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A B S T R A C T

The progression of tumors is heavily influenced by mechanical properties of their microenvironment. In this work,
we applied micropatterned models with varying distances and shapes to investigate the differences between
metastatic MDA-MB-231 and non-metastatic MCF-7 breast cancer cells in reconfiguring extracellular matrix to
promote cell migration induced by cell mechanics. Both cancer cells were able to rearrange type I collagen (COL)
to form fibre threads, in which MDA-MB-231 consistently migrated more rapidly than MCF-7, ranging from
geometrical square arrays with different spacings to complex polygonal models. MDA-MB-231 displayed higher
capability of reorganizing fibre bundles at longer distance (800 μm). Further looking for differences in cell mo-
lecular mechanisms, siRNA knockdown inhibiting either integrin β1 or Piezo1 decreased fibre assembly and
reduced the difference in COL remodeling and migration between two cancer cells. MDA-MB-231 showed
inhibited migration with integrin knockdown, whereas scattering migration with Piezo1 knockdown, indicating
cells losing directional mechanosensation. After inhibiting junctional E-cadherin with siRNA, MCF-7 cells
migrated faster, resulting in reduced difference in comparison to MDA-MB-231 that didn't express E-cadherin. In
summary, this work has explored the biomechanical differences between metastatic and non-metastatic breast
cancer cells regarding COL fibre matrix remodeling and cell movements. The significant differences in E-cadherin
expression in the two breast cancer cells had an effect on cell migrations. The results of this study provide research
approaches for evaluating therapeutic effort on breast cancer.
1. Introduction

The correlation between biomechanics and human diseases has
become an increasingly prominent area of scientific research in
recent years.1 Tumors cause the second leading mortality besides
cardiovascular diseases. With the advancement of scientific research,
people are increasingly recognizing the vital role of the microenvi-
ronment in the initiation and progression of malignant tumors. Spe-
cifically, these tumors are heavily influenced by the mechanical
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properties of their immediate microenvironment.2 The growth and
development of a tumor causes changes in the mechanics of its
microenvironment, and altered conditions of cellular mechanics can
influence cancer development.3,4 In order to effectively treat cancer,
it is necessary to understand the cellular biomechanical conditions
that contribute to tumor metastasis and those that inhibit these
processes.5 Therefore, it has become increasingly apparent that tumor
biomechanics is a critical aspect of cancer treatment that requires
significant attention.
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It has been found that cells can sense and signal through mechanical
forces, and other cells at great distances also respond to the generated
mechanical signals.6 Cells mechanically sense and respond to other cells
at relatively large distances (such as many times of the diameter of the
cell) through the extracellular matrix (ECM),7–9 and then the cells move
towards each other.8 Recently published studies have confirmed that
cells can transmit traction through the matrix, thereby realizing distant
mechanical communication between cells, resulting in directional cell
migration.10 These studies and discoveries can show that cells far apart
can sense each other and respond to biomechanical signals in the envi-
ronment to achieve mechanical communication.10,11

Distant mechanical communication between cells is essential for tis-
sue development and homeostasis.12,13 Although the processes of me-
chanical communication between cells via the ECM have been
observed,14 understanding the specific molecular mechanisms involved
in distant communication requires more investigation.13,14 The
communication between cells and the extracellular matrix (ECM) plays a
crucial role in numerous physiological processes, such as fundamental
cellular functions,12 including migration, proliferation, gene expression
and differentiation, cancer metastasis,15 fibrosis, and wound healing,16,17

in which cells deform and alter the mechanical structure of the ECM to
regulate their contractility and physiological activity.17 Cells can respond
to the distant mechanical action by transferring traction between cells
through ECM,10,18 reconstructing collagen fibers,11,19 and remodeling
the extracellular matrix.20–22

The main cause of high cancer mortality is the metastasis of tumor
cells,23,24 which refers to the invasion, spread and colonization of cancer
cells from the confines of the original tumor site to other organs and
systems.25,26 Cell-ECM mechanical communication is also an important
mediator of cancer progression.27,28 Metastasis is almost always related
to the interaction between cancer cells and ECM.29 Cancer cells arrange
collagen fibers to reshape ECM through various mechanisms,27,28

including crossing the basement membrane, invading tissue,29 degrading
the matrix, and remodeling the matrix.27 Therefore, it is by changing the
mechanical properties of the microenvironment,29,30 that aggressive
cancer cells form malignant transformations that lead to tumor
metastasis.31,32

In previous studies, we identified the assembly and remodeling of the
ECM as physiologically important events in vivo.33,34 Cell clusters
encapsulated in type I collagen (COL) form dense and aligned fibrillar
bundles between them,35,36 which establish distant communication
through matrix-transferred mechanics, giving rise to directional migra-
tion and self-assembly of cell groups.10,36,37 More research is still needed
on how cancer cells biomechanically regulate COL assembly over long
ranges,33 especially the difference between normal and malignant cells.
Breast cancer is the most common malignant tumor in women world-
wide,38 and research on the biomechanical differences between meta-
static MDA-MB-231 and non-metastatic MCF-7 breast cancer cells can
help understand the progress of breast cancers. Previous study has re-
ported that MDA-MB-231 cells show more intravasation than MCF-7 in
Matrigel, however, the mechanism is to be identifed.25 Thus, this study
attempted to investigate the differences between MDA-MB-231 and
MCF-7 in inducing COL fibre matrix remodelling and migration under
distant mechanical effects. How cancer cells remodel the ECM was
investigated by introducing the fluorescent protein EGFP-CNA35 staining
to label the COL,33 and then using PDMS model arrays in order to sub-
stantiate collagen fibre bundles formation and visualization studies.39

The results showed that there were significant differences in the
remodeling of extracellular matrix and cell migration between the two
types of cancer cells under distant biomechanics, with non-metastatic
cancer cells being more significantly affected by distant mechanics.
Plasma membrane-localized integrin and Piezo were crucial in distant
mechanosensation of the cancer cells to promote migration. In compar-
ison to MCF-7, deficiency in E-cadherin expression of MDA-MB-231
seemed important in the migration.
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2. Materials and methods

2.1. Materials

2.1.1. Cell type and origin
Human breast cancer MDA-MB-231 cell line and MCF-7 cell line,

which are breast epithelial cancer cells, of which MDA-MB-231 cells are
malignant with high metastasis and invasiveness, and MCF-7 cells are
non-metastatic, were purchased from BeiNa Biological Co., LTD.

2.1.2. Main reagents and instruments
DMEM high-glucose medium, RPMI 1640 medium, Opti-MEM me-

dium, fetal bovine serum (FBS), 0.25 % trypsin, transfection kit Lip-
ofectamine 3000™ were purchased from Thermo Fisher Scientific in the
United States; the Rat Tail Collagen Type I (type I Collagen, COL) and
Neutralization Solution were purchased from Advanced Biomatrix; glass-
bottom confocal dish purchased from NEST company; CO2 cell incubator
purchased from Japan Sanyo; Live-cell inverted fluorescence microscope
(Primo Vert) was purchased from Zeiss, Germany; the micropattern chip
containing a film mask and a silicon wafer was purchased from Suzhou
MicroFlu Technology Co. and In Situ Co., Ltd.

2.2. Methods

2.2.1. Preparation of PDMS molds
The micro-patterned arrays of cell clusters were prepared according

to the method from our previous work.19,20 We used the software
AutoCAD to design the arrays of circle distributions, which circles were
set as 200 μm in both diameter and depth. The parameters of the specific
models used are shown in Table 1, and the corresponding silicon wafer
molds were ordered from local manufacturer. Polydimethylsiloxane
(PDMS) base and crosslinking agent (Sylgard 184 kit, Dow Corning) were
mixed thoroughly at a mass ratio of 10:1, vacuumed to remove air bub-
bles and then casted uniformly on silica gel molds, cured at 80 �C for
more than 4 h. The elastic replica of the molds was obtained by hard-
ening of the PDMS and further cut into the size required for the experi-
ments, washed with purified water and then soaked in 75 % ethanol to
sterilize.

2.2.2. EGFP-CNA35 protein purification and quantitative assay
The DNA construct for pET28a-EGFP-CNA35 was purchased from

Addgene (cat. no. 61602),10 and the method for expression and purifi-
cation of EGFP-CNA35 protein is described specifically in previous
work.40,41 Preparation of EGFP-CNA35 fluorescent protein required steps
such as bacterial transformation and expression, and further protein
extraction and purification. Firstly, pET28a-EGFP-CNA35 plasmid was
transformed into BL21 (DE3) competent bacteria, which was amplified
and cultured in LB medium, and then 0.4 mM isopropyl β-D-1-thioga-
lactopyranoside (IPTG) was added to induce the protein expression for
overnight culture at room temperature. Bacterial pellets were resus-
pended with B-PER bacterial lysate (Thermo Scientific; cat. no. 78243),
and HisPur Ni-NTA agarose resin was added to bind EGFP-CNA35 protein
with 6 � His tag, and then the mixture was transferred to a purification
column, and the desired protein solution was extracted through the steps
of washing, elution, and dialysis. The concentration of purified
EGFP-CNA35 protein was measured by BCA protein (Beyotime; cat. no.
P0010S) quantification assay.42 The protein samples were stored as small
aliquots at �80 �C.

2.2.3. Cell culture and experimental procedures
MDA-MB-231 cells and MCF-7 cells were cultured in RPMI 1640

medium and high-glucose DMEM medium, respectively, both supple-
mented with 10 % fetal bovine serum and 1 % penicillin/Streptomycin
antibiotics. The cells used in the experiments were generally maintained
up to 10 passages.



Table 1
The parameters for various geometric patterns.

Distribution 

geometries 

of circles

Geometrical 

patterns (circles 

with 200µm in 

diameter)

Mutual space 

separation(µm)

Distribution 

geometries 

of circles

Geometrical 

patterns (circles 

with 200µm in 

diameter)

Mutual space 

separation(µm)

Square

Arrays

600 Triangle 600(side)

Square

Arrays

800 Square 600(side)

Linear

Transverse (2000)

Lengthwise (800 or 

1000)

Pentagon 600(side)

M. Ouyang et al. Mechanobiology in Medicine 3 (2025) 100113
The 2 % agarose gel solution (20 g/L) was prepared as follows: 2 g of
agarose was added into 100 mL of sterile PBS (Phosphate-Buffered Sa-
line), heated and dissolved, then placed in the refrigerator at 4 �C for
reserve. The disinfected PDMS molds were prepared in advance. Before
starting the experiment, 150 μL of heated 2 % agarose solution was
spread evenly on the glass bottom of 35 mm confocal dish, and the PDMS
mold was quickly and gently pushed downward on the liquid surface,
then cooled down to obtain the desired hole depth of the mold. The cells
were washed twice with 1� PBS, digested with trypsin, and cell counting
was performed. 200 μL of similar numbers of MDA-MB-231 and MCF-7
cells (9.6*105 cells/mL) were inoculated into concave wells on the
agarose gel to form our desired cell mass arrangement. The floating cells
on the gel surface were gently washed away. Technically, addition of
cells on the agarose gel could be repeated if needed.

The type I collagen (Advanced BioMatrix; cat. no. 5153) gel prep-
aration process was carried out on ice. The COL mixture consisted of 1
mg/mL type I collagen solution, Neutralization Solution, 0.2 mg/mL
EGFP-CNA35 protein (diluted to 1 mg/mL in advance) and 1xPBS so-
lution on ice. Sequentially, first mixed COL and CNA35-EGFP according
to the volume ratio of 5:1 and incubated for 15 min on ice; then added
Neutralization Solution (COL: Neutralization Solution ¼ 9:1), and the
remaining 1xPBS was added to dilute the COL concentration from the
original 4 mg/mL to 1 mg/mL. Afterwards, 400–500 μL of the mixed
COL solution was added on the patterned cells-containing agarose gel,
and spread by using the pipette tip across the bottom surface of the
dish in order to attach the COL hydrogel onto the agarose gel. Then
placed the sample in 37 �C cell culture incubator for 15–30 min, the
cells would be completely encapsulated in the COL gel, and continued
to supplement with 2 mL of the corresponding medium for further
culture incubation. Finally, live cell imaging was performed at different
time points to check the fluorescent COL fibre assembly and cell
migrations.

2.2.4. Live cell microscopy imaging
In the imaging experiments, the Zeiss live-cell inverted epi-

fluorescence microscope (Primo Vert) was used, of which combines
high efficiency and outstanding optical performance. During live cell
imaging, � 5 and � 10 magnification objective lenses were selected, and
the cell samples were placed in an equipped incubation box maintaining
37 �C and 5 % CO2 on the microscope stage. Rapid switching between
3

the FITC and brightfield imaging channels was controlled by the Zeiss
software system, thus ensuring that image data from both channels were
acquired almost simultaneously. Fluorescence images were acquired
every 12h for 36h or 48h during the experimental process. After each
imaging experiment, the cell samples were still kept in the regular cell
culture incubator.

2.2.5. siRNA transfection with Q-PCR measurements and western blot
protein detection

For cell experiments requiring siRNA transfection, cells were inocu-
lated into 6-well plates at ~40 % density one day in advance. On the
following day, 5 μL human ITGB1 siRNA (Thermo Fisher Scientific; cat.
no. AM16704), Piezo1 siRNA (RiboBio; cat. no. siB151127111307), E-
cadherin siRNA (RiboBio; cat. no. siB08716150928), or common control
siRNA (50 nM of final concentration in 2 mL of antibiotic-free medium)
was transfected into the cells by using Lipofectamine 3000™ (Thermo
Fisher Scientific; cat. no. L3000015; 5 μL) reagent. After incubation for
about 8 h, changed the medium and waited for 48–72 h for subsequent
cell experiments. After E-cadherin siRNA transfection, the decrease of
mRNA expression in MCF-7 cells was assessed by real-time quantitative
PCR (qPCR), and the experimental manipulation regarding qPCR was
described in details in our recent work.43 The qPCR primer sequences
used in the experiments are listed in Table 2.

TheWestern Blot protein assay was applied to detect the expression of
protein levels,44 and we used it here to validate the protein components
that were expressed at different levels in two cancer cells. Firstly, the
protein sample extraction was prepared and the cells were counted to
select approximately the similar number of MDA-MB-231 versus MCF-7
(9.2*105 cells each) and added with 100 μL of 2 � SDS-PAGE Sample
Loading Buffer (Beyotime; cat. no. P0015B). The cell lysate was boiled at
100 �C for 10 min to obtain protein samples, which can be stored at �20
�C in volume divided quantities. Aliquots (20 μL) of cell protein samples
and protein molecular weight markers were loaded into the wells of a 10
% SDS-PAGE gel, and the gel electrophoresis was run at 100 V for 1–2 h.
Proteins are transferred from the gel to a PVDF membrane, blocked with
5 % BAS solution, then incubated with E-cadherin primary antibody
(Invitrogen; cat. no. PA532178), or internal reference Tubulin antibody
(Beyotime; cat. no. AT819; 1:1000) and secondary antibodies. Finally,
the PVDF membrane was placed on an infrared laser imager for exposure
imaging.



Table 2
The primer sequences of qPCR for measuring E-cadherin mRNA levels.

Gene name Primer(forward) Primer(reverse) Company

E-cadherin GCTGGACCGAGAGA
GTTTCC

CAAAATCCAAGCCC
GTGGTG

GENERAL BIOL

GAPDH GTACGACTCACTATAGGGA AGGTCCACCACCCTGTTGCTGT
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2.2.6. Collagen fibre and cell area quantification
The quantitative statistics of collagen fibres were performed using

ImageJ software. In the procedure, the angle of the image was adjusted so
that the collagen fibre appeared in the top-down direction, and then a
rectangular frame of appropriate size was drawn so that the collagen lines
fell in the middle of the selected region. Using the "plot profile" function
in ImageJ, the resulting data representing the average fluorescence in-
tensity (FL) from left to right was copied to Excel and saved. The data
acquired for each ROI was fed into Origin 2020 to generate an average
fluorescence distribution curve along the selected region. The sum (Smax)
of 7 points around the maximum intensity value (3 values on the left and
3 values on the right) and the sum (Smin) of 7 values on both ends of the
curve (3 values on the leftmost and 4 values on the rightmost) were then
calculated. The FL ratio was defined as Smax divided by Smin (FL ratio ¼
Smax/Smin), and the ratios at the 0, 12, 24, and 36 h time points were
generally counted. GraphPad Prism 6.0 was used to statistically compare
between the initial time point and later ones. To quantitatively analyze
the fluorescence intensity ratio of two cancer cells at the same time, the
fluorescence ratio of 12 h or 24 h was normalized compared to the initial
state and referred to as the fluorescence intensity change rate. The initial
fluorescence distribution is uniform, so the FL ratio is basically about 1.0.
With the growth of collagen fibres, fluorescence density changes, and we
define the initial fluorescence change rate as 100 %. The Fluorescence
intensity change rate is defined as follows:

Fluorescence intensity change rate¼
�
FL ratio12ðor 24Þ

X0
� 1

�
*100%

where FL ratio12(or 24) is the FL ratio of 12 h or 24 h, and X0 is the 0 h
average of all FL ratios. The quantification procedure for fluorescence
COL fibres was demonstrated in Fig. S1(A-C, F-H).

Individual cell cluster areas of bright pictures were counted using
ImageJ software. Single clear cell clusters were selected as much as
possible and cell clusters area data were obtained by ticking the cell
clusters shape using the polygon framing tool. To quantitatively analyze
the area change ratio of two cancer cells at the same time, the area of 12 h
or 24 h was normalized compared to the initial state and referred to as
the area change rate. In the initial state, the cell clusters are in a circular
state, and the size of each mold hole is the same, so area of the cell
clusters was basically the same at this time, and the initial area change
rate was defined as 100 %. The area change rate is defined as follows:

Area change rate¼
�
Area12ðor 24Þ

y0
� 1

�
*100%

where Area12(24) is the cell clusters area of 12 h (24 h), and y0 is the 0 h
average of all areas. By comparing the changes in the area of cell clusters
between the two cancer cells from the initial time to the same time, the
speed of cancer cell migration is reflected. The quantification procedures
for cell migration areas are shown in Figs. S1(D, E, I, J).

The COL fluorescence curves and graphs of scattering dots were
processed by Origin 2020, GraphPad Prism 6, and Excel software; and the
cell cluster area graphs of scattering dots were processed by GraphPad
Prism 6 software. Student's t-test was applied for statistical analysis be-
tween each two groups such as the control or initial group and the
experimental group. *, **, ***, **** represent ‘p value’ < 0.05, 0.01,
0.001, 0.0001 for significant difference respectively, while ‘NS’ for no
significant difference.
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3. Results

3.1. Cancer cells reconfigure collagen matrix to promote migration under
600 μm model arrays

Using micro-patterning techniques, we applied PDMS model arrays
with 600 or 800 μm spacing apart in this study, which procedures are
depicted in Fig. 1A. Through this well-arranged distribution of cell
clusters, MDA-MB-231 and MCF-7 were observed to promote fibrillo-
genesis of the collagen matrix under distant cell mechanical action
(Fig. 1). We seeded the same density of both cancer cells into agarose gel
wells imprinted with the matrix model, added COL matrix gel homoge-
neously mixed with EGFP-CNA35, and performed live cell imaging every
12 h for up to 36 h. The results showed that from the initial up to 24 h,
both MDA-MB-231 and MCF-7 had formed clear matrix-style collagen
fibre bundles (Fig. 1Bb1, Cc1). More details on the progressive fibre
growth are shown in the Supporting Information (Figs. S2A and C). The
fluorescence quantification (Ratio¼ Smax/Smin) and intensity distribution
showed a gradual growth trend of the collagen fibres, with ratios ranging
from initial 1.0 to 1.1–1.2. The ratio didn't vary much over time after
collagen threads had already formed (Fig. 1Bb2, Cc2). More information
on the fluorescence timing quantification is provided in the Supporting
Information (Figs. S2B and D). We then selected representative 12h and
24h fluorescence change rates (the ratio percentage of fluorescence in-
tensity at 12h or 24h–0h), and found that the change was about 5 % for
both types of cancer cells, with the one of MDA-MB-231 slightly higher
than MCF-7 at 12h (Fig. 1D).

Since there was little difference in the ability of MDA-MB-231 and
MCF-7 to reconstitute the extracellular matrix to form collagen fibre
bundles under the distance of 600 μm, we analyzed the differences in
terms of changes in their migration areas. It was found that MDA-MB-231
grew gradually from the initial 24,000 μm2 to 122,000–135,000 μm2

(Fig. 1Bb3) and MCF-7 grew from 17,000 μm2 to 43,000–59,000 μm2

(Fig. 1Cc3) in the time period from 0 h to 24 h. Then we continued to
compare the spreading area rate of the two cells (the percentage change
of the area at 12h or 24h–0h), and at 12h the rate of MCF-7 area change
was about 120 %, and the rate of MDA-MB-231 was about 400 %, which
was more than the MCF-7 by 280 % (Fig. 1E); the rate of MCF-7 was
about 200 % and that of MDA-MB-231 was about 450 % at 24h, so the
malignant breast cancer cells still increased by 250 %more than the non-
metastatic breast cancer cells (Fig. 1E). We analyzed the differences in
the migration of the two types of cancer cells by comparing their rates of
change in area, and it was clear that MDA-MB-231 migratedmore rapidly
than MCF-7 at all times.
3.2. Cancer cells reconstitute collagen matrix to promote cell migration in
an 800 μm model arrays

Next, we used a matrix model with a spacing gap of 800 μm to observe
the formation of collagen lines and the difference in the migration speed
of the two cancer cells in reconstructing the extracellular matrix at a
longer distance. It was found that MDA-MB-231 (Fig. 2A, left) and MCF-7
(Fig. 2B, left) still formed clear matrix collagen fibres at a separating
distance of 800 μm. More details with the gradual fiber growth and
fluorescence quantitative statistics were shown in Supporting Informa-
tion (Figs. S3A and B), and scattering dots with statistical comparison on
the FL ratio of the two cells are given in the Supporting Information



Fig. 1. Differential reconstruction of COL
fibres and locomotor migration of cancer
cells under distant (600 μm) mechanics.
(A) MDA-MB-231 and MCF-7 cell clusters
were inoculated in a designed 600 μm matrix
array, and the cell clusters were encapsulated
with fluorescent COL hydrogel (1 mg/mL),
and cell bright field and COL fluorescence
images were taken at the indicated times. (B,
C) MDA-MB-231 and MCF-7 cell clusters
formed clear COL matrix fibre bundles (b1,
c1); quantification of fluorescence (FL) of
COL fibres compared to non-fibre regions
based on ratio calibration (Smax/Smin) (mean
� S.E.M.) (b2, c2), each point represents the
ratio of a bundle of fibres; quantification of
cell clusters area (b3, c3), each point repre-
sents a cell cluster area at this moment. (D, E)
The difference comparisons between MDA-
MB-231 and MCF-7 in terms of fluorescence
intensity of COL fibres (D) and spreading
areas of cell clusters (E) at 12h and 24h. The
statistical significance for COL fluorescence
and cell clusters area between the initial and
indicated time points was evaluated by Stu-
dent's t-test. *, **, ***, **** represent p
value < 0.05, 0.01, 0.001, 0.0001, respec-
tively, whereas 'NS' indicates non-significant
differences and so on through the paper.
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(Fig. S3C). We compared the 24h fluorescence intensity change rate of
the two cancer cells (note: the change rate for the initiation time is
normalized to 0). The change rate was about 10.0 % for MDA-MB-231
and 6.5 % for MCF-7 under the distant effect of 800 μm, which were
significantly different (Fig. 2C, above). The results on the comparison
with the change rate of fluorescence intensity at 12h were shown in the
Supporting Information (Fig. S3D, above). Based on the two differential
results, it was initially shown that non-metastatic MCF-7 cells might be
more affected by the distance between the clusters, and the specific
mechanism of the effect needs to be thoroughly investigated.

The following is the analysis of the cell area under the distant action
of 800 μm, MDA-MB-231 gradually grows from the initial 19,000 μm2 to
58,000–86,000 μm2 (Fig. 2A, right), and MCF-7 grows from 18,000 μm2

to 29,000–31,000 μm2 (Fig. 2B, right). By comparing the 24h area
change rate of the two types of cells, it can be obtained that the MCF-7
was about 80 % and MDA-MB-231 was about 340 %, growing 260 %
more than MCF-7 (Fig. 2C, bottom). See Supporting Information
(Fig. S3D, bottom) for results of the comparison of 12h area change rates.
5

Then the fluorescence intensity and area of the same cells were compared
under different distances of biological force. It was found that at 24h, the
fluorescence intensity and area change rate of MCF-7 at 600 μm and 800
μm were different, and 600 μm was about 4.2 % higher than 800 μm in
terms of fluorescence density, and 600 μm was about 130 % higher than
800 μm in terms of area change (Fig. 2D). This also confirms that non-
metastatic breast cancer cells are more affected by distance, and that
the fluorescence intensity is higher and the migration is faster when the
two cell clusters are closer to each other. As for MDA-MB-231, the dif-
ference in fluorescence density was not significant, and the area change
was about 100 % higher at 600 μm than 800 μm (Fig. 2E). The results of
the comparisons between 600 μm and 800 μm at 12h showed stronger
COL fibre intensity and faster migration at shorter distance for the two
types of cells (Figs. S3E and F). Reasonably, at a distance of 600 μm, the
two cell clusters are closer to each other and the interaction force is
stronger to induce cancer cell migration. Based on the results of the above
experiments, there are significant differences between metastatic and
non-metastatic breast cancer cells in configuring the COL fibres and



Fig. 2. Cancer cells reconstituted
collagen fibre bundles under 800 μm
distant mechanics to promote cell migra-
tion. (A) Microscopic images of MDA-MB-
231 and (B) MCF-7 forming COL matrix
fibre strips as well as cell area statistics. (C)
Comparison of the rate of fluorescence in-
tensity change between MDA-MB-231 and
MCF-7 at 24h with the former being about 7
% higher than the latter, and the former
being about 260 % higher than the latter in
terms of area. (D, E) Contrast of fluorescence
intensity and cell area change rate for (D)
MCF-7 and (E) MDA-MB-231 cells at 24h
under 600 μm and 800 μm distant effects.
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promoting cell migrations, both of which are affected by the distance and
MDA-MB-231 cells always migrate faster than MCF-7.

3.3. Differential induction of COL fibre remodeling-promoted migration by
cancer cells in linear and separate model conditions

Under the basic matrix models, both cancer cells formed collagen
fibres, but the malignant breast cancer cells MDA-MB-231 migrated more
rapidly, so we designed a linear model with a longer distance to conve-
niently observe the cell migration changes. Cell clusters on the line were
arranged 800 μm apart, and the lines were at a distance of 2000 μm apart.
It was found that MDA-MB-231 andMCF-7 formed collagen fibre bundles
along the direction of the line at 800 μm, but not in the direction of 2000
μm (Fig. 3A and B, left). Under the matrix model at 2000 μm further
apart, almost no collagen fibres were formed by either MDA-MB-231 or
MCF-7 (Fig. 3C and D, left). More details with the gradual fiber growth
and fluorescence quantitative statistics were shown in Supporting In-
formation (Figs. S4A and B), and scatter statistics on the FL ratio of the
two cells are given in Fig. S4C. Comparing the rate of fluorescence in-
tensity variation at 24h for the two cancer cells, MDA-MB-231 was about
3 % higher than MCF-7 (Fig. 3E, above). The results of the 12h com-
parisons are shown in Fig. S4E, above.

For the linear model of 800 μm, the area variability of MDA-MB-231
(540 %) was about 400 % higher than that of MCF-7 (130 %) at 24 h, and
cells preferred to migrate toward the neighboring clusters (Fig. 3E, right);
at a distance of 2000 μm, MDA-MB-231 (520 %) was about 440 % higher
than that of MCF-7 (80 %) (Fig. 3F). The results of the 12h comparisons
are shown in Fig. S4E&F. It is worth noting that MDA-MB-231 always
migrated faster than MCF-7 in all cases.
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3.4. Cancer cells induce COL fibre remodeling to promote migration in
different geometrical polygons

We further used cell clusters positioned into single polygons including
triangles, squares, pentagons, and hexagons (with 600 μm mutual sepa-
ration between two neighboring clusters and 1000 μm apart between two
polygons). Cancer cells reconstructed the extracellular matrix under
these model arrays to form corresponding polygonal collagen fibre
bundles. When the cell clusters formed individual triangles, strong COL
fibres appeared on three sides, and MDA-MB-231 cells migrated toward
each other while MCF-7 was less obvious (Fig. 4a1, b1). In single squares,
COL fibres were shown up at four sides, andMDA-MB-231 collagen fibres
were more clearly defined than MCF-7 (Fig. 4a2, b2). There was also
certain fibre growth of MDA-MB-231 samples between two squares
which had 1000 μm apart in distance (Fig. 4a2). When the cell clusters
were arranged in individual pentagons or hexagons, the COL fibres
occurred gradually at the sides to form polygonal shapes, and MDA-MB-
231 cells also migrated toward each other along the sides while MCF-7
was less obvious in migration (Fig. 4a3,4, b3,4). As the cells migrated
and moved towards each other, some deformation of the polygonal
shapes also occurred.19 The more details for fibre inductions from single
triangles to hexagons and FL ratio as well as cell clusters area statistics are
presented in Fig. S5&6, A-D.

By comparing the 24h fluorescence intensity change rates of the two
cancer cells in different shapes, it was found that the MDA-MB-231
square had the lowest percentage of change, and the rest of the shapes
did not differ much, while the MCF-7 pentagonal and hexagonal had
higher change than triangular and square (Fig. 4C and D, left); compar-
ison of the area change ratio of the two cancer cells in different shapes at



Fig. 3. Differences in cancer cells-induced COL fibre bundling and cell
migration at 800 μm and 2000 μm linear models. MDA-MB-231 and MCF-7
cell clusters reconstructed the extracellular matrix to form collagen fibre strips
at 800 μm linear model, and increased the distance to 2000 μm, where collagen
lines no longer formed. (A, C) Collagen fibre growth images of MDA-MB-231
and (B, D) MCF-7 in the 800 μm linear model and at a distance of 2000 μm,
as well as statistical plots of cell area. (E) Comparison of 24h fluorescence in-
tensity change rate between MDA-MB-231 and MCF-7 at 800 μm linear model,
where the former is about 3 % higher than the latter; and area change ratio,
where the former is about 410 % greater than the latter. (F) The area variability
of MDA-MB-231 is about 440 % higher than that of MCF-7 under 2000 μm
distant action.
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24h shows that the MDA-MB-231 triangle has the highest change ratio,
and MCF-7 square has the lowest (Fig. 4C and D, right). MDA-MB-231
migrated faster than MCF-7 in all different polygon models (Fig. 4E).
7

The results of the 12h comparisons are shown in Fig. S5&6, E. The results
of all the above model experiments demonstrated that cancer cells
reconfigured COL fibre strips in response to traction forces in the
hydrogel, inducing cell migration.

3.5. The importance of integrin β1 and Piezo1 in the induction of COL fibre
growth and cell migration

Here, we investigated the roles of two membrane mechanosensitive
receptors integrins and Piezo in remote biomechanics as well as cancer
cell migration. An 800 μm matrix model was chosen for this study. After
downregulation of ITGB1 or Piezo expression with siRNA transfection in
cancer cells, COL fibres were slightly inhibited and cell migration was
less active in comparison to the control groups (Fig. 5A and B). Fluo-
rescence quantification showed certain inhibition of fibre assembly with
integrin β1 or Piezo down-regulation in MDA-MB-231 and MCF-7. When
comparing the rates of change in fluorescence at 24h for the two types of
cancer cells, it was found that for MDA-MB-231 cells the NC siRNA group
was about 5 % higher than both the ITGB1 siRNA group and Piezo1
siRNA group, whereas for MCF-7, the NC siRNA group was about 5–7%
higher than both the ITGB1 siRNA group and the Piezo siRNA group
(Fig. 5C and D, left). In conclusion, the NC group was higher than the
ITGB1 and Piezo siRNA-transfected groups in the rate of fluorescence
change. After lowering ITGB1 or Piezo1, the difference in the rate of
change in fluorescence at 24h between MDA-MB-231 and MCF-7 was no
longer significant (Fig. 5E and F, left), which is contrary to the experi-
mental results in Fig. 3 (Results Section 3.2: without reducing ITGB1 or
Piezo1, MDA-MB-231 was approximately 3.5 % higher than MCF-7).
These results confirm that the reduction of integrins or Piezo1 had a
significant effect on fibre recombination in cancer cells. The more details
for fiber inductions as well as cell area statistics under ITGB1 or Piezo1
reduction are presented in Fig. S7&8, A-D.

In terms of area change, the rate of area in the NC group of MDA-MB-
231 was about 280 % higher than that of the ITGB1 siRNA group, but not
much different from that of the Piezo siRNA group which, however, lost
the directional migration and showed scattered migration (Fig. 5A and C,
right; quantification of migration distances between two clusters in Piezo
group shown in Fig. S8F); the NC group of MCF-7 was about 50 % greater
than that of the ITGB1 siRNA group and not much different from that of
the Piezo1 siRNA group (Fig. 5D, right). In comparison, integrins had a
greater effect on MDA-MB-231 general migration rate, while Piezo1 had
a more significant effect on migration direction (Fig. S8F). Next,
comparing the area change rate of the two cells showed that MDA-MB-
231 was about 70 % higher than MCF-7 after ITGB1 reduction, and
MDA-MB-231 was about 300 % higher than MCF-7 after Piezo1 lowering
(Fig. 5E and F). These data indicate that ITGB1 lowering decreases the
migration rate gap between the two types of cancer cells, whereas Piezo
reduction has less impact on migration rates but influencing the migra-
tion direction. The results of the 12h comparisons are shown in
Figures S7-8, E.

3.6. E-cadherin plays an important role in inhibiting the migration of non-
metastatic cancer cells

E-Cadherin has an important role in the metastasis of tumor cells, so
we used real-time quantitative PCR (qPCR) to detect the mRNA expres-
sion in two kinds of cancer cells and confirmed the previous report that
the expression of MCF-7 was much higher than that of MDA-MB-231
(Fig. 6A).45 Thus, we further conducted Western blot experiments on
both cancer cells using E-Cadherin antibody. The results showed that
there was a clear E-CAD band inMCF-7 but not in MDA-MB-231 (Fig. 6B),
so we approached to investigate whether E-CAD was one responsible
factor for the difference in mechanics affecting the two cancer cells.
When MCF-7 cells were transfected with E-CAD siRNA, we performed
real-time quantitative PCR (qPCR) to detect the decrease of mRNA
expression in them, and the decrease in the E-CAD siRNA group was



Fig. 4. Comparison of motility migration
differences between two cancer cells
forming COL fibres with different polyg-
onal shapes. (A, B) MDA-MB-231 and MCF-
7 under triangle, square, pentagonal and
hexagonal shapes with cell clusters reconfi-
guring COL fibres to form collagen lines. (C,
D) Fluorescence intensity vs. area change
rate at 24h between MDA-MB-231 and MCF-
7 under different shape models (percentage
changes without subtraction of the basal
levels). (E) Contrast of 24h area change rate
between MDA-MB-231 and MCF-7 under
different shape models (percentage changes
without subtraction of the basal levels).
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about 60 % compared with the NC siRNA and Normal groups (Fig. 6C),
which indicated that the E-CAD was effectively reduced in MCF-7. When
MCF-7 cells were transfected with E-Cadherin siRNA, collagen bundles
were formed in both the experimental and control groups (Fig. 6D and E,
left). The cell area spreading increased by more percentage (310 %) in
the E-CAD siRNA group than that of NC group (180 %) in 24 h (Fig. 6D
and E, right). The more details for fiber inductions and FL ratio are
presented in Fig. S9A&B.

Comparison of the rate of change in fluorescence intensity at 24 h
between the two groups revealed no significant difference between the
NC and E-CAD siRNA group (Fig. 6F, left), which also suggests that E-
CAD reduction had less effect on COL fibre growth than ITGB1 and
Piezo1 (both of which were about 5 % higher in the NC group than in the
experimental group). In terms of the change in area, the NC group was
lower than that in the E-CAD siRNA group (Fig. 6F, right), which is
contrary to the results of Fig. 5 (Results Section 3.5: the NC group of MCF-
7 was about 50 % higher than that of the ITGB1 siRNA group and not
much different from that of the Piezo1 siRNA group), suggesting that the
reduction of E-CAD promoted MCF-7 cell migration. Based on this
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finding, we compared MDA-MB-231 with MCF-7 which reduced E-CAD,
and the analysis showed little difference in fluorescence change (Fig. 6G,
left). In terms of area change, MDA-MB-231 was about 140% higher than
MCF-7 with reduced E-CAD (Fig. 6G, right), but the area change rate of
MDA-MB-231 was about 260 % higher than that of MCF-7 in Fig. 2
(Results Section 3.2.), suggesting that E-Cadherin has resistance to the
migration of cancer cells. Without E-Cadherin, migration was faster in
MDA-MB-231 cells, and migration in MCF-7 cells with reduced E-CAD
were also less different from MDA-MB-231. The results of the 12 h
comparisons are shown in Fig. S9C&D. In considering that little E-CAD
mRNA and no E-CAD protein expressions were detected in MDA-MB-231
(Fig. 6A and B), these data indicate change of E-Cadherin at the genetic or
expression level, which may help promote the metastasis of the breast
cancer cells.

4. Discussion

In the human body, cells are surrounded by the extracellular matrix
(ECM),46 and cells are able to communicate mechanically over long



Fig. 5. Effects on cancer cell-induced COL fibre remodeling and cell migration after reduction of Integrin β1 or Piezo1 by siRNA transfection, respectively.
(A, B) MDA-MB-231 and MCF-7 remodeled COL fibres to form collagen threads after transfection with ITGB1 or Piezo1 siRNA. (C, D) Comparison of fluorescence
intensity and area change rate between NC siRNA transfection and ITGB1 or Piezo1 siRNA transfection groups of MDA-MB-231 and MCF-7 cells. (E, F) Ratio of
fluorescence intensity and area change of MDA-MB-231 versus MCF-7 at 24h after transfection of ITGB1 or Piezo1 siRNA. Note: percentage changes without sub-
traction of the basal levels.
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distances10 by sensing traction forces in the matrix,11 leading to cell
migration. In the present study, we explored the mechanical differences
between cancer cells MDA-MB-231 and MCF-7 through both cellular
mechanics-induced COL fibre assembly and cell migration.

Significant differences in the induction of matrix remodeling as
well as cell migration by two types of cancer cells under distant
mechanical effects. Cells can respond to traction forces through the
matrix and induce COL remodeling in hydrogels to form cellular lattice
9

structures. This study explored in more depth the difficult issue of the
mechanism of extracellular matrix remodeling for migration of cancer
cells at different distances. It was found that both cancer cells could
reconfigure COL fibres to form collagen threads under the action of 600
μm and 800 μm long distances (Figs. 1 and 2A, B), however, non-
metastatic breast cancer cells MCF-7 were more significantly affected
by distance. At 600 μm, there was not much distinction between the two
cancer cells in terms of fluorescence rate of change, and a significant



Fig. 6. MCF-7 cells after reduction of E-
Cadherin less significantly differed in cell
migration compared to MDA-MB-231. (A)
Detection of E-CAD mRNA expression in
MDA-MB-231 and MCF-7 with qPCR. (B) The
E-cadherin protein expression of MDA-MB-
231 and MCF-7 detected by Western Blot-
ting with E-CAD antibody. Tubulin bands
from the same blotting membrane indicate
the sample loading control. (C) The
decreased mRNA expression in MCF-7 cells
detected by qPCR after transfection with E-
CAD siRNA. (D, E) MCF-7 cells transfected
with E-CAD siRNA versus control siRNA
remodeled COL gel to form collagen bundles,
and their cell area statistics. (F) Comparison
of fluorescence intensity and area change
rate between NC siRNA and E-CAD siRNA
transfection groups of MCF-7 cells at 24 h.
(G) Comparison of fluorescence intensity and
migration rapidity at 24h between MDA-MB-
231 as NC siRNA control group and MCF-7
cells transfected with E-CAD siRNA. Note:
percentage changes without subtraction of
the basal levels.
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difference appeared at 800 μm, with clearer and higher fluorescence
change rate of MDA-MB-231-induced collagen bundles, which also
indicated that the factor of distance had a greater effect on MCF-7. To
further explore the effect of distance between cell clusters on recon-
stituting the extracellular matrix, we again designed a linear model with
a lateral direction of 2000 μm and a longitudinal direction of 800 μm, and
found that collagen bundles were generated only between cell clusters
linearly arranged in the 800 μm direction (Fig. 3A and B). Then we
increased the distance to 2000 μm and no collagen bundles were formed
in both cancer cells (Fig. 3C and D). These results all indicate that the
reorganization of COL fibres induced by different cancer cells is affected
by distance, but the MDA-MB-231 cell clusters can still carry out cell-to-
cell communication at a much longer distance.

Mechanical communication between cancer cells leads to cancer cell
migration, which in turn contributes to cancer progression and tumor
metastasis.27,47 Exploring the mechanisms of cell migration induced by
different cancer cells at distant mechanical interactions is a major focus
of this study. According to the experimental results, MDA-MB-231 cells
showed faster migration changes than MCF-7 regardless of the distance
effect (Figs. 1E, 2C and 3E, F). It is noteworthy that the migration pattern
common to both cancer cells is that the cell clusters migrate fastest in the
arranged 600 μmmatrices (Fig. 2D and E, right). At a distance of 600 μm,
the two cell clusters are closer to each other and the interaction force is
stronger to induce cancer cell migration.

In addition to large-scale arrays, it is also interesting to study the
remodeling of single polygonal fibres with different geometries. When
inoculated with approximately the same number of both cancer cells in
triangular, square, pentagonal and hexagonal arrays of pore depressions,
both MDA-MB-231 and MCF-7 cells were able to reconfigure COL fibres
to form collagenous threads of the corresponding shapes (Fig. 4A and B).
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Among the individual polygons, the square was the most stable19 and the
cancer cell clusters were subjected to more robust distant forces between
them, so the square was the lowest in rearranging collagen fibres and cell
migration (Fig. 4C and D), but MDA-MB-231 always migrated faster than
MCF-7, regardless of the distance model (Fig. 4E).

In this work, the applied method for type I collagen staining with
CNA35-EGF was adapted from previous work in which cell contraction-
induced alignments of collagen fibers and enhanced rigidity have been
characterized by confocal imaging and scanning electron microscopy.41

Additionally, we observed co-relation between collagen remodeling dy-
namics and the cell migration rate (Fig. 4C and D), however, the exact
relationship between the two parameters hasn't been well identified. For
instance, MDA-MB-231 induced similar collagen fibre formation at the
distances of 600 μm and 800 μm conditions, but showed faster migration
at 600 μm than at 800 μm (Fig. 2E). Our previous work also demonstrated
that cell mechanics-induced migration can be independent of collagen
fibre assembly.10 Recent work showed tension force more concentrated
spatially at the local regions between two cell clusters, which helps
induce collagen fibre assembly and cell migration.48

Molecular mechanisms of cancer cells inducing matrix remod-
eling to promote faster or slower cell migration in response to
distant mechanics. Integrin β1 and Piezo are membrane mechano-
sensitive molecules43 and integrins play an important role in develop-
ment and tissue homeostasis;49 Piezo mediates the proliferation,
migration and invasion of cancer cells through a variety of mecha-
nisms.50 Both play an important role in cellular mechanistic interactions
over long distances.19 Here, we further explored their role in the differ-
ence of the two types of cancer cells in inducing COL fibre remodeling to
promote cell migration. By reducing ITGB1 or Piezo1 expression with
siRNA transfection, both showed reduced COL fibre alignment (Fig. 5C
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and D). By comparing the effects of the two membrane mechanosensitive
molecules, integrins had a significant effect on both remodeling of the
extracellular matrix and cell migration, whereas Piezo1 had a more
pronounced effect on migration directions, indicating a role of Piezo1 ion
channel in distant mechanosensation between cells. MDA-MB-231 and
MCF-7 cells with reduced ITGB1 or Piezo1 no longer differed in inducing
remote fibre remodeling, whereas MDA-MB-231 remained faster than
MCF-7 in cell migration (Fig. 5E and F).

E-cadherin is a calcineurin found in epithelial cells and the absence of
E-CAD is a marker of metastasis of tumor cells.28,51 So, we started to look
at the effect of E-CAD expression difference between the two breast
cancer cells. The level of E-CAD mRNA expression in cancer cells was
detected by qPCR, and MCF-7 was greatly higher than MDA-MB-231,
whereas there was very low E-CAD mRNA expression and no E-cad-
herin protein expression in MDA-MB-231 (Fig. 6A and B), indicating
change of E-cadherin at the genetic or expression level in this metastatic
breast cancer cells. Further E-cadherin siRNA transfection of MCF-7 cells
did not show much difference between the NC and the experimental
group in terms of remodeling collagen fibres, which was the opposite
result to ITGB1 or Piezo1 siRNA transfection, whereas E-CAD reduction
promoted MCF-7 cell migration (Fig. 6F). The COL remodeling and cell
migration speed of MCF-7 cells with reduced E-cadherin were less
significantly different from that of MDA-MB-231 (Fig. 6G). Recent work
has demonstrated that the collagen fibre assembly is resulted from cell
mechanics.19 MCF-7 cells with E-cad reduction by siRNA didn't change
collagen fibre assembly (Fig. 6F), which suggested no remarkable change
at the cell mechanics or the induced mechanical property of the matrix
hydrogel. Therefore, the difference in E-cadherin expression underlies
one mechanism for the two types of cancer cells in promoting cell
migration, but not induction of COL fibre remodeling.

5. Conclusions

In this work, we designed PDMS models with varying distances and
shapes to investigate the differences between metastatic breast cancer
cells MDA-MB-231 and non-metastatic breast cancer cells MCF-7 in
reconfiguring the extracellular matrix to promote cell migration induced
by distant mechanics, as well as to find out the underlying reasons. Both
cancer cells were able to rearrange COL fibres to form a collagen thread,
in which MDA-MB-231 showed certain stronger fibre remodeling and
consistently migrated more rapidly than MCF-7, ranging from a matrix
model with differently arrayed spacings to a complex polygonal model
that was independent of each other.

Integrins and Piezo1 mediate distant mechanical communication
between cells, as they do for cancer cells, and lowering either protein
expression decreased COL fibre bundling and reduced the difference
between the two breast cancer cells. Specifically, lowering ITGB1 or
Piezo expression inhibits the rate of metastatic cancer cell migration, or
causes losing migration direction, respectively. One of the reasons we
found for the variability of the two types of breast cancer cells was
whether the E-cadherin protein was expressed or not. MCF-7 cells that
originally expressed E-CAD showed less significant differences in
migration after reduction of this protein compared to MDA-MB-231 that
did not express E-CAD. The nearly absence of mRNA and protein ex-
pressions of E-cadherin in MDA-MB-231 cells suggests changes at the
genetic or expression level in this metastatic breast cancer cells.

In summary, this work aims to explore the differences between ma-
lignant MDA-MB-231 and non-metastatic MCF-7 breast cancer cells,
particularly in terms of cell migration movements, as cancer cell motility
is strongly associated with cancer-related morbidity.52 We demonstrated
the roles of mechanosensitive Integrin and Piezo in COL fibre assembly
and cancer cell migration, and that the differences in E-cadherin
expression had an effect on cell migration in the two metastatic and
non-metastatic breast cancer cells. Inhibiting and blocking the migratory
movement of breast cancer cells to reduce or eliminate metastatic spread
is likely to be an effective therapeutic strategy for the treatment of
11
metastatic high-risk cancers.52–54 The results of this study provide new
research approaches for therapeutic advances in breast cancer.
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