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Abstract

Different biochemical and biomechanical cues from tumor microenvironment affect

the extravasation of cancer cells to distant organs; among them, the mechanical

signals are poorly understood. Although the effect of substrate stiffness on the

primary migration of cancer cells has been previously probed, its role in regulating

the extravasation ability of cancer cells is still vague. Herein, we used a microfluidic

device to mimic the extravasation of tumor cells in a 3D microenvironment con-

taining cancer cells, endothelial cells, and the biological matrix. The microfluidic‐
based extravasation model was utilized to probe the effect of substrate stiffness on

the invasion ability of breast cancer cells. MCF7 and MDA‐MB‐231 cancer cells

were cultured among substrates with different stiffness which followed by mon-

itoring their extravasation capability through the microfluidic device. Our results

demonstrated that acidic collagen at a concentration of 2.5 mg/ml promotes mi-

gration of cancer cells. Additionally, the substrate softening resulted in up to 46%

reduction in the invasion of breast cancer cells. The substrate softening not only

affected the number of extravasated cells but also reduced their migration distance

up to 53%. We further investigated the secreted level of matrix metalloproteinase

9 (MMP9) and identified that there is a positive correlation between substrate

stiffening, MMP9 concentration, and extravasation of cancer cells. These findings

suggest that the substrate stiffness mediates the cancer cells extravasation in a

microfluidic model. Changes in MMP9 level could be one of the possible underlying

mechanisms which need more investigations to be addressed thoroughly.
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1 | INTRODUCTION

Metastasis of primary tumor cells is responsible for more than 90% of

cancer‐related mortality (Jeon et al., 2013). The invasion of tumor cells

is guided by a wide range of biochemical, biophysical, and genetic fac-

tors, making it a complex process (Jeon et al., 2015; Stuelten et al.,

2018). Despite recent advancements in novel therapeutic strategies

targeting the molecular pathways in tumor cells, the underlying me-

chanism of the metastasis cascade requires more investigations. Cancer

progression is a multistep process that initiates from the formation of

primary tumors and concluded with extravasation of cancer cells to

second organs (Sokeland & Schumacher, 2019).

Extravasation is the last step before the formation of secondary

tumor and plays a crucial role in cancer development and metastasis
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(Ma et al., 2018). This step is influenced by a wide range of complex

cellular and molecular interactions, as well as tumor microenviron-

mental (TME) cues which make it challenging to monitor and control

the process (Ma et al., 2018). In this regard, several studies proposed

the involvement of chemokine signals from the host organ (Bersini

et al., 2014; Jeon et al., 2015; Xu et al., 2016), the interaction of

cancer cells with endothelial and immune cells (Boussommier‐Calleja
et al., 2019; Lee et al., 2018), and biomechanical cues such as flow

rate and shear stress (Polacheck et al., 2014), as well as physico‐
mechanical properties of the extracellular matrix (ECM) of the host

tissue (Wolf et al., 2013) in mediating the extravasation process.

Before extravasation, tumor cells experience various TME chemical

and mechanical cues which activate different cascades for structural

and functional remodeling of cells (Emon et al., 2018). These cues

further change the biological behavior of tumor cells and conse-

quently their migration and invasion ability (Sleeboom et al., 2018).

Such structural remodeling is mostly evident in altered cytoskeleton

fiber content and arrangement, generation of traction forces,

cell–cell and cell–ECM adherence, which all are determinants of cell

motility (Paul et al., 2017). While numerous studies probed the effect

of molecular and cellular interactions on the extravasation ability of

cancer cells, the effect of previously experienced TME cues has not

been deeply addressed yet.

Mechanical signals from the surrounding environment play a

vital role in regulating tumor cell behavior (Chaudhuri et al., 2018;

Emon et al., 2018). Specifically, in vitro studies have shown that

tumor cell migration and motility are strongly affected by the sub-

strate mechanics (Azadi, Tafazzoli‐Shadpour, et al., 2019; van Helvert

et al., 2018). Significant efforts have been spent on investigating the

alteration of tumor cell structural and biological behavior in response

to the rigidity of the cellular substrate such as change in cell mor-

phology, adhesion, stiffness, protein expression, migration, and mo-

tility (Azadi, Tafazzoli‐Shadpour, et al., 2019; Jiwlawat et al., 2019;

Pandamooz et al., 2020; Rice et al., 2017a; Shukla et al., 2016). De-

spite the strong relationship between tumor invasiveness and ECM

mechanics, the effect of ECM stiffness on the extravasation ability of

tumor cells is still vague.

Investigating the underlying mechanism of the cellular invasion

requires accurate modeling of TME. The microfluidic approach has

been extensively utilized to provide a 3D microenvironment for

modeling different steps of metastasis cascade (Ma et al., 2018;

Osaki et al., 2018). A microfluidic platform containing three parallel

channels has been developed to incorporate three main components

of the extravasation process, including cancer cells, endothelial cells

(ECs), and a biological matrix (Jeon et al., 2013). This model has

demonstrated great potential in providing a physiologically relevant

condition for tumor cells, and has been used by several research

groups to probe the effect of different molecular signaling pathways

on the extravasation of cancer cells (Chen et al., 2016; Jeon

et al., 2015).

In this study, to mimic cancer cell remodeling induced by bio-

mechanical cues, we engineered cells through cell–substrate inter-

action. The manipulated cells were introduced to a three‐channel

microfluidic device simulating extravasation to survey the effects of

substrate mechanical properties on cancer cell invasion in a 3D mi-

croenvironment. The resulting model probes that the extravasation

ability of cancer cells is affected by the characteristics which cancer

cells achieved in response to different substrate stiffness. Our results

can provide new insights into the complex mechanism underlying the

extravasation stage of the metastasis cascade.

2 | MATERIALS AND METHODS

2.1 | Cell culture and substrate preparation

Two types of human breast cancer cell lines, MCF7 and MDA‐MB‐231,
were acquired from the University of Technology Sydney. Cells were

maintained in the RPMI culture medium (Thermo Fisher Scientific)

containing 10% fetal bovine serum (FBS; Thermo Fisher Scientific) in an

atmosphere of 5% CO2 at 37°C. Human umbilical vein endothelial cells

(HUVECs) were purchased from Lonza and cultured in EC growth basal

medium‐2 (EBM), supplemented with 10% FBS.

To examine whether the substrate stiffness affects the cellular

invasion and extravasation, polydimethylsiloxane (PDMS) substrates

with different stiffness values were utilized through mixing the sili-

cone elastomer with the curing agent (Sylgard 184; Dow Corning) at

three different ratios of 10:1 (stiff), 50:1 (semi‐soft), and 75:1 (soft).

The PDMS mixture was cured for 24 h at 70°C followed by coating

with a thin layer of fibronectin (10 μg/ml; Sigma‐Aldrich). Both types

of cancer cells were cultured for 24 h among PDMS substrates with

different stiffness, then detached and utilized for the cell migration

and extravasation assays.

Cancer cells sense the surface properties of the substrate and

respond to them at the micro level. While tensile testing provides the

mechanical properties of bulk material, atomic force microscopy

(AFM) nanoindentation method estimates the localized surface me-

chanical properties, which are sensed by cells. Therefore, the stiff-

ness of PDMS substrates was measured using a NanoWizard2 AFM

(JPK Instruments). V‐shaped silicon nitride cantilever with a spring

constant of 0.15 N/m2 were utilized to indent the substrates at an

approach velocity of 3 μm/s and a maximum indentation depth of

0.5 μm as previously described protocol (Azadi, Aboulkheyr, et al.,

2019). The Young's modulus was estimated according to the mod-

ified Hertz model for a quadrilateral pyramid tip (Equation 1).

δ
α
δ=

‐ϑ
F

E
( )

1. 49 tan

2(1 )

sub

sub
2

2 (1)

where, F is the force, δ is the indentation depth, and α is the half‐
angle of pyramid tip which was set to 17.5°. The Poisson's ratio of

substrates (νsub) was assumed to be 0.5 considering an in-

compressible material property for PDMS.

The substrates were examined at five random points from three

independent experiments, which resulted in a total of 20 force‐
displacement curves for each substrate. The stiffness values of

1.1 ± 0.2MPa, 14.3 ± 3.2 kPa, and 5.2 ± 1.3 kPa were obtained for the
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stiff, semi‐soft, and soft substrates, respectively. These values cover

the physiologically relevant elastic moduli of TME that are used to

examine how the substrate rigidity affects the biological behavior of

cancer cells (Rianna & Radmacher, 2017; Staunton et al., 2016).

2.2 | Microfluidic system

To achieve a 3D model of cancer invasion and extravasation, a pre-

viously developed 3D microfluidic device was utilized (Jeon et al.,

2013). The microfluidic devices were provided from AIM biotech to

stimulate 3D migration and extravasation of cancer cells in a static

condition. The microfluidic system contained three independently

addressable parallel channels including a 1.3 mm‐wide central

channel and two 0.5 mm‐wide side channels with 0.25 mm height.

While the biological matrix was introduced to the central channel,

cancer cells and ECs were added to the side channels to form a triple

interaction between cancer cells, ECs, and ECM (Bersini et al., 2018).

Before conducting the extravasation assay, initial experiments

were performed to find whether the collagen concentration, collagen

pH, and the chemical stimulation affect the invasion ability of cancer

cells. Initially, the collagen solution was prepared at a concentration

of 2.5 mg/ml and pH 7.4 according to the previously published pro-

tocol and was injected to the central channel to represent ECM in 3D

space (Chung et al., 2009; Jeon et al., 2013). The cancer cells were

stained with Hoechst (1 µg/ml; Sigma‐Aldrich) or PKH26 Red

Fluorescent Cell tracker (10 µg/ml; Sigma‐Aldrich) before loading to

the device. The total number of 6 × 104 stained‐cells in the serum‐
free media were injected to one of the side channels (cell channel),

while the opposite channel was filled with the cell‐free medium

(media channel). The device incubated for one hour, followed by two

times washing with culture media to remove any nonattached cells.

Then, a chemoattractant gradient was created across the collagen gel

by refilling the media channel with the FBS‐enriched medium. This

time point was considered as the starting point, and the migration of

cancer cells was captured after 24 and 48 h using the fluorescent

(IX73; Olympus), bright field (CKX53; Olympus), and Confocal

microscopy (Ti; Nikon).

To find the effects of collagen concentration, collagen pH, and FBS

stimulation, four study groups were defined for each cell line including

control (collagen 2.5mg, pH 7.4, with FBS gradient), acidic collagen

(collagen 2.5mg/ml, pH 6.5, with FBS gradient), dense collagen (collagen

3.5mg/ml, pH 7.4, with FBS gradient), and without stimulation

(collagen 2.5mg, pH 7.4, without FBS gradient). Further, to evaluate

how changes in collagen concentration and pH level affect the collagen

architecture, the prepared hydrogels were captured using scanning

electron microscopy (SEM; AIS2100; Seron Technologies).

2.3 | Invasion assay

To evaluate the effect of substrate stiffness on invasion of breast

cancer cells, two configurations were used, which are named as

“migration” and “extravasation.” In migration configuration, cancer

cells were seeded to the side channel in the absence of ECs. In

contrast, in extravasation configuration, both endothelial and cancer

cells were loaded to the side channel.

Before loading to the device, cancer cells were cultured among

substrates with different stiffness to let them adapt to the micro-

mechanical environment through structural remodeling. For the mi-

gration assay, the central channel was filled with collagen. Then,

cancer cells were detached from substrates, centrifuged and stained

with Hoechst. Then, the cell suspension was injected to one of the

side channels in the presence of FBS stimulation. The migration of

cancer cells was captured using fluorescent and/or confocal micro-

scopy after 24 h. Analyzing the images showed that cancer cells

migrated in the range of 0 µm (adhere to channel interface) to

300 µm. Therefore, the migrated area was divided into three zones

from 0 to 100 µm as zone 1, 100–200 µm as zone 2, and 200–300 µm

as zone 3.

In this paper, an accurate and physiologically relevant model of

extravasation was presented similar to that described previously

(Chen et al., 2016; Jeon et al., 2013). To achieve this model, a mul-

tistep process was followed as has been illustrated schematically in

Figure 1. Briefly, first, the collagen solution was injected to the

central channel. Then, HUVECs were detached, stained with Hoechst

and loaded to the side channel with FBS‐supplemented EBM medium

at two concentrations of 1 × 106 and 1.5 × 106 cells/ml. They formed

a confluent layer at the higher concentration within 24 h on the gel‐
media interface. In the next step, MCF7 and MDA‐MB‐231 cells

were detached from stiff, semi‐soft, and soft substrates followed by

staining with CellTracker™ Green CMFDA Dye (1 µg/ml; Thermo

Fisher Scientific). The stained cancer cells were injected to the en-

dothelialized channel at the concentration of 0.5 × 105 cells/in the

presence of FBS stimulation. The seeding density was chosen based

on the previously published paper by Jeon et al. (2013) as the opti-

mized seeding density of cancer cells to address both mimicking the

low number of tumor cells of the in vivo condition and increasing the

chance of extravasation event in each gel region. The transmigration

of cancer cells across the endothelial layer into the collagen hydrogel

was analyzed 24 h after loading the cancer cells.

2.4 | Permeability measurements

To confirm the integrity of a confluent EC layer, the diffusive per-

meability was assessed with fluorescently labeled dextran (70 kDa;

Sigma‐Aldrich) as the previously published protocol (Nagaraju et al.,

2018). Two devices containing polymerized collagen in the central

channel were used. While ECs were loaded to one device to form a

confluent layer, the other device was used as a control without ECs.

Upon the formation of a confluent EC layer, all media channels were

aspirated. The cell‐seeded side channel was re‐filled with fluorescent

dextran solution in culture medium at a concentration of 10mg/ml,

while the same volume of culture medium was injected to the op-

posite side channel to avoid any pressures difference. Both
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microfluidic devices with and without EC layer were monitored, and

images were captured using the fluorescent microscope immediately

after injecting dextran. Then, devices were incubated for 1‐h fol-

lowed by imaging using fluorescent microscopy to find the dextran

distribution in the collagen. The images were processed using ImageJ

to obtain the fluorescent intensity and the permeability according to

the previously described method (Vickerman & Kamm, 2012;

Zervantonakis et al., 2012) based on the following equation:

= ⎡

⎣⎢
⎤

⎦⎥
P D

dc dx

C

( / )

Δ
,D

gel
(2)

where PD is the diffusional permeability, ΔC is the concentration

difference across the monolayer, D denotes the diffusion coefficient

of dextran which was considered 4.5 × 10−11 m2/s for 70 kDa dextran

solution (Vickerman & Kamm, 2012), (dC/dx)gel is the concentration

gradient of dextran in the gel region.

2.5 | Image analysis

All images were processed with ImageJ software. The particle ana-

lyzing feature was used for selecting and counting fluorescently la-

beled cells as well as finding the position of each migrated cell. For

quantification purposes, a region of interest (ROI) with dimensions of

800 μm× 250 μm× 250 μm (height) was defined. The dimension of

ROI was chosen to cover one gel‐endothelial channel interface while

considering all main components of extravasation, including cancer

cells, ECs, and collagen. The chosen dimensions enabled quantifying

the percentage of migrated cells in each ROI.

To find the effect of collagen concentration, collagen pH, and

FBS stimulation, the total number of invaded cells and the average

migrated distance were obtained from 30 to 40 ROIs of three in-

dependent devices per condition. The migration distance was cal-

culated by considering the distance traveled by migrated cells from

the gel‐EC interface.

For both migration and extravasation assays, 48 ROIs from at

least three independent devices were analyzed to find the percen-

tage of extravasated cells and the invaded distance in each ROIs. The

results were expressed as mean ± SD and compared using two‐way

analysis of variance (ANOVA) to find whether the substrate stif-

fening has a significant effect on each cell line. p‐value < .05 was

considered statistically significant.

2.6 | Evaluating the secretion of matrix
metalloproteinase 9 (MMP9)

The secretion of MMP9 among different study groups of treated

cells with varying substrate stiffness was examined by enzyme‐linked

F IGURE 1 Schematic illustration of the
workflow. Breast cancer cells were cultured
among stiff, semi‐soft, and soft substrates and
assessed for their extravasation ability using a 3D
microfluidic device. A multistep process was
followed to incorporate collagen, endothelial cells
(green), and cancer cells (red) into the target
channels [Color figure can be viewed at
wileyonlinelibrary.com]
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immunosorbent assay (ELISA). A SimpleStep ELISA kit (Abcam) was

used according to the manufacturer's instruction. The optical density

of samples was recorded at 450 nm to calculate the concentration of

MMP9 protein in the samples. For each sample, three independent

measurements were performed, and all the measurements were

conducted in duplicate for statistical analysis.

3 | RESULTS

3.1 | Effects of collagen concentration and ph on
the invasion of cancer cells

Figure 2a displays the migration of MDA‐MB‐231 cells toward collagen

after 24h of loading cancer cells to the side channel. Although the

whole‐device image confirmed that the migration of cancer cells is al-

most uniform in the whole channel, four ROIs close to the inlet and

outlets were removed in data analyzing to avoid any nonuniformity

resulted in 21 functional ROIs/device. Figure 2b displays a 3D image of

the device using confocal microscopy, which confirms cancer cells mi-

grated in different height of the gel, presenting a 3D microenvironment.

Figure 3 indicates how collagen density, pH, and chemical sti-

mulation affect the migration of MCF7 and MDA‐MB‐231 cells in a

3D microenvironment. While representative fluorescent images have

been shown in Figure 3a,b, the total number of invaded cells/device

and the average migrated distance, have been presented in Figure 3c

and 3d, respectively. By tracking the migrated cells over time, we

explored the migration of cancer cells in two different time points of

24 and 48 h. The result demonstrated that the total number of mi-

grated cells and the average migrated distance did not show a sig-

nificant change from days 1 to 2 which suggests most migration

events occur within the 1st day of loading cancer cells (t test, p < .05).

This observation is consistent with previously reported in vitro and

in vivo studies (Chen et al., 2013; Jeon et al., 2013).

As expected, in all study groups, MDA‐MB‐231 cells significantly

showed a higher migration ability than MCF7 cells which confirms

the dependency of tumor cell extravasation rate on their metastatic

potential (Chen et al., 2013). Overall, the total number of invaded

MDA‐MB‐231 cells was 3.5 times higher than MCF7 cells in control

groups. Moreover, the average migrated distance of MDA‐MB‐231
cells was obtained 260 ± 34 µm which was significantly higher than

the average migrated distance of 75 ± 10 µm for MCF7 cells in

control groups (t test, p < .05; Figure 3c,d). Acidic microenvironment

led to up to 44% and 27% increase in the number of invaded cells in

MCF7, and MDA‐MB‐231 cell, respectively (t test, p < .05). Ad-

ditionally, the migrated distance of cancer cells in acidic collagen

F IGURE 2 A 3D model of cancer cell migration on a microfluidic platform. (a) The representative whole‐device image was captured by
fluorescent microscope (IX73; Olympus) shows the migration of MDA‐MB‐231 cells toward collagen within 24 h. (b) The confocal images of
cellular migration into the collagen confirms that cancer cells were surrounded by a 3D microenvironment as they were presented in different
height of the collagen. (c) ROIs were defined as a region with dimension of 250 µm × 250 µm × 800 µm to incorporate EC layer, cancer cells, and
gel region for data analysis. EC, endothelial cell; ROI, region of interest [Color figure can be viewed at wileyonlinelibrary.com]

AZADI ET AL. | 827

http://wileyonlinelibrary.com


considerably changed from 75 ± 10 µm to 105 ± 14 µm for MCF7

cells, and from 260 ± 34 µm to 350 ± 45 µm for MDA‐MB‐231 cells

(t test, p < .05).

Figure 3e indicates that the morphology of collagen network and

its porosity are highly affected by pH. The collagen microstructure

appeared tighter at higher pH while decreasing the pH resulted in

thicker collagen fibers. Furthermore, SEM images displayed that

ECM morphology was affected not only by pH, but also by collagen

concentration. Tighter networks were formed by increasing collagen

concentration. Several studies have pointed out the similar effect of

pH and concentration on mechanical properties and microstructure

of the collagen hydrogels (Achilli & Mantovani, 2010; Anguiano et al.,

2017). Both cancer cells exhibited a significant decrease in the mi-

gration ability by changing the collagen concentration from 2.5 to

3.5mg/ml (Figure 3). Such reduction was obtained 52% and 243% in

the number of invaded MCF7 and MDA‐MB‐231 cells, respectively,

F IGURE 3 Evaluating the effect of collagen pH, collagen concentration, and FBS signaling on the invasion of breast cancer cells.
Representative bright field and immunofluorescent images of (a) MCF7 and (b) MDA‐MB‐231 cells under different conditions of collagen
concentration, pH, and FBS stimulation. Cancer cells were stained with Hoechst. The arrow indicates the direction of migration. Images were
obtained using an inverted fluorescent microscope. The scale bar = 200 µm, and experiments were repeated three times. (c) Total number of
invaded cells/device, and (d) average migrated distance in two different time points of 24 and 48 h among four study groups of MCF7 and
MDA‐MB‐231 cells. (e) Representative SEM images of collagen in control (2.5 mg/ml, pH 7.4), acidic (2.5 mg/ml, pH 6.5), and dense (3.5 mg/ml,
pH 7.4) groups, scale bar = 1 µm. *Indicate the significant differences at time point of 24 h (t test, p < .05). FBS, fetal bovine serum; SEM,
scanning electron microscopy [Color figure can be viewed at wileyonlinelibrary.com]
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which highlights the vital role of the collagen concentration in the

invasion of cancer cells. Additionally, cancer cells exhibited a lower

penetration distance in 3D dense collagen compared to samples with

normal collagen concentration.

Usually, cancer cells migrate to distant organs following che-

mical gradients (Nguyen et al., 2009). Here, we used FBS‐enriched
media to simulate the migration of cancer cells in a TME.

FBS‐supplemented media in the opposite channel successfully

triggered the migration of breast cancer cells (Figure 3c,d), most

intensely in MDA‐MB‐231 cells. Based on the obtained results,

further migration and extravasation experiments were defined

with collagen at concentration of 2.5 mg/ml, pH 7.4, under FBS‐
stimulated condition, which resulted in a significant number of

extravasation events.

3.2 | Microfluidic‐based 3D migration assay

3D migration of MCF7 and MDA‐MB‐231 cells, manipulated by

culturing on stiff, semi‐soft, and soft substrates, has been shown in

Figure 4. While Figure 4a displays the representative fluorescent and

bright‐field images of cellular migration among study groups, the

quantitative analyses are reported in Figure 4b–f. The results ob-

tained after 24 h of loading cancer cells to the device demonstrate

that the cellular migration strongly depends on the stiffness of the

initial cellular substrates. Both types of breast cancer cells derived

from the stiff substrates exhibited a higher migration ability com-

pared to those derived from the soft substrates (Figure 4e,f, two‐way

ANOVA, p < .05). Analyzing the images in three different zones of

0–100, 100–200, and 200‐300 µm enabled the quantification of

F IGURE 4 3D migration of breast cancer cells derived from stiff, semi‐soft, and soft substrates in a microfluidic device. (a) Representative
fluorescent and BF images of cellular migration among study groups with scale bar = 100 µm. (b) Percentage of migrated cells in three different
zones. (c) Average migrated distance in each zone. (d) Schematic illustration of zone 1, 2, and 3 with a width of 100 µm in a microfluidic device.
(e) Total number of migrated cells (*two‐way ANOVA, p < .05). (f) Average migrated distance among stiff, semi‐soft, and soft groups of MCF7
and MDA‐MB‐231 cells (*two‐way ANOVA, p < .05). ANOVA, analysis of variance; BF, bright‐field [Color figure can be viewed at
wileyonlinelibrary.com]
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cellular migration. The percentage of migrated cells and the average

migrated distance in each zone have been reported in Figure 4b,c,

which resulted in a better comparison of the migration ability of

cancer cells. Moreover, the total number of invaded cells and the

average migrated distance have been reported in Figure 4e,f.

Results demonstrate that substrate softening significantly in-

creased the percentage of migrated cells in zone 1 for both MCF7

and MDA‐MB‐231 cells (Figure 4b), while decreased the migrated

cells in zone 2, and 3. Noninvasive MCF7 cells did not migrate to

zone 3 in semi‐soft and soft groups which confirms their lower mi-

gration ability on the soft substrates. This behavior resulted in 46.8%

and 54.2% reduction in the total number of migrated cells and

average migrated distance of MCF7 by substrate softening, respec-

tively, as shown in Figure 4e,f. On the other hand, MDA‐MB‐231
cells migrated to all three zones in stiff, semi‐soft, and soft groups

with different ratios. For example, 8.76%, 43.23%, and 48% of MDA‐
MB‐231 cells in the stiff group migrated to zone 1, 2, and 3, re-

spectively, while these values changed to 37.35%, 35.15%, and 27.5%

in the soft group, correspondingly. Overall, Figure 4e,f indicate that

substrate stiffening led to 52% and 42% increase in the total number

of migrated MDA‐MB‐231 cells and their average migrated distance,

respectively. Statistical analysis using two‐way ANOVA demon-

strated that there is a significant correlation between substrate

stiffening and cancer cell migration in terms of both the migration

percentage and the migrated distance (p < .05).

To assess the morphology of migratory cells, their shape index

was measured using ImageJ which is defined as SI=4πA/p2, where A

is the projected area, and p is the cell perimeter (Rueden et al., 2017).

SI was reported as mean ± SD by averaging the SI values of at least

ten different cells from each group of study in Figure 4a. The shape

indices of 0.36 ± 0.19, 0.42 ± 0.12, and 0.67 ± 0.21 were obtained for

MCF7 migratory cells in stiff, semi‐soft, and soft groups, respectively,

while the SI values of 0.15 ± 0.07, 0.28 ± 0.09, and 0.27 ± 0.15 were

calculated for MDA‐MB‐231 cells in stiff, semi‐soft, and soft groups,

respectively. This result indicates that those cells originated from

stiff substrates could be elongated more than cells originated from

soft substrates, which resulted in lower shape index (two‐way

ANOVA, p < .05). These morphological changes further promoted the

migration of cancer cells.

3.3 | Assessing the integrity of EC layer

The integrity of EC layer was assessed firstly using bright field and

fluorescent microscopy at two different seeding concentrations as

shown in Figure 5a, and further confirmed through permeability

measurements in Figure 5b,c. HUVECs labeled with cell tracker and

Hoechst formed a confluent layer 1 day after cell seeding at con-

centration of 1.5 million cells/ml but not at concentration of 1 million

cells/ml (Figure 5a). The permeability measurements further con-

firmed the integrity of the formed endothelial layer at the higher

concentration. Quantifying the permeability measurement in

Figure 5c confirmed that the dextran diffusion into the collagen had

been significantly limited in the ECs‐containing device. The device

containing collagen and endothelial layer exhibited considerably

lower permeability compared to the control device containing col-

lagen without ECs (Figure 5b,c). The diffusional permeability of

0.45 × 10−6 cm/s was calculated for 70 kDa Dextran, which is in good

agreement with previously reported values (Vickerman & Kamm,

2012; Zervantonakis et al., 2012).

3.4 | Modeling the extravasation of cancer cells

Figure 6 indicates that the extravasation of breast cancer cells is

affected by the substrate stiffness. While ECs were stained with

Hoechst, cancer cells labeled with green cell tracker before loading

to the endothelial channel. Then, cancer cells transmigrated through

endothelial junctions and entered to the collagen channel (Figure 6a).

The extravasated MCF7 and MDA‐MB‐231 cells derived from three

different stiff, semi‐soft, and soft substrates were quantified in terms

of percentage of invaded cells and the extravasated distance after

24 h (Figure 6b,c). Comparison of Figures 4 and 6 indicates that the

endothelial layer considerably limited the invasion of cancer cells.

Cancer cells showed 50% reduction in the invasion in the presence of

ECs which is consistent with previously published papers (Zhang

et al., 2012). This result further confirms the formation of an in-

tegrated endothelial layer.

Substrate stiffness significantly affected the extravasation of

invasive cancer cells (two‐way ANOVA, p < .05) but not the non-

invasive cancer cells. The percentage of extravasated MDA‐MB‐231
cells decreased from 40 ± 12% in the stiff group to 36 ± 12.5% in

semi‐soft, and 30 ± 6.87% in the soft groups. The extravasation

percentage of noninvasive MCF7 cells was decreased from

16.75 ± 4% in the stiff group to 13.27 ± 3.51% and 14.5 ± 5.21% in

the semi‐soft and soft groups, respectively (Figure 6c). Since the

invaded cells located in different positions in the range of 0–145 µm,

we used box plot to report the range of migrated distance and its

median (Figure 6b), however, the average migrated distance also

exhibited a significant reduction by substrate softening (p < .05).

3.5 | Alteration of MMP9 secretion of cancer cells
in response to the substrate stiffening

To further investigate how the substrate stiffening can affect the in-

vasion of breast cancer cells, MMP9 secretion of cancer cells was

measured among three study groups. MMP9 is secreted by cancer cells

and plays an important role in the breakdown of ECM through de-

grading ECM fibers. Our results in Figure 6d indicate that MMP9 se-

cretion was highly affected by the substrate stiffness (two‐way ANOVA,

p < .05). The concentration of secreted MMP9 of MDA‐MB‐231 cells

was obtained 502.6 ± 17.5 pg/ml in the stiff group and decreased to the

452 ±33 pg/ml and 152.74 ± 3.87 pg/ml in the semi‐soft and soft

groups, respectively. Overall, MMP9 secretion of MCF7 cells in all three

study groups was significantly lower than MDA‐MB‐231 cells which is
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consistent with their noninvasive phenotype. Moreover, the MMP9

concentration of 94 ± 4.2 pg/ml for MCF7 cells in the stiff group

showed 35.2% reduction in the soft group and reached to the value of

62 ± 7.5 pg/ml (Figure 6d).

4 | DISCUSSION

Biochemical composition, mechanical stimuli, and cellular compo-

nents of TME play pivotal roles in cancer progression, among which,

mechanical features are gaining significant attention in recent years

(Emon et al., 2018; Sleeboom et al., 2018). Mechanical features of

TME have been generally investigated in terms of ECM stiffness

(Najafi et al., 2019), fiber alignment (Ray et al., 2017), and porosity

(Blackmon et al., 2016). It is well established that cancer cells change

the signaling pathways, protein expressions, proliferation, and dif-

ferentiation in response to these mechanical cues (Sleeboom et al.,

2018; Walker et al., 2018). To the best of our knowledge, no research

has been reported whether substrate stiffness affects the migratory

behavior of cancer cells in the late stages of the metastasis cascade

including extravasation.

Cellular behaviors such as migration and motility are highly affected

by the substrate stiffness during in vitro culture. Our results indicate

that, interestingly, even for invasive cancer cells that already underwent

structural deformations due to cancer‐related alterations, they further

remodeled in response to the substrate stiffness. This observation

confirms that both noninvasive and invasive cancer cells respond to the

mechanical changes of the surrounding environment.

Our results further confirmed that the invasion of cancer cells

into the 3D collagen is closely related to the structural features of

the collagen, including porosity and fiber thickness. It is expected

that the collagen stiffness is increased by increasing the collagen

concentration, as previously reported (Wullkopf et al., 2018). This

observation is most likely due to thicker fibers and smaller pore

F IGURE 5 Assessing the integrity of endothelial layer. (a) Representative bright field and fluorescent images of endothelial cells labeled with
cell tracker and Hoechst at two different seeding concentrations. (b) Fluorescent images of dextran diffusion in the microfluidic device
containing collagen with/without endothelial cells, scale bar = 100 µm. (c) Normalized fluorescent intensity across a ROI obtained using ImageJ.
ROI, region of interest [Color figure can be viewed at wileyonlinelibrary.com]

AZADI ET AL. | 831

http://wileyonlinelibrary.com


sizes (Figure 3e). Several studies highlighted that different para-

meters, including the cross‐linking method, collagen concentration,

temperature, and pH affect the mechanical properties of collagen

hydrogels (Achilli & Mantovani, 2010; Anguiano et al., 2017). Here,

we used a physical cross‐linking method to avoid adding any extra

chemical agent which could affect the viability of cells and other

cellular behaviors such as motility. The SEM images showed that

both collagen concentration and pH altered collagen microstructure

in terms of fiber thickness and tightening, which consequently affect

the collagen stiffness (Lang et al., 2015; Wolf et al., 2013).

Decreased pH is a common characteristic of tumor ECM com-

pared to the normal matrix, which influences cancer cell behaviors,

proliferation, metastasis, and tumorigenesis (White et al., 2017). Our

results showed that cancer cells highly invaded into the collagen with

lower pH. Brown and Murray (2015) reported that decreased pH

enables cell invasion by increasing the activity of acid‐activated
MMPs. Interestingly, not only the number of migrated cells but also

their migrated distance increased in the acidic environment. This

observation could be due to changes in the collagen microstructure

through increasing fiber thickness and decreasing fiber tightening

upon a decrease in pH, which facilitated the migration of cancer cells.

Moreover, a higher concentration of collagen resulted in tighter

collagen network with thinner fibers which consequently decreased

the invasion of cancer cells into the collagen. In this regard, Wolf

et al., (2013) studied the migration of cancer cells within 3D collagen

with different stiffness values and observed that migration speed

increased with decreasing collagen concentration due to change in

pore sizes.

F IGURE 6 Extravasation of breast cancer cells among three study groups of stiff, semi‐soft, and soft substrates. (a) Representative
fluorescent images of extravasation of MCF7 and MDA‐MB‐231 cells among three substrates, while ECs were stained with Hoechst (blue) and
CCs, were labeled with green cell tracker, the scale bar = 100 µm. (b) The invaded distance of cancer cells. (c) The percentage of extravasation of
MCF7 and MDA‐MB‐231 cells. (d) Concentration of MMP9 among study groups of MCF7 and MDA‐MB‐231 cells measured by ELISA. The
results were compared using ANOVA two‐way, p < .05. ANOVA, analysis of variance; CC, cancer cell; EC, endothelial cell; ELISA, enzyme‐linked
immunosorbent assay; MMP, matrix metalloproteinase [Color figure can be viewed at wileyonlinelibrary.com]
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The presented model of cancer cell invasion exhibited the

elongated morphology of invaded cells with cell protrusions into the

3D collagen (Figure 4a). Specifically, invasive MDA‐MB‐231 cancer

cells exhibited more elongations up to 100 µm compared to MCF7

cells. Moreover, invaded cells showed a clear alignment in the che-

mical gradient direction. This morphology could be due to the

transmigration through narrow endothelial junctions. Chen et al.

(2013) previously described this behavior by visualizing the extra-

vasation of cancer cells in a vascularized microenvironment. Figure 4

also probed that cancer cell migration occurs in the form of the

cellular aggregates while one cell is moving as the leader. This spe-

cific behavior has been described previously (Zhang et al., 2012).

Zhang et al. reported that the invasion ability of cellular aggregates is

more than individual cells, and they prefer to move as cancer cell

clusters (Au et al., 2016).

Changes in the extravasation of cancer cells in response to

substrate stiffness can be related to alterations in different cellular

and molecular signaling pathways. More specifically, substrate stiff-

ness affects epithelial to mesenchymal transition (EMT), which may

consequently modulate the migration and metastasis of cancer cells

(Dong et al., 2019; Matte et al., 2019). It has been demonstrated that

hypoxia and stiffer substrate synergistically induce EMT of MCF7

cells (Lv et al., 2017). Similar findings suggested the highest level of

vimentin and the lowest level of E‐cadherin in cancer cells cultured

on stiff substrates (Piao et al., 2017). These changes were accom-

panied with changes in cell shape toward a mesenchymal phenotype

along with increased migration of cancer cells cultured on stiff sub-

strates (Dong et al., 2019; Matte et al., 2019; Rice et al., 2017). All

these findings suggest that the relation between substrate stiffness

and the extravasation potential can be associated with changes in

cellular phenotype.

MMP9, as one of the most significant proteases during cancer

progression, plays an essential role in cleaving many ECM proteins

(Huang, 2018). Previous studies highlighted a positive correlation be-

tween substrate stiffness and MMP9 expression which could affect the

invasion behavior of cells (Zhao, Li, et al., 2018; Zhao, Xue, et al., 2018).

It has been demonstrated that MMP9 expression and activity is asso-

ciated with the invasion of cancer cells. For example, downregulation of

MMP9 through knockdown of E‐26 transformation‐specific‐1 (Ets‐1) in
MCF7 and MDA‐MB‐231 cells resulted in reduced cell invasion and

altered expression of EMT markers (Nazir et al., 2019).

Additionally, it has been shown that increased expression of

MMP9 in MCF7 cells resulted in invasion of cells, while the reduced

invasion of MDA‐MB‐231 cells was observed upon downregulation

of MMP9 (Gil et al., 2016). More recently, it was demonstrated that

MMP9 promotes colonization of circulating tumor cells into the

lungs, while blocking MMP9 signaling inhibited experimental lung

metastases (Owyong et al., 2019). All these findings demonstrates

the association between MMP9 expression level/activity and cancer

cell invasion. Both types of cancer cells decreased the secretion of

MMP9 on the soft substrates (Figure 6d) which can be one of the

possible underlying mechanism for the lower invasion ability of these

cells during the extravasation step.

In conclusion, the presented microfluidic‐based extravasation

model revealed that cancer cells noticeably increase their extra-

vasation ability in response to the substrate stiffening which could be

correlated with the expression level of MMP9. TME cues, either

chemical or mechanical, play a remarkable role in modulating the

behavior of cancer cells and the state of cancer progress. Con-

sidering this vital role opens a different point of view to cancer

treatment approaches which include both directly targeting cancer

cells and/or pointing TME features. One of the limitations of the

current study is related to the lack of a long‐term culture of cancer

cells in the microfluidic device. The long‐term culture will provide the

possibility of examining the colonization of cancer cells. Such study

can be useful in probing the effect of ECM stiffness in the formation

of the secondary tumors, however, most likely it requires re‐
engineering of the microfluidic model which remains an interesting

topic for the future research.
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