the pattern.
For r = 0, S, provides the covering fraction of the cell cluster-

Lab Chip

View Article Online

Lab on a Chip

ing pattern ¢; for large r values, S, approaches its asymptotic
value ¢°.

S, was computed from the binary images of cell clustering
patterns and normalized with respect to ¢ in order to high-
light the spatial correlation information, i.e.,

8, = (8= (g - ¢°) 3)

The normalized correlation functions are subsequently
plotted and analysed. For lumen-like clustering patterns, the
associated S, possesses large values for intermediate dis-
tances, indicating a high degree of spatial correlation. Such
distances characterize the average linear size of the lumen. In
contrast, if cells remain as small, isolated clusters, the S,
value drops rapidly to the lowest value beyond a distance
characterizing the average linear size of individual cells.

Immunofluorescence test

Certain important proteins need to be targeted and quanti-
fied in mechanism studies; this can be achieved with
immuno-fluorescence tests.>® At the stage when the micro-
fluidic chip needed to be observed, 4% paraformaldehyde so-
lution pre-warmed at 37 °C was added into the medium
channel of the device for 1 hour to fix the biological sample.
Then the sample was washed with 1x PBS three times to re-
move the paraformaldehyde solution. PBS was kept in chip
for 30 min for each wash. Then the sample was incubated for
50 min in a blocking solution, consisting of 2% BSA in 1x
PBS. After an extra wash with PBS, the sample was incubated
with primary antibodies overnight at 4 °C. The primary anti-
body is 10 pg ml™" anti-Ecadherin (Life Technology) in 0.1%
BSA/PBS. Again the sample was washed three times with PBS,
and then incubated with 1:125 diluted secondary antibodies
(anti-mouse IgG (H + L), Alexa Fluor 647 Conjugate, CST4410)
at 4 °C for 16 hours. Before imaging, the sample was rinsed
with 1x PBS three times.

The immunofluorescence results were imaged by confocal
laser scanning microscopy (CLSM), with a 25x water immer-
sion objective. Sequential scanning was employed to mini-
mize the interference from the different fluorescence chan-
nels. All the imaging parameters were kept constant for
consistency in the subsequent semi-quantification of molecu-
lar expression. The fluorescence images were processed and
analysed with the Image] software package.>®

Results and discussion
Demonstration of complex gradient in the MSACM assembly

The ability to construct a gradient in a 3-D biochip, especially
complex gradients for multiple molecules at the same time,
is a very important advantage in an in vitro model. Spatial
gradients in the microenvironment of the cells provide cru-
cial signals for cell behaviours.

To our knowledge, the MSACM system is the first in vitro
microenvironment that allows incorporation of multiple
chemical, temporal, and spatial gradients within a micro-

This journal is © The Royal Society of Chemistry 2017
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patterned 3-D collagen system. The microfluidic chip has
four independent microchannels surrounding the collagen
platform, allowing up to four biochemical gradients
simultaneously.

In the demonstration test, shown in Fig. 3A, 10 kDa red
fluorescent Rhodamine-Dextran (Life Technology) solution
was injected into the upper microchannel, green fluorescent
3 kDa FITC-Dextran (Life Technology) solution into left chan-
nel, and blue fluorescent Cascade blue-Dextran (Life Tech-
nology) solution into bottom channel. No fluorescent dye was
injected into the right channel. All the dye solutions were
prepared in 1x PBS at a concentration of 100 pg ml™". The so-
lutions in the microfluidics system were refreshed every 12
hours to maintain a relatively constant concentration at the
source and the sink. The chip was kept in an on-stage incubator,
and observed under an inverted fluorescent microscope.
Time-lapse fluorescence images were taken once an hour for
48 hours. Since the collagen platform area is 10 x 10 mm
large, which is too far beyond the maximum field-of-view of
the camera used in this study, a 4 x 4 image array was cap-
tured and stitched together to show the complete collagen
area. The stitching trace appears as shadows at the edges of
each small image.

Images for each of the three fluorescent molecules were
taken and combined with Image] to examine the complex
gradients (Fig. 3A). The images indicate that the complex gra-
dients were all well-formed and stable. The gradients for each
type of molecule were quantified by measuring the average
fluorescence intensities of a series of 50 x 50 um boxes at dif-
ferent positions along the central line, as indicated by dashed
arrows in Fig. 3A. The statistical data were plotted as a 3-D
surface map in Fig. 3B-D, showing the relative intensity dis-

Rhodamine

FITC

388583388

@00

Cascade blue

Fig. 3 Complex gradient demonstration with three types of
fluorescent molecules. (A) Overview of the complex gradients. The
image was the combination of three fluorescent channels. Stitching
trace appears as shadows at the edges of each small image. (B) The
statistical data of the Rhodamine-Dextran concentration gradient as
the time-lapse result. (C) The statistical data of the FITC-Dextran con-
centration gradient as the time-lapse result. (D) The statistical data of
the Cascade blue-Dextran concentration gradient as the time-lapse
result.
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tribution against the distance to the source channel as a
function of time. The results for each molecular concentra-
tion gradient demonstrate that the complex gradient was sta-
bly formed at the collagen platform area. As indicated by
Fig. 3B-D, the complex gradient for each colour can all be
well maintained within the demonstration duration of at
least 48 hours; technically speaking, the porous collagen plat-
form can maintain the gradient stably as long as the media
keeps constantly changing (a 2D version of Fig. 3C is
presented in Fig. S3 in the ESI{ to show the concentration
change with time more clearly). Even though the fluorescence
intensities next to the source microchannel experience occa-
sional fluctuations as time passed, due to the patch refresh-
ing flow every 12 hours, the gradient in the collagen buffer
zone was stable, providing a very safe and stably buffered gra-
dient area for cell cultures and all other kinds of gradient
tests.

Since the MSACM system supports complex gradients in
flexible combinations and with controllable concentrations,
it is ideally suited for applications in research areas such as
drug screening, chemoattractant, and cancer resistance.

The effect of MDA-MB-231 cancer cells on the aggregation of
MCF-10A cells

As a benign tumour cell line, MCF-10A cells can express
myoepithelial markers, such as the vimentin, alpha smooth
muscle actin (SMA), CK5, CK17, and the basal-cadherin N-
cadherin.’® Thus the MCF-10A cell line is a widely used
in vitro model for studying normal/benign breast cell func-
tions and transformations.”*" In our experiments, MCF-10A-
GFP or breast cancer cells MDA-MB-231-RFP were seeded and
cultured in an MSACM assembly. As shown in Fig. 4A, most

MCF-10A-GFR

MCF-10A-GFP

100 pm

1"Green
! channel only

Fig. 4 Cell culture and morphology in microchambers within
collagen. (A) MCF-10A-GFP mono-culture system. (B) MCF-10A-GFP
and MDA-MB-231-RFP co-culture system. (A1 and B1) Overview of the
microchambers on the whole collagen platform. (A2 and B2) Enlarged
images showing part of the microchambers array. MCF-10A cells
formed lumen structures in the mono-culture, while remained dis-
persed single cells in the co-culture system. (A3 and B3) Confocal im-
ages showing the cell distribution in a single microchamber. Collagen
fibres were observed in reflection mode and displayed as blue.
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cells were confined to the microchambers, although a few
cells were left around the microchamber after rinsing. In the
mono-culture system, MCF-10A cells gathered along the
microchamber wall and formed lumen-like structures. As
shown in Fig. 4A1, the whole chip comprises hundreds of
microchambers. The enlarged view (Fig. 4A2) shows the struc-
ture formed in each microchamber. Collagen I fibres sur-
rounding the microchambers can be imaged by CLSM in re-
flection mode. Fig. 4A3 shows that the MCF-10A cells
gathered along the microchamber walls and attached to the
collagen surface. This structure is very similar to that of
which epithelial cells form in vivo, consisting of a ring of
cells, 2-3 cells thick, with an empty central space. To our
knowledge, this is the first time such a structure has been ob-
served to form in an in vitro experiment.

The time-lapse images of MCF-10A cell aggregation (Fig.
S4t) indicate that once seeded in the microchamber, MCF-
10A cells spread out in the collagen chamber, forming small
clusters as cells stick to each other (~2 h). These clusters
move toward the chamber edges, forming lumen-like struc-
tures (<8 h). Once formed, these structures are dynamically
stable for the remainder of the experiment, occasionally ex-
changing with cells in their surroundings.

We now employ a two-point correlation function to quan-
tify the degree of aggregation of MCF-10A cells in the differ-
ent systems. As shown in Fig. 5A, the inset images show the
fluorescence images of cell clustering patterns from ran-
domly selected microchambers from different locations of
the chip. Each chamber was monitored for at least 3 days.
The S, curves shown are the ensemble-averaged results of the
cell distribution in different microchambers. In the MCF-10A
cell mono-culture system, the MCF-10A cells were dispersed
in the microchambers when they were just seeded at day 0.
The associated S, drops rapidly and virtually goes to zero
around distances of 40-60 um, which indicates that the aver-
age cell cluster size is roughly 40 pm, consistent with the
characteristic size of a spread single cell. In contrast, after
one day, cells spread and aggregate, forming cell clusters,
and there are a few isolated cells. The cell-cluster size in this
case is much larger than the size of a single cell, indicating a
long-ranged spatial correlation between cells. As shown in
Fig. 5A, the S, value drops slowly with distance until ~140
pm for day 1 to day 3 curves. At this distance, the S, value
reached its lowest, which indicates that the size of the cell-
cluster formed is around 140 um. The normalized S, curves
of day 1 to day 3 are in good agreement, indicating that the
MCF-10A cells can form the lumen-like aggregates in one
day, which remain stable for at least three days.

In contrast, if the MCF-10A-GFP cells are co-cultured with
malignant breast cancer cell MDA-MB-231-RFP at a ratio of
1:1, the formation of MCF-10A lumen structures was not ob-
served. As shown in Fig. 4B, MCF-10A cells were dispersed
randomly in the microchamber, without obvious aggregation.
The time-lapse images (in Fig. S4t) show that in the co-
culture system, MCF-10A cells often came into close contact,
but these events didn't lead to cluster formation.
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Fig. 5 Normalized two-point correlation (S,) statistical data of the
MCF-10A cell cluster in each microchamber versus the distance be-
tween two random points (r). (A) S, value of the MCF-10A mono-cul-
ture system. The slowly dropping S, value in day 1 to day 3, which
reached the lowest level at around 140 pm, indicated that the large
cell cluster formed in the mono-culture system at a size of around 140
um. (B) S, value in the co-culture system. The rapidly dropping curves
of day 1 to day 3, which were consistent with that of day O, indicate
that the MCF-10A cells remained in a single cell pattern in the co-
culture system.

Fig. 5B shows the cell distribution for three days. From
the associated S, curves, a rapid drop of S, as the distance in-
creases can be clearly seen and S, decays to its asymptotic
value beyond r ~ 40 um for all data acquired from day 0 to
day 3, which indicates that the MCF-10A cells always exist as
dispersed single cells without forming any large clusters. The
S, value of day 0 drops even much faster than those of the
subsequent days, i.e., with a correlation length of r ~ 20 pm.
This is because on day 0, cells were just seeded and did not
spread yet, which possessed a compact round shape and a
small linear cell size. The inset images in Fig. 5B only show
the MCF-10A-GFP cells (green channel), and hide the MDA-
MB-231-RFP cells (red channel) in this co-culture system. The
images show that though the MCF-10A cells also came into
contact with each other, they didn't form tight connections
and didn't aggregate together. The MCF-10A cells remained
in a dispersed distribution in the following culturing days,
until the microchamber was filled with cells, at which point
it is difficult to distinguish the separate individual cells,
since all cells appear to be in contact with their neighbours
at such a high density.
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This observation indicates that the malignant cell MDA-
MB-231 can impede the aggregation of MCF-10A cells. This
capability of MDA-MB-231 may assist its invasiveness by
destroying the surrounding cell structures. The basement
membrane which wraps the epithelial layer is considered to
be a mechanical barrier to prevent malignant cells from in-
vading the deeper ECM.**> However, since the basement
membrane is maintained by the epithelial layer, epithelial
cells are the first barrier encountered by the malignant cells,
other than the basement membrane.

Molecular mechanism and the function of MMP inhibitors

The reason MDA-MB-231 disrupts the formation of MCF-10A
cell clusters is not yet clear. One of the most important mole-
cules for the maintenance of the epithelial layer is Epithelial
cadherin (E-cad), which is a transmembrane adhesion pro-
tein expressed by epithelial cells.*® The extra-cellular domains
of E-cad molecules from neighbouring cells bind to one an-
other via a homotypic interaction. The intra-cellular domains
of E-cad molecules bind to the actin cytoskeleton.*® In this
manner, E-cad forms adherens junctions that connect the ac-
tin cytoskeletons of neighbouring cells. Adherens junctions
are the primary force-bearing junctions between epithelial
cells.>

Matrix metalloproteinases (MMPs) are a group of prote-
ases which can cleave the extracellular domain of membrane-
bound E-cad at the aptly named MMP cleavage site. One im-
portant function of MMPs is to degrade extracellular matrix
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proteins. The secretion of MMPs is dramatically upregulated
in invasive cancer cells and especially in the presence of col-
lagen. MMPs can facilitate cell invasion by degrading the
ECM surrounding cancer cells.">***” Therefore MMPs are
very promising targets for anti-cancer-metastasis drugs.

In this report, a MMP inhibitor was employed to investi-
gate the role of MMPs in inhibiting cell aggregation. To this
end, the broad-spectrum MMP inhibitor batimastat (196440,
Merck Millipore) was used. If the MMP expression of MDA-
MB-231 cells was totally inhibited, E-cad expressed by the
MCF-10A cells would not be down-regulated. A gradient of
batimastat was applied to the MSACM assembly to mimic the
in vivo situation, and to find out the appropriate batimastat
concentration at one time. As shown in Fig. 6A, a cell culture
medium with 40 uM batimastat, which was very high for
inhibiting MMPs, was added to the left channel of the micro-
fluidic chip once the co-cultured cells were seeded into the
chip. Pure cell culture media were added to all the other
three microchannels, without any batimastat. All media were
refreshed every 12 hours during the cell culture period. Thus
batimastat formed a concentration gradient along the direc-
tion indicated by the wide arrow as shown in Fig. 6A. The
concentration of batimastat gradually decreased as the
distance moves away from the batimastat medium channel
(0-10 mm). Each microchamber in the collagen platform
experienced a specific concentration at its position. Given
that the MMP inhibitor does not have fluorescence emission
for quantification, we then infer the concentration distribu-
tion of the MMP inhibitor from the aforementioned
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Fig. 6 The gradient of MMP inhibitor batimastat was applied in the 3-D MSACM system. (A) Overview of the microfluidic chip. The arrow indicated
the concentration of batimastat from high to low. (B) Statistical data of relative E-cad expression versus the distance to the MMP inhibitor
(batimastat) channel, showing that the relative values of E-cad expression (normalized to that of the MCF-10A monoculture group) on a chip with
the batimastat gradient decrease from 0.758 + 0.035 to 0.057 + 0.014 as the chamber positions move away from the batimastat source micro-
channel and that in the co-culture system with no batimastat the value of the expression was only 0.007 + 0.005. (C) Representative images of the

cells' morphology and E-cad expression in single microchambers.
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demonstration result of fluorescent molecules (see Fig. 3), by
assuming that these two systems have similar diffusion
patterns.

As the concentration of batimastat decreased along the
gradient direction, the MMP inhibition effect on MDA-MB-
231 was attenuated. Thus the MMPs secreted by MDA-MB-
231 were actually increased, and E-cad expressed on MCF-10A
cell membranes was down-regulated. The E-cad expression at
different positions of the gradient was semi-quantified by
immuno-fluorescence tests. Similar E-cad quantification was
performed on control experiments without batimastat at all,
which included the MCF-10A mono-culture system, and the
co-culture system of MCF-10A and MDA-MB-231. For each
chip, distances of 0, 2.5, 5, 7.5 and 10 um away from the
source channel, representing five levels of MMP inhibitor
concentrations along the gradient, were chosen to character-
ize E-cad expression. For each distance, three microchambers
distributed at different positions were analyzed to acquire
the statistical E-cad expression. The image display and cap-
ture parameters were kept the same to guarantee the preci-
sion of the semi-quantification. Considering the cell size
difference, in each chamber image, we normalized the E-cad
expression (integrated intensity) to the total MCF-10A cell
area instead of the cell number to obtain a good semi-
quantification of the E-cad relative expression. As shown in
Fig. 6B, the E-cad expression is the highest in the MCF-10A
mono-culture system, and the lowest in the co-culture system
with no batimastat; but with the presence of a batimastat gra-
dient in the co-culture system, the E-cad expression gradually
decreased, within the range between the highest and lowest
values, as the concentration of batimastat decreased. Fig. 6C
shows the representative images of the cells’ morphology and
E-cad expression in the single microchambers. In the MCF-
10A mono-culture system, cell aggregation was dramatic.
Cells fully spread and stick to each other; and the E-cad ex-
pression was also very high in all the cells. In the batimastat
gradient of the co-culture system, as the distance from the
batimastat channel (from 0 mm, 5 mm, to 10 mm) increased,
the expression of MMPs was raised, and the E-cad expression
decreased. In the presence of MMP inhibitors, though E-cad
was up-regulated at a certain level, it was still not fully recov-
ered to the normal level of no MDA-MB-231. In addition,
probably due to the toxicity of batimastat to cells, the MCF-
10A cells at the closest position to batimastat actually didn't
show obvious aggregation, while the MCF-10A cells at the 5
mm position regained the most obvious aggregation, dra-
matic as that in the MCF-10A mono-culture system. In the co-
culture system with no batimastat, the E-cad expression was
the lowest, and the cells did not aggregate.

These data indicate that the MMP inhibitor batimastat
can suppress the capabilities of the cancer cells to disrupt
the structure of surrounding cell clusters, but the presence of
batimastat cannot completely stop the cancer cells from
destroying the lumen-like cell clusters. This is probably the
reason why MMP inhibitors currently have many limitations
in clinical applications. Other factors may be needed that co-

Lab Chip

View Article Online

Lab on a Chip

operate with the MMP inhibitor in stopping cancer cell inva-
sion; in this regard, the 3-D complex gradient microfluidic
system can be utilized to combine various factors with MMP
inhibitors for future studies.

Conclusions

In summary, a 3-D microfluidic system with an array of colla-
gen microchambers (MSACM) was constructed, which com-
bined the delicately controlled microenvironment (complex
gradients) and 3-D cell culture microchambers within natural
ECM materials (collagen). The MSACM is useful for biological
studies, especially for cancer metastasis research, because it
offers a well mimicked microenvironment with complex gra-
dients and ECM structures to observe the interaction between
cancer cells and the surrounding tissue components. The
complex gradients within the MSACM also offer a high
throughput screening technique to optimize the concentra-
tions from combinations of various drugs and biochemical
factors. Meanwhile, the transparency of the MSACM in opti-
cal microscopy makes it a powerful platform for real-time
biological studies, such as migration within the hollow colla-
gen chamber or invasion into collagen under a designed
microenvironment. Furthermore, due to its reversibility, the
sealed assembly can be opened up for picking out target cells
with micro-manipulators for further biological analysis.

To demonstrate the advantages of the MSACM over 2D or
simple 3D cell culture systems, we used it to study the
in vitro behaviour of mono-culture epithelial cells (MCF-10A)
and co-cultured systems of MCF-10A and cancer cells (MDA-
MB-231). In the MSACM system, the mono-culture MCF-10A
cells formed lumen-like structures on the wall of the micro-
chambers within collagen. In contrast, if MCF-10A were co-
cultured with cancer cells MDA-MB-231, the cancer cells im-
pede the formation of lumen-like structure by MCF-10A cells,
which indicates that the cancer cells have the ability to break
their first barrier to start metastasis. In the immunofluores-
cence tests, the observation clearly shows that E-cad expres-
sion on MCF-10A cell membranes in the co-culture systems
with cancer cell MDA-MB-231 was dramatically lower than
that in the MCF-10A mono-culture systems. MMPs play an
important role in this E-cad down regulation process. In the
presence of an MMP inhibitor (batimastat) gradient, even co-
cultured with cancer cells, the E-cad expression by MCF-10A
was recovered in the chambers with high concentration of
batimastat, while the E-cad expression was still kept at a very
low level in the chambers with low batimastat concentration.
This verifies that the ability of the cancer cells MDA-MB-231
to impede the formation of the surrounding lumen-like struc-
ture is strongly related to the function of secreted MMPs. It
is, however, worthy to point out that real in vivo tissue struc-
tures are more complicated than the systems studied here; in
the future, thin basement membrane layers and fibroblasts
will be integrated into the model so as to even better mimic
in vivo systems.
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