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Breast cancer is marked by large increases in the protein fibers around tumor cells. These fibers increase
the mechanical stiffness of the tissue, which has long been used for tumor diagnosis by manual palpation.
Recent research in bioengineering has led to the development of novel biomaterials that model the
mechanical and architectural properties of the tumor microenvironment and can be used to understand
how these cues regulate the growth and spread of breast cancer. Herein, we provide an overview of how
the mechanical properties of breast tumor tissues differ from those of normal breast tissue and non-
cancerous lesions. We also describe how biomaterial models make it possible to understand how the
stiffness and viscosity of the extracellular environment regulate cell migration and breast cancer metas-
tasis. We highlight the need for biomaterial models that allow independent analysis of the individual and
different mechanical properties of the tumor microenvironment and that use cells derived from different
regions within tumors. These models will guide the development of novel mechano-based therapies
against breast cancer metastasis.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Breast cancer is the second most commonly diagnosed cancer in
women worldwide. In 2018, the global number of new cases
exceeded two million, and over 626 000 patients died from the dis-
ease, according to GLOBOCAN 2018y. The leading cause of death is
metastasis of the breast tumor to distant organs and the resulting
dysfunction of the organs. To metastasize, breast tumor cells must
invade the surrounding tissue and migrate away from the primary
tumor tissue. This motile capacity of cells is driven by forces that
cells exert on the extracellular environment and by the mechanical
properties of the extracellular microenvironment. The forces of cells
can deform and reorganize their microenvironment, and the stiffness
of the environment can regulate these cellular forces [1]. The spatial
location of cells in the tumor also influences their migratory behav-
ior [2]. Understanding the feedback mechanism(s) through which
cellular forces regulate the local extracellular environment, and
how the stiffness of the environment regulates cells, will lead to a
greater understanding of the development, progression, and metas-
tasis of breast cancer.

The extracellular stiffness, architecture, and organization of tis-
sues have profound influences on tissue function in both healthy
and pathological contexts [3]. For example, these properties
change during the initiation and progression of cancers, as well
as during cell invasion and metastasis to distant sites [4]. Weaver
and colleagues, as reviewed by Kumar and Weaver [4], pioneered
the field of breast cancer research by highlighting the mechanical
causes of the disease. Indeed, the stiffening of breast tissue and
the progressive loss of tensional homeostasis can be used to detect
tumors [5]. In addition, approaches based on the physical proper-
ties of cancer cells can contribute to new treatment strategies
and to the development of new diagnostic tools and cancer treat-
ments [6].

Several lines of research have focused on understanding the role
of extracellular mechanics in breast cancer invasion, dissemina-
tion, and response to treatment, often using approaches based on
bioengineered three-dimensional (3D) materials. In this brief
review, we describe the mechanical characteristics of breast cancer
tissues and recent advances in 3D biomaterials that can mimic the
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responses of cells to the stiffness, density, and viscosity of the
microenvironment. We further highlight the importance of taking
the heterogeneity within and between tumors and patients into
account in order to model the interactions between tumor cells
and the microenvironment, and to guide the development of novel
mechano-based therapies against cancers.
2. Stiffness as a biomarker for breast cancer

Malignant breast tissue is stiffer than normal tissue [7]. This
substantial increase in the stiffness of the breast tissue has long
been used for palpation-based diagnosis. Breast cancer is a very
heterogeneous and complex disease with a wide range of morpho-
logical features, immunohistochemical profiles, and unique
histopathological subtypes, all of which have specific clinical
courses and outcomes [8]. These diverse subtypes can therefore
have different and wide-ranging mechanical properties. Invasive
ductal carcinoma is the most common form of invasive breast can-
cer, accounting for more than 50% of breast cancers [8,9]; invasive
carcinoma and carcinoma in situ are classified as ductal or lobular,
based on the site from which these tumors originate [8].

To provide an overview of the literature showing how the stiff-
ness of breast cancer tissues differs from that of the tissues of the
normal breast and non-cancerous lesions, we performed a system-
atic literature search. Table 1 [7,10–15] provides representative
examples from the identified literature showing the ranges of stiff-
ness for different histological types of breast cancer, normal breast
Table 1
Studies determining the main stiffness characteristics of normal breast tissue, benign lesion
(AFM), shear wave elastography (SWE), and B-mode ultrasound (B-US).

Reference Method In vivo/ex vivo Tissue types

Acerbi et al., 2015 [7] AFM Ex vivo Normal breast tissu

Invasive ductal carc

Ansardamavandi et al., 2016 [12] AFM Ex vivo Normal breast tissu
Cellular region
Fibrous/extracellula
Intermediate region
lumens, fatty tissue
Grades 2 and 3 brea
Cellular region
Fibrous/extracellula
Intermediate region
lumens, fatty tissue

Berg et al., 2015 [13] SWE In vivo Fibroadenomas
Ductal carcinoma in
Invasive lobular car
Invasive ductal carc

Chang et al., 2011 [11] SWE In vivo Fibroadenomas
Ductal carcinoma in
Invasive lobular car
Invasive ductal carc

Suvannarerg et al., 2019 [14] SWE In vivo Benign lesions
Ductal carcinoma in
Invasive lobular car
Invasive ductal carc

Rabin and Benech, 2019 [15] B-US In vivo Normal breast tissu
Invasive ductal carc

Tian et al., 2017 [10] SWE In vivo Benign lesions of fib
hyperplasias, cystic
mammary duct ecta
necrosis
Invasive ductal carc
mucinous carcinom
intraductal papillary
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tissue, and non-malignant breast lesions. Methods used to analyze
tissue stiffness include atomic force microscopy (AFM) and shear
wave elastography (SWE), which can be used to differentiate
between invasive and noninvasive tumor tissue. Although the stiff-
ness range varies according to the method used, it is clear that
breast cancer tissues show increased stiffness when compared
with various types of normal tissue and non-cancerous lesions,
both in vivo and ex vivo. In addition, the data indicate increased
stiffness in invasive cancer compared with noninvasive cancer
(Table 1).

The stiffness of body tissues is mainly governed by the stiffness
of the extracellular stroma, which is a fibrillar matrix of collagen
and other extracellular matrix proteins and molecules. The produc-
tion and/or crosslinking of these components increases the stiff-
ness and density of the tissue [16,17], which correlates with
progression in breast cancer [16,18]. Provenzano et al. [19] showed
that the increased density of collagen promotes the initiation and
progression of mammary tumors in vivo. They also reported a
strong correlation between collagen fibers that were oriented radi-
ally from—instead of aligned with—the tumor boundary, and local
invasion of the tumor [19]. This increased density and alignment of
collagen fibers has been further linked to poor prognosis and can
be used as a prognostic marker for these patients [20]. However,
whether the density of collagen contributes to prognosis remains
unclear. Indeed, a large study of 9232 women diagnosed with pri-
mary invasive breast carcinoma from 1996 to 2005 failed to iden-
tify any correlation between mammographic breast density and
risk of death from breast cancer [21].
s, and tumor tissue in the adult human breast, as analyzed by atomic force microscopy

Mean stiffness (kPa) Stiffness range
(kPa)

e 0.4 Up to 2–3;
invasive

inoma > 5 Core 1–2;
invasive rim up
to 10

e
0.7

r 16.05
containing ducts, fibers,
s

5.19

st carcinomas
1.42

r 14.45
containing ducts, fibers,
s

5.48

45 30–79
situ 126 71–180

cinomas 180 124–180
inoma 180 158–180

49.58 ± 43.51 5.89–192.51
situ 117.75 ± 54.72 46.95–193.30

cinoma 169.50 ± 61.06 107.63–283.84
inoma 157.50 ± 57.07 58.34–300.00

19.73 5.15–104.10
situ 37.85 4.25–255.50

cinoma 105.75 24.05–171.65
inoma 96.65 8.20–281.95
e 24.7 ± 8.1
inoma 98.1 ± 12.9
roadenomas, fibroadenomatous
hyperplasias, papillomas, adenosis,
sia, chronic inflammations, fat

78 48.0–110.7

inomas, ductal carcinomas in situ,
as, invasive lobular carcinoma,
carcinomas

185.40 154.9–220.0
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In the studies described above, it was not possible to determine
whether it is the amount and density of collagen or the tissue stiff-
ness per se that regulates tumor invasion. To determine the rela-
tionship between tissue stiffness and tumor progression, Fenner
et al. [22] resected tumors from mouse models of breast cancer
and analyzed the bulk moduli of the freshly excised intact tumors
ex vivo. Unlike previous studies, they reported a clear inverse cor-
relation between the bulk modulus of the resected tumors and
subsequent local recurrence and metastasis; furthermore, they
reported that tumor stiffness correlated with the amount of colla-
gen in the tissue. It is also important to note that Levental et al.
[18] used a mouse model of breast cancer to show that increased
collagen crosslinking was related to increased invasion of tumor
cells, with no change in collagen levels. Taken together, these find-
ings emphasize that the effects of the extracellular matrix on cell
behavior are complex; they also highlight that collagen density,
amount, alignment, crosslinking, and spatial organization in rela-
tion to the surface of the epithelial component of the tumor should
be considered to determine whether compliance can be used as a
biomarker for breast cancer.
3. Extracellular matrix stiffness and breast cancer

To understand how the mechanical properties of the extracellu-
lar matrix regulate oncogenic cell transformation and tumor cell
invasion, these properties need to be examined without changing
the chemical composition or architectural properties. To this end,
synthetic fibrous materials, polyacrylamide hydrogels, and poly-
dimethylsiloxane elastomer-coated substrates have been devel-
oped. Chaudhuri et al. [23] showed that normal, MCF10A
mammary epithelial cells that are exposed to increased matrix
stiffness have a phenotype similar to that of oncogenically trans-
formed cells. This finding is in line with the observation that the
stiffness of the matrix in a 3D culture model of breast cancer affects
the accessibility of the genome and induces malignancy [24].

Endothelial cell sprouting and blood vessel formation is
required for the growth and metastasis of breast cancers. In con-
trast to epithelial cells, endothelial cells showed decreased prolif-
eration, invasion, and sprouting when exposed to a gelatin-
methacrylate and collagen matrix with increased stiffness and con-
stant collagen density [25]. In the same work, Berger et al. [25]
reported that increased stiffness resulted in a gradual decrease in
cell sprouting at 1.5 and 3.0 mg�mL�1 of collagen I. In the absence
of collagen, stiffness promoted cell sprouting, with a peak at 7 kPa;
however, cell sprouting was reduced above this stiffness, reaching
near zero at 12 kPa.

Collagen type I can influence cell responses to tissue stiffness,
and these findings by Chaudhuri et al. [23] and Berger et al. [25]
highlight the importance of taking the chemical composition of
the material into account at any given stiffness.

In line with these observations, it should be noted that the
responses of cells to mechanical cues depend on the type of cell
under study [10,26]. The stiffness of extracellular fibers regulates
the migration speed of a large variety of cells, such as metastatic
MDA-MB-231 breast cancer cells, UM-SCC-74B squamous cell car-
cinoma cells, HT1080 fibrosarcoma cells, and NIH3T3 fibroblasts.
However, the optimal fiber stiffness for the speed of cell migration
varies considerably between different cell types [27]. Computa-
tional modeling based on experimental data has suggested that
cells exhibit their maximal speed of migration at an intermediate
range of fiber stiffness, and that the optimal stiffness for maximal
speed varies between cell types [26]. This concept is supported by
Wang et al. [27], who demonstrated an optimal stiffness of syn-
thetic 3D fibers for the maximum speed of cell migration. It is
worth noting that the type of migration observed on these fibers
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was a ‘‘slingshot” movement rather than the traditional mesenchy-
mal migration. In addition, recent observations highlight the possi-
bility that it is not the increased stiffness of the extracellular
environment or of fibers in three dimensions, but rather the
increased fiber density that promotes the changes of stromal cells
that often are observed in cancer [28,29]. Taken together, these
observations emphasize the importance determining the optimal
stiffness for a given matrix composition and dimensionality for a
specific cell type. Identification of the optimal stiffness for cell
migration in vivo and the underlying molecular mechanisms in
its regulation would make it possible to identify relevant biomark-
ers for invasive tumor regions, which could guide the development
of novel mechano-based anti-cancer therapies.
4. The impact of the viscous properties of breast cancer

As described above, recent research in bioengineering has led to
the development of novel biomaterials that can be used to mimic
the elastic modulus and architecture of the tumor microenviron-
ment. However, the tissues in our bodies do not behave like an
elastic solid; instead, they have both viscous and elastic character-
istics. It is therefore important to consider other mechanical prop-
erties, such as viscosity.

Breast cancer tissues have been found to be more viscous, or
fluid-like, than tissues from benign lesions [30], which aligns with
the observation that the production of hyaluronan, a molecule that
governs the water content of tissues, is upregulated in and linked
to poor prognosis of breast cancer [31]. Magnetic resonance elas-
tography has demonstrated significant differences in viscoelastic-
ity between malignant and benign breast tumors [30], as well as
between glioblastoma and healthy brain parenchyma [32]. MCF-7
breast cancer cells show reduced viscosity and elasticity, which
indicates that breast cancer cells are more fluid and ‘‘softer” than
their benign counterparts [33]. A further study using MCF-10A,
MCF-7, and MDA-MB-231 cells showed that normal breast epithe-
lial cells have greater viscosity than tumor cells; the actin distribu-
tion and the greater nucleus-to-cytoplasm ratio of the tumor cells
are the two main factors in the determination of cell viscosity [34].
Tumor cell metastasis depends on various factors, which include
remodeling of the extracellular matrix and the potential for defor-
mation of the nucleus [35,36]. However, it should be noted that on
very rigid substrates, viscosity has little effect on cell attachment
and spreading [37]. Viscosity playing a role in the spread of cancer
is supported by the observation that while cancer cells are unable
to squeeze and migrate through a very rigid pore size environment
[35,38], they can migrate through nanoporous matrices that exhi-
bit sufficient mechanical plasticity [39].

Recently developed hydrogels offer the possibility of tuning the
stress relaxation or loss modulus independently from the elastic
modulus [40–44]. Several cell types respond to viscoelastic sub-
strates as though they were softer than purely elastic substrates
of the same elastic modulus [44]. For example, fibroblasts and can-
cer cells were unable to spread on soft elastic gels; however, they
were able to spread on soft viscoelastic gels through the b1 integrin
receptor protein, myosin, and Rho, exhibiting robust focal adhe-
sions and stress fibers and enhanced activation of the transcrip-
tional regulator protein YAP, similar to their behavior on stiff and
elastic substrates [45]. Increased stress relaxation promotes cell
spreading, proliferation, and the osteogenic differentiation of mes-
enchymal stem cells in 3D culture [42]. These observations align
with the observation that viscosity can have a profound effect on
cell morphology, adhesion, proliferation, and differentiation [43].
Taken together, these observations indicate that it is important
to include both the viscous and elastic properties when developing
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an understanding of the regulation of tumor invasion and
metastasis.

Engineered biomaterial in vitromodels with independently tun-
able viscoelastic properties provide new avenues toward an under-
standing of the time-dependent aspects of extracellular matrix
mechanics in the regulation of cell behavior and metastasis. In
addition, these models provide an efficient reductionist approach
for studying the impact of different extracellular mechanical cues
and a wide range of extracellular proteins on tumor development
and progression. For example, chemically defined hydrogels and
synthetic fibers can be functionalized with collagen or fibronectin
[44], or with arginine–glycine–aspartic acid (RGD) peptides
[28,45], to study the impact of elasticity and viscosity on cell adhe-
sion and motility. Table 2 [23,28,46–49] lists examples of preclin-
ical biomaterial in vitro models that can be used to study the
impact of extracellular mechanical cues on breast cancer.

5. The impact of intra-tumoral mechanical heterogeneity

It is important to note that the same biomaterial model will
result in different effects on different cell types [27]; furthermore,
the same cell type derived from different patients will respond dif-
ferently to the same stiffness [50,51]. Therefore, understanding
inter- and intra-tumoral heterogeneity at the cellular level can be
key in understanding cancer development, progression, and treat-
ment failure.

Most of the aforementioned 3D models have used immortalized
cell lines, many of which have been cultured on glass or plastic for
decades. These cell lines are therefore likely to have developed
properties that facilitate their growth under these non-
physiological—and very stiff—culture conditions. Thus, these cells
should not be considered as true representatives of tumor cells
in patients, and it is likely that their responses to mechanical cues
will differ from those of tumor cells in vivo. It has been observed
that glioblastoma cells derived from different regions within a
tumor show different mechanical behaviors in standardized con-
trolled settings, which further adds to the complexity of the
mechanical heterogeneity of tumor cells and how this heterogene-
ity can regulate tumor progression and infiltration [50].

Several observations have suggested that the material proper-
ties of breast tumors depend on the region of location within the
tumor. For example, tumors have a core that is almost as compliant
as normal tissue, whereas the invasive tissue at the rim is stiffer
[7,52]. The causes of this intra-tumoral heterogeneity remain
unclear. It is therefore important to sample and test cells from dif-
ferent tumor regions under standardized conditions. Doing so will
assist researchers in understanding how much of the phenotypic
variability between cells in different parts of a tumor is due to
Table 2
Examples of preclinical two-dimensional (2D) and 3D in vitro biomaterial cancer models,

Reference 2D or 3D model

Chaudhuri et al., 2014 [23] Interpenetrating networks of alginate and
reconstituted basement membrane matrix

Chopra et al., 2014 [46] Polyacrylamide gels

Hyaluronan gels

Baker et al., 2015 [28] Synthetic fibrillar extracellular matrix

Ranga et al., 2016 [47] Hyaluronan gels

Kleine-Brüggeney et al., 2019 [48] 3D hydrogel beads (microfluidic droplets used
to compartmentalize single cells within a
hydrogel matrix)

Pavel et al., 2018 [49] 3D extracellular matrix
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the cell types themselves, and how much is due to the environ-
ment [50].

Although the tumor stroma is the main determinant of the stiff-
ness of tumor tissue, it should be noted that the tumor cells,
immune cells, cancer-associated fibroblasts, endothelial cells, and
necrotic areas also contribute to the mechanical properties of the
tissue. It has been observed that most tumor cells with low migra-
tion and invasion potential show a five-fold greater stiffness than
migratory and invasive tumor cells [53], which suggests that
reduced cell stiffness promotes metastasis. In a ground-breaking
finding, Kenny and Bissell [54] reported that a normal extracellular
environment can revert the phenotype of an oncogenically trans-
formed cell back to normal, which suggests that the phenotype
of the extracellular environment can override the malignant geno-
type of a cell. It is therefore important to further clarify how much
of the behavior of cells is due to gene expression, and how much is
regulated by the surrounding environment.

Taken together, the studies described above highlight the need
to analyze cells in different stages of oncogenic transformation and
from different tumor regions under standardized extracellular con-
ditions, using, for example, fibers with defined mechanical, chemi-
cal, and spatial properties. In addition to this intra-tumoral
heterogeneity, it should be considered that breast cancer is a
heterogeneous disease, and that different breast cancer types have
different and unique features.

6. Identification of biomarkers for molecular diagnosis, patient
prognosis, and targeted therapies

Materials that can mimic the mechanical properties of the
extracellular environment would permit the identification of the
mechanical conditions required for tumor cell invasion and the
underlying molecular mechanisms of this regulation. These mecha-
nisms could then be used to develop novel biomarkers andmolecular
targets that could be used to control tumor invasion via regulation of
the cell mechanics. Berger et al. [55] used a matrix composed of
methacrylate gelatin and collagen I to show that cell invasion into
stiff matrices depends upon the extracellular protein fibronectin.
They further showed that, compared with normal tissue, a domain
of fibronectin that is overexpressed in invasive breast cancer cells
can promote cell invasion ex vivo [55]. Targeting this domain of fibro-
nectin therefore represents a therapeutic strategy. This finding can
also be used to develop diagnostic strategies to identify patients
who have more invasive tumors and therefore require more aggres-
sive treatments.

As mentioned above, the phenotype of oncogenically trans-
formed malignant cells can be reverted to a more normal pheno-
type through normalization of their microenvironment [54].
including the model, material, and cell type.

Materials Cells

Matrigel, alginate MCF-10A cells

Polyacrylamide,
fibronectin

Neonatal ventricular rat myocytes, human
mesenchymal stem cells, 3T3 fibroblasts,
human umbilical vein endothelial cells
(HUVECs)

Hyaluronan,
fibronectin
Methacrylated dextran NIH 3T3 fibroblasts and human mesenchymal

stem cells
Polyethylene glycol,
hyaluronan

MCF-7 mammary carcinoma cells and C2C12
mouse myoblast cells

Agarose Pluripotent mouse embryonic stem (mES) cells

Rat collagen I,
matrigel

MCF-10A cells
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Therefore, newly developed models can ideally be used to identify
the stiffness and viscous conditions [23] and the physiological
extracellular ligands that can revert the malignant phenotype of
a cell to a more normal phenotype. Although these models offer
an excellent opportunity to decouple the mechanical properties
from the chemical characteristics of the extracellular matrix, they
do not decisively describe whether and how stiffness regulates
the progression of breast cancer. We speculate that the conflicting
data described herein are due to differences between the cell types
used and the chemical compositions of the materials used for the
model systems. As described earlier, a problem with the current
models of breast cancer is that they mainly depend on the use of
immortalized tumor cell lines that do not necessarily represent
the tumor cells derived from patients, where tumor cells in vivo
are likely to show different mechanical responses. In addition to
the standard classification of breast cancer cells from a patient
using molecular and clinical markers, classification based on the
mechanical properties of breast cancer cells can be used to provide
a more personalized and specific diagnosis. Further studies will
also allow researchers to understand why treatments aimed at
blocking integrin receptors do not effectively block cell invasion,
as well as providing novel molecular targets for treatments. The
current challenges in the field of bioengineering are to create envi-
ronments that mimic breast cancer tissue such that the stiffness,
viscosity, and architectural cues of the cells can be tuned indepen-
dently of each other, and that can be used with a wide range of
cells from patients.
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