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ABSTRACT
Cancer progression has been shown to be accompanied by alterations in physical features of its microenvironment. In the study, 
we fabricated an aligned collagen fibre matrix, whose architecture in both micro‐level and nano‐level was similar to that of the 
matrix found around the breast tumour tissue. The modulus of matrix exhibited a stiffness similarly to that found in metastatic 
breast tumour tissue. On the tough substrate, MDA‐MB‐231 cells presented an increased migration rate along the alignment of 
fibre. The biomechanical properties of tumour cells were explored in situ by AFM. The stiffness of a single MDA‐MB‐231 cell on 
the aligned matrix was reduced when compared with that on the nonaligned one. Wound healing assay showed that tumour 
cells with compliant modulus moved fast along the alignment of collagen fibre matrix. The in vitro model effectively mimicked 
the tumour cell behaviour, which would be helpful for new therapeutic strategies to detect cancer progress.

1 | Introduction

Breast cancer (BC) is the most common cancer in women [1]. 
Approximately 90% of BC cancer–induced deaths are a result of 
metastases [2]. To treat and predict BC progression, it is 
necessary to detect BC cell metastases as early as possible [3]. 
Recently, it was reported that the biophysical properties of 
breast cancer's microenvironments—including its biomechan
ical properties (stiffness, viscoelasticity and plasticity) [4] and 
extracellular matrix (ECM) structure (collagen architecture) 
[5]—play a critical role in mediating the behaviour of cancer 
cells. Notably, the physical properties of BC offer novel oppor
tunities for achieving accurate and targeted therapeutic 
interventions.

Various physical cues, including biomechanical properties, ar
chitecture and anisotropy, act at the cell–ECM interface [6]. 
Collagen is the most popular ECM protein in and around the 
tumoral site. The tumour microenvironment often differs from 
the normal tissue due to elevated production and deposition of 
collagen [7–9]. In the context of BC, a heterogeneous ECM with a 
varying degree of local fibre alignment surrounds the breast 
tumour, which is typically from the normal breast tissue. The 
collagen fibres exhibit a highly straight, aligned morphology 
within the intra‐tumoral region, while they adopt a wavy, 
corrugated architecture in the extra‐tumoral region [5, 10]. Be
sides the ECM network, as a vital constituent of the local 
microenvironment, matrix stiffness is closely associated with the 
initiation and development of tumour. The matrix stiffness of the 
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tumour microenvironment had also been implicated in 
tumourigenesis [11]. Generally, the increase in the matrix elastic 
modulus is clinically proved to contribute to malignant trans
formation and poor survival of breast tumour [12]. The adjacent 
stroma displayed increased stiffness compared with normal tis
sues as a result of an increase in collagen density [13, 14]. An in 
vitro study also suggested that increased collagen density or 
concentration increased matrix stiffness and disrupted mammary 
morphogenesis [15]. Both matrix stiffness and featured texture of 
the BC microenvironment mediate cell–matrix interactions, 
resulting in cell adhesion and migration, therefore resulting in 
different prognostic outcomes. Therefore, an in vitro 
model–integrated architecture with biomechanical cue would 
provide hope for accurately predicting responses in BC 
metastases.

Most studies investigating the role of matrix stiffness on cell 
behaviour have primarily used polymer hydrogels, which are 
hydrated, mechanically tunable matrices usually based on 
crosslinked polymer strands of different molecular weights and 
crosslinking densities [16–18]. However, synthetic materials 
usually lack moieties for cellular adhesion to mimicking in vivo 
environment. What is more, the matrices still lack tunable ar
chitecture. Consequently, less is known about the effects of ma
trix stiffness on cellular behaviour in a physiologically relevant 
matrix where a heterogeneous ECM with varying local fibre 
alignment influences cell migration. The alignment architecture, 
which is a typical feature of the BC microenvironment, has been 
established by means of electrostatic spinning, microcontact 
printing, rotational alignment and so on [19–24]. With regard to 
the collagen self‐assembled hierarchical structure, these collagen 
models are still far away from the natural ECM, from a nano‐scale 
fibril to a geometrical tissue. The disadvantage would lead to the 
deviation and limitation of the examined results.

Herein, a collagen matrix with aligned fibrous nanostructure 
and featured stiffness was constructed via self‐assembled way 
while we evaluated its affecting cell behaviours. The stiffness 
tomography and morphology of a single MDA‐MB‐231 cell on 
the collagen matrix were characterised in situ by AFM, which is 
less reported according to our knowledge. The trends of cell 
migration and behaviour guided by matrix architecture and 
biomechanical properties were explored. Validating the predic
tion of the aligned collagen model, this new approach to in vitro 
model of cancer cells will be beneficial to explore new thera
peutic strategies.

2 | Materials and Methods

2.1 | Matrices’ Preparation

100 × 100 mm glass slides were used as a substrate supporter in 
the experiments. Collagen I was extracted from rat tails via acid 
hydrolysis [25]. It was then dissolved in 0.5 mol/L acetic acid to 
prepare swelling solutions at concentrations of 20 mg/mL and 
120 mg/mL. Bubbles in all solutions were removed by ultrasonic 
vibration for 30 min prior to use. For the aligned collagen ma
trix, 120 mg/mL collagen solution was dropped on clean glass 
slides, and the other cover glass was pressed and moved along 
the same direction for 15 times. As the 20 mg/mL collagen so
lution has low viscosity, the nonaligned collagen matrix was 

prepared by casting it directly into a petri dish. Then, all sam
ples were put into the chemical hood at room temperature (RT) 
for 36 h to remove acidic residue. After the collagen was dried 
thoroughly, the collagen matrix was cut into similar sizes as the 
well of 24‐well plates and 6‐well plates for the subsequent 
experiments.

2.2 | Characterisation

The morphologies of collagen matrices were evaluated using a 
scanning electron microscope (SEM, TM3030, Japan). The 
alignment of collagen was measured by using CurveAlign‐4.0. 
Contact angles of the collagen matrix surface were determined 
using a contact angle analyser (KRUSSDSA100, Germany). 
AFM analyses of the nonaligned and aligned collagen matrices 
were conducted in the ScanAsyst mode (BioScope Catalyst 
Bruker Instruments, Germany). After the samples were 
immersed in phosphate buffered saline (PBS, BI, pH = 7.4, [‐] 
calcium, [‐] magnesium) for 24 h, the images and Young's 
modulus of the collagen matrix were obtained under the 
following conditions: tap 150‐Al‐G silicon AFM probes at 
16 × 16 pixels, scan area of 100 × 100 μm2 and the scan rate of 
0.3 Hz.

2.3 | In vitro Cell Assay

2.3.1 | Cell Culture and Seeding

MDA‐MB‐231 cells were purchased from Aili Biotechnology 
Co., Ltd (Shanghai, China) and cultured in Dulbecco's modified 
Eagle's medium (DMEM, Gibco) supplemented with 10% foetal 
bovine serum (FBS, Gibco) and 1% penicillin/streptomycin 
(Biological Industries, Israel) at the 37oC and 5% CO2 environ
ment. The collagen matrices were sterilised under Co60 with 
15 KGy radiation in advance and placed on the 24‐well plate 
bottoms; then, it was washed with sterilised PBS three times. 
MDA‐MB‐231 cells were seeded onto the collagen matrices, cell 
slides at an appropriate density and the cells cultured on cell 
slides were used as the control group throughout.

2.3.2 | Cell Adhesion and Proliferation

Cell proliferation was assessed via an MTT assay. MDA‐MB‐231 
cells were seeded on 24‐well plates contained the nonaligned 
and aligned collagen matrix. After the specified culture time 
points of 1, 3, 5, 7, 14 and 21 days, the collagen films were 
transferred to a new 24‐well plate carefully and washed with 
PBS 1–2 times. New media were mixed with a 1 mL fresh me
dium, and 100 μL MTT (Sigma, USA) weas added to each well 
and incubated for 4 h at 37oC. Subsequently, the upper solution 
was discarded and 750 μL dimethyl sulfoxide was added 
(DMSO, Sigma) to dissolve the formazan crystals. 200 μL dis
solved formazan supernatants were transferred into 96‐well 
plates for the absorbance (OD) measurements using a micro
plate reader (Multiskan MK3, Thermo, USA) at 490 nm.

The cell adhesion on the collagen matrix was assessed by the 
MTT assay as well. MDA‐MB‐231 cells were seeded on the 24‐ 
well plates with collagen matrix and cell slides. After incu
bating 4 h, the OD values were measured. The control group 
was used as the reference to calculate the cell adhesion rate on 
the collagen matrices.
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2.3.3 | Cell Morphology and Vinculin Observation

After culturing for 1, 3 and 5 days, the morphologies of MDA‐MB‐ 
231 cells that adhered to the control and collagen matrices were 
observed by using a Zeiss LSCM 880 confocal microscope (Carl 
Zeiss, Germany). The cells were fixed with 4% paraformaldehyde 
(Leagene, China) for 15 min, washed with PBS three times, per
meabilized with 0.5% Triton X‐100 (Sigma) for 5 min and washed 
again. The nonspecific antigen binding sites were blocked with 
1% bovine serum albumin (BSA, Sigma) for 1 h. The anti‐vinculin 
antibody (1:250 diluted, Abcam) was used to stain the focal 
adhesion protein over night at 4oC; then, the cells were incubated 
with goat anti‐rabbit IgG H&L (Cy3) preadsorbed secondary 
antibody (1:500 diluted, Abcam) for 30 min after washing. Sub
sequently, the F‐actin of cells was stained with phalloidin labeled 
by fluorescein isothiocyanate for 1 h (1:200 diluted, Sigma‐ 
Aldrich), washed three times again. Eventually, the samples were 
incubated with DAPI (Sigma) for 5 min and then washed three 
times. Notably, all dyeing operations were executed under the 
conditions of protection from light at RT.

MDA‐MB‐231 cells’ attachment was investigated by SEM after 
culturing for 3 days. Samples were fixed with 2.5% glutaralde
hyde for 1 h at 4oC. The samples were then washed 3 times in 
PBS and dehydrated with a series of ethanol solutions (50%, 
60%, 70%, 80%, 90% and 100%). After drying at RT, the cell 
morphologies of the samples were observed by SEM.

2.3.4 | Morphology and Stiffness of a Single Cell

The biophysical parameters (such as morphology, roughness 
and elastic modulus) changes of MDA‐MB‐231 cells on collagen 
matrices were visualised and analysed also via AFM. After 
MDA‐MB‐231 cells were cultured with nonaligned and aligned 
collagen and cell slides for 3 days, the cells were fixed with 4% 
paraformaldehyde for 15 min and then preserved in PBS to 
conduct AFM detection. Deflection Error and Force volume 
(FV) images of cells were acquired using arrays of 16 × 16 pixels 
under the following conditions: spring constant of 0.01 N/m, 
forward and reverse velocity of 2 μm/s and scan rate of 0.3 Hz. 
The morphologies of 20 cells selected randomly was scanned in 
the PBS of scan size of 70 × 70 μm2. The arithmetic average 
roughness (Ra) and Young's modulus changes of MDA‐MB‐231 
cells were calculated through scanning 20 areas of 5 × 5 μm2 

randomly. All plotted data were shown as the mean ± standard 
deviation (SD) of the histograms of the modulus extracted from 
all pixels in the FV images.

2.3.5 | Wound Healing Assay

The collagen matrices were cut into the similar sizes as the well 
of 24‐well plates. After sterilising under Co60 radiation, the 
samples were placed in 24‐well plates. Then, a specific ring 
chamber insert was placed on the collagen matrix, which was 
separated by a rectangular bar with a breadth of 2 mm. The 
direction of the rectangular bar was perpendicular to the 
collagen alignment. 2 mL cell suspensions were added into the 
insert at an appropriate density and incubated for 24 h. After 
cells spread completely, a “wound” line was formed in the 
middle of collagen matrix. Subsequently, chamber insert and 
medium were carefully removed and washed three times with 
PBS. Then, fresh media with 2% FBS were added to sustain cell 

migration while reducing the contribution of cell proliferation 
during the assay. The cells were incubated at 37oC and observed 
using CYTATION.3 imaging reader (BioTek, UK) every 2 h until 
the “wound” healed. Under the microscope, the cells that 
migrated into the cell‐free zone formed by the 2‐mm “wound” 
line were clearly evaluated.

2.4 | Statistical Analysis

All quantitative results were obtained from more than three 
samples. The data were expressed as the mean ± SD. Statistical 
analyses were calculated using SPSS18.0. p < 0.05 was consid
ered statistically significant (*: p < 0.05 and **: p < 0.001).

3 | Results

3.1 | Architecture and Stiffness of Collagen 
Matrices

3.1.1 | Architecture

SEM images of collagen matrices were visualised in Figure 1. 
The nonaligned collagen matrix showed a random fibre struc
ture under different magnifications in Figure 1a,b. The degree of 
collagen fibres alignment was shown in Figure 1c, and there was 
no preferential direction of collagen fibre spread for the 
nonaligned matrix. As shown in Figure 1d, the aligned collagen 
matrix exhibits a regular striated morphology characterised by 
parallel strips separated by gaps ranging from 60 to 100 μm. 
Further, the zoomed in view in Figure 1e shows that collagen 
fibre in a diameter of a nano‐scale parallelled closely and 
aligned in a specific direction, which is remarkably similar to 
the tumoral microenvironment [26]. The aligned fibres corru
gated along the directions of 45o (in red arrow) and 105o (in 
yellow arrow), which formed the defined strips as shown in 
Figure 1d,e (yellow dotted line). The orientation distribution 
calculated in Figure 1f confirms this pattern, with fibres 
concentrating in two angular ranges of 30o~60° and 105o, 
aligning perfectly with the visual data in Figure 1e.

3.1.2 | Stiffness Tomography of Collagen Matrices

The collagen matrices were immersed in PBS, and their 
microtopography and Young's modulus were measured by 
AFM. Figure 2a–d showed 2D and 3D morphologies of the 
collagen matrices. As shown in Figure 2c–d, the aligned matrix 
retained its aligned structure in PBS, whereas the nonaligned 
matrix displayed a random fibre arrangement. The average 
surface roughnesses (Ra) of the nonaligned and aligned collagen 
matrices were 2.13 ± 0.32 nm and 0.46 ± 0.11 nm, respectively, 
indicating a statistically significant difference and a smoother 
surface for the aligned matrix. This result is corroborated by the 
3D topographies presented in Figure 2b,d. The histograms of 
Young's modulus with Gaussian fitting curves for both matrices 
are shown in Figure 2g–h. The average stiffness of the 
nonaligned matrix and the aligned one were 2.74 ± 0.94 MPa 
and 3.03 ± 1.58 MPa, respectively, which kept the differences 
similar to that of benign and malignant lesions in vivo [27, 28]. 
Notably, the modulus of the aligned collagen matrix exhibited 
bimodal peaks as shown in Figure 2h, which may be attributed 
to the surface undulations corresponding to its corrugated 
structure. Although wavy collagen fibres have been observed in 
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tumour sites, such a distinct bimodal mechanical property has, 
to our knowledge, not been previously reported [26, 29, 30]. 
Besides, as shown in Figure 2e, the contact angle value of the 
aligned matrix was only 81.5 ± 2.11o and was minimum among 
the samples under dry condition. The result indicated that the 
aligned collagen was more hydrophilic than others.

3.2 | Proliferation and Adhesion of MDA‐MB‐231 
Cells

Cells’ proliferation and adhesion were measured by MTT assay. 
After incubating MDA‐MB‐231 cells on the collagen matrix for 
1, 3, 5, 7, 14 and 21 days, the number of cells kept an excellent 
increase as shown in Figure 3a. A higher proliferation on the 
collagen matrices was statistically different from the control 
group (TCP, tissue culture plate). Notably, no statistically sig
nificant difference was detected between the aligned and 
nonaligned collagen groups at the examined time points. It 
means that cell proliferation showed no significant dependence 
on fibre alignment according to our study.

Regarding cell adhesion on the matrices, it could be seen that 
the attached cell numbers on the collagen matrices were lower 
than that on the control one from Figure 3b, but the cell number 
on the aligned matrix was still higher than that on the 
nonaligned one.

3.3 | Morphology and Vinculin of MDA‐MB‐231 
Cells

It can be seen from the images Figures 4 and 5a that both F‐ 
actin (green panel) and vinculin (red panel) of the cells 
exhibited different structures and distributions on various sub
strates. Especially in Figure 4a,d,g,j, the F‐actin structure was 
irregular when cells were cultured on the control group, 
whereas the cells on the collagen matrices present in fewer 

pseudopods and nattier cytoskeleton contours with stretched 
morphology as shown in Figure 4. Combined with the SEM 
images of Figure 4j–l, we could also clearly observe that the cells 
stretched no specific orientation on the nonaligned collagen 
matrix, but the cells on the aligned matrix stretched along the 
alignment of collagen fibre (red arrow). Although obvious 
micro‐strips existed in the aligned matrix (Figure 1d), the cells 
still grew along the elongation of collagen fibre. The result 
means that the cells would be guided by the nano‐architecture 
of its supporting substrate and further migrate along the align
ment of nanofiber. Based on the quantitative analyses of the 
average projected area and aspect ratio of MDA‐MB‐231 cells 
(Figure 5b,c), the lowest spread area and the largest aspect ratio 
were contributed to the cells on the aligned collagen matrix, 
which further confirmed that the cells stretched in an elongated 
way on the matrix.

As shown in the images of Figure 5a, the vinculins of MDA‐MB‐ 
231 cells were mostly distributed at the perinuclear areas where 
they were compactly connected with the substrate. Vinculin 
fluorescence intensities of the single cell that had been cultured 
on different matrices for 1, 3 and 5 days were similar 
(Figure 5d). When MDA‐MB‐231 cells cultured on the collagen 
matrices, the aligned collagen matrix was more positive in 
enhancing vinculin expression than the nonaligned one. 
Although more vinculin of MDA‐MB‐231 cells was secreted in 
the aligned collagen template, it was less distributed in the 
pseudopodia according to Figure 5a.

3.4 | Stiffness Tomography of a Single MDA‐MB‐ 
231 Cell in situ

As shown in Figure 6a,e,i, the morphology of a single cell was 
scanned in situ via AFM. The cell with a polygon structure 
spread very well on the control group. However, the elongated 

FIGURE 1 | SEM micrographs and alignment analyses of collagen matrices. (a, b, d and e) Morphologies of nonaligned and wavy aligned collagen 
matrices under × 200 and × 500. (c and f) The nonaligned and wavy aligned collagen fibres alignments corresponded with (b) and (e).
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cell still presented on the nonaligned collagen fibre. Mean
while, it was observed that the single cell had fewer pseudopods 
and smaller spreading areas and tended to be in a more elon
gated morphology on the aligned matrix. Further, from the 3D 
topographies as shown in Figure 6b,f,j, it was noted that the 
single cell cultured on the aligned collagen had the smoothest 
surface appearance, whereas the cells cultured on the 
nonaligned collagen and control were especially rugged. 
Figure 6c,g,k were the hot maps of Young's modulus of the 
individual cells. Figure 6d,h,l statistically showed the stiffness 
of the single MDA‐MB‐231 cells in the same areas, respectively. 
The average modulus values of the single cells cultured on the 
control, nonaligned and aligned collagen matrices were 
22.67 ± 6.51 kPa, 16.76 ± 5.95 kPa and 10.92 ± 3.80 kPa, 
respectively. As a result, the MDA‐MB‐231 cells on the aligned 
collagen matrix showed the lowest Young's modulus. That is to 

say, due to the alignment of collagen matrix, the MDA‐MB‐231 
cells were more compliant although the modulus of the aligned 
matrix was tougher.

3.5 | Migration of MDA‐MB‐231 Cells

Figure 7a showed the comparison of cell migration in real time 
on the collagen matrices. Yellow straight lines in Figure 7a were 
used to delineate the cell migration distance. Firstly, the cell 
migration distances were significantly extensive on the collagen 
matrices than the control one. Secondly, the average migration 
rates (Figure 7c) of cells on the control, nonaligned and aligned 
collagen were 12.29 ± 1.19, 15.97 ± 0.93 and 19.52 ± 1.12 μm/h, 
respectively. MDA‐MB‐231 cells on the aligned collagen matrix 
migrated faster than the other two. Thirdly, cells migrated along 
the direction of collagen fibres as shown in Figure 7b basically 

FIGURE 2 | Physicochemical properties of collagen matrices characterised by AFM and the contact angle analyser. (a–d) 2D and 3D topographies 
of nonaligned and wavy aligned collagen matrices. (e) The contact angles of different matrices. (f) Statistical analysis of Ra values of (b) and (d). (g and 
h) Young's modulus histograms and mean ± SD values of nonaligned and wavy aligned collagen matrices. (**p < 0.001).
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covered the whole field of vision within 24 h. The results indi
cated that the alignment of collagen fibre had a pronounced 
effect on the directional migration of MDA‐MB‐231 cells, so had 

the rate of migration. It implies that the alignment of collagen 
fibre might be an important factor of breast cancer cell 
metastasis.

FIGURE 3 | The proliferation (a) and adhesion (b) of MDA‐MB‐231 cells cultured on different matrices. (n > 10, *p < 0.05 and **p < 0.001). 
(Control: TCP).

FIGURE 4 | Morphology and orientation of MDA‐MB‐231 cells cultured on different collagen matrices for 3 days. (a–i) LSCM images of the spread 
of a single cell (blue: nucleus and green: F‐actin). (j–l) SEM images of the MDA‐MB‐231 cells.
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4 | Discussion

Aligned collagen fibres with periodic corrugation structures 
contribute to maintaining the stiffness of cancer tissue [30, 31]. 
Substrates with high stiffness and aligned structures have been 
prepared by regulating the temperature of elastic substrates [32, 
33]. However, there have been few studies [34, 35] to establish 
dense collagen architecture with periodic structure to mimic the 
natural ECM of breast cancer. In the study, after directional 
shearing of high concentration collagen gel, we successfully 
fabricated the collagen matrix with highly aligned periodic 
corrugation structure, while the nonaligned matrix was prepared 
using low concentration collagen gel. This difference in concen
tration was necessary to achieve distinct architectures: Only high‐ 
concentration collagen could form dense and aligned fibrous 
structures under shearing, whereas low‐concentration collagen 
was too fluid to generate alignment. In particular, the aligned 
collagen matrix contained no other ingredients, such as glutar
aldehyde and genipin crosslinker [36, 37]. Thus, the model was 
compositionally and structurally similar to the natural ECM of 

cancer tissue. Besides, according to the results of AFM, the 
modulus of the aligned collagen matrix was significantly higher 
than that of the nonaligned one (Figure 2), which kept accord 
with the result of breast tumour microenvironment [38]. In other 
words, the prepared aligned collagen matrix is not only consistent 
with the tumour ECM in terms of aligned structure and compo
sition, but also possessed the similar biophysical property as the 
breast tumour microenvironment.

Fibre alignment have been shown to have a significant effect on 
cellular behaviour [39]. Studies of cells cultured in matrices 
with aligned fibres have revealed cells polarised and aligned 
with respect to the alignment [39, 40] and that alignment was 
associated with increased migration and directionality [15, 20, 
22]. The direction of MDA‐MB‐231 cell migration corresponded 
to the orientation of the collagen fibres (Figure 7b), although the 
matrix with a wavy alignment is different from those with a 
straight parallelled alignment [26, 30]. It has been demonstrated 
that the aligned fibres may also afford cells less spatial 

FIGURE 5 | Morphological observation and statistical analysis of MDA‐MB‐231 cells cultured on different matrices. (a) LSCM images of the spread 
and vinculin status of MDA‐MB‐231 cells for different days (blue: nucleus, green: F‐actin and red: vinculin). (b and c) The projected areas and aspect 
ratios of MDA‐MB‐231 cells cultured on different matrices for 3 days. (d) The fluorescence intensities of vinculin at different days. (n > 10, *p < 0.05 
and **p < 0.001).
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impedance and thereby enhance migration [41], which is 
consistent with the results shown in Figure 7a,c. In other words, 
the tumour cells would move fast and directionally at the juxta‐ 
tumoral region. Generally, metastatic breast cancer cells mainly 
migrated along the orientation of the collagen fibre and 

achieved metastasis through vessel invasion. When tumour cells 
acquired the capacity to move around and invade other tissues, 
the aligned collagen fibre provided the orientation and accel
erated cell migration [42, 43]; this phenomenon is called “con
tact guidance”. The migration of cancer cells away from the 

FIGURE 6 | Behaviours of MDA‐MB‐231 cells on different collagen matrices under the PBS. (a, e and f) Variations of single cellular morphology. 
(b, f and j) 3D topographies of cells for the partial regions. Hot maps (c, g and k) and histograms (d, h and l) of Young's modulus distribution for MDA‐ 
MB‐231 cells.

FIGURE 7 | Migration of MDA‐MB‐231 cells on different collagen matrices. (a) The migration distance of the cells at continuous time points. 
(b) Migration direction of the cells cultured on an aligned collagen matrix. (c) Average migration rates of the cells. (n = 5, *p < 0.01 and **p < 0.001).
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primary tumour and into healthy tissue is driven partly by 
contact guidance, or directed migration in response to the 
aligned extracellular matrix. It also implied that the migration 
rate of metastatic cells can be minimised through interfering 
with the tumour microenvironment.

The alignment of collagen fibres is contributed to the changes of 
matrix stiffness, and the biomechanical properties of substrate 
materials also plays a vital role in regulating the behaviours of 
cancer cells [15, 44]. As in the previous studies, the adhesion, 
spreading, proliferation and migration of tumour cancer cells 
significantly increased with the matrix stiffness in vitro [45–47]. 
Compared with the nonaligned one, the MDA‐MB‐231 cells 
aligned with collagen matrix with a higher modulus and had a 
superior adhesion (Figure 3b) and migration (Figure 7). 
Consistently, cells on the stiffer matrix accumulated more vin
culin around the nucleus. This is known to elevate Rho‐ 
dependent cytoskeletal tension compared to cells on softer 
substrates [48], potentially facilitating stronger matrix attach
ment. Meanwhile, a stiffer matrix contributes to stronger 
contractility, so the contraction force on the surface of the 
matrix is transmitted to the nucleus through the stress fibres 
[49, 50]. The stronger the contraction force, the greater the cell 
movement, so a higher cell migration was observed on the 
aligned matrix.

However, the specific role of ECM stiffness in guiding cell 
migration remains incompletely understood. To further un
derstand why the cell migration was accelerated along the 
alignment of collagen fibre, we analysed in detail a single 
MDA‐MB‐231 cell by AFM in situ. Comparatively, MDA‐MB‐ 
231 cells on the aligned matrix had the minimum projected 
area (Figure 6i), the lowest roughness (Figure 6j) and the 
smallest Young's modulus (Figure 6l). Just as the previous 
analysing of one‐fold cancer cell, cancer cells were more 
compliant [51]. Furthermore, the lower elastic modulus of the 
cells likely facilitates their deformation and migration [28, 38, 
52], even though the aligned fibre substrate itself has a higher 
modulus.

As discussed previously [53], stiff substrates support adhesion‐ 
dependent rapid mesenchymal migration of tumour cells by 
enhancing cellular contractile tension and stabilising focal ad
hesions as we showed in Figures 5 and 7. Generally, the 
intrinsic mechanical property of cancer cells is dynamically 
modulated by extracellular matrix stiffness. Upon stiff sub
strates, elevated RhoA/ROCK‐dependent actomyosin contrac
tility facilitates F‐actin polymerisation, accompanied by force‐ 
induced vinculin activation [54, 55]. The reinforced cytoskel
etal network collectively increases cellular elastic modulus. 
However, our result indicated that MDA‐MB‐231 cells exhibit 
the lowest Young's modulus on the stiffer collagen matrix. 
Several studies reported that on extremely stiff substrates 
(50–100 kPa, pathological), excessive mechanical stress triggers 
F‐actin disassembly, focal adhesion disruption and cytoskeletal 
fluidisation, leading to cell softening [56, 57]. It is supposed that 
the stiffer matrix may lead to either less polymerised or frag
mental F‐actin and then drive cell softening. Although the 
constructed model has a modulus of 3 MPa, far higher than 
extremely stiff substrates, the behaviour of cells are complex, 
which need to be explored deeply and systematically.

In summary, the prepared collagen matrix was compositionally, 
structurally and biomechanically consistent with the microen
vironment of breast tumour and could simulate the behaviours 
of MDA‐MB‐231 cells in vitro. The study not only supports 
clinical biopsies of breast cancer metastatic cell invasion, but 
also reveals the process and mechanism of ECM‐enhanced cell 
migration during intravasation in a biophysical way. It should 
be noted that this simplified 2D Type I collagen matrix has 
certain limitations, as it cannot fully replicate the complex 3D 
tumour microenvironment containing multiple ECM compo
nents and stromal cells. Nevertheless, it allows us to indepen
dently reveal the key role of collagen arrangement and matrix 
stiffness in regulating the behaviour of breast cancer cells. 
Future research can focus on constructing 3D biomimetic 
models by integrating multiple ECM proteins and stromal cells. 
It is strongly argued that a potential therapy tuning with a 
biophysical way could be considered, in which the alignment of 
ECM fibres in the tumour microenvironment might be altered 
to minimise the intravasation rate of metastatic cells.

5 | Conclusion

In the study, the aligned collagen fibrous matrix that was 
compositionally, structurally and biomechanically similar to the 
microenvironment metastatic breast tumour was prepared. 
MDA‐MB‐231 cells exhibited a high degree of directional 
response to the alignment of collagen fibre during the cell 
movement. By AFM nanoindentation, a significantly lower 
Young's modulus value for a single cell on the aligned matrix 
was detected, a finding that has been rarely reported. The lower 
stiffness of the cells made them easy to migrate and further 
affirmed the MDA‐MB‐231 cells’ better migrations on the 
aligned collagen matrix. Our results provided biomechanical 
evidence to support the tumour microenvironment of local 
collagen fibre alignment in guiding cell intravasation. It in
dicates that the aligned collagen matrix is promising for study
ing the migration mechanism of breast cancer in vitro and 
exploring a new therapy to minimise breast tumour metastasis.
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