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Breast cancer is one of the leading cancer forms affecting females worldwide. Characterizing the mechan-
ical properties of breast cancer tissue is important for diagnosis and uncovering the mechanobiology
mechanism. Although most of the studies were based on human cancer tissue, an animal model is still
describable for preclinical analysis. Using a custom-build indentation device, we measured the viscoelas-
tic properties of breast cancer tissue from 4T1 and SKBR3 cell lines. A total of 7 samples were tested for
each cancer tissue using a mouse model. We observed that a viscoelastic model with 2-term Prony series
could best describe the ramp and stress relaxation of the tissue. For long-term responses, the SKBR3 tis-
sues were stiffer in the strain levels of 4–10%, while no significant differences were found for the instan-
taneous elastic modulus. We also found tissues from both cell lines appeared to be strain-independent for
the instantaneous elastic modulus and for the long-term elastic modulus in the strain level of 4–10%. In
addition, by inspecting the cellular morphological structure of the two tissues, we found that SKBR3 tis-
sues had a larger volume ratio of nuclei and a smaller volume ratio of extracellular matrix (ECM).
Compared with prior cellular mechanics studies, our results indicated that ECM could contribute to
the stiffening the tissue-level behavior. The viscoelastic characterization of the breast cancer tissue con-
tributed to the scarce animal model data and provided support for the linear viscoelastic model used for
in vivo elastography studies. Results also supplied helpful information for modeling of the breast cancer
tissue in the tissue and cellular levels.

� 2018 Published by Elsevier Ltd.
1. Introduction

Breast cancer is one of the leading cancers for females, with
more appearing new cases than any other cancers (Jemal et al.,
2011; Siegel et al., 2016). Understanding and uncovering the bio-
logical and physical mechanisms of breast cancer is of great impor-
tance for diagnosis and treatment (Ramião et al., 2016). It is known
that mechanical properties of cancer tissues are closely related to
the cancer pathology and development (Nia et al., 2016; Wirtz
et al., 2011). Therefore, mechanical characterization of breast
cancer tissues provides crucial information to uncover the
mechanobiology mechanism of cancer (Jain et al., 2014;
Stylianopoulos et al., 2012). In addition, quantifying the mechani-
cal properties of the breast cancer tissue is also crucial for the con-
struction of accurate physical models, which is needed for building
finite element (FE) models (op den Buijs et al., 2011;
Pathmanathan et al., 2008). Applications include biomechanical
model based precise biopsy of the tumor (Moustris et al., 2011)
and image registration (Hipwell et al., 2016). Recently, based on
the mechanical properties of the breast cancer tissue, a palpation
based automatic diagnosis system has also been proposed
(Hosseini et al., 2010). A comprehensive review by Ramião et al.
(2016) provides an excellent summary of the current development
of biomechanical characterization of the breast tissue.
. J. Bio-

https://doi.org/10.1016/j.jbiomech.2018.01.007
mailto:fengyuan@suda.edu.cn
https://doi.org/10.1016/j.jbiomech.2018.01.007
http://www.sciencedirect.com/science/journal/00219290
http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://www.JBiomech.com
https://doi.org/10.1016/j.jbiomech.2018.01.007


2 S. Qiu et al. / Journal of Biomechanics xxx (2018) xxx–xxx
Several mechanical testing methods have been used to charac-
terize tumor tissues, such as biaxial test (Raghupathy and Barocas,
2010), rheometry test (Wex et al., 2014), and indentation test (Ahn
et al., 2010). The biaxial test could provide homogeneous deforma-
tions that are ideal for characterizing soft tissues. However, special
tissue fixing mechanism is needed that is challenging for small
samples (Zhang et al., 2015). Similar problems also exist for
rheometry test. However, indentation test has minimum require-
ments for tissue preparation and has been used to characterize
many soft biological tissues such as brain (Budday et al., 2015;
Feng et al., 2017b), kidney (Mattice et al., 2006), and meniscus
(Han et al., 2017; Li et al., 2017). Therefore, indentation is espe-
cially suitable for testing relatively small tissues samples from
small animal models. Moreover, the indentation technique is appli-
cable to tissue tests at both macro- and micro- scales (Darling
et al., 2006; Park et al., 2004; Toohey et al., 2016). Considering
our experiment requirements and sample conditions, we choose
indentation test for breast tissue characterization.

Although studies have investigated the mechanical properties
of the breast cancer tissue, most of them focused on the elastic
properties (Krouskop et al., 1998; Samani et al., 2003; Samani
et al., 2007). Using indentation method and a hyperelastic
model, Samani et al. (2003, 2007) characterized the elastic mod-
ulus of the breast cancer tissue. Using a novel tactile-guided
detection device, Mojra et al. carried out viscoelastic characteri-
zations of breast tissue in vivo (Madani and Mojra, 2017; Mojra
et al., 2012; Mojra et al., 2011). It has been shown that the mea-
sured model coefficient was significantly different between the
normal and tumor-included regions (Madani and Mojra, 2017).
Nanoindentation of the breast cancer tissue showed the elastic
modulus distribution of the tissue could be used to distinguish
different cancer types (Plodinec et al., 2012). Magnetic reso-
nance elastography (MRE) (Mariappan et al., 2009; Sinkus
et al., 2005) and ultrasound (US) elastography (Chang et al.,
2013; Coussot et al., 2009; Han et al., 2016; Ophir et al.,
2000) were used to measure the elastic and viscoelastic proper-
ties of the breast cancer tissue. However, ex vivo measurements
of the viscoelastic properties of the cancer tissue are still needed
to guide and validate the tissue modeling. In addition, direct
measurements of viscoelastic properties the breast cancer tissue
could help biomechanical model based measurements and diag-
nosis in clinical applications (Griesenauer et al., 2017; Madani
and Mojra, 2017).

For the indentation test of soft tissues, elasticity based formula-
tion has been widely applied (Fischer-Cripps, 2000; Mattice et al.,
2006; Oyen, 2005). By incorporating the classical elastic solutions
with viscoelastic models, a variety of soft tissues were character-
ized (Budday et al., 2015; Darling et al., 2006; Ning et al., 2006;
Qiang et al., 2011; Zhang et al., 2014). Specifically, Prony series
based viscoelastic models are the most commonly used for charac-
terizing the viscoelastic properties (Babaei et al., 2015a, 2015b;
Wang et al., 2013). Therefore, we used a Prony series based vis-
coelastic model to characterize the breast cancer tissue.

In this study, we characterize the viscoelastic properties of the
breast cancer tissue using a mouse model. To investigate the linear
viscoelastic behavior of the tissue that was widely adopted for
elastography studies, we compared the mechanical properties of
the cancer tissues from two different cell lines at varied strain
levels. The morphological structures of the tissue were also ana-
lyzed and compared. The results provide detailed viscoelastic char-
acterizations of the breast cancer tissue and a validation for the
viscoelastic characterization based on elastography, which could
help tissue modeling and cancer diagnosis using biomechanical
biomarkers.
Please cite this article in press as: Qiu, S., et al. Characterizing viscoelastic pro
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2. Materials and methods

2.1. Sample preparation

Twelve healthy female nude mice aged 4 weeks were used in
this study. All mice were raised in the Laboratory Animal Center
of Soochow University (SPF grade, certificate No. SCXK 2002–
0008). The mice were divided into 2 equal groups receiving 2 dif-
ferent tumor cell line injections, respectively. Two typically used
breast cancer cell lines, 4T1 and SKBR3 (Shanghai Cell Bank of Chi-
nese Academy of Sciences), were used for tumor implantation. The
cells were re-suspended with phosphate-buffered saline (PBS)
solutions at a concentration of 107 mL�1. A cell suspension of
0.05 mL was injected subcutaneously into both sides of the rear
legs of the mice. The mice were raised for 2–3 weeks until subcu-
taneous formations of palpable solid tumors with a diameter of
10–15 mm, at least on one of the rear legs (Fig. 1a). Then, the mice
were anesthetized by intraperitoneal injection of pentobarbital
(50 mg/kg) for surgical removal of the solid tumors. Finally, the
mice were euthanized by cervical dislocation after tumor resection.
All of the animal procedures and protocols were approved by the
Institutional Animal Care and Use Committee of the Soochow
University and conducted in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals.

A total of 7 solid tumor samples were harvested for each cell
line (Fig. 1b). The sample thicknesses were 4.98 ± 0.55 mm and
3.60 ± 0.50 mm for the 4T1 and SKBR3 samples, respectively. Each
sample was put in PBS solutions and transferred to the indentation
tester immediately after the resection. The indentation tests were
performed at room temperature (�24 �C).

2.2. Indentation test

A custom-built indentation device was used to measure the vis-
coelastic properties of the cancer tissue (Fig. 1c). We measured the
indentation force and displacement using a load cell (GSO-10,
Transducer Technique, USA) and a laser sensor (Model HG-C1050
30 mm, Panasonic, Japan). A linear actuator (43K4U-2.33-A07,
Haydon Motion Solutions, Changzhou, China) was used to induce
the indentation. The control of the actuator and the data acquisi-
tion were accomplished by a data acquisition board (PCI-1706U,
Advantech Co., Ltd., China). Samples were placed on top of a trans-
lational adjustment unit. A custom-written LABVIEW (National
Instruments, USA) program was used for indenter control and data
acquisition.

We used a cylindrically shaped indenter with a diameter of 2
mm for the measurement (Fig. 1d). To investigate the linear vis-
coelastic behavior of the tissue that was adopted in elastography
studies, especially MRE (Griesenauer et al., 2017; Sinkus et al.,
2005), we indented each sample with five different strain levels
that are 2%, 4%, 6%, 8%, and 10%. The indentation depth divided
by the sample thickness defined the indentation strain (Feng
et al., 2017a, 2017b, 2013). A ramp-hold testing protocol was
implemented to characterize the viscoelastic properties (Elkin
et al., 2011; MacManus et al., 2016; van Dommelen et al., 2010).
In the ramp phase, a strain rate of �0.1 s�1 was applied for each
strain level. In the hold phase, the indenter was held for a relax-
ation time of 180 s. The indentation force-displacement data were
acquired at a sampling rate of 1 kHz.

2.3. Viscoelastic parameter estimate

For isotropic elastic material, the analytical solution for the flat
punch indentation is given by Fischer-Cripps (2000)
perties of breast cancer tissue in a mouse model using indentation. J. Bio-
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Fig. 1. (a) A solid tumor implanted on the rear leg of a mouse after injection of
breast cancer cells intravenously. (b) A tissue sample was prepared from the
dissected solid tumor. (c) The custom-built indentation device. The yellow circle is
magnified in (d) to show the details of the sample test. (d) Indentation of a sample
tissue with a cylindrically shaped indenter. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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F ¼ 2ERh
1� m2

; ð1Þ

where F is the indentation force, h is the indentation displacement,
E is the material elastic modulus, R is the radius of the indenter, and
m is the Poisson’s ratio. In this study, we assume the tumor tissue is
incompressible (Griesenauer et al., 2017; Schierbaum et al., 2017;
Tyagi et al., 2017). Therefore, with m ¼ 0:5 and E ¼ 3G, we have

F ¼ 8
3
ERh ¼ 8GRh; ð2Þ

where G is the shear modulus.
In order to compensate the infinite half space assumption of the

model, we adopted the Dimitriadis model for the bounded condi-
tion (Dimitriadis et al., 2002)

F ¼ 8GRhð1þ 1:133vþ 1:283v2 þ 0:769v3 þ 0:0975v4Þ; ð3Þ
where v ¼

ffiffiffiffi
Rh

p
H , H is the thickness of the sample. In this formulation,

the bounded equation was adopted since no slippery was observed
between the sample and the substrate. For the ramp-hold indenta-
tion protocol, the indentation displacement h is a piecewise func-
tion of t

hðtÞ ¼ Vt ð0 6 t 6 tRÞ
hmax ðtR 6 tÞ

�
; ð4Þ

where V is the indentation velocity and hmax ¼ VtR is the maximum
indentation depth.

Using the correspondence principle of viscoelastic materials, we
used a 2-term Prony series GðtÞ to substitute for the elastic shear
modulus G

GðtÞ ¼ C0 þ
X2
i¼1

Cie
� t
si ; ð5Þ

where C0, Ci, and si are model parameters. The instantaneous shear
modulus G0 and long-time shear modulus G1 can be computed

G0 ¼ Gð0Þ ¼ C0 þ
X2
i¼1

Ci;G1 ¼ Gð1Þ ¼ C0 ð6Þ
Please cite this article in press as: Qiu, S., et al. Characterizing viscoelastic pro
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Apply the generalized Boltzmann integral for indentation under
displacement control (Oyen, 2005), with Eqs. (3) and (5) we have

F ¼ 8RX
Z t

0
Gðt � uÞdh

du
du ¼ 8RXV

R t
0 Gðt � uÞdu ð0 6 t 6 tRÞ

8RXV
R tR
0 Gðt � uÞdu ðtR 6 tÞ

(
;

ð7Þ

where X ¼ ð1þ 1:133vþ 1:283v2 þ 0:769v3 þ 0:0975v4Þ, tR is the
indentation ramp time, u is the dummy variable for the integral.
The analytical solution for F can be derived by substituting the
indentation displacement function h using Eq. (4):

F ¼
8RXV C0t �

X2
i¼1

siCi e�
t
si � 1

� � !
ð0 6 t 6 tRÞ

8RXV C0tR þ
X2
i¼1

siCie
� t
si e

tR
si � 1

� � !
ðtR 6 tÞ

8>>>>><
>>>>>:

; ð8Þ

Both the ramp and relaxation sections of the piecewise function
were used for parameter estimate. The objective function used for
optimization is

f objðC0;Ci; siÞ ¼ w1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
j¼1

ðF j � F j
expÞ

2

vuut
2
4

3
5

06t6tR

þ w2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
m

Xm
k¼1

ðFk � Fk
expÞ

2

vuut
2
4

3
5

tR6t

ði ¼ 1;2;3Þ: ð9Þ

An equal weight for the ramp and relaxation sections was taken
arbitrarily, where w1 ¼ w2 ¼ 0:5 are the weighting ratios. n and m
are the data points acquired from the ramp and relaxation section,
respectively. The optimization was achieved by a custom-written
MATLAB code using function ‘‘fmincon” (MathWorks, Natick, MA,
USA).
2.4. Histology and statistical analysis

To observe the morphological differences of the two different
tumor tissues, we stained the tissues with hematoxylin and eosin
(H&E). Briefly, samples were immersed in 10% paraformaldehyde,
transferred to 70% ethanol, and embedded in paraffin wax blocks.
Before staining, tissue sections with a thickness of 8 lm were
transferred to a glass slide and dewaxed in xylene, rehydrated
through decreasing concentrations of ethanol, and washed with
PBS. Finally, sections were dehydrated through increasing concen-
trations of ethanol and xylene for observation (Gang et al., 2009).

We analyzed the morphological structures of the tissues by esti-
mating the volume ratio of the nucleus (/nucleus) and all the other
contents without the nucleus (/cell). The two ratios were estimated
by evaluating the percentage of corresponding fractional area in a
fixed field of view (FOV) in one stained slice,

/nucleus ¼
Anucleus

A� Agap
; /cell ¼

Acell

A� Agap
; ð10Þ

where Anucleus is the area of the nucleus in the FOV, Acell is the cell
area without the nucleus in the FOV, Agap is the gap spaces in the
stain slices, and is the overall area of the FOV. The morphological
differences were compared by estimating 7 different FOVs for the
two cell line tissues.

The significances of different cell lines and indentation strain
levels were compared with respect to G1 and G0 with a two-way
analysis of variance (ANOVA) test followed by a Bonferroni test
with a significance level of .05. A student t-test was used to show
the significances of /nucleus and /cell with a significance level of .05.
perties of breast cancer tissue in a mouse model using indentation. J. Bio-
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3. Results

A typical force-displacement curve of the indentation test is
shown in Fig. 2. To compare the viscoelastic models with different
Prony series terms, we fitted a typical indentation curve with Prony
series of 1, 2, and 3 terms. We observed that the viscoelastic model
with 2 and 3 terms of Prony series provided the best fitting. In fact,
the R2 values for fittings with 1, 2, and 3 terms of Prony series were
0.66, 0.99, and 1.00, respectively. Therefore, we chose the 2-term
Prony series for fittingwith aminimumnumber of parameters. Typ-
ical fittings of the force-displacement curves at 5 strain levels also
showed that the viscoelastic model with 2-term Prony series fitted
well, with R2 values larger than 0.98 for all cases (Fig. 3).

To show the distribution of the experiment data, we normalized
the force-displacement curves with respect to the maximum
indentation force. The normalized relaxation curves were averaged
with standard distribution area plotted for the tissues from 4T1
(Fig. 4) and SKBR3 (Fig. 5) cell lines. By inspecting the average
relaxation curves, we observed that for the 4T1 tissues, it took
2.61 s, 3.73 s, 5.26 s, 6.21 s, and 5.45 s for the indentation force to
relax to 60% of its peak force, and 21.25 s, 43.60 s, 69.93 s, 80.47
s, and 64.93 s for 40% relaxation, for strain levels of 2%, 4%, 6%,
8%, and 10%, respectively. For the SKBR3 tissues, the corresponding
relaxation time was 1.17 s, 2.99 s, 5.30 s, 7.95 s, and 9.64 s for 60%
relaxation, for strain levels of 2%, 4%, 6%, 8%, and 10%, respectively.
The relaxation time was 13.10 s, 57.97 s, and 93.39 s for strain
levels of 2%, 4%, and 6%, respectively. The average relaxation curve
of the SKBR3 tissues could not relax to 40% of the peak indentation
force for strain levels of 8% and 10%.

The estimated viscoelastic model parameters for tissue samples
from cell lines of 4T1 and SKBR3 are summarized in Tables 1 and 2,
respectively. A comparison of the long-term modulus G1 showed
the cancer tissues from SKBR3 were significantly stiffer than that
from 4T1 for all strain levels except 2% (Fig. 6a). However, a com-
parison of the short-term modulus G0 showed that the cancer tis-
sues from SKBR3 were not significantly different than that from
4T1 for all strain levels (Fig. 6b). No significant differences of the
G0 values were found across the 5 strain levels for tissues from
both cell lines. For the G1 values, the only significant differences
were observed for 2% indentation with that of 8% and 10%.
Fig. 2. A typical curve and the fittings of the ramp-hold response from the
indentation test with 2% indentation strain. The experiment data was fitted with a
viscoelastic model with 1, 2, and 3 terms of Prony series. The corresponding R2

values were 0.66, 0.99, and 1.00, respectively. Since 2-term Prony series could
provide satisfactory fittings, we used 2-term series for fitting all the experiment
data.

Please cite this article in press as: Qiu, S., et al. Characterizing viscoelastic pro
mech. (2018), https://doi.org/10.1016/j.jbiomech.2018.01.007
H&E stain showed that the cancer tissues from 4T1 cell lines
were more porous than that of SKBR3 (Fig. 7). The estimated
/nucleus values were 31.85% ± 6.35% and 46.82% ± 11.93% for 4T1
and SKBR3 tissues, respectively. The estimated /cell values were
66.22% ± 6.26% and 51.42% ± 10.51%, respectively. Both /nucleus

and /cell values were significantly different between the two cell
line tissues (p < .05). These showed that the cancer tissues from
4T1 cell lines have a more scattered distribution of nuclei, with a
larger volume ratio of extra cellular matrix.
4. Discussion

In this study, we characterized the mechanical properties of
breast cancer tissue from two different cell lines using a mouse
model. Using indentation method, we observed significant differ-
ent viscoelastic properties between the 4T1 and SKBR3 cancer tis-
sues. Comparisons of measured viscoelastic moduli across different
strain levels showed largely linear behavior. Analysis of the mor-
phological structures of the cancer tissues showed to be closely
related to the mechanical properties of the tissue.
4.1. Elastic and viscoelastic properties

The mechanical properties of the breast cancer tissue have
shown to be closely related to its pathologies (Joseph and
Samani, 2009; Plodinec et al., 2012; Samani et al., 2007; Sinkus
et al., 2005; Umemoto et al., 2014). Samani et al. (2007) were
among the very first to investigate the elastic properties of the
breast cancer tissue using indentation method. In addition,
Umemoto et al. (2014) measured the Young’s modulus of the tis-
sues at different stress levels. Although most of the mechanical
testing results were from human tissues, this study of the mouse
model provides a helpful addition for the animal-based studies.
The estimated Young’s modulus of the SKBR3 tissues were similar
to that of the ductal carcinoma in situ (DCIS) measured with a com-
pression stress of 0–0.2 kPa (Umemoto et al., 2014). Madani and
Mojra (2017) used one coefficient of the transfer function of a
five-element viscoelastic model to characterize the differences
between the healthy and tumor-included regions for human
patient. By Laplace transforming Eq. (5) with data from 10% inden-
tation of the SKBR3 tissue, our values were within the range
reported but larger than that of the tumor-included regions. This
is probably due to the tissue differences and a smaller strain level
in our study. The microscale tissue test by Plodinec et al. (2012)
using nanoindentation revealed the elastic modulus of malignant
breast tissues were �0.45 kPa. The difference is largely due to
the measurement protocol with differences in testing conditions
and a much lower strain level in the microscale.

For instantaneous, elastic response, no significant differences
were observed for the G0 values across the 5 different strain levels.
This strain-independent property indicates a linear behavior of the
tissue for the short-term responses. For long-term viscoelastic
effects, we also observed no significant differences in the G1 values
for the strain levels of 4–10%. This strain-independent property is
desirable for modeling the breast cancer tissue, especially for the
elastography measurements based on MRI (Griesenauer et al.,
2017; Sinkus et al., 2005) and US (Chang et al., 2013; Coussot
et al., 2009; Han et al., 2016; Konofagou et al., 2012; Ophir et al.,
2000). In fact, our results provide the first ex vivo measurements
to support the linear viscoelastic assumptions of the breast cancer
tissue.

Studies have shown that preloading conditions, such as pre-
applied stress or strain, could affect the measured properties of
the breast cancer tissue (Ramião et al., 2016). When the preloads
were applied in terms of strain, significant differences were found
perties of breast cancer tissue in a mouse model using indentation. J. Bio-
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Fig. 3. Typical fitted curves of the ramp-hold responses for indentation strain levels of (a) 2%, (b) 4%, (c) 6%, (d) 8%, and (f) 10%. The R2 values of the fittings were 0.98, 0.98,
0.98, 0.99, and 0.99, respectively.

Fig. 4. Average force relaxation curves of the breast cancer tissue from 4T1 cell line. The indentation strain levels were (a) 2%, (b) 4%, (c) 6%, (d) 8%, and (e) 10%. The shaded
area indicates the distribution of the measured relaxation curves.
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Fig. 5. Average force relaxation curves of the breast cancer tissue from SKBR3 cell line. The indentation strain levels were (a) 2%, (b) 4%, (c) 6%, (d) 8%, and (e) 10%. The shaded
area indicates the distribution of the measured relaxation curves.

Table 1
Viscoelastic properties of the breast cancer tissue from 4T1 cell lines with 95% confidence intervals.

Indentation strain G1 (kPa) C1 (kPa) C2 (kPa) s1 (s) s2 (s) G0 (kPa) R2

2% 0.37 ± 0.13 0.98 ± 0.25 0.48 ± 0.03 1.64 ± 0.22 53.14 ± 10.69 1.82 ± 0.32 0.98
4% 0.49 ± 0.05 0.99 ± 0.30 0.40 ± 0.08 1.77 ± 0.22 49.96 ± 3.93 1.89 ± 0.37 0.98
6% 0.52 ± 0.05 0.84 ± 0.23 0.36 ± 0.06 2.49 ± 0.29 54.19 ± 6.44 1.72 ± 0.26 0.98
8% 0.57 ± 0.06 0.85 ± 0.22 0.40 ± 0.07 2.88 ± 0.70 52.68 ± 8.02 1.82 ± 0.25 0.99
10% 0.58 ± 0.09 0.79 ± 0.21 0.51 ± 0.10 8.72 ± 0.94 51.40 ± 10.25 1.88 ± 0.21 0.99

Table 2
Viscoelastic properties of the breast cancer tissue from SKBR3 cell lines with 95% confidence intervals.

Indentation strain G1 (kPa) C1 (kPa) C2 (kPa) s1 (s) s2 (s) G0 (kPa) R2

2% 0.34 ± 0.11 1.30 ± 0.50 0.63 ± 0.27 1.57 ± 0.95 57.38 ± 7.91 2.27 ± 0.84 0.97
4% 0.59 ± 0.16 0.93 ± 0.37 0.42 ± 0.15 2.31 ± 1.13 59.81 ± 9.84 1.94 ± 0.64 0.98
6% 0.60 ± 0.13 0.98 ± 0.47 0.41 ± 0.16 1.82 ± 0.68 52.61 ± 9.56 1.99 ± 0.67 0.98
8% 0.72 ± 0.21 0.75 ± 0.32 0.35 ± 0.13 2.90 ± 0.96 59.12 ± 8.96 1.82 ± 0.62 0.98
10% 0.78 ± 0.20 0.91 ± 0.32 0.38 ± 0.15 2.00 ± 0.60 49.79 ± 7.63 2.07 ± 0.63 0.98
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for the measured elastic modulus between the strain range of 1–5%
and 15–20% (Krouskop et al., 1998). This demonstrates a nonlinear
behavior in the large strain regime, as many other biological tis-
sues have shown (Feng et al., 2016, 2013). In this study, we did
observe an increase of G1 value for both tissues as the strain level
increased. In addition, the only significant differences of the G1
values were observed for 2% vs. 8% and 2% vs. 10%, which showed
an gradually emerging nonlinear effect as the strain transits from
small to large. Although we focused on a relatively low strain level
for characterization, it is expected that a larger increase of modulus
for larger deformations.
Please cite this article in press as: Qiu, S., et al. Characterizing viscoelastic pro
mech. (2018), https://doi.org/10.1016/j.jbiomech.2018.01.007
By comparing the relaxation time of 60% of the peak indentation
force, we observed that the 4T1 tissue had a longer mean relax-
ation time than that of SKBR3 at 2% and 4% strain (Fig. 8). However,
for strains larger than 4%, the trend reversed. Although no signifi-
cant differences were found between the two cell lines, significant
differences of the 60% relaxation time were found for the 2% vs. 8%
and 2% vs. 10% strain levels. Similar differences were also observed
for the G1 values. The different responses at 6–10% strain indicate
that as the strain level increases, it is suggested to take into consid-
eration of the time-domain nonlinear effect for viscoelastic model-
ing of the cancer tissue.
perties of breast cancer tissue in a mouse model using indentation. J. Bio-
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Fig. 6. Comparisons of (a) long term shear modulus G1 and (b) instantaneous shear modulus G0 of the cancer tissues from 4T1 and SKBR3 cell lines for each indentation strain
level (mean ± 95% confidence interval). A two-way ANOVA test followed by a Bonferroni test showed that G1 was significantly different between tissues from the two cell
lines (p < .05). The only significant differences found between indentation strain levels were 2% vs. 8% and 2% vs. 10% (p < .05).

Fig. 7. H&E staining of the cancer tissues from (a, c) 4T1 and (b, d) SKBR3 cell lines with a magnification level of 10� and 40�, respectively. The gap spaces of the stain slices
and the nuclei region were marked with green and dark colors for the (e) 4T1 and (f) SKBR3 tissues, respectively. The /nucleus and /cell values for the 4T1 and SKBR3 tissues
were 33.23% and 63.30%, 40.22% and 44.49%, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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4.2. Viscoelastic model

Based on different measurement modalities, different viscoelas-
tic models have been proposed to model the mechanical behavior
of breast cancer tissue. Sinkus et al. (2005) proposed the first
Please cite this article in press as: Qiu, S., et al. Characterizing viscoelastic pro
mech. (2018), https://doi.org/10.1016/j.jbiomech.2018.01.007
anisotropic model with viscoelastic properties incorporated, where
a single viscosity term was used to describe the viscoelastic behav-
ior of the tissue. Coussot et al. (2009) showed a viscoelastic model
with only three terms could be used to characterize the cancer tis-
sue. In this study, we showed that the 2-term Prony series were
perties of breast cancer tissue in a mouse model using indentation. J. Bio-
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Fig. 8. A comparison of relaxation time of 60% of the peak indentation force
between the 4T1 and SKBR3 tissues (mean ± 95% confidence interval). A two-way
ANOVA test showed no significant differences between the two tissues. However,
significant differences were found for 2% vs. 8%, and 2% vs. 10% indentation strains
(p < .05).
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good enough to describe the viscoelastic behavior of the breast
cancer tissue. From a physical point of view, the single viscosity
model is equivalent to the standard Kelvin model, the 2-term
Prony series is equivalent to the five-element Maxwell-Wiechert
model (Madani and Mojra, 2017), and the 3-term Prony series is
equivalent to a Triple Maxwell-arm Wiechert model (Wang et al.,
2013). Since the application scenario always requires model sim-
plification and modification, our results provided an ex vivo char-
acterization that is useful for guiding the model selection and
modification.
4.3. Correlation with morphological structures

Cellular level studies of the breast cancer cells showed that
Young’s modulus ranged from 0.3 to 1 kPa (Li et al., 2008;
Omidvar et al., 2014). These were much lower than the elastic
modulus measured at the tissue level. These results imply that
the mechanical properties of the extra cellular matrix (ECM) may
play a major role in the macroscopic mechanical response of the
breast cancer tissue. In fact, the roles of ECM in mechanobiology
and mechanotransduction are known for keeping the tissue-level
structure and functionality (Humphrey et al., 2014; Mouw et al.,
2014). By inspecting the morphological differences in the cellular
level, we observed a higher nuclei density in the SKBR3 tissue than
that of 4T1. However, a lower /cell value indicates SKBR3 tissue had
a lower volume ratio of the ECM. These indicated that the ECM in
SKBR3 tissue embedding more densely populate cells may have a
higher stiffness than that of 4T1 tissues with loosely distributed
cells. These results could provide helpful information for modeling
the multiscale cell-tissue mechanical behavior.
4.4. Limitations and future studies

Although we acquired the sample tissues by keeping the same
dimensions of the solid tumor mass on the mice legs, it is hard
to precisely control the tumor growth at the same stage. This could
contribute to variations of mechanical properties of the tumor tis-
sue. In addition, although we tried to moisturize the sample during
the test, it is hard to control and keep the moisture of the sample at
the same level. Finally, an assumption of tissue homogeneity was
adopted in the characterization that could also contribute to the
estimation errors. Future studies include a correlation study
between the indentation measurements and the elastography
method, applications to clinical tissue samples, and mechanotrans-
duction studies of the cancer treatment evaluation.
Please cite this article in press as: Qiu, S., et al. Characterizing viscoelastic pro
mech. (2018), https://doi.org/10.1016/j.jbiomech.2018.01.007
5. Conclusions

A custom-built indentation device with ramp-hold stress relax-
ation tests was used to characterize the viscoelastic properties of
breast cancer tissues from two different cell lines. By analyzing
the force ramp and relaxation of the indentation, we found the
2-term Prony series could best fit the experimental data. Estimate
of the viscoelastic properties showed cancer tissues from SKBR3
cell line had significant larger long-term shear modulus than that
of 4T1 cell line for indentation strains of 4–10%. However, mea-
sured shear moduli were mostly strain-independent for both can-
cer tissues. Investigation of the cellular morphological structure of
the two tissues showed the SKBR3 tissues had a larger volume ratio
of nuclei and a smaller volume ratio of ECM, indicating ECM could
contribute to the stiffening of the tissue-level behavior. Our results
could help a phenomenological modeling of the breast cancer in
the tissue level and could provide helpful insights into the model-
ing at the cellular levels. The viscoelastic behavior characterized
could also help validating and improving image-based elastogra-
phy method for breast cancer tissues.
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